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ABSTRACT 

 

Lead dioxide (PbO2) coatings are materials of great interest because of their unique combination 

of low cost, ease of preparation, high conductivity, high oxygen overpotential, good chemical 

stability in corrosive media and strong catalytic ability towards organic pollutants. However, 

there are still main issues to be addressed for the wider application of PbO2 electrodes: (i) 

relatively low current densities and efficiencies for particular electrode reactions when applied in 

practical; (ii) long term stability, which is always a critical issue because corrosion of the coating 

will lead to contamination of the products with toxic Pb
2+

 ions. The ultimate objective of this 

research was to improve the electrode’s efficiency and stability. To achieve this, a few strategies 

were taken, such as, optimisation of substrate pre-treatments, optimisation of the deposition 

processing parameters, incorporation of nanoparticles and doping with foreign ions on the 

electro-crystallization, in order to improve physicochemical properties and electrochemical 

performance of the PbO2 coatings. The knowledge originated from this study would shed light on 

a further understanding of electrocrystallisation of PbO2 and also provide a perspective on further 

possible improvement of the electrochemical performance of PbO2 coatings in terms of service 

lifetime and electrocatalytic activity. 

PbO2 coatings were electroplated on Ti substrates pre-coated with a Sb doped SnO2 interlayer 

from a traditional acidic nitrate solution. It is found that an interlayer of SnO2-Sb on Ti substrate 

can significantly promote the electrodeposition of PbO2 coatings. By varying electrodeposition 

parameters including bath temperature, deposition time, current density and Pb
2+

 ion 

concentration, PbO2 coatings with various morphologies, microstructures and crystallite sizes 

were synthesized. A preferential crystallographic orientation was usually observed in the coatings 
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obtained at low temperature and the coating exhibited a caterpillar-like morphology. At a higher 

deposition temperature a more tightly packed pyramid-like morphology was observed. The 

crystallite size increased with deposition temperature. In most cases, a mixture of  + -PbO2 

phase was obtained except at low current density. At a current density < 40 mA/cm
2
, the coating 

exhibited a pure -PbO2 phase with a (301) texture and pebble-shaped morphology. In addition, 

the Pb
2+

 concentration appeared to have insignificant effect on the morphology and 

crystallographic orientation of the PbO2 coatings. At a current density ≥ 40 mA/cm
2
, the PbO2 

deposit exhibited a mixture of  + -PbO2 phase (a dominant -PbO2 phase with a minor -PbO2 

phase present). Moreover, the morphology of the deposits is sensitive to the corresponding 

current density and Pb
2+

 concentration. It is indicated that either a sufficiently high concentration 

or low current density is necessary in order to obtain a compact and dense PbO2 deposit. 

Otherwise non-uniform or porous deposits would result from severe concentration polarization at 

the electrode surface. It is concluded that electrochemical performance of the deposited PbO2 

largely depends on their morphologies and microstructures. High surface area, high porosity and 

good connectivity between crystallites play a synergic role in determining the electrochemical 

performance of the PbO2 coatings. 

Composite PbO2 electrodes were prepared by a co-deposition method from Pb
2+

 plating solution 

containing either suspended nano-TiO2 particles or dissolved bismuth ions. It is found that the 

incorporation of nano-TiO2 particles significantly enhances the electrode’s electrochemical 

stability. The service lifetime of the nanocomposite electrodes at the doping content of 0.8 g/L 

was almost three times longer than that of the undoped PbO2 electrodes. The electrochemical 

activity of the nanocomposite electrodes towards benzoic acid (BA) degradation was dramatically 

promoted, which may be attributed to the much higher overpotential for oxygen evolution and 

more active sites on the nanocomposite electrodes. Meanwhile, the doping of bismuth into PbO2 

coating was investigated and different doping contents were employed. SEM images reveal that 
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Bi-PbO2 coatings present a compact structure with rod-shaped deposits and X-ray diffractograms 

demonstrated that incorporation of bismuth did not have significant effect on the structure of 

PbO2 coatings. The oxygen overpotential on Bi-PbO2 electrodes is significantly higher than on 

undoped PbO2 electrode. The as-prepared Bi-PbO2 electrodes were employed as anodes for 

electrolysis of target compound and the oxidation process was monitored by high-performance 

liquid chromatogram (HPLC). The higher electrocatalytic ability at Bi-PbO2 can be attributed to 

the increased specific area of the electrodes resulted from the decrease in the size of the crystal 

particles, and can also be attributed to the favourable adsorption of ·OH radicals at Bi(V) sites. 
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1. INTRODUCTION 

 

1.1 Background 

Electrode coatings are now widely employed to improve the performance of modern 

electrochemical technology [1, 2]. Lead dioxide (PbO2), as one of the most typical coatings, 

presents a number of well-proven advantages, such as ease of preparation, high conductivity that 

is comparable to metals, high oxygen overpotential, good chemical stability in corrosive media 

and extremely low cost compared to noble metal or metal oxide coatings [2, 3]. The earlier 

studies and applications of lead dioxide were limited to coatings formed in situ on lead or lead 

alloys and anodes of this type always suffered from continuous corrosion of the underlying lead 

substrate. Historically, Henri Beer’s invention of titanium (Ti) electrode coated with precious 

metal oxides revolutionised chlor-alkali industry [4]. In recent years, the preparation by 

electrodeposition of stable lead dioxide layers on inert substrates, typically titanium, and 

application as anode materials, has drawn considerable attention. Titanium based lead dioxide 

anodes have three advantages over traditional lead, graphite or platinum based lead dioxide: (i) 

titanium substrates can be reused at the end of the anodes’ service life; (ii) a more compact cell 

can be constructed and adjustable [5]; (iii) in comparison with platinum based lead dioxide 

anodes, titanium based anodes also possess an excellent electrochemical stability, but at a much 

lower price. Currently, titanium has been widely accepted for substrates of lead dioxide coatings 

commercially. 

Lead dioxide has been applied as an effective catalytic anodic material in many areas including 

electrowinning of copper [6, 7], ozone generation [8, 9], manufacture of chemicals [10, 11], and 

most recently, wastewater treatment processes [12-14]. Lead dioxide has two major polymorphs, 

alpha and beta (as shown in Figure 1-1), which occur naturally as rare minerals scrutinyite and 
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plattnerite, respectively. Whereas the beta phase was known already in 1845, alpha phase was 

first synthesized in 1941 and identified as a mineral only in 1988. Alpha phase has the 

orthorhombic structure of columbite (space group Pbcn, Vh) and beta has the tetragonal, rutile 

structure (space group P4/mnm, D4h ) [2]. Alpha phase usually form a compact microstructure 

with better contact between particles, while beta has a porous microstructure with larger surface 

area and is more stable in acid solutions. 

 

 

 

 

 

 

 

 

 

Figure 1-1: The crystal structures of α-PbO2 and β-PbO2. Both structures are based on the same 

oxygen octahedra but the octahedra are packed in a different way [2, 15]. 

 

Lead dioxide coatings are commonly manufactured via an electrochemical deposition process 

from a solution containing soluble lead (II) ions. By varying the eletrodeposition parameters, lead 

dioxide coatings can be prepared with different phase structures, a wide range of surface 

http://en.wikipedia.org/wiki/Plattnerite
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morphologies and as either doped or undoped materials, giving rise to significantly different 

electrocatalytic activities. For example, the physicochemical properties and electrocatalytic 

performance of lead dioxide coatings can be significantly enhanced by simply doping with 

foreign ions into the coating matrix [16-18], or incorporation of certain particles by composite 

deposition [19-23], or fabrication of nanostructured/ highly ordered lead dioxide deposits [24-26]. 

Most of these studies address the two main objectives of developing lead dioxide coatings that 

allow high current densities and efficiencies for particular electrode reactions and possess 

enhanced coating stability. 

So far, there are extensive literatures on the electrodeposition of lead dioxide, however, several 

aspects still remain questionable and there is no gold standard of preferred conditions for 

obtaining a particular chemistry, structure, and/or morphology. Generally speaking, the effect of 

electrodeposition conditions on electrochemical activity of the resulting lead dioxide is confusing 

and somewhat contradictory. Despite simple thermodynamics involved in the electrodeposition 

process of lead dioxide, the process is in itself not straightforward. The resulting lead dioxide 

coating can be altered by a minor change of many adjustable electrodeposition parameters, for 

example the electrolytes (such as concentrations of lead (II), pH, and anions), substrates (Pt, Au, 

graphite, or Ti) and their pretreatment conditions, and processing parameters (current density, 

potential, temperature and electrode configuration). There are still many issues to be addressed 

for a fundamental understanding of the relationship between lead dioxide coating structure and 

catalytic activity, and in the long term, it is important to all fields of catalysis. 

 

1.2 Research objectives 

The broad objective of this project is to investigate the fundamental relationships between the 

deposition procedure and the structure or morphology of the lead dioxide coatings, as well as the 
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correlation between the structure and electrochemical performance, particularly the catalytic 

activity and the stability of the lead dioxide coatings. The specific objectives are divided into 

three different aspects and summarised below. 

(1) Investigation of the effect of Ti/SnO2-Sb substrates on electrosynthesis of lead dioxide 

coatings. 

SnO2, as an interlayer, has been recently applied on Ti substrate to prepare PbO2 anodes to 

improve the stability and electrocatalytic activity. Pure SnO2 is an n-type semiconductor 

exhibiting high resistivity at room temperature and therefore unsuitable for electrodeposition,  but 

a small amount of Sb-doping can significantly increase its electrical conductivity  [27]. Currently, 

there is little work carried out to describe the effect of SnO2-Sb interlayer on the 

electrocrystallisation of lead dioxide. In this project, one specific objective is to study the 

electrodeposition of -PbO2 on the Ti substrate with a Sb-doped SnO2 interlayer and explore the 

mechanism of early electrocrystallisation for lead dioxide. 

(2) Investigation of the effect of electrodeposition processing parameters on the morphology, 

structure and electrochemical performance of the obtained lead dioxide coatings 

This project was to investigate the influence of a series of processing parameters including 

deposition time, temperature, lead (II) ion concentration and current density on phase 

composition, morphologic features and electrochemical properties of deposited specimens. The 

above-mentioned four electrodeposition processing parameters have a combined influence on the 

properties and performance of electrosythesized lead dioxide anodes.  

(3) Investigation of nanoparticles doped lead dioxide coatings prepared by composite 

deposition method 

javascript:popupOBO('CMO:0002344','c0cs00213e')
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In recent years there has been increasing interest in incorporation of nanoparticles (dopants) into 

coating matrix to form composite electrodes. This modified nanocomposite film may present 

certain improved properties for particular electrode reactions and most of the case with enhanced 

coating stability. In this project, a typical inert metal oxide, TiO2 nanoparticles, have been added 

into a nitrate based plating solutions to prepare nanocomposite lead dioxide electrodes. The 

modified lead dioxide coatings have been systematically studied towards its microstructure or 

morphology, coating stability and electrocatalytic performance. A simple degradation process has 

been studied on the oxidation of a target pollutant at the composite electrode. 

(4) Investigation of foreign ions doped lead dioxide coatings and its physicochemical and 

electrochemical properties 

The doped lead dioxide coatings can be simply fabricated by electrodeposition in a plating 

solution added with certain foreign ions (dopants). The incorporation of good dopants not only 

works on the structure, morphology and coating stability, but also has a significant effect on the 

electrocatalytic activity of the lead dioxide coatings towards the oxidation of organic pollutants. 

This project explored the doping of bismuth ions into lead dioxide coatings by electrodeposition 

method. It is our purpose to draw definitive conclusions about optimal conditions for doping with 

bismuth ions, its performance when applied as anodes in electrocatalytic reaction, and the 

correlation between microstructure and its electrocatalytic reactivity. 

 

1.3 Thesis outline  

The thesis is divided into eight chapters. Most of the chapters are based on the published papers 

by the author [28-31]. Chapter 1 provides an overview of this thesis. Chapter 2 reviews the 

related work on the fundamental knowledge and development of lead dioxide coatings, with 

javascript:popupOBO('CMO:0002344','C0CS00213E')
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particular emphasis being on those lead dioxide coatings based on inert substrates. Chapter 3 

presents the experimental principle, methods and processing. Chapter 4 studies the 

electrocrystallisation process of lead dioxide on Ti/SnO2-Sb substrates and explores the effects of 

deposition time and temperature on the electrodeposition of lead dioxide. Chapter 5 presents a 

detailed study on the effects of lead (II) ion concentration and current density on the 

microstructure and electrochemical activities of lead dioxide electrodes. Chapter 6 investigates 

the incorporation of nanoparticles into lead dioxide matrix and its physicochemical and 

electrochemical performances. A simple degradation process has been studied on the oxidation of 

a target pollutant at the composite electrode.  Chapter 7 looks at the doping of foreign ions by 

electrodeposition in a plating solution added with certain amount of bismuth ions. The 

electrochemical oxidation ability of the anodes towards organic pollutants was estimated. Chapter 

8 presents conclusions and the future research work. 
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2. LITERATURE REVIEW 

 

Chapter 1 presents a general introduction relevant to this research work and highlights the issues 

that need to be addressed in this thesis. This chapter intends to present an extensive literature 

review in order to introduce the current state of knowledge of lead dioxide coatings, but in a more 

general fashion. More specific literature relevant to each of the following chapters is presented in 

the respective chapter. 

 

2.1 Introduction 

Electrode coatings are now widely employed to improve the performance of modern 

electrochemical technology [1, 2]. Lead dioxide (PbO2), as one of the most typical coatings, has 

been extensively investigated. It has been applied in many are as such as electrowinning of 

copper [6, 7], ozone generation [8, 9], manufacture of chemicals [10, 11], and most recently, 

wastewater treatment processes [12-14]. PbO2 is a very fascinating material presenting a number 

of well-proven advantages, such as low cost compared to noble metals, ease of preparation, high 

conductivity that is comparable to metals, high oxygen overpotential and good chemical stability 

in corrosive media [2, 3]. In recent years, the preparation by electrodeposition of stable PbO2 

coatings on inert substrates, typically titanium or carbon, as an anode material has attracted 

considerable interest. The modern electrodeposition technique makes the preparation of stable 

PbO2 coatings simple and controllable. By varying the electrodeposition parameters/conditions, 

PbO2 with different phase structures and a wide range of surface morphologies could be obtained. 

Meanwhile, the physicochemical properties and electrocatalytic performance of PbO2 coatings 

can be significantly enhanced by simple incorporation of foreign ions into the coating matrix, or 
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http://www.chemspider.com/Chemical-Structure.4575370.html
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doping with certain metal oxides by composite deposition, or fabrication of nanostructured/ 

highly order PbO2 deposits. The investigations of PbO2 coatings provide a new and perhaps 

unique, avenue to understanding the relationship between the phase composition, structure and 

the electrochemical performance and catalytic activity.  

 

2.2 Basic electrochemistry  

2.2.1 Electrodeposition 

Electrodeposition, a short version of ‘electrolytic deposition’, is a process used in electroplating 

to produce a dense, uniform and adherent coating (usually of metal or alloys) on an electrode by 

the act of electrical current [32]. The two terms- electrodeposition and electroplating are used 

interchangeable. Figure 2-1 illustrates a simple schematic of a direct current (DC) 

electrodeposition system, where two electrodes, immersed in a plating solution for example 

copper sulphate, are connected to the output of a DC power supply. Take the deposition of copper 

for example (as shown in Figure 2-2), in an acid electrolyte, copper electrode (anode) is oxidized 

to Cu
2+

 ions by losing two electrons at the anode, while the dissolved Cu
2+

 ions in the solution 

travel to the cathode where they are reduced to metallic copper by gaining two electrons. The 

electrolytic solution contains positively charged copper ions (cations) and negatively charged 

sulphate ions (anions). Under the applied external electrical potential, the cations travel to the 

cathode where they are discharged (losing electrons) and deposited as metallic copper: 

 

At Cu cathode: Cu
2+

 + 2e− → Cu (metal) (2-1) 

 

http://en.wikipedia.org/wiki/Electrode
http://en.wikipedia.org/wiki/Copper
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At the same time, copper from the anode dissolves into the solution to maintain the electrical 

neutrality:  

 

At Cu anode: Cu (metal) → Cu
2+

 + 2e− (2-2) 

 

The overall process is referred to as electrolysis and the result is the effective transfer of copper 

from the anode source to a coating covering the cathode. If a non-dissolvable anode such as 

platinum or carbon is used, the reaction at the anode is the oxidation of water, sometimes termed 

oxygen evolution, instead of dissolution of metal: 

 

At a non-dissolvable anode: 2H2O → 4H
+
 + O2 + 4e− (2-3) 

 

It is noted that when a copper anode is used, the sulphate ions in the plating solution remain 

unaltered during the electrolysis process. However, if the anode is a noble metal, the 

concentration of Cu
2+

 ions will decrease (depletion) and that of H
+
 ions will increase over time. In 

this case, extra copper sulphate must be replenished and pH value has to be adjusted by adding an 

alkali or a buffering solution. 

  



 

Chapter 2: Literature Review  10 

 

 

 

 

 

 

 

 

 

 

Figure 2-1: Main component of a DC electrodeposition system [33].  

 

 

 

 

 

 

 

 

 

 

Figure 2-2: Schematic diagram of the electrodeposition of copper.  



 

Chapter 2: Literature Review  11 

 

 

The above described process is applicable to many metals including lead. In the case of lead 

deposition, Equation 2-1 is simply written as 

 

At cathode: Pb
2+

 + 2e− → Pb (metal) (2-1a) 

 

Regardless of the anode materials used, the reaction at the anode is an oxidation, often called 

anodic oxidation. The anodic oxidation, on the other hand, can be used to deposit chemical 

compounds, in most cases, oxides. PbO2 is one of the typical oxides that can be anodically 

electrodeposited from a number of plating solutions containing soluble Pb (II) ions (Pb
2+

), which 

are oxidised to PbO2. The PbO2 can be electrodeposited both in acidic and alkaline solutions 

containing Pb
2+ 

ions, and the overall anodic reactions are written  as [2]: 

 

In acidic media: Pb2+ + 2H2O → PbO2 + 4H+ + 2e− (2-4) 

In alkaline media:      HPbO2− + OH− → PbO2 + H2O + 2e− (2-5) 

 

When the electrodeposition process is conducted in a traditional nitrate electrolyte containing 

Pb
2+ 

ions, the chemical reactions at each electrode can be written as: 

 

At the anode: Pb2++2H2O →PbO2+4H++2e- (2-6) 

At the cathode:      Pb2++2e- → Pb (2-1a) 

Overall electrode reaction: 2Pb(NO3)2 + 2H2O → PbO2 + Pb + 4HNO3 (2-7) 
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It is noted that when PbO2 is anodically deposited at the anode, metallic lead is deposited at the 

cathode, as per Equation 2-1a. Under high anodic polarization, the oxygen evolution reaction 

(OER) may also happen at the anode when it reaches the OER overpotential: 

 

2H2O → O2+4H++4e- (2-3) 

 

which consumes part of the charge and decreases the current efficiency of PbO2 eletrodeposition. 

If the oxygen evolution process becomes severe, it may result in porous PbO2 deposits loosely 

attached to the substrate. Therefore the anodic deposition of PbO2 is a competing process to the 

OER process. At the cathode, the deposition of metallic lead does not experience the competition 

from the other processes. This is because lead has a standard potention of -0.12 V in aqueous 

solutions, giving rise to a high hydrogen overpotential (0.84 V to 1.2 V). As such, lead is easily 

electrodeposited from nitrate acidic solutions at the cathode with a current efficiency approaching 

100%. 

 

2.2.2 Electrodeposition thermodynamics 

The potential- pH diagram of lead, first constructed by Delahay et al. in 1951 [34], describes the 

reactions and equilibrium of the system lead- water. A modified potential- pH diagram taking 

into account the presence of sulphate in solution was further proposed (Figure 2-3) [34], and all 

important features of the behaviour of lead corrosion and lead storage batteries are studied on the 

basis of this modified diagram. 

Figure 2-3 gives a plot of various thermodynamic equilibria of lead and its derivatives in 

presence of aqueous solutions containing a total sulphate activity (a
 
HSO4

-
 + a

 
SO4

2-
) equal to 1g-
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ion/L. The area between dotted lines (a) and (b) corresponds to thermodynamic stability of water 

and the corresponding equilibrium equations are illustrated in Equation 2-8 and 2-9, respectively.  

 

Line(a): 2H+ + 2 e- = H2 (2-8) 

                   E = – 0.0591 pH – 0.0295 log PH2 

Line(b): O2 + 4H++ 4e- = 2H2O (2-9) 

                   E = 1.229 – 0.0591 pH + 0.0148 log PO2 

 

Below the equilibrium reaction shown as line (a) in Figure 2-3, the decomposition of H2O into 

hydrogen is favoured while it is thermodynamically stable above the same line (a). As potential 

becomes more positive, water can be decomposed into its other constituent, oxygen and for 

respectively the acidic form and neutral or basic form of the same process. 
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Figure 2-3: Potential-pH diagram of lead in presence of sulfate ion with a total sulphate activity 

of 1 [34].  The area between lines a and b correspons to thermodynamic stability of water. Thin 

lines with numbers of -2, -4 and -6 represent equilibrium conditions between a solid phase and 

an ion at activities 10
-2

, 10
-4

, 10
-6

. The other straight lines represent equilibrium conditions 

between two solid phase. Dotted lines represent equilibrum conditions between two ions for a 

ratio of activitys of these ions equal to unity. Reproduced by the author. 
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The straight lines of (1), (2), (3) and (4) represent equilibrium conditions between two solid phase 

ande the corresponding reactions are shown in Equation 2-10, 2-11, 2-12 and 2-13, respectively. 

Thin lines with numbers of -2, -4 and -6 represent equilibrium conditions between a solid phase 

and an ion at activities 10
-2

, 10
-4

, 10
-6

. Dotted lines represent equilibrum conditions between two 

ions for a ratio of activitys of these ions equal to unity. It is obvious that the presence of sulphate 

chiefly results in a considerable domain of stability of lead sulphate (PbSO4). As illustrated in 

line (2) lead (Pb) and lead sulphate (PbSO4), at pH values between approximately 3 to 9, are in 

equilibrium for a potential of -0.356V. In other words, the stability of lead is constant and equal 

to 10
-7.79 

gram atom per litre (or 0.0033 milligram of Pb per liter). At pH < 3, the solubility of 

lead sulphate increases on account of bisulfate ion (HSO4
-
). At pH > 9, the solubility of lead 

sulphate increases on account of the formation of biplumbite (HPbO2
-
). 

 

Line(1): PbSO4 + H+ + 2e- = Pb + HSO4
- (2-10) 

                   E = – 0.300 – 0.0295 pH + 0.0295 log a 
HSO4

- 

Line(2): PbSO4 + 2e- = Pb + SO4
2- (2-11) 

                   E = –0.356 –0.0295 log a 
SO4

2- 

Line(3): PbO2 + HSO4
-+ 3H+ + 2e- = PbSO4 + 2H2O (2-12) 

                   E = 1.655 – 0.0886 pH + 0.0295 log a 
HSO4

- 

Line(4): PbO32- + SO4
2- + 6H+ + 2e- = PbSO4 + 3H2O (2-13) 

                   E = 2.344 – 0.1773 pH + 0.0295 log (a
 
PbO3

2-  · a
 
SO4

2-) 

 

A simplified Pourbaix diagram is shown in Figure 2-4. In an acidic solution and on open circuit, 

PbO2 is metastable due to its reaction with water and Pb
2+

 is always thermodynamically 

favourable. Even in neutral solutions, PbO2 will also be metastable when the only Pb
2+

 in solution 
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arises from corrosion of the PbO2 coating. However, PbO2 will be thermodynamically stable in 

alkaline solutions. If the anode is employed under a potential positive to the equilibrium potential, 

the PbO2 coating will definitely be protected from corrosion. By contrast, the cathodic reduction 

and dissolution of the PbO2 anode will happen if the anode is employed under any potential 

significant negative to the equilibrium potential. Although PbO2 is polymorphic (α-  and β-PbO2), 

the phase has little effect on the thermodynamics of the reactions with the equilibrium potentials 

differing by approximately 10 mV [2]. In addition, the β-PbO2 phase is thermodynamically more 

stable than α-PbO2 phase [15]. 

 

 

 

 

 

 

 

 

 

Figure 2-4: The equilibrium potential for the Pb(IV)/Pb(II) plotted as a function of pH for two 

concentrations of Pb(II) and the equilibrium potential for the O2/H2O reaction as a function of 

pH [2]. 

  

http://www.chemspider.com/Chemical-Structure.65967.html
http://www.chemspider.com/Chemical-Structure.65967.html
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2.2.3 Electrodeposition kinetics 

Figure 2-5 presents the 1
st
 and 5

th
 cycles of a cyclic voltammetry experiment with a rotating 

vitreous carbon disc electrode (ω = 200 rpm) in a methanesulfonic acid (2 M) solution containing 

Pb
2+

 ions (300 mM). The sweep rate was 50 mVs
−1

 and the temperature is 298 K. It should be 

noted that this is a typical voltammograms for the deposition and dissolution of PbO2 onto an 

inert substrate and the voltammetry would be similar for other inert substrates and acid media. As 

can be seen in Figure 2-3, the deposition of PbO2 does not start until the potential reaches close to 

+ 1.9 V on the 1
st
 forward scan. On its first reverse scan, a small reduction peak is observed and 

zero current is achieved when the potential reaches + 0.7 V. It is interesting to note that, on its 

fifth scan, the onset potential for deposition shifted to about + 1.63 V and the current densities are 

much larger. The reduction of the PbO2 layer back to Pb
2+

 is evidenced by a sharp symmetrical 

cathodic peak centred around + 1.15 V. A hysteresis loop (also known as nucleation loop) is 

observed, due to the PbO2 nucleation process [2, 35]. It is obvious that the PbO2 coating will not 

be stable when the potential is negative to + 1.2 V. All the features observed here are typical for 

the deposition and dissolution of PbO2 at most inert substrates and in many media. The 

mechanisms for the formation and reduction of are multistep and complex. The sequence of 

chemical steps leading from Pb
2+

 solution to solid PbO2 has been the subject of much speculation 

[2], which will be discussed further in Section 2.41. 

  

http://www.chemspider.com/Chemical-Structure.4575370.html
javascript:popupOBO('CMO:0002344','c0cs00213e')
http://www.chemspider.com/Chemical-Structure.6155.html
javascript:popupOBO('CMO:0000024','c0cs00213e')
javascript:popupOBO('CMO:0000024','c0cs00213e')
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Figure 2-5: Cyclic voltammograms recorded at a rotating vitreous carbon disc electrode (ω = 

200 rpm) in a solution of lead(II) (300 mM) in aqueous methanesulfonic acid (2 M). The figure 

shows the first scan after polishing the vitreous carbon disc and the fifth during continuous 

cycling. Potential scan rate: 50 mV s−1. Temperature: 298 K [36].  

 

2.3 Physical characteristics and properties 

2.3.1 Phase composition and crystal structure 

Lead (IV) oxide, commonly called lead dioxide or plumbic oxide, is a chemical compound with 

the formula PbO2. It exists in two differnt crystalline forms, α-PbO2 and β-PbO2, which occur 

naturally as rare minerals scrutinyite and plattnerite, respectively. α-PbO2 was first synthesized in 

1941 and identified as a mineral in 1988. It has the orthorhombic structure of columbite (space 

group Pbcn, Vh
14

). By contrast, the more prevailing β-PbO2 has a tetragonal, rutile structure 

(space group P4/mnm, D4h
14

). β-PbO2 was first identified as the mineral plattnerite around 1845 

javascript:popupOBO('CMO:0000794','c0cs00213e')
http://www.chemspider.com/Chemical-Structure.4575370.html
javascript:popupOBO('CMO:0002344','c0cs00213e')
http://www.chemspider.com/Chemical-Structure.24769451.html
http://www.chemspider.com/Chemical-Structure.6155.html
http://www.chemspider.com/Chemical-Structure.4575370.html
http://en.wikipedia.org/wiki/Scrutinyite
http://en.wikipedia.org/wiki/Plattnerite
javascript:popupOBO('CHEBI:24433','c0cs00213e')
http://pubs.rsc.org/en/content/articlehtml/2011/cs/c0cs00213e#cit14
javascript:popupOBO('CHEBI:46748','c0cs00213e')
javascript:popupOBO('CHEBI:24433','c0cs00213e')
http://pubs.rsc.org/en/content/articlehtml/2011/cs/c0cs00213e#cit14
http://en.wikipedia.org/wiki/Plattnerite
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and later produced synthetically. Figure 2-6 illustrates the crystal structures for both phases. As 

can be seen, each lead(IV) ion is in the centre of a distorted octahedron and the essential 

difference is in the way in which the octahedra are packed. In α-PbO2, neighbouring octahedra 

share non-opposite edges and zig-zag chains (can be seen in Figure 1-1) are formed in this way. 

In β-PbO2, neighbouring octahedra share opposite edges, which results in the formation of linear 

chains (Figure 1-1) of octahedral. Again, for both phases, each chain is connected with the next 

one by sharing corners. Microstructurally, α-PbO2 is compact with better contact between 

particles, but more difficult to discharge. In comparison, β-PbO2 has a porous microstructure with 

larger surface area, which favours the electrocatalytic activity. In addition, β-PbO2 is more stable 

in acid solutions then α-PbO2. 

 

 

 

 

 

 

 

Figure 2-6: The crystal structures of α-PbO2 and β-PbO2. Grey atoms are leads and red atoms 

are oxygens. The structures are based on the same oxygen octahedra but the octahedra are 

packed in a different way [15, 37, 38]. 

 

http://pubs.rsc.org/en/content/articlehtml/2011/cs/c0cs00213e#fig3
http://www.chemspider.com/Chemical-Structure.10644804.html
http://www.chemspider.com/Chemical-Structure.952.html


 

Chapter 2: Literature Review  20 

 

 

X-ray diffraction can be employed to distinguish α-PbO2 and β-PbO2 from each other 

qualitatively, and this method has also been used extensively to estimate the proportion of 

polymorphs in a mixture of the two phases. The standard diffraction patterns for both α-PbO2 and 

β-PbO2 powders detected in the 2θ range 20°-90° are presented in Figure 2-7. It can be seen that 

the strong diffraction peaks of both phases are presented before the 2θ range of 40°. All the peaks 

are clearly distinguishable. It should be noted that neither of the two phases is fully stoichiometric 

and this is the reason for its high conductivity. 

 

 

 

 

 

 

 

 

 

 

Figure 2-7: Standard powder diffraction patterns recorded for samples of pure α- and β-phases 

of PbO2 [2]. 

 

javascript:popupOBO('CMO:0000156','c0cs00213e')
http://pubs.rsc.org/en/content/articlehtml/2011/cs/c0cs00213e#fig4
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2.3.2 Morphology of PbO2 deposits   

A variety of morphologies can be obtained by changing deposition parameters of PbO2 coatings. 

Even with naked eyes, the PbO2 deposits present different appearances. Commonly the coatings 

obtained were matte grey or black in colour; however, it is also possible to fabricate highly 

reflective black PbO2 coatings, as reported by Low et al. [39]. When examined by scanning 

electron microscopy (SEM), the morphologies of PbO2 deposits revealed an astonishing diversity. 

Figure 2-8 shows SEM images of PbO2 deposits obtained in our lab by electrodeposition from 

nitrate acid electrolytes containing Pb(NO3)2 and NaF at varied concentrations and conditions. 

The phase composition of the coatings detected by X-ray diffraction is mainly β-PbO2. It can be 

seen that the deposits presented a wide variety of morphologies such as cauliflower-like, angular, 

spheroidal, polygonal, cluster-shaped or even porous, and their size is another variable. These 

images are presented here to describe the diversity of deposited PbO2 morphologies, and more 

detailed experimental work of these samples will be described in Chapter 4 and Chapter 5. 

  

javascript:popupOBO('CMO:0001801','c0cs00213e')
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Figure 2-8: SEM images of PbO2 deposits with diverse morphologies. All these morphologies 

were obtained by electrodeposition from nitric acid electrolytes containing Pb
2+

. 

javascript:popupOBO('CMO:0001801','c0cs00213e')
http://www.chemspider.com/Chemical-Structure.6155.html
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It is also interesting to note that some nano-sized, porous or highly ordered macroporous PbO2 

coatings have been fabricated by novel electrodeposition methods recently. For example, 

Casellato and coworkers [24] prepared porous PbO2 electrodes by anodic composite deposition of 

PbO2 particles with an electrochemically grown PbO2 matrix. Cerro-Lopez et al. [25] successfully 

obtained nano-sized PbO2 deposits inside an array of Ti based TiO2 nanotubes array using a 

galvanostatic method at room temperature. A novel three-dimensional macroporous PbO2 

electrode, as shown in Figure 2-9a, was fabricated by electrochemical deposition method using 

virtue of the self-assembled colloidal crystal template [40]. In comparison with the traditional 

flat-PbO2 (Figure 2-9b), the novel PbO2 coating presents highly ordered porous structure with 

much larger surface area. Most recently, as reported by Moncada’s team [41], PbO2 nanowires 

were obtained by template electrodeposition in polycarbonate membranes and these nanowires 

might be used as the substitute of positive plates in lead-acid battery. In general, the purpose of 

these studies was to fabricate coatings with greatly increased surface area, which provides more 

active sites when applied as electrodes, and this favours the electrocatalytic activities. 

 

 

 

 

 

 

Figure 2-9: SEM images of (a) as-prepared three-dimensional macroporous PbO2 coating and (b) 

traditional flat-PbO2 coating.  Inset: lateral view of macroporous PbO2 [40]. 

http://www.sciencedirect.com/science/article/pii/S0378775314000731
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2.3.3 Conductivity 

PbO2 is an n-type semiconductor but has attributes of metal [42]. As reported by Mindt [43] in 

1969, the conductivities of PbO2 coatings of α-PbO2 and β-PbO2 are close to 10
6
 Ω

−1
 m

−1
 and 10

7
 

Ω
−1

 m
−1

, respectively. These values are comparable to metals such as Ti, stainless steel and Hg 

and higher than most forms of carbon, as shown in Table 2-1. The studies of the Hall effect 

carried out on PbO2 samples confirmed that the conduction results from the movement of 

electrons [15]. Moreover, it is widely accepted that the metallic nature of PbO2 arises from the 

occupation of conduction band states above the Fermi level of stoichiometric PbO2, probably 

arising from oxygen vacancy defects [2]. This high conductivity makes PbO2 an ideal electrode 

material for its use as positive electrode material in the lead acid battery, as well as for other 

applications such as in manufacture of chemicals, generation of ozone, electrowinning of copper 

and wastewater treatment. 

 

 

 

 

  

http://www.chemspider.com/Chemical-Structure.22402.html
http://www.chemspider.com/Chemical-Structure.22373.html
http://www.chemspider.com/Chemical-Structure.4575370.html
http://www.chemspider.com/Chemical-Structure.952.html
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Table 2-1: Resistivity and conductivity of some metals at 20°C [44]. 

Material Resistivity (Ω•m) Conductivity (Ω
-1
• m

-1
) 

Silver 1.59×10
−8

 6.30×10
7
 

Copper 1.68×10
−8

 5.96×10
7
 

Gold 2.44×10
−8

 4.10×10
7
 

Iron 1.0×10
−7

 1.00×10
7
 

Titanium 4.20×10
−7

 2.38×10
6
 

Stainless steel 6.9×10
−7

 1.45×10
6
 

Mercury 9.8×10
−7

 1.02×10
6
 

Carbon (amorphous) 5×10
−4

 to 8×10
−4

  1.25 to 2×10
3
 

Carbon (graphite)  2.5×10
−6

 to 5.0×10
−6

 //basal plane  

3.0×10
−3

 ⊥basal plane  

2 to 3×10
5
 //basal plane 

3.3×10
2
 ⊥basal plane 

Carbon (diamond) 1×10
12

 ~10
−13

 

 

 

2.3.4 Stability 

A good electrode material should not only be effective for its target applications, such as 

production of chemicals or degradation of organic compounds, but also be electrochemically 

stable to provide long term service. In recent years, PbO2 coatings based on inert substrates, 

particularly titanium, has found diverse applications. However, long term stability is always a 
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critical issue. It is because that the long term use of PbO2 electrode may lead to the contamination 

of the products or effluent by toxic Pb
2+

 ions due to the corrosion of the coating [2, 45, 46]. 

Pure PbO2 electrode coatings easily fail after a short time of use, and this can be attributed to the 

following two reasons. First, the PbO2 coating might be detached from its substrate. This is 

caused by the formation of an insulating TiO2 film between titanium substrate and the coating. 

When a Ti/PbO2 electrode is applied under high anodic polarization in aqueous solution, the 

electrolyte may invade into the PbO2 coating and oxidize the titanium substrate to form TiO2 film. 

This TiO2 film has high resistivity and largely decreases the bonding between the coating and 

titanium substrate. Second, PbO2 coating might be dissolved as Pb
4+

 ions into electrolyte. When 

applied under high polarization in a strong acid, the dissolution of PbO2 coating might happen 

and this will result in the failure of the electrode.  

Three main factors including the fabrication technologies of PbO2 coatings, the operating 

parameter and working medium for PbO2 anodes play a synergic effect on the stability of the 

electrodes. This review focuses on the various fabrication technologies aiming to prepare 

electrochemically stable PbO2 coatings. Basically, introduction of interlayers/undercoats and 

modification of coating compositions and microstructures are the two effective ways to improve 

the stability. 

First, the incorporation of an intermediate layer (i.e. interlayer or sometimes referred to as 

undercoat) between the titanium and the PbO2 can significantly increase the operational life of the 

anodes. The interlayer serves as a barrier to the diffusion of oxygen or electrolyte, thus 

eliminating any significant oxidation of the bare titanium substrate. It has been confirmed that a 

suitable interlayer on titanium is necessary to overcome premature failure of the toplayer PbO2 

and produce a reasonably strong adhesion [12, 27, 47, 48]. So far, titanium based PbO2 anodes 

that have been successful in industry have had a coating of platinum applied to the Ti substrates 
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before the electrodeposition of PbO2. Recently, an alternative to the expensive platinum has been 

developed and widely employed. It is a semiconductor coating of antimony doped tin oxide 

(SnO2-Sb) applied by painting and thermal decomposition on titanium before the deposition of 

PbO2 coatings. It is reported in the literature that the introduction of an interlayer of SnO2-Sb [49-

52], or a undercoat of Au [53, 54] and Pt [55, 56] on titanium substrate before the deposition can 

significantly enhance the adhesion of the coating by preventing the formation of titanium oxides 

between PbO2 coating and substrate when employed in aqueous solution. 

Second, as discussed in the previous sections, the phase composition and morphology of the 

PbO2 coatings directly affect the stability of the PbO2 anodes. Thus, a number of approaches have 

been attempted to fabricate stable and high performance PbO2 coatings [57-61]. In general, they 

can be divided into three catalogues: (i) preparation of composite PbO2 coatings by doping with 

certain metal oxides; (ii) incorporation of foreign ions into PbO2 matrix during the 

electrodeposition; (iii) fabrication of nano-sized or highly ordered PbO2 deposits. 

 

2.4 Deposition of PbO2 

2.4.1 Nucleation and growth 

The chemical and electrochemical steps involved in the electrodeposition process of PbO2, which 

lead from soluble Pb
2+

 to solid PbO2, have been extensively studied. So far, the most plausible 

mechanism is that proposed by Velichenko et al. [59, 62-68] and the electrodeposition process of 

PbO2 is described by four stages as follows: 

 

H2O → OHads +H+ +e- (2-7) 
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Pb2+ +OHads → Pb(OH)2+ (2-8) 

Pb(OH)2++H2O → Pb(OH)22+ +H +e- (2-9) 

Pb(OH)22+ → PbO2 +2H2+ (2-10) 

 

The first stage is the formation of oxygen-containing species such as chemisorbed OHads, which 

acts as the key intermediate in the entire deposition process. Then Pb
2+

 ions react with previously 

adsorbed OHads on the electrode surface to form a soluble intermediate product Pb(OH)
2+

, 

followed by being oxidized into Pb(OH)2
2+

. Lastly, the Pb(OH)2
2+

 is decomposed to form 

colloidal PbO2 clusters that further crystallize to either - or - or both PbO2 crystals on the 

electrode. Temperature and potential (or current) are important parameters in the 

electrodeposition process. As described by Velichenko et al. [63], the second electron transfer 

stage (Equation 2-9) and Pb
2+

 diffusion control the dioxide formation in the lower and higher 

overpotential range, respectively. Depending on the potential region, the process can be 

kinetically or diffusion controlled. 

 

2.4.2 Substrates and deposition methods 

A number of substrates have been attempted for PbO2 deposition, such as lead or lead alloy [69], 

graphite [70], glassy carbon [71], tin oxide [72], titanium [49, 73], platinum [24], gold [74], 

aluminium [75], Ebonex
®
 [76] and boron-doped diamond (BDD) [77]. So far, the most widely 

employed substrates for the deposition of PbO2 academically include platinum, gold, glassy 

carbon and titanium. It is clear that platinum, gold and glassy carbon are not affordable and 

practical for any industry applications [2]. Titanium is one of the best candidates because of its 
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low cost compared to precious metal, chemical stability in most of the media, ease for operation 

and its recyclability. 

Deposition techniques used  to prepare PbO2 includes galvanostatic electrodeposition (i.e. 

constant current) [17, 21, 78-81], potentiostatic electrodeposition (i.e. constant potential) [16, 82], 

cyclic voltammetry [53] and pulse current electrodeposition [69, 82]. As illustrated in Figure 2-10, 

galvanostatic electrodeposition is carried out under constant current while potentiostatic 

electrodeposition is conducted under constant potential. Cyclic voltammetry is presented in 

Figure 2-10c, where its working electrode potential is ramped linearly versus time and this 

ramping is known as the scan rate (V/s). The potential is applied between the reference electrode 

and the working electrode and the current is measured between the working electrode and the 

counter electrode. Cyclic voltammetry is generally used to study the electrochemical properties of 

PbO2 coatings in lab. Figure 2-10d shows pulse electrodeposition, which is a simple modification 

in the electroplating process. This process involves the swift alternating of the potential or current 

between two different values resulting in a series of pulses of equal amplitude, duration and 

polarity, separated by zero current. By changing the pulse amplitude and width, it is possible to 

change the deposited coating’s composition and thickness. When the substrate surface is porous 

or composed of nanotubes, pulse electrodeposition is a good choice to deposit PbO2 into the 

pores and nanotubes.  
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Figure 2-10: Schematic illustration of four different electrodeposition modes: (a)galvanostatic 

electrodeposition, (b)potentiostatic electrodeposition [82], (c)cyclic voltammetry and (d)pulse 

electrodeposition [82]. 

  

2.4.3 Challenges for deposition on Titanium substrate   

Historically, Henri Beer’s invention of titanium (Ti) electrode coated with precious metal oxides 

revolutionised chlor-alkali industry [4]. Titanium based PbO2 anodes have three advantages over 

traditional graphite based PbO2: (i) titanium substrates can be reused at the end of the anodes’ 

service life; (ii) a more compact cell can be constructed and adjustable [5]; (iii) In comparison to 

platinum based PbO2 anodes, titanium based anodes also possess an excellent electrochemical 

stability, but at a much lower price. Thus, titanium has been widely accepted for substrates of 

anodic electrode coatings commercially. However, it has long been recognised that titanium has 

http://dict.cn/galvanostatic%20method
http://dict.cn/galvanostatic%20method
http://dict.cn/galvanostatic%20method
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to be pre-treated in order for PbO2 to deposit successfully due to the formation of an insulating 

TiO2 on the titanium substrate during anodic polarization in aqueous media. A thin titanium oxide 

film is indeed naturally formed when Ti is exposed to ambient environment. This TiO2 film 

hinders the eletrodeposition of PbO2 and decreases the current efficiency, and results in coatings 

with poor adhesion [28, 53]. TiO2 film has a high electric resistivity and a high potential barrier, 

which will cause high voltage loss in the bulk of the electrode when employed as anode in 

application. 

To address this issue, various pre-treatments and different interlayers have been explored. As 

illustrated in Figure 2-11, there are three main introduction processes of interlayers on titanium 

substrates before the electrodeposition of PbO2. Figure 2-11a represents titanium based PbO2 

(Ti/PbO2) without interlayer. Figure 2-11b illustrates a traditional way of depositing a thin layer 

of precious metal (M) such as Pt, Au and Ag on the titanium substrate. It is obvious these 

precious metals are expensive and the application of such PbO2 anodes has been limited. 

Recently a simple and cost-effective technique has been developed to fabricate an interlayer of 

metal oxide (MOx) by thermal decomposition method. Sb doped SnO2 (i.e. SnO2-Sb) is one 

example. The application of such doped interlayer is reported to have increased electrode’s 

chemical stability, enhanced its electrocatalytic activity and greatly prolonged service life of the 

electrode [12, 47]. The third way is to modify the titanium substrates by anodic oxidation to 

obtain an interlayer of TiO2 nanotubes (TiO2-NT). This layer of amorphous TiO2-NT must be 

heat-treated before the deposition of PbO2 coating. Among above three approaches, the 

fabrication of MOx interlayers by thermal decomposition method is one of the most common 

techniques used in industry. 
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Figure 2-11：Schematic of three main introduction processes of interlayers between titanium 

substrates and PbO2 coatings: (b) Ti/M/PbO2, (c) Ti/MOx/PbO2, (d) Ti/TiO2-NT/PbO2 and (a) 

Ti/PbO2 is the anodic deposition without interlayer. M is precious metal, MOx is metal oxide and 

TiO2-NT is TiO2 nanotubes. 

 

2.4.4 Interlayer of SnO2-Sb 

Figure 2-12 shows the unit cell of SnO2 crystal. SnO2 has a rutile/tetragonal structure (tP6, space 

group P42/mnm), wherein the tin atom is in the centre of octahedron, with six oxygen atoms 

(a) Ti/PbO2 

Ti 

Anodic deposition 

Ti 

PbO2 

(b) Ti/M/PbO2 

Ti 

M 

Ti 

Cathodic deposition Anodic deposition 

M 

Ti 

PbO2 

Ti 

TiO2 nanotubes 

Ti Anodic oxidation Anodic deposition 

Ti 

PbO2 
(d) Ti/TiO2-NT/PbO2 

Ti 

MOX 

Ti 

Thermal decomposition Anodic deposition 

MOX 

Ti 

PbO2 (c) Ti/MOX/PbO2 

http://en.wikipedia.org/wiki/Rutile


 

Chapter 2: Literature Review  33 

 

 

around. The lattice parameters of SnO2 are a = b = 0.4737 nm and c = 0. 3185 nm with the radii 

of O
2 −

 and Sn
4 +

 being 0.14 nm and 0.071 nm, respectively [83]. Pure SnO2 is regarded as an 

oxygen-deficient n-type semiconductor and this semiconductor material could be highly 

conductive by reducing the band gap by creating oxygen vacancy holes. Introducing antimony 

ions (Sb) into SnO2 structure can create oxygen vacancies in the lattice leading to cation 

repulsion and significantly enhance its electrical conductivity [27, 84]. 

 

 

 

 

 

 

 

Figure 2-12: The crystal structures of SnO2, which is rutile/ tetragonal structure (tP6, space 

group P42/mnm). Blue atoms are tins and red atoms are oxygens [83] . 

 

Sb doped SnO2 (SnO2-Sb) coatings can be prepared by several methods, such as spray pyrolysis 

[85], sol-gel process[86], sputtering [87], chemical vapour deposition [88], electron beam 

evaporation [89], electrodeposition [90] and thermal decomposition/oxidation [49, 91-93]. 

Among them, thermal decomposition method is an easy operation [28, 49, 52, 78, 94, 95]. To 

increase the mechanical bonding of the coating, a sequence of pre-treatments need to be carried 

out to prepare the suitable Ti substrates for the subsequent electrodeposition. Figure 2-13a shows 

http://en.wikipedia.org/wiki/N-type_semiconductor
http://en.wikipedia.org/wiki/Rutile
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a SEM graph of a Ti plate surface after mechanical polishing, chemical etching and cleaning. A 

porous, honeycomb-like morphology was observed and this rough surface favours to strengthen 

the adherence between the interlayer and Ti substrate [78]. The SnO2-Sb interlayer was then 

prepared by thermal decomposition method using a precursor solution, and the morphology of an 

as-prepared SnO2-Sb was shown in Figure 2-13b. A typical “mud-crack” morphology was 

observed and it was attributed to the mechanical tension caused by the plasticity of SnO2 layer 

and the difference in the thermal expansion coefficient between the Ti substrate and the SnO2 

layer. 

 

 

 

 

 

 

Figure 2-13: SEM photographs of  (a) Ti substrate after polishing and two hours etching in 15% 

oxalic acid, a porous, honeycomb-like morphology was observed; (b) Ti/SnO2-Sb coating films 

prepared by thermal decomposition method, a typical crack-mud feature was observed [78]. 

 

The introduction of SnO2-Sb interlayer into PbO2 electrode is necessary for obtaining a stable 

PbO2 electrode. As shown in Figure 2-14, the stability of the PbO2 electrodes with a SnO2-Sb 

interlayer was much longer than that without an interlayer [78]. The potential of PbO2 electrode 
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without the interlayer increased by 7.6 V during 1.5 h electrolysis, while that of PbO2 electrode 

with the interlayer increased by only 0.5 V during 20 h electrolysis. The deposition coating of 

PbO2 electrode without the interlayer failed due to the detachment of PbO2 coating from the 

substrate under high polarization. 

 

 

 

 

 

 

 

 

 

Figure 2-14: Electrode stability tests for the electrolysis (60 °C) of 2 M H2SO4 using PbO2 

anodes by applying high current densities: (a) with an interlayer of SnO2-Sb, current density 

=100 mA/cm
2
 and (b) without an interlayer of SnO2-Sb, current density = 1.00 mA/cm

2
 [78]. 

 

2.4.5 Composite coatings 

PbO2 composite coatings can be prepared by electrodeposition from a plating solution containing 

suspended micron- or nano-size secondary solid particles and this process is called co-deposition 

(i.e. composite deposition). The suspended particles are embedded into PbO2 solid matrix during 
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the electrodeposition and they can impart special properties, such as high strength, enhanced 

stability, better catalytic activity, good wear resistivity, photocatalysis ability and so on [2, 96]. 

Table 2-2 listed a substantial number of PbO2 composites that have been prepared and studied 

presently. As can be seen, a variety of plating solutions containing TiO2 ,ZrO2, Co3O4, PbO2, 

Al2O3, Mn3O4, RuO2, CeO2, Ta2O5, and PTFE have been applied under various conditions. The 

suspended particles are mostly nano-sized. 

Many factors including particle concentration, current density, temperature, stirring rate of the 

plating bath all play a role in the deposition of PbO2 composite coatings. Inert metal oxides such 

as TiO2 and ZrO2 are of particular interest as they are both electrochemically and chemically 

stable oxides. Take TiO2 for example, the main chemical reaction of TiO2 co-deposition with 

PbO2 at the anode can be described as: 

 

Pb2++2H2O + TiO2 → PbO2-TiO2 +4H++2e- (2-11) 

 

According to the Guglielmi’s model (Figure 2-15) [97], firstly TiO2 particles and other ions 

including solvent are adsorbed on Pb
2+

 ions and loosely adsorbed on the surface of PbO2 anode. 

With the effect of an electric field, TiO2 particles enter the PbO2 compact layer and the oxidation 

of Pb
2+

 lead to a strong irreversible adsorption, which consequently made TiO2 particles deposit 

along with PbO2 crystals. 
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Table 2-2: Characteristics of PbO2 composite electrodes prepared by codeposition with varied 

particles. 

Dispersed phase Advantages Reference 

TiO2 Photo- and electrocatalysts,   enhanced stability and 

increased oxygen evolution overpotential                                         

     

 

                    

[21, 56, 97, 98] 

ZrO2 Enhanced electrochemical stability, erosion reduction [19-21, 35] 

Co3O4 Catalysis of oxygen evolution [95] 

PbO2 Large and controlled surface roughness [24] 

Al2O3 Comparison with electroactive particles [99] 

Mn3O4 Higher capacitance and low cost [100] 

RuO2 Catalysis of oxygen evolution [22, 23] 

CeO2 High stability, good catalytic activity [101, 102] 

Ta2O5 High oxygen overpotential and corrosion resistance [103] 

PTFE Introduces hydrophobic character, lower η for O2 and 

oxidation of organics and improves stability 

[104, 105] 
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Figure 2-15: Schematic diagram of Guglielmi model for TiO2 co-deposition with PbO2 [97]. 

 

It has been reported [19-21] that the particle content incorporated into PbO2 coatings usually 

increases with increasing particle content in the plating solution before it reaches a limit. 

Moreover, Ref. [21, 56, 68] claimed that the lifetime of the PbO2 coatings containing TiO2 

particles was twice as long as that of traditional PbO2 electrodes. Velichenko et al. [68, 98] 

explored the influence of particles of colloidal TiO2 on PbO2 electrodeposition from nitrate 

electrolytes and proposed a four-stage kinetics scheme to describe the process of PbO2 

electrodeposition in the presence of such oxides in colloidal solutions. It is suggested that the 

presence of TiO2 nanoparticles influences crystallization, charge transfer and diffusion stages, 

however, the mechanism is essentially the same as observed in the absence of TiO2 [68]. Li and 
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co-workers [97] investigated the degradation of Acid Orange 7 in water on TiO2 modified β-PbO2 

composite electrodes. A significant synergetic effect was observed between photocatalytic 

process and an externally applied electric field on the anode, when a 2.0 g TiO2 modified β-PbO2 

electrode was used in electrochemically assisted photocatalytic degradation [97]. 

 

2.4.6 Doping of PbO2 

The doped PbO2 coatings can be simply fabricated by electrodeposition in a plating solution 

containing certain foreign ions (i.e. dopants). Table 2-2 summaries the dopants commonly used 

and their corresponding improvements in performance, including Bi
3+

, Fe
3+

, F
-
, As

3+
, Co

2+
 and 

Ag
+
. It has been demonstrated that the doping of Bi

3+ 
[14, 73, 106-108], Fe

3+ 
[55, 107, 109], As

3+ 

[110] and Co
2+

 [18] ions catalyses the oxidation of both organic and inorganic species. Among 

them, the oxygen evolution process is always inhibited at F-doped PbO2 electrodes. Although the 

activity of PbO2 anodes decreases gradually after a long term use, the decrease of their activity 

can be retarded by F
−
 anion doping [16]. The doping of Bi

3+
 can also enhance the oxygen 

overpotential and inhibit the oxygen generation during application [17]. When doped with Bi
3+

, 

the rutile structure of pure PbO2 retained even when the Bi
3+

 content increased to Bi/Pb ≥ ca. 0.7, 

i.e. mole fraction of Bi = 0.4 [111]. However an increasing preferential orientation of the PbO2 

(020) plane was observed as the Bi/Pb ratio increased [109]. Despite a large number of 

publications, several issues on Bi
3+

 effects remain to be explained to draw definitive conclusions 

about optimal conditions for deposition, its mechanism and correlation between type of deposit 

and its electrocatalytic reactivity. 
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Table 2-3: Doped  PbO2 anodes and the suggested roles for the dopants [2]. 

Dopant Purpose Reference 

Bi(III) Catalyses oxidation of inorganic ions 

Catalyses removal TOC 

Reduced fouling by organics                                         

     

 

                    

[14, 73, 106-

108] 

Fe(III) Catalyses organic oxidation and TOC removal, also 

cyanide oxidation 

Enhances O3 evolution 

 

 

[55, 107, 109] 

F(-I) Stabilises coating, improves adhesion 

Inhibits O2 evolution 

[16, 112, 113] 

As(III) Oxidation of organics [110] 

Co(II) Catalyses organic degradation [18] 

Ag(I) Catalyses O2 evolution [114] 
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2.4.7 Nanostructured and highly-ordered deposits 

The redox activity of the PbO2 electrodes relates to the morphology or structure of the coatings. It 

has been recognized that porous microstructure should give more active sites and hence increase 

the rate of reactions at the surface of PbO2. Thus, a number of studies [24-26, 41, 115] have 

focused on the fabrication of nanostructured PbO2 coatings with increased surface area. Casellato 

et al. [24] described the fabrication of porous PbO2 coatings by anodic co-deposition from a 0.1M 

Pb acetate, 3 M NaOH solution containing 5% β-PbO2 particles. Figure 2-16a reveals that the 

obtained PbO2 deposits consisted of disordered aggregates of microcrystals, with many tortuous 

pores of variable size and irregular shape. Cerro-Lopez and coworkers [25] successfully prepared 

nanosized PbO2 deposits inside an array of Ti/TiO2 nanotubes array using a galvanostatic method 

at room temperature. The highly ordered TiO2 nanotubes array (Figure 2-16b, top view of the 

array) was obtained by anodization of Ti plate at 20 V for 2 h in a glycerol and deionized water 

mixture containing 0.5 wt% NaF and 0.2 M Na2SO4, followed by annealing at 500 ºC for 1.5 h. 

Most recently, Moncada’s team [41] fabricated PbO2 nanowires into commercial track-etched 

polycarbonate membranes (pore diameter 200nm), followed by dissolution of the polycarbonate 

membranes in CHCl3. The nanostructured PbO2 nanowire array is shown in Figure 2-16c. A thick 

foam-like macroporous β-PbO2 coating (Figure 2-16d) was prepared by depositing PbO2 into a 

template composed by multilayers of 500 nm diameter polystyrene spheres followed by 

dissolution of the template [26]. 
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Figure 2-16: SEM images of (a) porous PbO2 composites obtained from a plating bath 

containing 5% β-PbO2 suspended particles at a current density of 20 mA/cm
−2

 [24]; (b) TiO2 

nanotubes obtained by anodizing of Ti plates at 20 V for 2 h in a special electrolyte and annealed 

at 500 °C for 1.5 h [25];(c) PbO2 nanowires obtained by template electrodeposition in 

polycarbonate membranes after the dissolution of membranes [41]; (d) a thick macroporous β-

PbO2 coating deposited into a template composed by multilayers of 500 nm diameter polystyrene 

spheres after total dissolution of template [26]. 
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2.5 Application of PbO2 electrode 

PbO2 anodes, both based on lead/ lead alloy substrates and inert substrates, have been widely 

used in industry for many applications. The following section simply exemplifies the five main 

fields that employ PbO2 electrode materials, including wastewater treatment, lead-acid battery, 

electrowinning of copper, generation of ozone and manufacture of chemicals. 

 

2.5.1 Wastewater treatment: Electrochemical oxidation process 

There has been increasing demand on efficient cleaning technologies for wastewater and effluent 

treatment. Basically, the most efficient and economical process for wastewater treatment is 

biological treatment. However, the situation is completely different when the wastewater contains 

toxic and refractory organic pollutants (resistant to biological treatment) [116]. Recently, 

electrochemical oxidation has been proposed as an alternative for degradation of toxic or 

biorefractory organic compounds due to its ease of automation, high efficiency, and 

environmental compatibility [117, 118]. The performance of the process proves to be strongly 

dependent on the electrode material, which should not only be effective for pollutant degradation, 

but also electrochemically stable and inexpensive. So far, different types of electrodes including 

Pt [119], graphite [120], carbon [121], IrO2 [122], Ti/PbO2 [58, 123], Ti/SnO2 [124, 125] and 

diamond electrodes [126, 127] have been attempted to electrochemically degrade organic 

pollutants. Among them, PbO2 is one of the best candidates in view of its good electrical 

conductivity, large oxygen overpotential, chemical stability under high potential polarization and 

low cost. 

The electrochemical oxidation of organic compounds on PbO2 electrodes can be divided into two 

stages: (i) the formation of strong oxidants (e.g., hydroxyl radicals) on PbO2 anodes and (ii) the 
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reaction of these oxidants with organic contaminants in aqueous solution. Theoretically, the end 

products of complete oxidation of organic compounds at PbO2 electrodes are carbon dioxide 

(CO2) and water (H2O). A generalized scheme of the electrochemical degradation of organic 

compounds has been proposed [118, 128]: 

First, H2O is assumed to be discharged on the anode to form hydroxyl radical according to:  

 

MOX + H2O → MOX(·OH)+ H+ + e− (2-12) 

 

In the presence of oxidizable organic compounds (R), the following reaction will take place and 

the organics will be decomposed by reacting with the generated hydroxyl radicals:  

 

R + MOX(·OH) → CO2 + 2H+ + MOX + 2e− (2-13) 

 

In recent years, there have been extensive studies on the application of PbO2 electrodes towards 

electrochemical oxidation of wastewater containing organic pollutants [12, 40, 51, 115, 124, 129-

131]. For example, Song et al. [12] employed a custom designed diaphragm cell to investigate the 

electrochemical oxidation of 4-chloro-3-methyl phenol (CMP) at Ti based PbO2 anodes. Figure 

2-17 illustrates the schematic of the electrolysis set-up. The electrosynthesized PbO2 electrode 

was used as the anode of the diaphragm cell while a nickel foam substrate was used as the 

cathode, and a Nafion-117 membrane was used as the cation exchange membrane. The 

electrolysis was carried out at a constant current density for 8 hours and a degradation pathway of 

CMP on Ti/PbO2 anodes was proposed, as shown in Figure 2-17. 
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Figure 2-17: Schematic of the set-up used for the electrochemical oxidation of 4-chloro-3-methyl 

phenol (CMP) and the proposed degradation pathway of CMP at the Ti/SnO2–Sb/PbO2 anodes 

[12]. 

 

Some works focus on the treatment of real industrial effluent, such as the wastewater containing 

phenol from a company manufacturing textile products [14, 132], the real leachate from an old 
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municipal solid waste landfill [133, 134], herbicide manufacture effluent [135], dye plant 

wastewaters containing the Blue Reactive 19 dye [55]. In general, two analysis techniques, 

namely total organic carbon (TOC) and chemical oxygen demand (COD), are commonly used to 

indirectly measure the amount of organic compounds in water during the degradation process, 

and to determine the catalytic ability of the employed electrodes. TOC refers to the amount of 

organic carbon of organic compounds in the water, while COD refers to the amount of oxygen 

required to oxidize all organic compounds in the effluent to carbon dioxide, ammonia, and water. 

So far, a number of titanium based PbO2 anodes have been assessed in the treatment of real 

industrial effluent and in most cases, a 100% COD or TOC removal of the target pollutants has 

been achieved employing PbO2 anodes. However, in terms of the current efficiency, further work 

still needs to be done. 

 

2.5.2 Lead-acid battery 

The traditional lead-acid battery operates with a sulfuric acid electrolyte where the source of 

lead(II) is insoluble lead sulphate (PbSO4), which presents as a component of a paste on the 

surface of the two electrodes. Both the electrode reactions involve the conversion of one solid 

phase to another solid phase. The schematics of fully discharge and charge states are presented in 

Figure 2-18. 
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Figure 2-18: Schematics of a traditional lead-acid battery in discharging and discharge states 

and the cell is connected to an external circuit: (a) fully discharged: two identical lead sulfate 

plates; (b) fully charged: lead and lead dioxide plates [136]. 

 

The cell is connected to an external current source. As discharging proceeds (Figure 2-18a), both 

the positive and negative plates become PbSO4 and the electrolyte loses its dissolved sulfuric acid 

and becomes primarily water. In the charged state (Figure 2-18b), each cell contains negative 

plates of Pb and positive plates of PbO2 in an electrolyte of approximately 33.5%w/w H2SO4. The 

overall cell chemistry during discharging process is: 

 

Positive electrode: PbO2 + 3H+ + HSO4
−
  + 2e- → PbSO4 + 2H2O (2-15) 

Negative electrode: Pb + HSO4
−
  → PbSO4 + H+ + 2e- (2-16) 

Overall cell: PbO2 + Pb +2H2SO4  → 2PbSO4 + 2H2O (2-17) 

 

The above chemical reactions during charging are reversed. It should be pointed out that the PbO2 

electrode, as met in the positive plate in the lead-acid battery, consists of a thick layer of 

PbSO4/PbO2 paste [2]. Thus, it is very different from the PbO2 coatings considered in this work. 

Nevertheless, it should be recognised that the lead-acid battery is to be found in all automobiles 

http://en.wikipedia.org/wiki/Electrolyte
http://en.wikipedia.org/wiki/Sulfuric_acid
http://en.wikipedia.org/wiki/Electrolyte
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and is, perhaps, the battery most familiar to the layman- it still represents some 40-45% of the 

sales value of all batteries worth some $15 billion to their manufacturers [137, 138]. 

Recently, a novel soluble lead(II) acid flow battery has been investigated by a research group in 

Southampton intended for large scale energy storage [36, 139-143]. It is very interesting because 

the electrode chemistries are so different from the traditional lead-acid batteries. First, the 

electrolyte is aqueous methanesulfonic acid and lead(II) is highly soluble in this acid. Second, it 

requires only a single electrolyte and operates without a membrane separator. It should be noted 

that the energy is stored as deposits on the two electrodes. Therefore,  the battery requires the 

electrodeposition and cathodic dissolution of thick layers of lead dioxide at the positive electrode, 

as well as thick layers of lead metal at the negative electrode [2]. 

 

2.5.3 Electrowinning of copper 

PbO2 anodes have been widely used as oxygen evolving counter electrodes for processes 

employing a sulfuric acid electrolyte free of halide ions [2]. A widely adopted  application is the 

electrowinning of copper [6, 7, 144, 145], which is first demonstrated experimentally by 

Maximilian in 1847 [146]. In copper electrowinning, a current is passed from a PbO2 anode 

through the leach electrolyte containing Cu
2+

 ions so that the copper is extracted as it is deposited 

in an electroplating process onto the cathode. That is how pure/refined copper is produced from 

impure copper metal. In addition, PbO2 anodes are also used as the oxygen evolving counter 

electrodes for the electowinning of other metals, such as zinc [61] and chromium [147]. It should 

be noted that the application of PbO2 anodes might cause some contamination of Pb
2+

 ions during 

the electowinning process resulting in cathode impurity. In the past 30 years, PbO2 anodes have 

received competition from DSA (dimensional stable anodes) coatings such as Ti/IrO2 based DSA 

[2]. However, the advantages of PbO2 anodes including low cost, good durability, ease of 
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fabrication, low maintenance and excellent conductivity [148] leads to their retention in many 

plants. 

 

2.5.4 Generation of ozone 

Ozone (O3) as an environmentally friendly, strong oxidizing agent is replacing chlorinated 

compounds in a variety of applications including wastewater treatment, ashing and oxidation of 

semiconductors, polluted air treatment, and disinfection [149, 150]. Ozone is unstable and 

decomposes slowly (in minutes) at ambient temperatures and rapidly (<1 s) at higher 

temperatures. The conventional way utilizes electrical discharges to produce ozone. Pure oxygen 

or air is passed through an electric field that generates a high voltage applied across plate and 

ground electrodes. The ground electrode is typically covered by a dielectric-barrier. These 

systems typically suffer from high electrical consumption and a relatively low efficiency (about 

1–15%) for converting oxygen to ozone. A significant effort has been dedicated to the 

investigation of electrochemical ozone generation as an alternative. By electrochemical ozone 

generation, ozone can be produced at a higher concentration without by-product and secondary 

pollution. It is noted that the electrolytic production for ozone requires a high positive potential 

and it is always produced alongside copious oxygen evolution [2]. In other words, an ideal anode 

material should possess high oxygen overpotential, which can inhibit the generation of oxygen 

and increase the current efficiency. PbO2 is such an excellent anode due to its high overpotential 

for oxygen evolution and relatively good chemical stability when employed under high positive 

potential. Although studies have shown that vitreous carbon and diamond are good alternatives in 

terms of high positive potential required by ozone generation process, PbO2 is more flexible in 

cell design and most importantly, affordable for practical application. 

2.5.5 Manufacturing of chemicals 
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PbO2 has been widely employed in the manufacturing of many chemicals, such as peracids [10, 

151-155], peracid salts [156, 157] and strong oxidising agents [11, 158-160]. The fabrication of 

these chemicals through electro-oxidation all requires high positive potentials and the only 

alternative anode material is the expensive titanium based platinum plated electrode (i.e. Ti/Pt) [2, 

155]. Most of the PbO2 electrodes employed graphite as the substrates in the early days. However, 

the dimension of graphite changes after its services for a period in severe environment under high 

positive potential. Besides, graphite is brittle with poor mechanical properties. Titanium is 

dimensional stable when applied as the substrates for PbO2 coatings due to its excellent chemical 

stability. It can be reused after the failure of the electrodes and has good mechanical properties 

that favour the operational process. So far, PbO2 coated electrodes have been employed 

extensively to fabricate perchlorates via the anodic oxidation of the corresponding chlorate for 

[10, 151-155]. An early paper [10] reported the use of graphite based PbO2 anode in preparation 

of bromates iodates and periodates. Osuga et al. [161] successfully fabricated potassium/sodium 

bromate using a pure lead peroxide anode via electrolytic process and pure crystalline bromate 

was obtained by cooling the cell effluent at room temperature. Moreover, PbO2 anodes have also 

been applied for the production of strong oxidising agents such as dichromate [11], manganese 

(III) [159, 160] and cerium(IV) [158-160]. 

 

2.6 Problems and challenges 

According to the literature review, it can be seen that PbO2 electrodes are already available to be 

fabricated using various electrosynthesis technologies and corresponding acceptable 

electrocatalytic properties have been obtained. However, there are still problems and challenges 

to be addressed:  

http://www.chemspider.com/Chemical-Structure.22402.html
http://www.chemspider.com/Chemical-Structure.22911.html
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(1) Although there are extensive literatures on the electrodeposition of PbO2, several aspects still 

remain questionable and there has no gold standard of preferred conditions for obtaining a 

particular chemistry, structure, and/or morphology. The resulting PbO2 can be altered by a minor 

change of many adjustable processing parameters, for example the electrolytes (such as 

concentrations of lead (II), pH, and anions), substrates (Pt, Au, graphite, or Ti) and their 

pretreatment conditions, and electrodeposition processing parameters (current density, potential, 

temperature and electrode configuration). Therefore, a systematic investigation of the correlation 

between the deposition parameters and the phase structure, morphological features and 

electrocatalytic performance is of great importance; 

(2) As mentioned in Section 2.4.3 and 2.4.4, an interlayer of SnO2-Sb has been applied recently 

on Ti substrate (i.e. Ti/SnO2-Sb) to prepare PbO2 coatings with enhanced stability. However, 

there is little work reported previously on the eletrodeposition process of PbO2 on Ti/SnO2-Sb 

substrates. The introduction of such an interlayer and its effect on PbO2 crystallization is 

necessary to be assessed; 

(3) As described in Section 2.4.5, the electrocatalytical activity as well as stability of PbO2 

coatings can be significantly improved by the incorporation of certain nanoparticles into their 

crystalline matrix via the electrodeposition process. In general, high doping contents lead 

presumably to composite formation, whereas low levels should enhance the electrocatalytical 

activity without sacrificing the high corrosion resistance of PbO2 matrix. More work is needed to 

determine accurately the mechanisms involved in the doping process and to study the effect of 

the nanoparticles on the physicochemical properties and electrochemical performance of PbO2 

coatings; 

(4) Considering the ever increasing demand in anodic electrodes that are being widely used in 

electrochemical oxidation of organic contaminations in effluents and other environmental 
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treatments, a high-performance PbO2 electrode deserves further optimisation. Many foreign ions 

such as Bi
3+

, Fe
3+

, F
-
, As

3+
, Co

2+
 and Ag

+
 has been attempted to prepare doped PbO2 coatings 

with certain enhanced electrochemical performace towards particular reactions. However, there 

are still many works needed to further understand the inner correlation between the 

physicochemical properties and the electo-catalytic acitivities towards degradation of oganic 

compounds. The effect of doped foreign ions on the electrochemical activity of the resulting 

PbO2, such as the oxygen transfer mechanism and the active sites for reaction at the doped 

electrodes, is somewhat contradictory. 



 

Chapter 3: Experimental design and procedures  53 

 

 

3. EXPERIMENTAL DESIGN AND PROCEDURES 

 

This chapter provides a general description of the experimental methodology employed in this 

project, and includes details on the experimental materials, electrodeposition process and 

characterization methods. More detailed and specific experimental design can be seen in each 

individual chapter. 

 

3.1 Experimental materials 

High-purity Ti coupons (99.5%) with the thickness of 1 mm were selected as the substrates and 

the size of Ti coupons employed in each experiment will be described in subsequent chapters. All 

chemicals are of reagent grade. Lead nitrate (Pb(NO3)2, ≥99%), nitric acid (HNO3, 70%), sodium 

fluoride (NaF, ≥99%), tin chloride (SnCl4, 99%), antimony oxide (Sb2O3, <250 nm, ≥99.9%), 

isopropanol (C3H8O, ≥99.5%), polyethylene glycol (PEG, molecular weight Mn, = 10000), 

titanium (IV) oxide (TiO2, <25 nm, 99.7%), bismuth nitrate pentahydrate (Bi(NO3)3·5H2O, 

≥98%), isopropanol (C3H8O, ≥99.5%), sodium sulphate (Na2SO4, ≥99%), benzoic acid (C7H6O2, 

≥99.5%), trifluoroacetic acid (TFA, HPLC), acetonitrile (C2H3N, HPLC), oxalic acid (H2C2O4, 

≥99%), maleic acid (C4H4O4, ≥99%), catechol(C6H6O2, ≥99%), 4-hydroxybenzoic (C7H6O3, 

≥99%), phenol (C6H6O, ≥99.5%) and salicylic acid (C7H6O3, ≥99%) were purchased from Sigma-

Aldrich. Hydrochloric acid (HCl, ≥37%), sulphuric acid (H2SO4, ≥95%), fumaric acid (C4H4O4, 

≥99%), hydroquinone (C6H6O2, ≥99%) and benzoquinone (C6H4O2, ≥99.5%) were provided by 

Fluka. All chemicals were all used as received. All aqueous solutions were freshly prepared with 

ultra-pure water (electrical resistivity > 18 MΩ cm), obtained from an ELGA water purification 

system. 

http://www.sigmaaldrich.com/catalog/product/sial/383074?lang=en&region=US
http://en.wikipedia.org/wiki/Trifluoroacetic_acid
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3.2 Fabrication of lead dioxide (PbO2) electrodes 

3.2.1 Ti surface pre-treatment 

 

 

 

 

 

 

 

Figure 3-1: SEM images for (a) Ti coupon after polishing with 1200-grit SiC paper; (b) Ti 

coupon after polishing and oxalic acid etching for 60min (i.e. pre-treated Ti substrate) 

 

Ti coupons were first polished on 1200-grit SiC paper to remove the oxides or scratches on the 

surface. After polishing, Ti coupons presented a fresh and shiny surface. Then Ti samples were 

ultrasonically cleaned with deionized water and acetone sequentially to remove sand particles and 

grease, followed by drying in fume hood for 15 min at room temperature. After drying, Ti 

coupons were shiny-silver in colour. The surface morphology of an as-polished Ti coupon is 

typified in Figure 3-1a. A chemical etching in 10 wt. % boiling oxalic acid for 60 min was 

conducted to thoroughly dissolve TiO2 formed on the surface of the Ti coupon. This etching was 

followed immediately by ultrasonic cleaning in ethanol for 30 min. The coupons after chemical 

etching and ultrasonic cleaning are simply designated as Ti substrates hereafter. After being 

etched in the boiling oxalic acid, the physical appearance of Ti coupon was matte-silver in colour 
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and the surface was rough (Figure 3-1b). Such a rough surface morphology favours the 

electrodeposition of the interlayer SnO2-Sb [21] and improves the adherence of the upper coating.  

 

3.2.2 Preparation of SnO2-Sb interlayer  

The SnO2-Sb interlayers of 1-2 µm thickness were prepared by thermal decomposition on the Ti 

substrates that were initially chemically etched and ultrasonically cleaned, as described above. A 

precursor solution was prepared and two different compositions of antimony (Sb) doping have 

been trialled. Typically, the precursor solution contains SnCl4, Sb2O3, concentrated HCl and 

isopropanol. The different doping contents of antimony were applied in this thesis. The details of 

the precursor solution and compositions will be introduced in the following chapters. To prepare 

a SnO2-Sb interlayer, first the Ti substrates were placed in a precursor solution for 10 seconds. 

The substrates were then dried at 100 C for 10 min, followed by heating in a muffle furnace at 

500 C for 10 min. This painting-and-drying procedure was repeated for 4~7 times depending on 

the precursor composition for each experiment. Finally the painted substrates were annealed in a 

muffle furnace at 500 C for 60 min to prepare the SnO2-Sb interlayer. The as prepared Ti 

coupons were designated as Ti/SnO2-Sb substrates hereafter. 

As can be seen in Figure 3-2a, the as-prepared Ti/SnO2-Sb substrate reveals many “mud-cracks”, 

a typical morphology confirmed by other researchers [27, 48]. The SnO2-Sb layers were compact 

and intimate with the underlying Ti substrate.  Figure 3-2b is a cross-sectional SEM image of the 

Ti/SnO2-Sb substrate with the interlayer being 1-2 µm thick. It should be noted that the cracks in 

the SnO2-Sb layer (Figure 3-2b) were caused during the mechanical grinding and polishing 

procedure. The SnO2-Sb interlayer on Ti can significantly promote the subsequent 

electrochemical deposition of PbO2 coatings. Moreover, the application of SnO2-Sb interlayer is 
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reported to have increased electrode’s chemical stability, enhanced electrocatalytic activity and 

greatly prolonged service life of the electrodes [12, 47]. 

 

 

 

 

 

 

 

Figure 3-2: SEM images for (a) SnO2-Sb film fabricated by thermal decomposition method on 

pre-treated Ti substrate (i.e. Ti/SnO2-Sb substrate) and (b) the cross-section of SnO2-Sb film on 

Ti substrate (thickness of 1-2µm). 

 

3.2.3 Electrodeposition of PbO2 coatings 

Electrodeposition of PbO2 was carried out by galvanostatic method in a 200 mL two-electrode 

beaker cell. The set-up was presented in Figure 3-3. The as-prepared Ti/SnO2-Sb substrate with a 

working area of 1 cm × 1 cm and mounted in a Teflon holder was used as the anode, while a 

copper plate with an area of 10 mm × 20 mm was employed as the cathode. The inter-electrode 

gap was 15 mm and the two electrodes were fixed on a custom made PTFE holder connected to 

an iron stand. The cell was stirred with a PTFE coated magnetic stirrer bar (size: 8 mm × 20 mm) 

at a stirring rate of 500 rpm. The temperature of the reactor was controlled by a thermostatic bath. 

Ti substrate 

Resin 

SnO2-Sb film 
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A direct current (DC) power supply with a digital indicator was employed. The entire set-up was 

placed in a fume hood and all the operation was conducted under protection. 

The electrolyte was comprised of Pb(NO3)2 + 0.1 M HNO3 + 0.04 M NaF. The concentration of 

Pb(NO3)2 varied in each experiment from 0.02 M to 1 M and was further described separately in 

each chapter. The electrolyte selection is to obtain -PbO2 and its composition is benchmarked to 

that reported in Ref. [94, 112]. The addition of NaF is to promote nucleation of PbO2 and control 

the growth of PbO2 crystal [53, 162]. Moreover, it has been reported that the use of F
-
 ions 

stabilizes the PbO2 coating, improves adhesion and also inhibits oxygen evolution [2, 16]. All the 

PbO2 coatings were galvanostatically electrodeposited at a constant current. A wide range of 

current densities were employed from 10 mA/cm
2
 to 200 mA/cm

2
. The deposition time varied 

from 1 min to 120 min. The electrolyte temperature applied varied from 15 C to 70 C. In all the 

deposition experiments, the applied potential observed was in the range of 1.9 V to 2.7 V. To 

avoid the reduction of PbO2 surface by chemical reaction with water, after each deposition, the 

PbO2 sample was taken out immediately from the deposition bath and rinsed with ethanol for 3 

seconds, then washed ultrasonically for 5 min in a beaker containing 50 ml ethanol, followed by 

drying with cool air.  
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Figure 3-3: Schematic of the set-up used for electrodeposition of PbO2: 1.anode, 2.cathode, 3. 

magnetic stirrer, 4. glass reactor, 5. thermostatic bath, 6. DC power supply. 

 

3.3 Physicochemical characterization 

3.3.1 Morphologic and structural characterisation 

The surface and cross-sectional morphologies were characterized by an environmental scanning 

electron microscope (Quanta 200F, FEI) equipped with energy dispersive spectroscopy (EDS). 

Semi-quantitative compositional analysis was carried out by EDS. The crystal structures of 

composite coatings were investigated using a Bruker D2 X-ray Diffraction (XRD) machine with 

Cu Kα radiation (λ = 1.54056 Å). Diffraction patterns were collected in the 2 range from 20 - 

80 at a scanning rate of 0.02/sec. The specific phases were analysed using JCPDS cards with 

licenced software.  

 

3 

6
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3.3.2 Surface chemistry analysis 

The surface chemistry of PbO2 coatings was assessed by X-ray photoelectron spectroscopy (XPS: 

AXIS Ultra DLD, Kratos) using monochromatized Al Kα radiation (1486.69 eV) and conducted 

in a high vacuum chamber with a base pressure maintained at around 3.8 × 10
-6

 Pa. XPS is a 

quantitative spectroscopic technology which can measure chemical state, elemental composition 

and electronic state of elements. A magnifying video camera was used to locate a paint flake in 

the approximate analysis area. Lens and iris settings of the XPS were selected to give an analysis 

area of 400 m square. Once a paint flake had been located, the lens and iris settings of the 

instrument were changed to generate selected areas for analysis. These analysis areas were 

300 m × 500 m (for survey scans) and 110 𝜇m diameter (for narrow scans or individual 

elements) centered on the flake already identified in imaging mode. A charge neutralization 

system was utilized and any sample charging that did occur was accounted for by shifting all the 

peaks with respect to the carbon 1 s peak (285 eV). Survey scans were conducted from 1350 eV 

to 0 eV with a step size of 1 eV, a dwell time of 180 milliseconds for 5 sweeps, and a detector 

pass energy of 160 eV in order to determine what elements were present. 

 

3.4 Electrochemical measurements 

3.4.1 Voltammetric studies 

To study the electrochemical behaviours of the prepared PbO2 coatings, different potential 

polarization tests were performed using a conventional three-electrode cell system and a 

CHI604D (Chenhua, Shanghai) electrochemical workstation was employed. Figure 3-4 illustrates 

the schematic circuit diagram and the set-up of a three-electrode cell system. A platinum sheet 

with dimensions of 2 cm × 2 cm × 0.05 cm was employed as the counter electrode, while a 

saturated calomel electrode (SCE) was used as the reference electrode. The working electrode 
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with a working area of 1 cm × 1 cm marked with an insulating tape was mounted in a Teflon 

holder. 

 

3.4.1.1 Cyclic voltammetry 

Cyclic voltammetry measurements (CVs) were performed using the conventional three-electrode 

cell system and a CHI604D (Chenhua, Shanghai) electrochemical workstation in 0.5M H2SO4 

solution at a scan rate of 10 mV/s. The above-prepared Ti/SnO2-Sb/PbO2 anode was used as the 

working electrode. A platinum sheet and a saturated calomel electrode (SCE) were employed as 

the counter and reference electrodes respectively. The exposed apparent area of the working 

electrode was 1 cm × 1 cm. Cyclic voltammetry was performed at room temperature. All 

potentials are referred to the SCE. 

 

3.4.1.2 Linear scanning voltammograms 

Linear scanning voltammograms (LSVs) were recorded at a scan rate of 5 mV/s and the as-

prepared Ti/SnO2-Sb/PbO2 electrode was employed as the working electrode. A platinum sheet 

and a saturated calomel electrode (SCE) were employed as the counter and reference electrodes 

respectively. The exposed apparent area of the working electrode was 1 cm × 1 cm. All the tests 

were performed at room temperature. All potentials are referred to the SCE. 
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Figure 3-4: Schematic diagram of a conventional three-electrode cell system: (a) the circuit 

diagram: working electrode (1), counter electrode (2) and reference electrode (3); (b) the set-up 

for testing in this work. 
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3.4.2 Accelerated life test 

Accelerated life test is a common way widely used in industry and labs to assess the stability of 

different electrodes. The test was performed by anodic polarization under strongly acidic 

conditions with an extremely high current density using two-electrode arrangement. In 1979, 

Hine et al. [163] proposed an empirical equation to evaluate the service life of an electrode under 

conventional electrolysis conditions. The empirical equation was proposed based on the 

accelerated electrolysis tests. The relationship between the service life (S) of an electrode and the 

applied current density (i) is shown as bellow: 

S ~ 1/ i
n
  

where n ranges from 1.4 to 2.0. Assuming an average n = 1.7 in this system, Hong et al. [164] 

estimated an accelerated service life of 1350 h (1 A/cm
2
) for the polytetrafluoroethylene (PTFE) 

and F
-
 modified Ti/PbO2 electrode [11]. The service life was then predicted to be 7.72 years 

under conventional electrolysis conditions of 0.1 A/cm
2
 [11].  

To compare the stability between pure and modified PbO2 electrodes, accelerated life test was 

employed in our experiment. An undivided cell with 250 mL 0.5 M H2SO4 electrolyte equipped 

with working and counter electrodes was used. The above-prepared Ti/SnO2-Sb/PbO2 anodes (1 

cm × 1 cm) were used as the working electrode, while Ti sheets (2 cm × 2 cm) were employed as 

counter electrode. The inter-electrode gap was 15 mm and the two electrodes were fixed on a 

custom made PTFE holder. The cell was stirred with a PTFE coated magnetic stirrer bar (size: 8 

mm × 20 mm) at a stirring rate of 500 rpm. A constant current density of 200 mA/cm
2
 was 

applied by a direct current (DC) power supply with a digital indicator at room temperature. The 

anode potential was measured continuously as a function of time. Considering that the electrode 

is deactivated when the potential increases 5 V from its initial value, and the time at that moment 

is reported as the electrode lifetime [165, 166]. Since practical working conditions are milder than 

http://dict.cn/empirical%20equation
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the conditions used for the accelerated life test, the service life of the electrode in practical 

application will be much longer. 

 

3.4.3 Electrochemical degradation of pollutants 

The electrochemical degradation/oxidation of benzoic acid (BA) was carried out in a cylindrical 

single-compartment cell. The as-prepared Ti/SnO2-Sb/PbO2electrodes were used as the working 

anode, and a Ti sheet with the same area was used as cathode. The gap between the electrodes 

was 1.5 cm. For each electrolysis test, certain volume of BA solution (100 mg/L) was placed in 

the cell with 0.1 M Na2SO4 being the supporting electrolyte. The current density was controlled 

to be constant at, for example, 25 mA/cm
2
 by a direct current (DC) power supply. The cell was 

stirred with a PTFE coated magnetic stirrer bar (size: 7 mm × 15 mm) at a stirring rate of 500 

rpm. The temperature of the reactor was controlled by a thermostatic bath at 20 °C. The working 

area, volume of BA solution and current density applied were illustrated separately in Chapter 6 

and Chapter 7. 

 

3.4.4 HPLC analysis 

The above electrochemical oxidation process was monitored by measuring BA concentration in 

the electrolytic solution using high-performance liquid chromatogram (HPLC 1100, Agilent). 

High-performance liquid chromatography, formerly referred to as high-pressure liquid 

chromatography, is the most common analytical separation tool for both qualitative and 

quantitative analysis of an unknown mixture and has been widely used in many aspects of drug 

manufacturing and lab research [167]. It relies on pumps to pass a pressurized liquid solvent 

containing the sample mixture through a column filled with a solid adsorbent material. Each 

http://en.wikipedia.org/wiki/Solvent
http://en.wikipedia.org/wiki/Adsorption
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component in the sample interacts slightly differently with the adsorbent material, causing 

different flow rates for the different components and leading to the separation of the components 

as they flow out the column. The detector and chromatogram equipped identify each component 

in the mixture and record the results in to a computer data requisition system. Figure 3-5 shows a 

flow scheme of a basic HPLC system. A reservoir holds the solvent, i.e. mobile phase, and a 

high-pressure pump is used to generate and measure a specified flow rate of mobile phase. An 

auto-injector is able to introduce the sample into the continuously flowing mobile phase stream 

that carries the sample into the HPLC column. The column contains the chromatographic packing 

material, i.e. stationary phase, to effect the separation. The separated compound bands was 

analysed by a detector as they elute from the HPLC column and the data is collected by a 

computer. The mobile phase exits the detector and is sent to the waste. 

 

 

 

 

 

 

 

 

 

Figure 3-5: The schematic of a basic high-performance liquid chromatogram (HPLC) system 

typically includes a pump, an injector, columns, a detector and computer data station [168]. 
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The time taken for a particular compound to travel through the column to the detector is known 

as its retention time. This time is measured from the time at which the sample is injected to the 

point at which the display shows a maximum peak height for that compound. Different 

compounds have different retention times. A UV detector equipped on the opposite side of the 

stream records how much of the light is absorbed. The amount of light absorbed will depend on 

the amount of a particular compound that is passing through the beam at the time. The output of 

the detector will be recorded as a series of peaks- each one representing a compound in the 

mixture passing through the detector and absorbing UV light. The detector generates a signal 

proportional to the amount of sample component emerging from the column, hence allowing for 

quantitative analysis of the sample components. A digital microprocessor and user software 

control the HPLC instrument and provide data analysis. Some models of mechanical pumps in a 

HPLC instrument can mix multiple solvents together in ratios changing in time, generating a 

composition gradient in the mobile phase. 

The HPLC employed in this experiment was equipped with a vacuum degasser, quaternary pump, 

auto-sampler, thermostatted column compartment, and UV detector. The separation was 

performed in an UltimateTMAQ-C18 column (4.6 × 100 mm, 5 μm) and the working wavelength 

of 230 nm was used. The column temperature was constant at 25 ˚C. In each experiment, a 

mixture of water (containing 0.1% TFA) + acetonitrile (containing 0.1% TFA) was used as the 

mobile phase at a flow rate of 1 mL/min and the injection volume was 20 μL. Prior to each 

analysis, the sample was filtered through a microporous filter (13mm × 0.20 μm).It should be 

noted that the mobile phase containing higher percentage of acetonitrile has a shorter retention 

time for the corresponding compounds. For the monitoring of benzoic acid (BA) concentration, 

70% water (containing 0.1% TFA) + 30% acetonitrile (containing 0.1% TFA) were used as the 

mobile phase. The retention time for BA was 4.2 min. The concentration of BA was determined 

by comparing the area counts of the HPLC peak at its retention time with that recorded in 

http://en.wikipedia.org/wiki/Quantity
http://en.wikipedia.org/wiki/Microprocessor
http://en.wikipedia.org/wiki/Gradient
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calibration analyses using a series of six standard solutions. A standard curve for calculation of 

BA is shown in Figure 3-6.  

Meanwhile, HPLC was also employed to identify intermediates accompanying the degradation 

process of BA in Chapter 6. The mobile phase employed was 95% water (containing 0.1% TFA) 

+ 5% acetonitrile (containing 0.1% TFA) under the same operating parameters described above 

for the detection of BA. The low concentration of acetonitrile employed favours the completely 

separation of the peaks corresponding to each intermediate. It took 55 min for an analysis of 

intermediate containing sample (including the sample loading and column washing). In this 

experiment, the intermediates were qualitatively analysed by comparing the retention time of the 

standard compounds. Figure 3-7 was an example of the HPLC separation graph of a standard 

reference solution consisting of 10 mg/L BA and 1 mg/L maleic acid, 1 mg/L fumaric acid, 

1mg/L hydroquinone, 1 mg/L benzoquinone, 1 mg/L catechol, 1 mg/L 4-hydroxybenzoic and 

1mg/L phenol, obtained using a mobile phase of 95% water + 5% acetonitrile at 230 nm 

wavelength. As can be seen, under such analysing conditions, the 8 compounds (corresponding to 

8 peaks) can be separated completely. For analysis of each experimental sample, the peaks 

detected can be attributed to a certain chemical by comparing the retention time of each 

individual reference chemical. It should be noted that the intermediates detected during the BA 

degradation/oxidation were only analysed qualitatively in this work due to the relatively low 

concentration.  

http://dict.cn/qualitative%20analysis
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Figure 3-6: Optimized HPLC separation curves of BA, mobile phase: 70% water + 30% 

acetonitrile. The inset is the standard curve of BA used in this experiment and the concentrations 

of BA ranges from 10 mg/L to 400 mg/L. 
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Figure 3-7: Optimized HPLC separation curves of a standard reference solution containing 

10mg/L BA and its 7 degradation intermediates (all in a concentration of 1 mg/L) including 

maleic acid, fumaric acid, hydroquinone,benzoquinone,catechol,4-hydroxybenzoic and phenol, 

mobile phase:95% water + 5% acetonitrile. 
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4. EFFECT OF DEPOSITION TIME AND TEMPERATURE ON THE 

PHYSICOCHEMICAL PROPERTIES OF ELECTROSYNTHESIZED LEAD 

DIOXIDE COATINGS 

 

SnO2, as an interlayer, has been recently applied on Ti substrate to prepare PbO2 anodes to 

improve the stability and electrocatalytic activity. In this work, we explored the electrodeposition 

of -PbO2 on the Ti substrate with a Sb-doped SnO2 interlayer, from a traditional acidic nitrate 

solution. The morphology and microstructure of the PbO2 coatings were investigated by varying 

electrodeposition temperature and time. The electrochemical performance of the deposited PbO2 

was investigated by voltammetric study.  

 

4.1 Introduction 

PbO2 coatings are commonly manufactured via an electrochemical deposition process from a 

solution containing soluble lead (II) ions. Numerous reports on the electrodeposition of PbO2 

exist in the literature; however, several aspects still remain questionable and there has no gold 

standard of preferred conditions for obtaining a particular chemistry, structure, and/or 

morphology. The effect of electrodeposition conditions on electrochemical activity of the 

resulting PbO2 is confusing and somewhat contradictory. The presence of TiO2 on Ti substrate is 

a long-time problem when Ti is involved. The removal of the previously naturally formed TiO2 is 

a pre-requisite for subsequent successful electrodeposition of PbO2. Various interlayers from 

different media have been explored. A few mechanisms have been proposed to elucidate the 

electrodeposition process [2]. Recent studies reveal the significance of an interlayer of Sb doped 

SnO2 on improving service lifetime and electrocatalytic activity [12, 47]. Yu et al. [52] 
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investigated the electrodeposition of PbO2 thin film on Ti substrates which was coated with Sb-

doped SnO2 (i.e. Ti/SnO2-Sb), from an acidic plating solution. The morphology and crystallite 

size of the resulting β-PbO2 largely depend on the current density [52]. However, this current-

dependency was not supported by Li et al’s work [141]. More recently An et al. [94] studied the 

effect of deposition time on the electrocatalytic activity of PbO2 and identified an optimal 

deposition time of 30 minutes, beyond which the electrocatalytic activity of phenol is 

substantially reduced. 

So far, there is little work reported previously on the detailed eletrodeposition process of PbO2 on 

Ti/SnO2-Sb substrates. The introduction of such an interlayer and its effect on PbO2 

crystallization is necessary to be assessed. In this chapter, a similar SnO2-Sb interlayer and 

coating solution as reported by An et al. [94] was used. We reported how deposition time and 

temperature affect the morphology and structure of the obtained PbO2 coatings. The 

electrochemical performance of the deposited PbO2 was also investigated. The purpose was to 

establish a correlation between electrolyte temperature, deposition time and phase structure, 

morphological features on the Ti/SnO2-Sb substrate.  

 

4.2 Experimental  

4.2.1 Preparation of SnO2-Sb interlayer 

The pretreatment of bare Ti coupons and preparation of SnO2-Sb interlayers follow the 

procedures described in Chapter 3 and only a brief introduction is given in this chapter. The pre-

treated Ti substrates were first dipped in a precursor solution containing 1.755g SnCl4, 0.245g 

Sb2O3, 2 mL concentrated HCl and 7 mL isopropanol and dried at 100 C for 10 min followed by 

500 C for 10 min. This painting-and-drying procedure was repeated for four times. Finally, all 
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the painted substrates were annealed in a muffle furnace at 500 C for 60 min to prepare a Sb 

doped SnO2 interlayer. 

 

4.2.2 Electrodepositon of lead dioxide (PbO2) coatings 

The general description of electrodeposition was presented in Chapter 2. Some more specific 

information will be given below. The electrolyte was comprised of 0.5 M Pb(NO3)2 + 0.1 M 

HNO3 + 0.04 M NaF. To find out an optimal current density, different current densities were 

employed ranging from 10 mA/cm
2
 to 50 mA/cm

2
 and it was found that at 35 mA/cm

2
, PbO2 

coatings were consistently deposited onto the titanium substrate presenting a fine and 

homogeneous appearance. Thus, in this study, the PbO2 coatings were galvanostatically 

electroplated at the constant current of 35 mA/cm
2
 for different plating times from 1 min to 60 

min. The electrolyte temperature varied from 15 C to 70 C. It is noted that no oxygen bubble 

was observed during the electrodeposition of PbO2 coating in all cases, which is probably due to 

a relatively low current density employed and also the inhibition effect of F
-
 anions on oxygen 

evolution. The current efficiency estimated from Faraday’s law was about 100% in this study. 

It is well-known that deposition potential influences on phase composition and crystallographic 

orientation of PbO2. The experiments were undertaken at a constant current density. The data on 

deposition potential at different temperature were recorded for the experiments at all deposition 

temperatures. It was observed that the actual potential varied from 1.9 V to 2.2 V. During the 

experiments the actual potential was fluctuating with the deposition time and the following Table 

4-1 was an example of one particular experiment at 55 C. The potential fluctuation observed 

during the deposition was caused by three main factors. First, the surface of the SnO2-Sb 

interlayers prepared by thermal decomposition may be slightly different in nature, and this will 
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cause slight difference of the starting applied potential for deposition. Second, during the 

deposition process, PbO2 is deposited on the Ti/SnO2-Sb and changed into Ti/SnO2-Sb/PbO2 

electrodes. Since the current density remained constant, the potential applied may change with 

the deposition. Third, the fluctuation may be caused by the copper cathode employed. Before 

each deposition, the copper cathode was cleaned. During the deposition process, it was deposited 

with Pb, especially for the electrode deposited for 60 min. Since the loading of Pb on the cathode 

varied during the deposition, the applied potential changed during the deposition. 

 

Table 4-1: Applied potential of PbO2 coatings deposited on Ti/SnO2-Sb substrates at varied 

deposition time of 1, 5, 10, 20, 30 and 60 min. Deposition temperatures 55 C, current density 35 

mA cm
-2

 and electrolyte 0.5 M Pb(NO3)2+0.5 M HNO3+0.04 M NaF. 

Sample #1 #2 #3 #4 #5 #6 

Deposition time (min) 1 5 10 20 30 60 

Recorded potential (V) 1.95~1.93 2.11~2.12 2.11~2.07 1.99~1.91 1.92~1.90 2.0~2.03 

Current density (mA/cm
2
) 35 35 35 35 35 35 

 

 

4.3 Results and discussion 

4.3.1 Voltammetric study of Ti substrates 

Figure 4-1 compares typical cyclic voltammograms recorded on the Ti (after oxalic acid etching) 

and Ti/SnO2-Sb substrates in a solution of 0.5M Pb(NO3)2+0.5M HNO3+0.04M NaF at 20 C. 

The sweep rate was 50 mVs
−1

. For the Ti substrate, Figure 4-1 a, the deposition of PbO2 did not 

http://www.sciencedirect.com/science/article/pii/S001346860300149X#FIG1
http://www.sciencedirect.com/science/article/pii/S001346860300149X#FIG1
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start until the potential reached 1.7 V on the 1
st
 forward scan. On its first reverse scan, a very 

small reduction peak was observed and zero current was not achieved when the potential reached 

zero. This indicates that the PbO2 coating on this substrate was very thin and its reduction process 

was difficult to complete. It is interesting to note that, on its second and afterward scan, the 

deposition started much earlier. This is because some lead oxide remained on the Ti substrate, as 

evidenced by the incomplete reduction on its first backward scan (Figure 4-1a). In addition, an 

anodic peak at 1.5 V could be seen, which might be attributed to formation of some intermediate 

lead oxides. The maximum current density observed on the Ti substrate during the potential 

forward scan was as low as 8 mA/cm
2
.  

For the Ti/SnO2-Sb substrate, as shown in Figure 4-1b, the maximum current density observed 

during the forward scan was 55 mA/cm
2
, much higher than that of the Ti substrate. This indicates 

that the deposition of PbO2 on the Ti/SnO2-Sb substrates is a much faster process than on the Ti 

substrates. On both substrates, a hysteresis loop (also known as nucleation loop) was evident, due 

to the PbO2 nucleation process [2, 35]. On the reverse (backward) scan on the Ti/SnO2-Sb 

substrate, the reduction of PbO2 was evidenced by a clear yet broad cathodic peak centred around 

+ 0.8 V. A subsequent forward scan shifted the onset potential for deposition to about + 1.2 V 

(scan 2 in Figure 4-1b) but the current density remained as high as 40 mA/cm
2
. Similar to what 

was observed on the Ti substrate, the reduction of PbO2 on the Ti/SnO2-Sb substrate was not 

complete either, evidenced by the approximately 10 mA/cm
2
 observed at 0.0 V potential. Several 

minutes were necessary to hold the potential at 0.0 V to completely balance the charge. The 

findings observed in this study are in accordance with those reported by Mohd and Pletcher [73] 

and Ghasemi et al. [169] and it is speculated to be caused by slow reduction kinetics. 

The substantially lower current density on the Ti substrates compared to the Ti/SnO2-Sb 

substrates is due to the n-type semiconducting TiO2 layer covering on the Ti substrate. Also the 
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decreased current density during the second forward scan on the Ti/SnO2-Sb substrates may be 

associated with passivation of Ti by concomitant formation of PbO2 and TiO2. This was further 

confirmed by another voltammogram (inset of Figure 4-1a) on bare Ti (after chemical etching) in 

a solution of 0.5 M HNO3+0.04 M NaF without the presence of Pb(II). Substantial anodic 

oxidation of Ti was clearly visible for all potentials positive to 0.8 V. These results reveal that Ti 

can be easily oxidized in acidic solution to form a poorly conducting TiO2 layer, which restricts 

the electron transfer process. Electrons can only transfer through this semiconductive TiO2 layer 

with a high potential, resulting in PbO2 deposition and oxygen evolution [52]. In an earlier report, 

Mohd and Pletcher [73] reported that the current density response on Ti improved if they were 

placed in a less acidic solution. They attributed this improvement to the less TiO2 formation in 

the less acidic solution. The present study confirms that the pre-formed interlayer of SnO2-Sb on 

Ti can significantly promote the subsequent electrochemical deposition of PbO2 coatings. 
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Figure 4-1:  Cyclic voltammograms of PbO2 deposition on (a) Ti substrate and (b) Ti/SnO2-Sb 

substrate in 0.5 M Pb(NO3)2+0.5 M HNO3+0.04 M NaF solution at room temperature. Inset of (a) 

represents cyclic voltammagram of Ti substrate in 0.5 M HNO3+0.04M NaF solution in the 

absence of Pb(II). Scan rate was 50 mV/s.   

 

4.3.2 XRD analysis 

The crystal structure of the PbO2 coatings deposited on the Ti/SnO2-Sb substrate was determined 

by X-ray diffraction. Figure 4-2 shows the XRD patterns of the PbO2 coatings obtained at 15 C 

for different deposition times (i.e. 1, 5, 10, 20, 30 and 60 min). It can be seen that the XRD of 

PbO2 coatings with different thickness were similar and the XRD peaks from the substrate were 

better observed at low thickness, for example in the 1min sample. The XRD of Ti/SnO2-Sb 

substrate was presented in Figure 4-3. 
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Figure 4-2: XRD diffractograms of the PbO2 coatings deposited on the Ti/SnO2-Sb substrates for 

different deposition times. Temperature of electrolyte: 15 C and current density: 35 mA/cm2. 

 

The diffractograms clearly show some characteristic reflections of β-PbO2. For a very short 

deposition time of 1 min, the -PbO2 coating demonstrated three strong diffraction peaks of (110), 

(101) and (211) at 25.5, 32.1 and 49.2, respectively. The peaks at 38.5º, 70.8º and 51.8º were 

detected in the 1 min coating and are attributed to the Ti substrate and the plane (211) of 

interlayer SnO2, respectively. In addition, a weak yet distinguishable peak at 30.0º was detected 

in all other coatings except 1min and can be indexed to the plane of (002) of α-PbO2. It should be 

noted that XRD analysis is not always straight forward, largely because some diffraction peaks of 

the two polymorphs ( and ) are in close proximity to each other. Increasing deposition time to 

20 min results in an apparent texture – the (301) peak dominates. The existence of preferential 
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orientations for crystallite growth has been reported in the literature [81, 170], despite the 

preferential crystallographic planes may vary in different cases.  It is worth pointing out that the 

doping of F
- 

anions in PbO2 coating does not have significant effect on the -PbO2 

crystallographic phase in comparison with undoped PbO2 [16]. 

 

 

 

 

 

 

 

 

 

 

Figure 4-3: XRD diffractograms of the PbO2 coatings deposited on the Ti/SnO2-Sb substrates at 

different deposition temperatures: (a) 15C, (b) 35C, (c) 55C and (d) 70C. Current density: 

35mA/cm
2
 and deposition time: 1min.  

 

The effect of electrolyte temperature on the PbO2 coating was also investigated. Figure 4-3 

presents the diffractograms of the Ti/SnO2-Sb substrate and PbO2 coatings deposited from the 

electrolyte at a temperature of 15, 35, 55 and 70 C, respectively. In the case of 1 min deposition 
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time, all the samples did not show significant preferential orientation: most of the characteristic 

peaks appeared in the diffractograms. In other words, deposition temperature seemed to have 

limited effect on the crystallite texture if the deposition time is short. By contrast, when the 

deposition time is 60 min (Figure 4-4), the PbO2 coatings deposited at 15 C reveals one single 

strong peak of β (301), whilst at a higher temperature, the deposits have two strong diffraction 

peaks of the planes of (101) and (301) for β-PbO2. 

As observed in our experiments, the crystal structure of the PbO2 coatings varied depending on 

either deposition time or temperature. When deposited at a low temperature such as 15 C, a 

longer deposition time favours a preferential crystal orientation, i.e., (301) texture. It seems that 

in the early stage of deposition, the PbO2 crystallites grow in a random fashion; in other words, a 

preferential orientation is less likely (Figures 4-2, 1min-10min). After the interlayer is completely 

covered by PbO2, the further thickening of PbO2 coating would lead to a preferred orientation 

(Figures 4-2, 20min-60min). In contrast, at a temperature > 35 C, once the interlayer is 

completely covered, the grown PbO2 coatings show identical diffraction peaks, regardless of 

deposition time (Figure 4-4). This phenomenon has also been reported in the literature. Amadelli 

and Velichenko et al. [21, 98] found that the coating composition was independent of the 

thickness of PbO2 coatings obtained at 30, 60, 120 and 180 min from a nitrate solution on Ti/Pt 

substrate. 
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Figure 4-4: XRD diffractograms of the PbO2 coatings deposited on the Ti/SnO2-Sb substrates at 

different deposition temperatures, (a) 15C, (b) 35C, (c) 55C and (d) 70C. Current density: 

35mA/cm
2
 and deposition time: 60 min.  

 

Table 4-2 summarizes the crystallite size data of the PbO2 coatings obtained in various 

temperatures and deposition times. The crystallite size is estimated using the Scherrer formula 

from the peak broadening at half maximum intensity (FWHM) of the strongest diffraction peak 

[171]. It is clear that temperature has a substantial effect on the crystal size of PbO2 deposited. 

The crystallite size increases from 13~16 nm at 15 C to 32~36 nm at 70 C. The diffraction 

peaks become well defined at higher temperatures. The temperature-dependent growth of PbO2 

crystallites has also been reported by others [63, 141, 170], which may be explained by a classical 

nucleation-growth mechanism. At the early stage of electrodeposition, regardless of deposition 

temperature, many nuclei of diverse orientations emerge on the interlayer SnO2 surface, as can be 
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seen in Figure 4-3. After the interlayer is entirely covered with PbO2, the further nucleation and 

grain growth take place along certain directions till preferentially orientated crystals form. 

 

Table 4-2: Crystal sizes (nm) of PbO2 coatings deposited on Ti/SnO2-Sb substrates at varied 

deposition time of 1, 5, 10, 20, 30 and 60 min. Deposition temperatures 15, 35, 55 and 70 C, 

current density 35 mAcm
-2

 and electrolyte 0.5 M Pb(NO3)2+0.1 M HNO3+0.04 M NaF. 

Conditions 1min 5min 10min 20min 30min 60min 

15C 15 14 14 16 13 15 

35C 22 27 25 27 26 28 

55C 27 28 26 25 27 29 

70C 35 36 32 36 30 33 

 

 

On the other hand, deposition temperature affects the resulting PbO2 and its crystallite size. Li et 

al. [141] studied PbO2 coating deposited from 0.5M Pb(CH3SO3)2 + 0.5M CH3SO3H solution and 

observed that pure α-PbO2 formed at 25 C, pure -PbO2 at 75 C and a mixture of α and  

formed at intermediate temperatures. They also claimed that -PbO2 phase exhibits preferential 

orientation along (110) plane. It should be noted that the (110) is the strongest diffraction peak in 

the standard JCPCD database. Indeed an unexpected strong peak was observed as (220) in their 

work [141]. In our study we did not observe any α-PbO2 but two strong diffraction peaks of (101) 

and (301) of  phase. It is logical to hypothesise that this preferred orientation results from 
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epitaxial growth on the interlayer SnO2, which has the same tetragonal structure (tP6, space group 

P42/mnm) with close lattice parameters as -PbO2. In other words, SnO2 serves as a ‘template’ 

for the nucleation of PbO2. An increase in deposition temperature favours the crystallite growth 

and therefore a larger crystallite size results. For the same reason, narrower and sharper 

diffraction peaks are observed in the PbO2 coating deposited at a higher temperature.  

 

4.3.3 SEM characterisation of deposits 

To further assess the influence of deposition temperature and deposition time, the microstructure 

of some coatings was characterised with scanning electron microscopy (SEM). Figure 4-5 shows 

SEM micrographs of the PbO2 coatings deposited onto the Ti/SnO2-Sb substrates at 15 C for 

different deposition times. At 1 min, the PbO2 deposits were small and distributed uniformly with 

highly porous structure. The 5 min-deposited PbO2 is spheroidal and much bigger in size. 

Increasing deposition time to 10 min gives rise to a rough surface with a mixture of caterpillar-

like and spheroids being several micrometres in size. When the deposition time increases up to 20 

min, a caterpillar-like morphology with clear edges can be seen. Further increasing deposition 

time (to 30 min and 60 min) does not change the caterpillar-like morphology.   

  

http://dict.cn/caterpillar%20stage
http://dict.cn/caterpillar%20stage
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Figure 4-5: SEM images of PbO2 coatings deposited for various time: (a) 1 min, (b) 5 min, (c) 10 

min and (d) 20 min. Current density: 35 mA/cm
2
 and temperature: 15 C. 

 

The early stage of deposition at various temperatures is shown in Figure 4-6, where deposition 

time is 1 min. The morphology of these deposits at various deposition temperatures seems fairly 

similar except the crystallite size – a higher temperature leads to a bigger crystallite size. Faceted 

crystal surfaces are clearly observed in all the coatings. 
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Figure 4-6: SEM images of PbO2 coatings in an early deposition stage at various temperatures 

(a)15 C, (b) 35 C, (c) 55 C and (d) 70 C. Current density: 35 mA/cm
2
 and deposition time: 1 

min. 

 

For the longer deposition time (e.g. 60 min), the PbO2 morphology varies with deposition 

temperature. As shown in Figure 4-7, a caterpillar-like morphology for the low deposition 

temperature changes to a more tightly packed, angular pyramid-like morphology if the deposition 

temperature increases to >35 C. Again a higher temperature gives rise to a larger crystallite size 
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(see Table 4-2). A correlation can be implied between the crystallographic orientation and 

observed morphology of the PbO2 deposits. At 15 C of electrodeposition temperature, the PbO2 

coatings exhibit a (301) texture and a caterpillar like morphology. At a temperature > 35 C, the 

coating displays a more tightly packed pyramid-like morphology.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-7: SEM images of PbO2 coatings deposited at various temperatures (a)15 C, (b) 35 C, 

(c) 55 C and (d) 70 C. Current density: 35 mA/cm
2
 and deposition time: 60 min. 
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In the very early stage of deposition for example at 1 min, many nuclei of PbO2 with diverse 

orientation nucleate on the SnO2-Sb surface and grow into a thin layer of PbO2. The nucleation 

and growth of PbO2 most likely take place in a random fashion, unless the interlayer SnO2 is 

highly textured. The nucleation rate is affected by the surface active sites on the substrate: the 

more the site the higher nucleation rate. After the entire interlayer is covered, the nucleation event 

of new PbO2 nuclei may occur on certain previously-formed PbO2 crystals with favourable 

orientation. It is also likely that the growth along certain orientations is more favourable than 

others. This may explain why the coatings demonstrate a (301) orientation and a caterpillar-like 

morphology when deposition time is > 20 min. Deposition temperature plays a role in that the 

driving force for nucleation and growth might be different at different temperature with the other 

parameters being identical. A low temperature favours (301) orientation while a high temperature 

may favour (101) orientation (Figure 4-4), as the growth along these two orientations involves 

different activation energies (growth barrier). In addition, fast growth at a higher temperature 

results in a larger crystallite size.  

 

4.3.4 Electrochemical characterisation 

Figure 4-8 shows the cyclic voltammograms (CVs) of various PbO2 coatings in the potential 

range between +0.7 V and +2.0 V in 0.5M H2SO4. The CVs were recorded after the 5
th

 cycle. All 

voltammograms display an anodic peak at +1.7 V vs. SCE and a cathodic peak at +1.2 V vs. SCE. 

The anodic peak in the forward sweep is due to the electrochemical oxidation of PbSO4 to β-

PbO2 while the cathodic peak around +1.2V in the backwards sweep is related to the reduction of 

β-PbO2 to PbSO4. The conversion between β-PbO2 and PbSO4 phases is a reversible process 

indicated by the observation that both anodic and cathodic peaks do not change significantly 

during continuous potential cycling.  

http://www.sciencedirect.com.ezproxy.auckland.ac.nz/science/article/pii/S0013468612016210#fig0020
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Figure 4-8: Cyclic voltammograms of PbO2 coatings deposited at different plating time of 1, 5, 

10, 20, 30 and 60 min in 0.5 M H2SO4 solutions at room temperature. The scan rate was 10 mV/s. 

 

It is noted that the PbO2 coatings deposited for 10 min demonstrate the highest current density 

under otherwise the identical conditions. In addition, the charges involved in the CVs of the PbO2 

coatings with a deposition time > 10 min are larger than those of the PbO2 coatings with a short 

deposition time (a thin coating or monolayer). Although PbO2 coatings deposited at 10 min 

display the largest quantity of charge involved during oxidation (anodic peak) and reduction 

(cathodic peak), it is also noted that by varying deposition time from 1 min to 60 min, the charges 

involved in CVs do not change too significantly. It is suggested that the charge revealed in CV is 

an indication of the depth of reduction (reverse scan) and oxidation (forward scan). The depth of 
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reduction is a result of the formation of an insulating layer of PbSO4 at the solution/electrode 

interface and the thickness of the PbSO4 layer is determined by the properties of PbSO4 in the 

solution. On the forward scan, the greater current density and higher charge might be related to 

the morphologies of the deposits. As shown in Figure 4-5c, the PbO2 coating obtained at 10 min 

exhibited a rough surface with a mixture of caterpillar-like and spheroidal deposits, which 

provide highly active sites for oxidation reaction in sulfuric acid solution. A rough and porous 

surface with highly active sites is desirable for the electrochemical oxidation [52]. Another 

possibility cannot be excluded, that is the interlayer SnO2 may also contribute to the current 

density. In particular, the PbO2 coating produced at 1 min also demonstrated fairly high anodic 

and cathodic currents and this is likely ascribable to the interlayer SnO2-Sb, which is also a 

highly conductive [90, 165]. The charge quantities shown in Figure 4-8 are much smaller than 

that in Figure 4-1b, indicating that the amount of coatings being oxidized or reduced during CV is 

minimal. 

The cyclic voltammograms of PbO2 coatings obtained at different deposition temperatures were 

also examined (Figure 4-9). The coatings were deposited for 60 min and have completely covered 

the substrates. In the forward sweep, the anodic peaks for these coating are very similar. In the 

reverse sweep, the current density of the cathodic peak is smaller for the coating deposited at 

15C, compared to the other three temperatures. Increasing deposition temperature from 15 C to 

35 C significantly increases the cathodic current density of the PbO2 coating; however, further 

temperature increase to 55 C does not have obvious effect on the cathodic behavior.  

http://dict.cn/caterpillar%20stage
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Figure 4-9: Cyclic voltammograms of PbO2 coatings deposited for 60 min at different 

temperature of 15, 35, 55 and 70C in 0.5 M H2SO4 solutions at room temperature. The scan rate 

was 10 mV/s. 

 

As discussed above, this is associated with the reduction depth as a consequence of the formation 

of the PbSO4 layer in the solution/electrode interface. It is then implied that the tightly-packed 

PbO2 deposits having angular pyramid-like morphology may have better connectivity so that 

more PbSO4 (on the reverse scan) or more PbO2 (on the forward scan) could be formed. The large 

depth of reaction and good connectivity between crystallites and ideally porous microstructure 

would result in good electrochemical performance such as high electro-oxidation activity. 

Although porous microstructure can promote the utilisation of the active PbO2, the connectivity 
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between crystallites (particles) will decrease if the porosity is too high, which in turn leads to a 

significant decrease in electron transfer capacity. 

 

4.4 Conclusions 

By varying electrodeposition temperature and time, we are able to synthesize PbO2 coatings with 

various morphologies, microstructures and crystallite sizes. It is found that an interlayer SnO2-Sb 

on Ti substrate can significantly promote the electrodeposition of PbO2 coatings. The deposition 

temperature and deposition time affect the PbO2 coatings in a synergic manner. In the early stage 

of electrodeposition, temperature seems to not have significantly effect on the morphology and 

crystallographic orientation of PbO2 coatings except for the crystallite size. However, for a longer 

electrodeposition time, the attendant PbO2 coatings demonstrate a clear correlation between the 

crystallographic orientation and the morphology. At 15 C of electrodeposition temperature, the 

PbO2 coatings exhibit a (301) texture and a caterpillar like morphology. At a temperature > 35 C, 

the coating displays a more tightly packed pyramid-like morphology. In all cases, the crystallite 

size increases with deposition temperature. Different physicochemical properties are thought to 

stem from various surface area, porosity and connectivity between crystallites and reaction depth 

in the PbO2 coatings obtained under different electrodeposition conditions. 
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5. EFFECT OF LEAD(II) CONCENTRATION AND CURRENT DENSITY ON THE 

PHYSICOCHEMICAL PROPERTIES OF ELECTRSYNTHESIZED LEAD DIOXIDE 

COATINGS 

 

Chapter 4 explored the electrodeposition of PbO2 on the Ti substrate with a Sb-doped SnO2 

interlayer (i.e. Ti/SnO2-Sb) and investigated how deposition time and temperature affect the 

morphology and microstructure of the obtained PbO2 films. In this chapter, a detailed study of the 

physicochemical characteristics of galvanostatic deposited PbO2 coatings obtained by varying 

Pb
2+

 concentration and current density is reported. The effect of Pb
2+

 concentration and current 

density on the microstructure of PbO2 coatings was investigated by SEM and XRD. As confirmed 

in our previous study [28], the pre-formed interlayer of SnO2-Sb on Ti can significantly promoted 

the subsequent electrochemical deposition of PbO2 coatings. Thus, a Ti/SnO2-Sb substrate was 

also employed as the deposition substrate in this work. 

 

5.1 Introduction 

As well discussed in the previous chapters, there are extensive literature on the electrodeposition 

of PbO2; however, the effect of electrodeposition conditions on the morphology and phase 

structure of the resulting PbO2 is not well understood- the elucidation is somewhat contradictory. 

This discrepancy is because of the wide variety of conditions and control parameters employed in 

each experiment and the subtle dependence of the form and properties of the coatings on the 

deposition conditions, which makes it difficult to compare the results from different laboratories. 

For example, Shen et al. [53] investigated the electrodeposition of PbO2 films on Pt, Au and Ti 

substrates from an acidic plating solution containing 0.1 M Pb
2+

 ions. The morphology of the 
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resulting β-PbO2 coatings largely depends on the current density, which ranged from 2 to 20 

mA/cm
2
 [53]. However, this current-dependence was not supported  by Li et al.’s work [141]. Yu 

et al. [52] studied the electrodeposition of PbO2 thin film on Ti substrates and identified that the 

PbO2 deposits were a mixture of α- and β- phases at higher current densities. By contrast, 

Ghasemi et al. [169] found that the electrosythesized coatings deposited under constant current 

density were only composed of β-PbO2. 

This chapter systematically investigated the physicochemical characteristics of galvanostatic 

deposited PbO2 coatings obtained by varying Pb
2+

 concentration and current density. The 

correlation between Pb
2+

 concentration, current density and phase structure, morphological 

features of PbO2 coatings were discussed. This study may contribute to a fundamental 

understanding of the electrodeposition process, and also provide a perspective on further possible 

improvement of the physicochemical properties of PbO2 coatings. 

 

5.2 Experimental 

5.2.1 Preparation of Ti/SnO2-Sb substrate 

The pretreatment of bare Ti coupons was described in Chapter 2. A similar procedure for 

preparing the SnO2-Sb interlayer was described in Chapter 3. It should be pointed out that, the 

precursor solution used in this chapter was slightly different from that in Chapter 3 and described 

below. The pre-treated Ti substrates were first dipped in a precursor solution containing 3.51 g 

SnCl4, 0.1048 g Sb2O3, 4 mL concentrated HCl and 14 mL isopropanol and dried at 100 C for 10 

min followed by 500 C for 10 min. This dipping-and-drying procedure was repeated for six 

times. Finally the coupons were annealed in a muffle furnace at 500 C for 60 min to prepare an 

interlayer of 5 at% Sb doped SnO2-Sb. 
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5.2.2 Electrodeposition of PbO2 coatings 

Electrodeposition of PbO2 carried out in this chapter is largely identical to that in Chapter 3 

except for the Pb
2+ 

concentration and current density. In brief, the electrolyte was comprised of 

Pb(NO3)2 + 0.1 M HNO3 + 0.04 M NaF and the Pb
2+

 concentration varied at 0.02, 0.1, 0.3, 0.5 

and 1 M. The PbO2 coatings were galvanostatically electroplated at the current densities of 5, 10, 

20, 40, 60, 100 and 200 mA/cm
2
 (amount of charge for each deposition = 200 mA/cm

2 
·min in all 

cases). It should be pointed out that due to the limitation of Pb
2+

 concentration, only two current 

densities: 5 mA/cm
2
 (for 40 min) and 10 mA/cm

2
 (for 20 min) were employed at 0.02 M Pb

2+
 

(the lowest Pb
2+

 concentration in this study) to prepare PbO2 coatings. In all deposition 

experiments, the applied potential (in the range of 1.91 to 3.37 V) increased with increasing 

current density and with decreasing Pb
2+

 concentration. It is noted that no oxygen bubble was 

observed during the electrodeposition of PbO2 coating, except for PbO2 deposited at 100 and 200 

mA/cm
2
 from electrolyte containing 0.1 M Pb

2+
 where a porous, flower-like microstructure 

resulted. 

 

5.3 Results and discussion 

5.3.1 XRD analysis 

The influence of current density on the phase composition of PbO2 coatings deposited on the 

Ti/SnO2-Sb substrates was determined by X-ray diffraction (XRD). Figure 5-1 shows the XRD 

patterns of the PbO2 coatings obtained from the electrolyte of 0.5 M Pb(NO3)2 + 0.1 M HNO3 + 

0.04 M NaF at varied current densities of 5, 10, 20, 40, 60, 100 and 200 mA/cm
2
 (amount of 

charge for each deposition = 200 mA/cm
2
 ·min). The diffractograms clearly show some 

characteristic reflections of β-PbO2 with a tetragonal structure, in accordance with the literature 

data [2]. Three strong diffraction peaks of β (101), β (211) and β (301) at 32.1, 49.2 and 62.4 
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were identified, respectively. The XRD patterns of PbO2 coatings at low current densities (i.e. 5, 

10 and 20 mA/cm
2
) are similar and exhibit a β (301) texture. At a higher current density of 40 

mA/cm
2
, two strong peaks of β (101) and β (211) planes are observed. Further increasing the 

current density results in an apparent texture - the (211) peak dominates. The existence of such a 

preferential orientation for crystallite growth has also been reported in the literature [81, 170]. A 

weak yet distinguishable peak at 30.0º was detected in the coatings obtained at 60, 100 and 200 

mA/cm
2
, and can be indexed to (002) plane of α-PbO2. In most cases, the PbO2 films deposited in 

this study were a mixture of - and - phases except for the low current densities (≤ 40 mA/cm
2
). 

This phenomenon is in good agreement with the other reports in the literature [52]. 

 

 

 

 

 

 

 

 

 

 

Figure 5-1: XRD diffractograms of the PbO2 coatings deposited on the Ti/SnO2-Sb substrates at 

various current densities of 5, 10, 20, 40, 60, 100 and 200 mA/cm
2
 (amount of charge for each 
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deposition = 200 mA/cm
2
 ·min). Electrolyte: 0.5 M Pb(NO3)2 + 0.1 M HNO3 + 0.04 M NaF and 

temperature: 20C. 

 

 

 

 

 

 

 

 

 

 

Figure 5-2: XRD diffractograms of the PbO2 coatings deposited on the Ti/SnO2-Sb substrates at 

various current densities of 5, 10, 20, 40, 60, 100 and 200 mA/cm
2
 (amount of charge for each 

deposition = 200 mA/cm
2
 ·min). Electrolyte: 0.1 M Pb(NO3)2 + 0.1 M HNO3 + 0.04 M NaF and 

temperature: 20C. 

 

The solution concentration interplays with current density for PbO2 deposition.  In this study we 

investigated the effect of current density on the deposition of PbO2 when the solution 

concentration is low. Figure 5-2 shows the diffractograms of the PbO2 coatings deposited from 

the electrolyte of 0.1 M Pb(NO3)2 + 0.1 M HNO3 + 0.04 M NaF at various current densities. In 
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the case of low current densities (5, 10 and 20 mA/cm
2
), all the samples present a significant 

preferential orientation of β (301) and this is identical to that obtained at a Pb
2+

 concentration  

1M (see Figure 5-1 for 0.5M Pb
2+

 concentration). In other words, the Pb
2+

 concentration seems to 

have limited effect on the crystallite texture if the deposition current density is low. In contrast, 

when the deposition current density increased up to 40 and 60 mA/cm
2
, the PbO2 coatings 

exhibited a β (211) texture. Further increasing the current density resulted in a pronounced 

change of the XRD patterns. The sharp peaks of 38.5º, 70.8º and 51.8º detected in the 100 and 

200 mA/cm
2
 coatings were indexed to the -Ti phase and the (211) plane of the SnO2 interlayer, 

respectively. The physical appearance of these deposits was porous, matte-brown in colour, and 

can be easily removed by ultrasonic washing due to poor adhesion. The PbO2 deposited at an 

even lower Pb
2+

 concentration of 0.02 M under current density of 10 mA/cm
2
 (for 20 min) 

presented an identical physical appearance. 

We speculated that 0.1 M Pb
2+

 concentration is too low for effective deposition of PbO2 at an 

intermediate-to-high current density. We also intended to investigate whether it is possible to 

deposit PbO2 coatings under a high current density and the minimum Pb
2+

 concentration in the 

electrolyte required for the effective deposition. Figure 5-3 presents the XRD diffractograms of 

PbO2 coatings deposited at a current density of 100 mA/cm
2
 for 2 min from the electrolyte of 

Pb(NO3)2 + 0.1 M HNO3 + 0.04 M NaF with various Pb
2+

 concentrations from 0.1 M to 1 M. 

Strong peaks of Ti/SnO2-Sb substrate were detected when the Pb
2+

 concentration in the 

electrolyte is 0.1 M. This is because at a high current density, the mass transfer of Pb
2+

 ions 

becomes the limiting step. At a low Pb
2+

 concentration of 0.1 M, concentration polarization 

becomes extremely severe at the electrode surface, and ad-atoms can no longer reach the 

equilibrium position during PbO2 deposition. Meanwhile, most of the applied current density is 

spent for O2 evolution, instead of the deposition of PbO2. Thus the PbO2 film obtained is porous 

and loosely attached to the substrate, which fails to fully cover the substrate.  
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Figure 5-3: XRD diffractograms of the PbO2 coatings deposited on the Ti/SnO2-Sb substrates in 

electrolyte of Pb(NO3)2 + 0.1M HNO3 + 0.04M NaF at various Pb
2+

 concentrations: (a) 0.1 M, 

(b) 0.3 M, (c) 0.5 M and (d) 1 M. Current density: 100 mA/cm
2
, deposition time: 2min and 

temperature: 20C. 

 

At a higher Pb
2+

 concentration, the mass transfer of Pb
2+

 is faster and the concentration 

polarization at the electrode surface is limited, which results in relatively uniform and dense PbO2 

deposition. As can be seen in Figure 5-3, the XRD patterns of PbO2 film deposited at a higher 

Pb
2+

 concentration of 0.3, 0.5 and 1 M all presented a preferred orientation of β (211). In addition, 

at 1 M Pb
2+

 concentration, the peak indexed to the plane of α (002) becomes pronounced. The 

emergence of α-PbO2 phase is in good agreement with the literature [63]. As reported by 

Velichenko et al. [63], in an acid electrolyte, where β-PbO2 is the main deposit, the amount of α-

phase impurity increases with increasing potential in the kinetically controlled region.  
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As observed in our experiments, the PbO2 coatings demonstrated different crystallographic 

orientations depending on either current density or Pb
2+ 

concentration. When deposited at a 

current density < 40 mA/cm
2
, the phase composition of the coating is independent of Pb

2+ 

concentration and presents a preferential crystal orientation of β (301). At a higher current 

density > 40 mA/cm
2
, the obtained PbO2 coatings have a preferential crystal orientation of β (211) 

texture. At an even higher current density (e.g. 200 mA/cm
2
), the α-PbO2 (002) emerges. This 

phenomenon has also been reported in the literature, that is, the formation of -PbO2 is favoured 

by a relatively high current density while -PbO2 is favoured at low current densities [52, 172]. 

At a high current density of 100 or 200 mA/cm
2
, the limitation of Pb

2+ 
concentration may cause 

severe concentration polarization at the surface of electrode, and result in extremely porous PbO2 

deposits, which fail to fully cover the substrates. 

Table 5-1 summarizes the crystallite size data of the PbO2 coatings obtained at varied current 

density of  5, 10, 20, 40, 60, 100 and 200 mA/cm
2
 from the electrolyte: Pb(NO3)2 + 0.1 M HNO3 

+ 0.04 M NaF at different Pb
2+

 concentrations of 0.02, 0.1, 0.3, 0.5 and 1 M. The crystallite size 

is estimated from the width of β (211) diffraction peak at half maximum intensity (FWHM) using 

the Scherrer formula [171]. When increasing the current density from 20 to 40 mA/cm
2
, a 

substantial decrease of the PbO2 crystal size is observed. At a current density of 5~20 mA/cm
2
, 

the crystallite size decreased from 25±2 nm to 16±1 nm at 40 mA/cm
2
. Further increasing the 

current density to 60~200 mA/cm
2
 only slightly decreased the crystallite size to 14~15 nm. The 

current density-dependent growth of PbO2 crystallites has also been reported by others [52, 53, 

169]. In general, a low current density (i.e. low electrodeposition potential) favors the growth of 

PbO2 crystallites and this is in good agreement with Ref. [63]. By contrast, high current density 

favors nucleation of crystallites, and the relatively smaller crystal sizes resulted from a massive 

nucleation that leads to increasing polycrystallinity and smaller crystallites as the presence of 
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more neighbour nuclei limiting the extent of growth [170]. As indicated in Table 5-2, the Pb
2+

 

concentration seems to have limited effect on the growth of PbO2 crystallites. 

 

Table 5-1: Crystal sizes (nm) of PbO2 coatings deposited on Ti/SnO2-Sb substrates at varied 

current density of  5, 10, 20, 40, 60, 100 and 200 mA/cm
2
 (amount of charge for each deposition 

= 200 mA/cm
2
 ·min). Electrolyte: Pb(NO3)2 + 0.1 M HNO3 + 0.04 M NaF (Pb

2+
 concentration: 

0.02, 0.1, 0.3, 0.5 and 1 M) and temperature: 20 C. 

Conditions 5mA/cm
2
 10mA/cm

2
 20mA/cm

2
 40mA/cm

2
 60mA/cm

2
 100mA/cm

2
 200mA/cm

2
 

0.02M 26 Porous - - - - - 

0.1M 23 25 24 17 15 Porous Porous 

0.3M 26 25 27 16 15 14 15 

0.5M 24 22 23 16 14 15 14 

1M 25 24 24 18 14 14 14 
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5.3.2 SEM characterisation of deposits 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-4: SEM images of the PbO2 coatings deposited at: (a) 5 mA/cm
2
 for 40 min, (b) 40 

mA/cm
2
 for 5 min, (c) 60 mA/cm

2
 for 3 min 20 s, (d) 100 mA/cm

2
 for 2 min, (e) 200 mA/cm

2
 for 1 
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min and (f) high-magnification of (c). Electrolyte: 0.5 M Pb(NO3)2 + 0.1 M HNO3 + 0.04 M NaF 

and temperature: 20C. Insets are high-magnification images. 

  

Figure 5-4 shows SEM micrographs of the PbO2 coatings deposited from 0.5 M Pb(NO3)2 + 0.1 

M HNO3 + 0.04 M NaF bath at varied current densities yet with identical charge amount (200 

mA/cm
2
 ·min). It is revealed that PbO2 deposited at low current densities gave rise to larger 

deposits with clear edges. At 5 mA/cm
2
, the PbO2 coating presented an irregular pebble-shaped 

surface with deposits being 3-5 µm in size (Figure 5-4a). Increasing the current density to 10 and 

20 mA/cm
2
 did not change the morphology (images identical to Figure 5-4a).  At a higher current 

density of 40 mA/cm
2
, the PbO2 deposits were smaller and spheroidal (Figure 5-4b). Further 

increasing the current density significantly changed the coating morphology. As shown in Figure 

5-4c, the PbO2 obtained at 60 mA/cm
2
 illustrated a rough surface morphology with smaller 

barley-like deposits (Figure 5-4f: high-magnification). The PbO2 coating prepared at 100 mA/cm
2
 

(Figure 5-4d) had highly dense spindle shaped deposits. When the current density increased to 

200 mA/cm
2
 (Figure 5-4e), the coating appeared to be rather dense, and were of spheroid shape 

10 µm in diameter. The high-magnification image reveals that the spheroidal deposit is indeed an 

aggregate of many nano-sized grains (inset, Figure 5-4e). 
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Figure 5-5:  SEM images of the PbO2 coatings deposited at : (a) and (b) 40 mA/cm
2
 for 5 min, (c) 

and (d) 60 mA/cm
2 

for 3 min 20 s, (e) and (f) 100 mA/cm
2
 for 2 min. Electrolyte: 0.1 M Pb(NO3)2 

+ 0.1 M HNO3 + 0.04 M NaF and temperature: 20C. 
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The deposit morphology is significantly different if the Pb
2+

 concentration in the electrolyte is 

low. Figure 5-5 shows the SEM micrographs of the PbO2 coatings deposited from 0.1 M 

Pb(NO3)2 + 0.1 M HNO3 + 0.04 M NaF bath at various current densities. It is noted that the PbO2 

deposited at < 40 mA/cm
2
 were pebble-shaped and distributed uniformly with clear edges 

(identical to Figure 5-4a). Increasing current density to 40 mA/cm
2
 resulted in smaller and 

angular-shaped deposits (Figure 5-5a and Figure 5-5b). As shown in Figures 5-5c and Figure 5-

5d, the 60 mA/cm
2
 deposited PbO2 film presented a rough surface morphology composed of 

worm-shaped particles aligned in various directions. An increase of the current density to 100 

mA/cm
2
 caused a pronounced change in the morphology and the deposited PbO2 (Figure 5-5e and 

Figure 5-5f) revealed a porous, flower-like structure growing along the vertical direction. A 

similar outward growth of PbO2 deposits at high current densities has been reported by Shen et al. 

[53]. It is noted that the 200 mA/cm
2
 deposited PbO2 coating demonstrated the same porous, 

flower-like structure. It should be pointed out that oxygen bubbles were observed during the 

electrodeposition of these two porous PbO2 coatings when deposited at 100 and 200 mA/cm
2
 

from electrolyte containing 0.1 M Pb
2+

. 

The effect of Pb
2+

 concentration in the electroplating bath on the PbO2 morphology was presented 

in Figure 5-6. It is clear that Pb
2+

 concentration has a significant influence on the morphology of 

the deposited PbO2 coatings. At a low Pb
2+

 concentration of 0.1 M, the PbO2 film (Figure 5-6a) 

had a porous, flower-like structure growing outward (Figures 5-6a, 5-5e and 5-5f were taken from 

the same sample). This porous PbO2 coating was matte-brown and can be easily removed by 

ultrasonic washing. This explains why the peaks from Ti and SnO2 were detected in the 

corresponding XRD patterns (Figure 5-2 and 5-3). At a higher Pb
2+

 concentration of 0.3 M, the 

PbO2 film deposited (Figure 5-6b) appeared to be worm-shaped, which is similar to the structure 

observed in Figure 5-5c and 5d (except the coating here were denser). By further increasing the 

http://www.sciencedirect.com.ezproxy.auckland.ac.nz/science/article/pii/S0013468612016210#fig0020
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Pb
2+

 concentration, spindle-shape deposits were observed at 0.5 M (Figure 5-6c), while highly 

dense deposits made of nano-sized grains were revealed at 1 M Pb
2+

 concentration (Figure 5-6d). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-6: SEM images of the PbO2 coatings deposited on the Ti/SnO2-Sb substrates in 

electrolyte of Pb(NO3)2 + 0.1 M HNO3 + 0.04 M NaF at various Pb
2+

 concentrations: (a) 0.1 M, 

(b) 0.3 M, (c) 0.5 M and (d) 1 M. Current density: 100 mA/cm
2
, deposition time: 2 min and 

temperature: 20C.  
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Figure 5-7:  SEM images of the PbO2 coatings deposited in electrolyte of Pb(NO3)2 + 0.1 M 

HNO3 + 0.04 M NaF at varied Pb
2+

 concentrations and current densities:  (a) 0.02 M Pb
2+

, 5 

mA/cm
2
 for 40 min; (b) 0.02 M Pb

2+
, 10 mA/cm

2
 for 20 min; (c) and (d) 0.3 M Pb

2+
, 200 mA/cm

2
 

for 1 min. Temperature: 20C.  

 

The PbO2 coatings obtained from the very low Pb
2+

 concentration electrolyte are shown in Figure 

5-7. In the case of 0.02 M Pb
2+

, we only investigated two current densities: 5 and 10 mA/cm
2
. In 

comparison with the PbO2 coatings obtained at higher Pb
2+

 concentrations, the 5 mA/cm
2
-

deposited PbO2 at 0.02 M Pb
2+

 was angular in shape and much smaller in size, as illustrated in 
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Figure 5-7a. Porous, flower-like structure was observed at 10 mA/cm
2
 deposited PbO2 under the 

Pb
2+

 concentration of 0.02 M (Figure 5-7b). It should be pointed out that no oxygen bubbles were 

observed during the electrodeposition of this porous coating (10 mA/cm
2
, 0.02 M). It is 

speculated that the porous, flower-like microstructure can be obtained by either employing very 

low Pb
2+

 concentration at extremely low current density or applying extremely high current 

density but at high concentration. The SEM images of PbO2 film deposited in the electrolyte of 

0.3 M Pb(NO3)2 + 0.1 M HNO3 + 0.04 M NaF at current density of 200 mA/cm
2
 for 1 min were 

shown in Figs. 8c and d. A polygonal-shaped morphology with some spheroidal deposits growing 

outward was observed in Figure 5-7c. Such deposits consist of many nano-sized particles of 

worm-shaped structure (Figure 5-7d). It is noted that this worm-shaped structure has also been 

observed in Figure 5-5d (0.1 M, 60 mA/cm
2
) and Figure 5-6b (0.3 M, 100 mA/cm

2
), except the 

size of the structure decreased significantly with increasing current density. It is also found that 

the XRD patterns of these three worm-shaped PbO2 coatings were identical and repeatable. 

It is evident that the physicochemical characteristics of PbO2 coatings largely depend on the 

current density and Pb
2+

 concentration in bath, which determine the deposition mechanism. At a 

current density < 40 mA/cm
2
, charge transfer process is the limiting step and the process is 

current controlled. If the Pb
2+

concentration in the electroplating bath is not extremely low, the 

Pb
2+

 ions arriving at the electrode surface would be sufficient. In this case, the PbO2 deposits 

present well-formed, pebble-shaped morphology with larger crystallite sizes. Under these 

conditions, all the charges are spent for the formation of PbO2 deposits and the current efficiency 

could reach 100%. At a higher current density (e.g. 100 mA/cm
2
), mass transfer becomes rate 

controlling. In other words, the process is diffusion controlled. Concentration polarization occurs 

at the electrode surface. Nucleation becomes dominant, resulting in a smaller grain size. Under 

such electroplating conditions, Pb
2+

 ions may fail to find the equilibrium position during PbO2 

deposition process, and as a result non-uniform morphology is observed (Figure 5-6a). With a 
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further increase in the current density, the concentration polarization of Pb
2+

 becomes extremely 

severe, and a secondary reaction (i.e. oxygen evolution) occurs. Most of the applied charges are 

consumed in oxygen evolution, which largely decreases the current efficiency. The PbO2 coatings 

obtained under these conditions show porous, flower-like morphology, and the deposition is 

favourable for outward growth. 

It has been proposed that the electrodeposition process has two distinct steps [52]. The first step 

is the formation of nuclei of the new phase and their growth into crystals (crystallisation). Once 

the substrate is fully covered by a few layers of this oxide, the second step occurs by the 

thickening of the layer into macroscopic deposits. Before PbO2 phase nucleates and then grows, 

necessary chemical reaction steps must be completed to form colloidal PbO2 phase. The sequence 

of chemical steps towards the formation of crystalline PbO2 has long been the subject of much 

interest and speculation. A plausible reaction mechanism is that proposed by Velichenkoi et al. 

who suggest that the electrodeposition process involves absorbed OHads as a key reaction 

intermediate [59, 66]:  

 

H2O  OHads +H
+
 +e

-    
 (5-1) 

Pb
2+

 +OHads  Pb(OH)
 2+

    (5-2) 

Pb(OH)
2+

 + H2O  PbO2 + 3H
+
 + e

-
  

 

(5-3) 

Equation 5-3 may be further divided into the following two steps:                                                                                                                                                                                                              

Pb(OH)
2+

 + H2O  Pb(OH)2
2+

  + H
+
 + e

-
  (5-3a) 
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Pb(OH)2
 2+

  PbO2 +2H
+
    (5-3b) 

 

In this mechanism, Pb
2+

 ions first react with the previously chemisorbed OHads on the electrode 

surface to form a soluble intermediate species Pb(OH)
2+

, followed by being further oxidised into 

PbO2 via Equation 5-3. Alternatively the soluble intermediate containing Pb(III) is oxidised into 

Pb(OH)2
 2+

 via Equation 5-3a, and this Pb(IV)-containing intermediate is decomposed, via  

Equation 5-3b, to form colloidal PbO2 particles that crystallize on the electrode. At low potentials 

the second charge transfer stage (Equation 5-3a) is rate determining, while at higher potential 

region the Pb
2+

 diffusion becomes rate controlling in the PbO2 formation process. It is logical to 

assume that the colloidal PbO2 particles arrive at the electrode in a rather random manner until 

the entire coating coverage is achieved. Afterwards, the crystallisation event of new PbO2 nuclei 

may occur on certain previously-formed PbO2 crystalites with favourable orientation. It is also 

likely that the growth along certain orientations is more favourable than others. This may explain 

why the coatings demonstrate a β (301) orientation and a pebble-shaped morphology when the 

current density is < 40 mA/cm
2.  

The incorporation of ionic additives such as F
- 
in the electrodeposition bath does not alter the 

deposition mechanism; it only changes the electrodeposition kinetics [59]. It may be 

hypothesized that the physical adsorption of ionic species (negatively charged) on the growing 

oxide accelerates the transport of the colloidal oxide particles towards the anode. It was reported 

that the doping of fluoride promotes the formation of pure -PbO2, as compared to un-doped 

PbO2 coating [59]. However, the other factors such as current density and Pb
2+

 concentration in 

the electroplating bath may well offset this effect. For example, a higher Pb
2+

 concentration 

and/or a higher current density lead to the emergence of -PbO2 phase (Figures 5-2 and 5-4). 
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5.3.3 Electrochemical characterisation 

Figure 5-8 shows the cyclic voltammograms (CVs) of various PbO2 coatings in the potential 

range between +0.7 V and +2.0 V in 0.5M H2SO4. The CVs were recorded at the 5
th

 cycle. It can 

be seen that all voltammograms display an anodic peak at around + 1.65 V vs. SCE and a 

cathodic peak at around + 1.2 V vs. SCE. As described in the previous chapters, the anodic peak 

is related to the electrochemical oxidation of PbSO4 to β-PbO2 while the cathodic peak is related 

to the reduction of β-PbO2 to PbSO4. 

 

 

 

 

 

 

 

 

 

 

Figure 5-8: Cyclic voltammograms of PbO2 coatings deposited at 100 mA/cm
2
 for 2 min from 

bath with varied Pb
2+

 concentrations: (1) 0.1 M, (2) 0.3 M, (3) 0.5 M and (4) 1 M in 0.5 M H2SO4 

solutions at room temperature. The scan rate was 10 mV/s. 

http://www.sciencedirect.com.ezproxy.auckland.ac.nz/science/article/pii/S0013468612016210#fig0020
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PbO2 coatings deposited from 0.3M Pb
2+

 bath present the largest quantity of charge involved 

during oxidation (anodic peak) and reduction (cathodic peak) under otherwise the identical 

conditions. The charges involved in the CVs of the PbO2 coating obtained at 0.1M Pb
2+

  (Figure 

5-6a, porous and flower-like structure) is much smaller than that of the PbO2 coatings deposited 

at a higher Pb
2+

 concentration. It is also noted that by varying Pb
2+

 concentration from 0.3 M to 

0.5 M, the charges involved in CVs do not change too significantly. The charge revealed in CV is 

an indication of the depth of reduction (reverse scan) and oxidation (forward scan). The depth of 

reduction is a result of the formation of an insulating layer of PbSO4 at the solution/electrode 

interface and the thickness of the PbSO4 layer is determined by the properties of PbSO4 in the 

solution. On the forward scan, the greater current density and higher charge might be related to 

the morphologies of the deposits. As shown previously in Figure 5-6a, the PbO2 coating obtained 

at 0.1M Pb
2+

 exhibited a highly porous surface with flower-like deposits growing outward the 

substrates. Moreover, the substrates were not fully covered, which in turn leads to a significant 

decrease in electron transfer capacity. 

Figure 5-9 shows the cyclic voltammograms (CVs) of PbO2 coatings deposited from 0.5 M Pb
2+

 

bath at various current densities. The anodic peak and cathodic peaks on the CVs for all coatings 

are very similar. It is noted that the total charge involved in each coating is the same and 

therefore it may suggest that at 0.5 M Pb
2+

 all the charges are transferred to form coatings and the 

deposition current density from 20 to 200 mA/cm
2
 did not have significantly effect. 
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Figure 5-9: Cyclic voltammograms of PbO2 coatings deposited from 0.5 M Pb
2+

 bath at varied 

current densities: (1) 20 mA/cm
2
 for 40 min, (2) 40 mA/cm

2
 for 5 min, (3) 60 mA/cm

2
 for 3 min 20 

s, (4) 100 mA/cm
2
 for 2 min and (5) 200 mA/cm

2
 for 1 min in 0.5 M H2SO4 solutions at room 

temperature. The scan rate was 10 mV/s. 

 

5.4 Conclusions 

PbO2 coatings were electrodeposited on Ti/SnO2-Sb substrates using constant current density in 

an acidic nitrate solution. It is evident that Pb
2+

 concentration and current density affect the PbO2 

coatings in a synergic manner. In most cases, a mixture of  + -PbO2 phase was obtained except 

at a low current density. At a current density < 40 mA/cm
2
, the coating exhibited a pure -PbO2 
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phase and the concentration seems to have insignificant effect on the morphology and 

crystallographic orientation of the PbO2 coatings. In all these PbO2 coatings, the  phase 

exhibited a (301) texture and the coatings had a pebble-shaped morphology. On the other hand, at 

a higher current density, the PbO2 deposit exhibited a dominant -PbO2 phase with a minor -

PbO2 phase present. In these cases, the morphology of the deposits is sensitive to the 

corresponding current density and Pb
2+

 concentration. The PbO2 coatings exhibited a porous 

flower-like morphology under the deposition at 100 mA/cm
2
 in 0.1 M Pb

2+
 bath, while the 

deposit morphology changed to worm-like and spindle-like if the Pb
2+ 

concentration increased to 

0.3 M and 0.5 M respectively. This study indicates that either a sufficiently high concentration or 

low current density is necessary in order to obtain a compact and dense PbO2 deposit. Otherwise 

non-uniform or porous deposits would result from severe concentration polarization at the 

electrode surface. Cyclic voltammograms (CVs) of reveals that the charges involved in the CVs 

of the PbO2 coating obtained at 0.1M Pb
2+

 is much smaller than that of the PbO2 coatings 

deposited at a higher Pb
2+

 concentration. 
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6. CHARACTERIZATION OF LEAD DIOXIDE COMPOSITE ELECTRODE AND ITS 

ELECTROCHEMICAL OXIDATION TOWARDS BENZOIC ACID 

 

In this chapter, TiO2 nanoparticles, as a typical inert metal oxide, were added into Pb
2+

 plating 

solutions to prepare Ti/PbO2 + nano-TiO2 composite coatings. The effect of TiO2 nanoparticles 

on the electrodeposition process of PbO2 was investigated by voltammetric studies. The 

composition, structure and morphology of the obtained composite coatings were characterized by 

X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD) and scanning electron 

microscopy (SEM), respectively. Accelerated life test was employed to estimate the coatings’ 

long term stability. Electrochemical degradation of target pollutant was performed using the 

modified Ti/PbO2 + nano-TiO2 composite electrodes. It is speculated that the incorporation of 

TiO2 particles into pure PbO2 matrix would improve the chemical stability and might promote the 

electrocatalytic activity of the electrode. 

 

6.1 Introduction 

The advanced electrochemical oxidation processes, which are used for eco-friendly water 

decontamination, require the use of potent anodes with a high oxygen over-potential [80]. Many 

electrode materials have been assessed in this regard such as platinum [119], carbon [121], boron-

doped diamond (BDD) [126, 127], IrO2 [173, 174], Ti/PbO2 [58, 123] and Ti/SnO2 [124, 125]. 

Research into the electrochemical degradation of wastewater containing organic pollutants has 

mainly focused on non-active anodes such as SnO2, PbO2 and BDD, which have high oxygen 

evolution overpotential and can produce a large amount of hydroxyl radicals. Such high oxygen 

overpotential electrodes can be operated at much higher current densities and the presence of high 
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concentrations of chlorides or metallic mediators is not necessary in the solution to electro-

oxidise the pollutants [175]. Although PbO2 is the most widely investigated anode for electro-

oxidation, the main disadvantage of pure PbO2 electrodes is the relatively low service life, 

particular when employed at high potentials [19, 68]. Also the possible release of Pb
2+

 ions from 

the electrochemical corrosion is a concern. 

In order to further improve the electrochemical stability of PbO2, incorporating some particles 

into PbO2 matrix to form a composite or doped electrode has been investigated. A number of 

oxides have been evaluated, for example,  RuO2 [22], Mn3O4 [100], La2O3 [176], Co3O4 [95] and, 

in particular TiO2 [21, 56, 68, 98, 177] and ZrO2 [19-21, 35, 178]. Among them, TiO2 and ZrO2 

have been found to be able to significantly improve the lifetime of PbO2 electrodes. For instance, 

a doubled lifetime was claimed in the work of Velichenko et al. [21, 56, 68] by incorporating 

nano-TiO2 particles in the PbO2 anode. In addition, TiO2 and ZrO2 particles enhance the catalytic 

activity and increases oxygen evolution overpotential of PbO2 [19, 98, 104]. The addition of such 

particles in PbO2 may also result in substantial change in the morphology and structure of the 

PbO2 deposits [56].   

It has to be pointed out that in these studies, the addition of TiO2 or ZrO2 particles in the plating 

bath is usually at a high level, e.g. 2g/L in Ref. [21, 56], 5g/L in Ref. [98, 177] and 2-10 g/L in 

Ref. [19, 35]. At such a high addition level, control of dispersion of nanoparticles is difficult in 

practice. It is therefore our interest to investigate whether or not a low amount of nanoparticle 

addition is sufficient in promoting the stability of PbO2. Inspired by the work of Yang et al. [179], 

we are also interested in using polyethylene glycol (PEG) – a common surfactant – to investigate 

its effect on the morphology and properties of Ti/PbO2 + nano-TiO2 composite electrode.  

Benzoic acid (BA) is a typical pollutant found in chemical, coking and dyeing waste streams [165, 

180]. It constitutes the parent molecule of several phenolic compounds and is a common 
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intermediate in the degradation of many complicated organic pollutants. There is extensive 

literature on the electrochemical oxidation of organic wastes on PbO2 electrodes [97, 112, 115, 

181, 182]; however, information about the electrochemical degradation of BA is limited. Montilla 

et al. [183] and Velegraki et al. [180] both studied electrochemical oxidation of BA over boron-

doped diamond (BDD) electrodes. It was found that electrolysis at high anodic potentials in the 

region of water and electrolyte decomposition led to the incineration of BA through complicated 

oxidation reactions with hydroxyl radicals [183]. The formation of hydroxybenzoic acids, 

dihydroxybenzoic acids and trihydroxybenzoic acids on BDD has been observed during the 

electrolysis of BA [180]. In Ref. [165],  Zhao et al reported 8 intermediates detected on a 

modified SnO2 electrode. It is therefore another objective to investigate the electro-catalytical 

activity of our Ti/PbO2 + nano-TiO2 composite electrode using BA as the model organic pollutant. 

 

6.2 Experimental 

6.2.1 Preparation of SnO2-Sb interlayer 

The 5 at% Sb doped SnO2 interlayers of 1-2 µm thickness were prepared by thermal 

decomposition on pretreated Ti substrates. The pretreatment of bare Ti coupons can be seen in 

Chapter 3. The preparation of SnO2-Sb interlayer follows the same procedures as described in 

Chapter 5. 

 

6.2.2 Preparation of Ti/PbO2 + nano-TiO2 composite coatings 

Similar electrodeposition procedures described in the previous chapters were used in this work, 

except for the addition of TiO2 particles and polyethylene glycol (PEG) in the electrolyte. The 

100 mL of electrolyte consisted of 0.5 M Pb(NO3)2 + 0.5 M HNO3 + 0.04 M NaF + 2 g/L PEG 
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and suspended nano-TiO2 particles with different concentrations. The addition of PEG as a 

surfactant is to control the nucleation, growth and alignment of PbO2 crystal [179, 184]. The 

nano-TiO2 particle concentrations added into plating solution were 0, 0.2, 0.4, 0.6 and 0.8 g/L, 

respectively. The suspension of the particles was dispersed ultrasonically for 15 min prior to 

electrodeposition. The electrodeposition was carried out at a constant current density of 10 

mA/cm
2
 for 30 min. The applied potential was approximately 2.2 V. The electrolyte temperature 

was maintained at 20 C and the stirring rate was 800 rpm (Stirrer bar size: 8 mm × 20 mm). 

 

6.2.3 Electrochemical degradation of BA and HPLC analysis 

The as-prepared nanocomposite electrodes with an area of 1 cm  2 cm
 
were used as the working 

anode, and a Ti sheet with the same area was used as the cathode. For each electrolysis test, 

25mL of BA solution (100 mg/L) was placed in the cell with 0.1 M Na2SO4 being the supporting 

electrolyte. The current density was controlled to be constant at 25 mA/cm
2
 by a DC power 

supply. 

 

6.3 Results and discussion 

6.3.1 Cyclic voltammetry  

Cyclic voltammetry was employed to study the effect of nano-TiO2 particles on PbO2 

electrodeposition process from 0.5 M Pb(NO3)2 + 0.5 M HNO3 + 0.04 M NaF solution. In Figure 

6-1, the dashed line reveals the typical cyclic voltammetry recorded from the above solution 

without addition of nano-TiO2 on Ti/SnO2-Sb substrates. During the forward scan, an anodic 

current was observed due to Pb
2+

 oxidation and oxygen evolution for both curves. The onset 

potential of PbO2 electrodeposition (Eonset) was around + 1.7 V. The addition of 0.2 g/L TiO2 
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particles (Figure 6-1a) increased the Eonset value to nearly + 1.8 V. Upon the reverse scan, the 

reduction of PbO2 was evidenced by a cathodic peak centred around + 0.8 V. A hysteresis loop 

was evident for all curves and attributed to the PbO2 nucleation process [2, 35]. Upon the reverse 

scan, the reduction of PbO2 was reflected by a cathodic peak centred around + 0.8 V. It is noted 

that the charge of reduction reaction slightly decreases at the addition of TiO2. Since the cathodic 

peak charge (integrated area) is proportional to the amount of electrodeposited PbO2 [17, 68], this 

behaviour indicates an inhibiting effect of TiO2 particles on the electrodeposition of PbO2. This 

phenomenon is in accord with the observation made in Yao et al.’s work [35], in which a distinct 

inhibition effect was revealed with the addition of 6 g/L ZrO2 particles into lead nitrate plating 

bath. TiO2 is less conductive than PbO2, thus, the embedded TiO2 particles in PbO2 matrix would 

result in increased impedance [35]. In addition, TiO2 particles on anode surface may hamper the 

electrodeposition nucleation and decrease the corresponding current of PbO2 deposition. 

Inspired by the work of Yang et al. [179], polyethylene glycol (PEG) – a common surfactant – 

was added into the plating solution to investigate its effect on the electrodeposition of PbO2 

process. As can be seen in Figure 6-1b, the addition of 2 g/L PEG significantly decreased the 

Eonset value from + 1.7 to + 1.45 V. It is also noted that the charge of reduction reaction increased 

with the addition of PEG. It can be concluded that PEG promotes the electrodeposition of PbO2. 

This phenomenon is in good agreement with Ref. [184].  In the presence of PEG + TiO2 

nanoparticles (Figure 6-1c), Eonset decreased moderately to + 1.6 V and a high current density, 

Imax of 130 mA/cm
2
 was observed. It is thus suggested that the addition of PEG could promote the 

PbO2 electrocrystallisation and also stimulate the co-deposition of Ti/PbO2+nano-TiO2. As such, 

PEG modified nitrate bath was employed in the following experiment to produce Ti/PbO2 + 

nano-TiO2 composite electrodes.  
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Figure 6-1: Cyclic voltammograms for the electrodeposition of PbO2 on Ti/SnO2-Sb substrate in 

0.5 M Pb(NO3)2 + 0.5 M HNO3 + 0.04 M NaF solution at various conditions: (a) with 0.2 g/L 

TiO2, (b) with 2 g/L PEG; (c) with 2 g/L PEG+ 0.2 g/L TiO2. Dashed line is obtained in above 

solution without addition. Scan rate: 50 mV/s. Room temperature 

 

6.3.2 Composition, structure and morphology of PbO2 anodes 

The nanocomposites with different compositions were deposited by varying the concentrations (C) 

of nano-TiO2 particles in the nitrate plating bath. Surface composition data of the prepared 

PbO2+nano-TiO2 composite electrodes were estimated by XPS analysis and listed in Table 6-1. 

These data were converted into mass fractions () of dispersed nano-TiO2 by the Equation [95]: 

 

1

TiO2 Ti Ti

1 1

PbO2 Pb Pb TiO2 Ti Ti

M P n

M P n M P n




 
   (6-1) 

 

where Ppb and PTi are the atomic fractions of Pb and Ti, MTiO2 and MPbO2 are the molar mass of 

TiO2, and PbO2, nTi is the number of Ti atoms in the TiO2 and nPb is the number of Pb atoms in 

the PbO2. The obtained TiO2 in the composite coatings increases with increasing the 

concentration of TiO2 in the plating bath. Since the overall doping content is low, the Ti peaks 

detected by XPS are relatively small; however, the mass fractions () calculated do reflect the 

concentration in the bath. 
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Table 6-1: Surface composition of PbO2 +nano-TiO2 composites determined by XPS and the 

corresponding concentration () of nano-TiO2 particles in the nanocomposite electrode. C is the 

concentration of nano-TiO2 particles in the plating bath. 

Electrode C(g/L) PPb(at. %) PTi(at. %)   (wt.%) 

Ti/PbO2 0 37.5 0 0 

Ti/PbO2+nano-TiO2 0.2 33.2 4.6 4.43 

Ti/PbO2+nano-TiO2 0.4 30.8 5.3 5.44 

Ti/PbO2+nano-TiO2 0.6 30.7 5.8 5.94 

Ti/PbO2+nano-TiO2 0.8 29.9 6.1 6.38 

 

 

XRD patterns of the PbO2 + nano-TiO2 composite coatings at different doping contents of nano-

TiO2 particles: 0, 0.2, 0.4, 0.6 and 0.8 g/L are presented in Figure 6-3. Three strong diffraction 

peaks at 32.1, 49.2 and 62.4 are indexed to -PbO2 (101), (211) and (301) planes, respectively. 

In addition, a weak peak at 25.5 is detected as (101) plane of -PbO2. It is noted that no 

reflections from nano-TiO2 particles are detected by XRD analysis. This is in accord with other 

reports, e.g. Ref. [21] and is attributed to the small quantity and perhaps more prominently to the 

small particle size (25 nm). TiO2 particles with such a small size could be X-ray amorphous 

under its measurement conditions. It can be concluded that the doping contents of nano-TiO2 

particles (0.2-0.8 g/L) used in this study did not have noticeable effect on the preferred 

crystallographic orientation of the composite coatings. This is not agreement with some other 

reports claiming that doping with TiO2 or ZrO2 significantly affects the preferential 

crystallographic orientation of PbO2 [21, 56]. To clarify whether a higher doping content would 

alter the preferential planes, we added 2 to 8 g/L nano-TiO2 particles into the plating bath. 
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However, the XRD results of these highly doped coatings are still very similar to that presented 

in Figure 6-3. In other words, we did not find any noticeable effect of TiO2 nanoparticles on 

changing the preferred crystallography of PbO2, even at a high doping content such as 8 g/L. It is 

speculated that several factors such as the substrate, bath concentration, current density, 

deposition time, temperature and other parameters employed during the deposition of PbO2 

coating can be responsible for the discrepancies observed in the literature.  

 

 

 

 

 

 

 

 

 

 

Figure 6-2: XRD diffractograms of PbO2 nanocomposite coatings deposited on Ti/SnO2-Sb 

substrates in the Pb
2+

 nitrate electrolyte at various concentrations of suspended nano-TiO2 

particles: 0, 0.2, 0.4, 0.6, and 0.8 g/L, respectively.  

 

The crystallite size of the PbO2 coatings is estimated using the Scherrer formula from the peak 

broadening at half maximum intensity (FWHM) of the strongest diffraction peak [171]. It is 
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found that the crystallite size of the PbO2 coating did not change noticeably at the current doping 

contents of nano-TiO2 particles (0.2-0.8 g/L), being in the range of 20 to 23 nm in all the cases. 

At a much higher doping content, we found the crystallite size of PbO2 did decrease from 22 nm 

(in absence of nano-TiO2) to 17 nm (2g/L) and 13 nm (8g/L). The crystallite size results observed 

at higher doping contents are in good agreement with Ref. [19, 35]. This phenomenon can be 

attributed to the crystallite-refining effect of nano-TiO2 during the electrodeposition of PbO2. As 

repored, the addition of nano-TiO2 particles into the electrolyte inhibits the electrodeposition of 

PbO2 and retards the crystal growth of PbO2. Yao et al. [35] proposed that the inert particles 

accumulated on anode surface would affect the electric double layer structure, decrease the 

effective area of PbO2 electrodeposition and result in higher impedance value. In another study, 

Velichenko et al. [21, 68] speculated that the incorporation of nano-TiO2 particles may provide 

more nucleation sites for PbO2 in the form of [TiO2]Pb
2+

ads or [TiO2]OHads. In our case, it is more 

likely that the TiO2 particles on anode surface (at a sufficiently high doping content) inhibit the 

effective deposition current and hence hamper the electro-crystallization of PbO2. Because of the 

existence of these non-conductive particles, the growth of the PbO2 crystallites is also obstructed. 

Accordingly, the crystallite size of PbO2 in the composite coatings is smaller than the undoped 

PbO2 coatings.  

Figure 6-3 shows the SEM micrographs of PbO2 + nano-TiO2 composite coatings deposited from 

the nitrate plating bath containing various doping concentrations from 0 to 0.8 g/L. In the absence 

of nano-TiO2, PbO2 coating exhibits a caterpillar-like morphology with deposit size of ~ 5 μm. 

With doping of nano-TiO2, the morphology of the coating becomes more spheroid and more 

tightly packed (Figure 6-3b to 3d). A rougher surface was observed made up with smaller PbO2 

deposits at the doping content of 0.8 g/L nano-TiO2 particles. 
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Figure 6-3: SEM images of PbO2 + nano-TiO2 composite coatings deposited from the plating 

bath with different doping contents of nano-TiO2 particles: (a) 0 g/L; (b) 0.2 g/L; (c) 0.6 g/L and 

(d) 0.8 g/L. 

 

6.3.3 The electrochemical activity of Ti/PbO2 + nano-TiO2 for OER 

The anodic electrochemical activity of the Ti/PbO2 + nano-TiO2 composite electrodes was 

studied in terms of oxygen evolution reaction (OER). Figure 6-4 records the linear scanning 

voltammograms (LSV) of the nanocomposite electrode in 0.5 M H2SO4 solution. 
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Figure 6-4: Linear scanning voltammograms of PbO2 + nano-TiO2 composite electrodes at 

different doping contents: (a) 0 g/L; (b) 0.2 g/L; (c) 0.4 g/L; (d) 0.6 g/L and (e) 0.8 g/L obtained 

in 0.5 M H2SO4 at room temperature. Scan rate is 2 mV/s.  

 

It is evident that the curves of the Ti/PbO2 + nano-TiO2 coatings had a significant positive shift in 

comparison with undoped PbO2 coating. As can be seen, the onset potential (Eonset) of OER 

increases with increasing the doping content of nano-TiO2 particles. For instance, at the electrode 

doped with 0.8g/L nano-TiO2 (Curve e), the Eonset value was increased by approximately 200 mV 

vis-a-vis as compared with undoped PbO2 electrode (Curve a). It should be noted that a high Eonset 

of OER is desirable for the electrochemical oxidation process because the pollutant would be 

oxidized prior to oxygen evolution. The LSV results suggest that the incorporation of TiO2 
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particles into the PbO2 matrix has an obvious inhibiting effect on the OER and this finding is 

consistent with previous studies [21, 56].  

 

6.3.4 Electrochemical stability  

The electrochemical stability of Ti/PbO2 + nano-TiO2 electrodes was tested using accelerated 

service life experiments. As shown in Figure 6-5, the undoped PbO2 electrode demonstrates a 

sharp increase in cell potential after 760 min of electrolysis, indicating a poor electrochemical 

stability. The situation for the nano-TiO2 doped composite electrodes was distinctly different. At 

the doping of 0.2 g/L nano-TiO2, the electrode failed after approximately 1560 min application, 

which is almost two times of that for the undoped one. It can be seen that the service life of the 

electrodes increases dramatically with increasing the doping content of nano-TiO2 particles. A 

service life as high as 2750 min was observed at the nanocomposite electrode doped with 0.8 g/L 

nano-TiO2. In combination with the morphological study (Figure 6-3), it is suggested that the 

incorporation of nano-TiO2 particles into PbO2 matrix not only improves the compactness of the 

coating, but also reduce the inner stress of the PbO2 layer. Therefore, the service life of the 

nanocomposite electrode is largely enhanced and the stability of the composite electrodes 

increases with the doping concentration. 

It is noted that in our study, all the coatings had a similar thickness of ~ 130 m and therefore the 

enhanced lifetime of the doped nanocomposite electrodes is not caused by the various thicknesses 

of the electrodes tested, instead is caused by the improved electrochemical stability of the 

nanocomposite coatings. It should also be noted that the Ti/PbO2 electrodes (including doped and 

undoped) employed in this study were only electrodeposited at 10 mA/cm
2
 for 30 min. In pratical 

application, PbO2 coatings are normally electrodeposited for hours at a much higher current 

density (depending on the coatings thinckness needed and application). In addition, the service 

http://www.sciencedirect.com/science/article/pii/S0013468698002758#FIG5
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life in this study was obtained in a severe accelerated lifetime test performed in a strong acidic 

enviroment at a high current density. The real service life of Ti/PbO2 + nano-TiO2 composite 

electrodes would be much longer when they are operated under normal conditions, for example 

20 mA/cm
2
, in a less severe environment. 

 

 

 

 

 

 

 

 

 

 

Figure 6-5: Accelerated service life test of PbO2 + nano-TiO2 composite electrodes at different 

doping contents: 0, 0.2, 0.4, 0.6 and 0.8 g/L obtained in 0.5 M H2SO4 solution at room 

temperature. Current density: 200  mA/cm
2
. All the coatings had similar thickness of ~ 130 m. 
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6.3.5 Electrochemical degradation of BA 

 

 

 

 

 

 

 

 

 

 

Figure 6-6: Benzoic acid concentration as a function of time during degradation at various 

composite electrodes. Doping concentrations of nano-TiO2 particles: 0, 0.2, 0.4, 0.6 and 0.8 g/L, 

respectively. Electrolyte: 100 mg/L BA + 0.1 mol/L Na2SO4. Current density: 200 mA/cm
2
. 

 

The Ti/PbO2 + nano-TiO2 composite electrodes were employed as the anodes for electrochemical 

degradation/oxidation of BA. Figure 6-6 reveals that nano-TiO2 doped anodes exhibit a higher 

activity for BA decomposition in comparison with the undoped PbO2 anodes. For example, 5 h 

was required for the undoped PbO2 electrode to achieve 90% removal of BA, while it only took 

less than 3 h for the composite PbO2 doped with 0.8 g/L nano-TiO2. The complete disappearance 

of BA was observed in around 5 hour of degradation at the 0.8 g/L nano-TiO2 doped electrode, 
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which is appropriately half of the time needed for the undoped electrode. It is noted that the 

degradation rate tends to increase with increasing the doping concentration of nano-TiO2 particles, 

and this phenomenon is more prominent at a higher concentration of BA in the electrolyte. A 

first-order process has been applied in this study. The pseudo-first-order kinetics of BA removal 

at these five anodes can be expressed by [58, 185]:  

 

d

d

C
kC

t
   

 (6-2) 

where C is the concentration of  BA at time   during the degradation process; k is the pseudo-

first-order rate constant. Integrating Equation 6-2 gives rise to Equation 6-3: 

 

ln
o

C
kt

C
   

 (6-3) 

where Co is the initial concentration of BA. 

 

The plot of Equation 6-2 is presented in Figure 6-7, which shows a reasonably good linear 

relationship between ln(C/Co) and the degradation time at various electrodes. The kinetics 

coefficients k, the correction coefficient r
2
 and the half-life t1/2 for the degradation of BA are listed 

in Table 6-2. It is evident that the incorporation of nano-TiO2 particles into PbO2 has greatly 

improved the electrocatalytic activity of the anodes. The first-order kinetics constant of BA on 

the Ti/PbO2 + nano-TiO2 (0.8 g/L) composite electrode is 0.86 × 10
-4 

h
-1

, which is appropriately 2 

times higher than that of undoped PbO2 electrode (0.43 × 10
-4

 h
-1

). The higher removal rate for 

nano-TiO2 modified electrodes is correlated with the large values of Eonset for OER. The much 
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inhibited oxygen evolution during the degradation thus increases the current efficiency. In 

addition, the uniform and tightly packed morphology of the doped electrodes, as shown in Figure 

6-3, may promote the uniform distribution of microcurrent on surface to improve the conductivity 

of electrode [130],  and also contributes to a larger reaction area over the nanocomposite 

electrode surface.  

 

 

 

 

 

 

 

 

 

 

 

Figure 6-7:  The corresponding kinetic analysis associated with a first-order reaction for BA on 

composite Ti/PbO2+ nano-TiO2 electrodes at varied doping content of nano-TiO2 particles. 
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Table 6-2: The electrocatalytic activity of Ti/PbO2 + nano-TiO2 electrodes at various doping 

contents. k is the kinetics coefficients, r
2
 is the correction coefficient and t1/2 is the half-life for the 

degradation of BA. 

Doping of nano-TiO2 (g L
-1

) k (h
-1

) r
2
 t1/2 (h) 

 0 0.43490 0.99706 1.59381 

 0.2 0.48157 0.99784 1.43935 

 0.4 0.55487 0.99191 1.24921 

 0.6 0.63468 0.99646 1.09212 

 0.8 0.86439 0.99499 0.80189 

  

 

The HPLC measurements show that the main intermediates detected during BA degradation are 

identical on both Ti/PbO2 and Ti/PbO2 + nano-TiO2 electrodes. It is suggested that the doping of 

nano-TiO2 particels did not change the BA degradation mechanism. The detected aromatic 

intermediates (at trace level) were hydroquinone, catechol, phenol and benzoquinone. Three acids 

including oxalic acid, maleic acid and fumaric acid were also detected. The present findings are 

similar with a recent report [112], pertaining to the electrochemical oxidation of 4-Chlorophenol 

over a PbO2 electrode. Both 4-chlorophenol in Ref. [112] and BA in our study have a similar 

molecular structure (benzene ring) and therefore the main intermediates detected over the PbO2 

electrodes are identical.  In another report, Zhao et al [165] used BA as the model pollutant but 

SnO2-Sb as the electrode. They claimed that 8 intermediates were detected by HPLC during the 

process of BA degradation [165], including the 7 intermediates detected in our experiment and 4-

hydroxybenzoic acid. It is interesting that the intermediates of BA oxidation over PbO2 and 

SnO2-Sb electrodes are almost the same except for 4-hydroxybenzoic acid that was not detected 
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in our study. This slight discrepancy may be caused by different degradation mechanism over 

different electrodes. A further confirmation could be found in the work by Montilla et al. [183], 

who reported the degradation of BA over a boron-doped diamond (BDD) electrode and detected 

hydroxybenzoic acids, dihydroxybenzoic acid and trihydroxybenzoic acid. Also using BDD 

electrodes, Velegraki et al. [180], on the other hand, identified the formation of 4-hydroxybenzoic 

and cinnamic acids during the electrolysis of BA. These intermediates associated with BDD 

electrodes were not detected in our study. It is therefore postulated that the degradation 

mechanism over BDD electrode differs significantly from that over PbO2 anodes. 

It is noted that the anodes employed in this experiment were small (1 cm × 2 cm), thus the 

intermediates detected during the BA oxidation were only analysed qualitatively due to the 

relatively low concentration. Further experiments using a large electrode for bulk electrolysis will 

be conducted. Total organic carbon (TOC) test and quantitative analysis of the intermediates is 

necessary for elucidating the reaction pathways of BA electrochemical incineration. 

  

6.4 Conclusions 

This work examines the physicochemical and electrochemical properties of Ti/PbO2 + nano-TiO2 

composite electrodes prepared with a co-deposition method from Pb
2+

 plating solution containing 

suspended nano-TiO2 particles. It is found the incorporation of small amount of nano-TiO2 

particles (0.2 g/L-0.8 g/L) into PbO2 did not change the PbO2 crystallite size, however, high 

doping (2 g/L-8 g/L) significantly deceased the crystallite size due to a crystallite-refining effect 

of nano-TiO2 during the electrodeposition of PbO2. The chemical stability of Ti/PbO2 + nano-

TiO2 composite electrodes was greatly enhanced. The service lifetime of the nanocomposite 

electrodes at the doping content of 0.8 g/L was almost three times longer than that of the undoped 

PbO2 electrodes. Higher electrochemical activity of the nanocomposite electrodes towards BA 

http://dict.cn/qualitative%20analysis
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degradation was achieved, which might be attributed to the higher overpotential for OER on the 

nanocomposite electrodes, denser coating structure and larger surface area. It is noted that the 

doping of nano particles did not have significant effect on the degradation mechanism of BA. 

During the degradation of BA, the identical stable intermediates were detected on both Ti/PbO2 

and Ti/PbO2 + nano-TiO2 electrodes, including hydroquinone, catechol, phenol, benzoquinone, 

oxalic acid, maleic acid and fumaric acid. It is also noted that the degradation mechanism of BA 

on PbO2 electrodes is similar with that on SnO2-Sb electrodes, but extremely different from that 

on BDD electrodes.  
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7. EFFECT OF BISMUTH DOPING ON ELECTRODEPOSITION, 

PHYSICOCHEMICAL PROPERTIES AND ELECTROCATALYTIC ACTIVITY OF LEAD 

DIOXIDE ELECTRODES 

 

Bi doped PbO2 electrodes (Bi-PbO2) were prepared by electrodeposition from nitric plating 

solution containing Pb(II) and Bi(III) ions in this chapter. By varying the concentrations of Bi(III) 

ions, Bi-PbO2 electrodes prepared with various doping contents were fabricated. The influence of 

Bi(III) ions on kinetics of lead dioxide electrodeposition from nitric electrolytes was studied by 

cyclic voltammetry. The physicochemical properties of Bi-PbO2 coatings were investigated using 

scanning electron microscopy (SEM) and X-ray diffraction (XRD). Oxygen evolution was 

determined by linear scanning voltammetry (LSV) to test the electrocatalytic activity. 

Electrochemical degradation of target pollutant was performed in an undivided cell equipped with 

a Bi-PbO2 anode and a Ti cathode. The concentration of the pollutant during degradation process 

was monitored by high performance liquid chromatography (HPLC) analysis. 

 

7.1 Introduction 

PbO2 has been regarded as an excellent metal oxide electrode for electrochemical oxidation of 

industrial wastewater containing toxic and refractory pollutants [58, 123, 176]. Much of the 

recent research addresses the twin goals of developing PbO2 coatings that has high 

electrocatalytic activity for particular electrode reactions, and enhanced coating stability [2]. The 

electrochemical activity of PbO2 electrodes is largely determined by the composition of the 

coating. The surface area of the deposit is also a critical factor in determining the kinetics of 

dissolution/reduction of the PbO2 coating [186]. The electrocatalytic activity of PbO2 coatings 

http://dict.cn/cyclic%20voltammetry
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can be greatly enhanced by incorporation of some metal ions, such as Bi(III) [17, 187-190], Fe(III) 

[55, 191], Ce(III) [192, 193], Sn(IV) [194], and Co(II) [18, 195]. Among these metal ions, Bi(III) 

doping PbO2 electrode shows excellent electro-catalytic activity for oxidation of organic 

pollutants and has been extensively investigated. Borras et al. [196] prepared Bi-doped PbO2 

electrode and confirmed that Bi dopant led to a structure modification and improved the oxidation 

kinetics of organic compounds, due to the formation of a low surface density of  bismuth oxide 

(Bi2O5) sites. Mohd [186] investigated four metal ion dopants including Bi(III), Ag(I), Fe(II) and 

Ni(II) and found that Bi(III) was the best dopant ions; the Bi doped coatings represent the best 

compromise between stability and the ability to support anodic oxidation of dimethyl sulfoxide. 

The state of bismuth in Bi-PbO2 has been a matter of debate for a long time. According to 

Johnson et al. [111, 197] bismuth is doped as Bi(V) while Rothenberg et al. [198] favour Bi(III) 

although they do not exclude the presence of Bi(V). Shmychkova and co-workers [17] proposed a 

tentative model based on deviations from the ideal stoichiometry of PbO2 and tended to agree on  

Bi(III). It was found that heavily doped PbO2-film electrodes, formed by electrodeposition from 

acidic solutions of Pb(II) and Bi(III) ions, exhibit significantly higher activity for many anodic O-

transfer reactions in comparison with pure PbO2 films [189]. It had been speculated [199, 200] 

that Bi(V) sites in Bi-PbO2 electrode surfaces promote anodic O-transfer reactions by serving as 

sites at which anodic discharge of water, a prerequisite for anodic O-transfer reactions, can occur 

at lower potentials than at the PbO2 matrix. However, this possibility has been discredited by the 

findings that the anodic discharge of water actually occurs at a slightly higher potential at Bi(V) 

sites than at Pb(IV) sites in the Bi–PbO2 surface [189, 201]. Based on their experimental data, 

Popovic et al. [201] developed an adsorption model to describe the voltammetric response for 

anodic O-transfer reactions at Bi-PbO2 electrodes. 

http://www.sciencedirect.com.ezproxy.auckland.ac.nz/science/article/pii/S0013468613016125
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This work investigated the physicochemical and electrochemical properties of Bi doped PbO2 

coatings electrodeposited from nitric acid plating solutions containing Bi(III), Pb(II) and F(I)
 
ions. 

The electrocatalytic activity of the modified Bi-PbO2 electrodes was studied by applying this 

anode to electrochemical oxidation of target pollutant. The effect of Bi(III) ions on kinetics of 

lead dioxide electrodeposition from nitric electrolytes was also discussed.  

 

7.2 Experimental 

7.2.1 Preparation of SnO2-Sb interlayer  

The preparation of SnO2-Sb interlayer follows the same procedures as described in Chapter 5. 5 

at% Sb doped SnO2 interlayers of 1-2 µm thickness were prepared on pretreated Ti substrates. It 

should be pointed out that Ti substrates with dimensions of 5 cm  1 cm  0.1 cm were selected 

as substrates. 

 

7.2.2 Preparation of Ti/Bi-PbO2 coatings 

The electrodeposition procedures were similar as described in the previous chapters, except for 

the size of the Ti substrates. The as-prepared Ti/SnO2-Sb substrate with a working area of 5 cm × 

1 cm was used as the anode, while a copper sheet with the same area was employed as the 

cathode. The 200 mL of electrolyte consisted of 0.5M Pb(NO3)2 + 0.5M HNO3 + 0.04M NaF and 

various amounts of Bi(NO3)3·5H2O was added into the plating solution: 0, 2, 4 and 6 mM/L 

Bi(III), respectively. PbO2 coatings were galvanostatically electroplated at a current density of 35 

mA/cm
2
 for 30 min. The applied potential was around 2 V. The electrolyte temperature was 

maintained at 20 C and the stirring rate was 500 rpm (Stirrer bar size: 8 mm × 20 mm). 
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7.2.3 Electrochemical degradation of benzoic acid (BA) 

The effect of Bi doping on the electro-catalytic performance of PbO2 electrodes was examined by 

employing Bi-PbO2 as anodes for electrochemical oxidation of BA. The degradation experiment 

used a similar procedure as described in Chapter 3. The experimental conditions were based on 

those obtained from pure PbO2 electrodes. A Bi-PbO2 electrode was used as the working anode, 

and a Ti sheet with the same area was used as cathode. For each electrolysis test, 100 mL of BA 

solution (100 mg/L) was placed in the cell with 0.1 M Na2SO4 being the supporting electrolyte. 

The current density was controlled to be constant at 30 mA/cm
2
 by a DC power supply. The 

applied potential was approximately 5 V. The electrochemical oxidation process was monitored 

by measuring BA concentration in the electrolytical solution using high-performance liquid 

chromatogram (HPLC 1100, Agilent). More detailed conditions can be referred to Chapter 3.  

 

7.3 Results and discussion 

7.3.1 Voltammetric study of Bi doped PbO2 

Figure 7-1a presents typical cyclic voltammograms recorded on the Ti/SnO2-Sb substrates in a 

electrolyte of 0.5M Pb(NO3)2 + 0.1M HNO3 + 0.04M NaF at room temperature. The anodic 

branch of the curve features an exponential current growth at potentials higher than +1.65 V, 

corresponding to the simultaneous reactions of Pb
2+

 oxidation and oxygen evolution. In the 

cathodic branch of the curve, a current peak due to lead dioxide reduction was observed at 

potentials between +0.75 V and + 1.0 V. Figure 7-1b shows a typical cyclic voltammogram 

recorded in the presence of 6 mM/L Bi(III) ions under the same conditions. It can be seen that the 

addition of 6 mM/L Bi(III) ions to the plating solution significantly increases the onset potential 

of lead dioxide electrodeposition (Eonset) from + 1.65 V to + 1.79 V, indicating an inhibiting 

effect on the nucleation of PbO2. The maximum current density observed during the forward scan 

http://www.sciencedirect.com/science/article/pii/S001346860300149X#FIG1
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(anodic branch) is 100 mA/cm
2
, slightly lower than that of in the absence of bismuth. On the 

reverse (cathodic branch) scan on the Ti/SnO2-Sb substrate, the reduction of PbO2 is evidenced 

by clear and broad reduction peaks centred around + 0.8 V. It is obvious that the charge of 

reduction reaction significantly decreases at the doping of 6 mM/L Bi(III) ions. Since it is 

established that the cathodic peak charge (integrated area) is proportional to the amount of 

electrodeposited PbO2 [17, 68], this behaviour indicates that the lead dioxide electrodeposition 

process is inhibited. It should be pointed out that zero current is not achieved when the potential 

reaches zero for all cyclic voltammograms in this work. As described in Chapter 4, this 

phenomenon might be attributed to the uncompleted reduction process of PbO2 coatings.  
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Figure 7-1: Cyclic voltammograms of PbO2 deposition on Ti/SnO2-Sb substrates in 0.5 M 

Pb(NO3)2+0.5 M HNO3+0.04 M NaF solution at room temperature: (a) in absence of Bi(III) ions 

and  (b) in presence of 6 mM/L Bi(III) ions. Scan rate was 50 mV/s. Room temperature. 
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Figure 7-2:  Cyclic voltammograms of PbO2 deposition on Ti/SnO2-Sb substrates in 0.5 M 

Pb(NO3)2+0.5 M HNO3+0.04 M NaF solution at room temperature with varied amount of Bi(III) 

addition: (a) 0 mM/L; (b) 2 mM/L;(c) 4 mM/L and (d)  6 mM/L. Scan rate was 50 mV/s.  

 

Figure 7-2 shows the cyclic voltammograms recorded on Ti/SnO2-Sb substrates in electrolyte of 

0.5M Pb(NO3)2 + 0.1M HNO3 + 0.04M NaF with addition of Bi(III) ions at 0, 2, 4 and 6 mM/L, 

respectively. It is evident that the onset potential (Eonset) of PbO2 electrodeposition increases with 

increasing the doping content of Bi(III) ions. The Eonset value recorded at the bismuth doping 

amount of 0, 2, 4 and 6 mM/L were +1.65, +1.74, +1.76 and +1.79 V, respectively. The first 

addition of 2 mM/L Bi(III) shifted the Eonset by nearly 0.1 V, while further increasing the addition 

did not have significant effect. It is observed that upon increasing the concentration of Bi(III) ions 
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in the deposition solution, the charge of the cathodic branch progressively decreases, which is in 

good agreement with Shmychkova et al.’s work [17]. The addition of Bi(III) ions to plating 

solution decreases the rate of PbO2 nucleation or formation, and this can be attributed to a co-

adsorption phenomena (i.e. Bi(III) and Pb(II) ions are adsorpted together on the electrode surface) 

[17, 79]. Although the presence of Bi(III) ions in the plating solution influences kinetics of lead 

dioxide electrodeposition,  the process mechanism does not change [17]. 

 

7.3.2 XRD analysis 

As described in Chapter 2, PbO2 exhibits two polymorphic forms: orthorhombic α-PbO2, and 

tetragonal β-PbO2 with a rutile structure. In general, β-PbO2 is more attractive in electrochemical 

fields than α-PbO2 [2]. Figure 7-3 presents the XRD patterns of the modified Bi-PbO2 electrodes 

at different Bi(III) doping contents (i.e. 0, 2, 4 and 6 mM/L). It can be seen that the XRD of PbO2 

coatings with different doping levels were similar. A strong diffraction peak at 62.4 indexed to 

-PbO2 (301) plane was observed in all samples. However, the intensity of diffraction peak at 

32.1 indexed to -PbO2 (101) plane decreases with increasing the doping of bismuth from 0 to 6 

mM/L. Increasing bismuth doping level results in an apparent texture – the (301) peak dominates. 

The existence of preferential orientations for crystallite growth has been reported in the literature 

[81, 170]. It is worth pointing out that no characteristic diffraction peaks of bismuth oxides 

phases appeared in all samples. This may imply that either the amount of bismuth oxide is too 

small or the bismuth oxide is in the solid solution of PbO2.  
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Figure 7-3: XRD diffractograms of the PbO2 coatings deposited on the Ti/SnO2-Sb substrates 

from bath added with varied amount of Bi(III) ions: (a) 0 mM/L; (b) 2 mM/L;(c) 4 mM/L and (d) 

6 mM/L. 

 

7.3.3 SEM characterization of coatings 

PbO2 coatings obtained from plating solutions containing Bi(III) ions were shiny dark-grey in 

colour and showed good adhesion to the substrates. Figure 7-4 shows SEM micrographs of the 

PbO2 coatings deposited onto the Ti/SnO2-Sb substrates at different Bi(III) doping contents. Pure 

PbO2 coating displayed a tightly packed, pyramid-like or angular shaped morphology. At 2 

mM/L of bismuth doping, the Bi-PbO2 coating exhibited a (301) texture (Figure 7-3) and a 
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uniform rod shaped surface with particles being ~5 μm in size. Increasing doping content to 4 

mM/L gives rise to a dense morphology with smaller rod-like particles. When the bismuth doping 

increases up to 6 mM/L, a highly compact morphology composed by extremely small rod like 

particles can be seen. It is noted that increasing doping content of Bi(III) from 2 to 6 mM/L 

decreases the size of the PbO2-deposit particles gradually by several micrometres. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7-4: SEM images of PbO2 coatings deposited on the Ti/SnO2-Sb substrates from plating 

solution added with various amounts of Bi(III) ions: (a) 0 mM/L; (b) 2 mM/L;(c) 4 mM/L and (d) 

6 mM/L. 



 

Chapter 7:Doping with bismuth  142 

 

 

7.3.4 Electrochemical characterization 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7-5: Linear scanning voltammograms of Bi doped PbO2 electrodes at different doping 

levels: (a) 0 mM/L; (b) 2 mM/L;(c) 4 mM/L and (d) 6 mM/L obtained in 0.5 M H2SO4 at room 

temperature. Scan rate is 2 mV/s.  

 

Electrocatalytic properties of Bi doped PbO2 electrodes were studied in respect to oxygen 

evolution reaction. As reported, the rate of oxygen evolution process depends on the nature of the 

coatings and amount of foreign dopants [17]. The change of oxygen evolution reaction at doped 

PbO2 coatings mainly depends on changes in chemical properties of oxide surface that, in turn, 

leads to bond strength change of oxygen containing particles chemisorbed on the electrode 
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surface. As shown in Figure 7-5, the doping of Bi(III) significantly increases the oxygen 

overpotential on PbO2 electrodes. In addition, the oxygen overpotential progressively increases 

with increasing the doping content of Bi(III)
 
ions in the plating solution. This result is in good 

agreement with Popovic et al.’s work [189]. The increased overpotential for the water discharge 

reaction at Bi doped PbO2 mainly depends on two factors: (i) the bismuth content in the coating; 

(ii) the segregation of bismuth, which induces surface heterogeneity due to sites with different 

electroactivity for water discharge reaction [17]. According to Shmychkova et al. [17], at 

relatively high potential, an increased number of oxygen radical intermediates would be 

transferred from Pb(IV) sites to Bi(III) sites to produce a sensible amount of Bi(IV) and Bi(V) 

sites: 

 

SPb(IV)  + H2O  SPb(IV)-OH· + H
+
 + e

-
  (7-1) 

SBi(III) + OH·  SBi(IV)O + H
+
    (7-2) 

SBi(IV)O + OH·  SBi(V)(O)2 + H
+
 (7-3) 

 

The higher overpotential at Bi-PbO2 electrodes is ascribed to the decreased number of oxygen 

radical intermediates involved in oxygen evolution reaction at Bi-PbO2 as compared with the 

pure PbO2 electrodes. 

  



 

Chapter 7:Doping with bismuth  144 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7-6: Benzoic acid concentration as a function of time during degradation at various Bi 

doped PbO2 electrodes. Addition of Bi(III) ions in plating solution: (a) 0 mM/L; (b) 2 mM/L; (c) 4 

mM/L and (d) 6 mM/L, respectively. Electrolyte: 100 mg/L BA + 0.1 mol/L Na2SO4. Current 

density: 200 mA/cm
2
. 

 

Bi doped PbO2 electrodes were employed as the anode in the electrochemical degradation of 

benzoic acid (BA) and their ability of the anodic oxidation was also compared. As shown in 

Figure 7-6, the doping of Bi has a noticeable improvement in the electrocatalytic ability of PbO2 

electrodes. It is noted that the electro-catalytic ability increases progressively with increasing the 

doping content of Bi(III)
 
ions. 
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Figure 7-7:  The corresponding kinetic analysis associated with a first-order reaction for BA on 

Bi doped PbO2 electrodes at different doping contents: (a) 0 mM/L; (b) 2 mM/L; (c) 4 mM/L and 

(d) 6 mM/L, respectively. 

 

The decay of the BA concentration over degradation time from different anodes is shown in the 

semi-logarithmic plots in Figure 7-7. The linear relationship presented indicates a pseudo first-

order kinetic for all these cases, and the rate equation for the oxidation of BA was described 

before in Chapter 6. The kinetics coefficients (k) and correction coefficients (r
2
) are listed in 

Table 7-1. 
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Table 7-1: Comparison of benzoic acid degradation activity at various Bi doped PbO2 electrodes. 

k is the kinetics coefficients and r
2
 is the correction coefficient. 

Doping of Bi(III) (mM L
-1

) k (h
-1

) r
2
 

0 0.19712 0.99312 

0.2 0.25689 0.99286 

0.4 0.31523 0.98371 

0.8 0.51854 0. 98676 

 

In comparison to pure PbO2 electrode, significantly higher electrocatalytic activities for oxidation 

of benzoic acid at Bi doped PbO2 (Bi-PbO2) electrodes have been demonstrated. This result may 

stem from an increase in the surface density of catalytic sites, i.e. Bi(V) sites in Bi-PbO2 

electrodes. As reported by Chang and coworkers [136], Bi(V) sites can promote the oxidation of 

target reactants. Popovic et al. [189, 201] found that the Bi(V) sites function for pre-adsorption of 

the reactant species in the anodic O-transfer mechanism during the oxidation of organic 

compounds. The benefit of pre-adsorption results from: (i) desolvation of reactant species, which 

minimizes the requirement for transfer of O-atoms by an improbable tunneling mechanism [189]; 

and (ii) the increased residence time of reactant species at the electrode surface [11]. Previous 

study revealed that the anodic discharge of water actually occurs at slightly higher potential at 

Bi(V) sites than at Pb(IV) sites in the Bi–PbO2 surface [189]. This study is in good agreement 

with that phenomenon and demonstrates that the Bi-PbO2 electrodes present higher oxygen 

overpotential comparing to pure PbO2 electrodes. 
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7.4 Conclusions 

The effect of Bi(III) ions on kinetics of PbO2 electrodeposition from nitric plating solution and 

physicochemical properties of obtained coatings were studied. Experimental results are consistent 

with a mechanism previously proposed in the literature for PbO2 electrodeposition [59, 66]. The 

presence of Bi(III) ions in plating solution leads to the inhibition of PbO2 electrodeposition 

process due to Bi(III) ions adsorption on the electrode surface. The obtained Bi-PbO2 coatings 

were shiny dark-grey in color and present good adhesion to Ti/SnO2-Sb substrates. SEM images 

reveal that Bi-PbO2 coatings present a compact structure with rod-shaped deposits being 1~5 

micrometers in size and X-ray diffractograms demonstrated that incorporation of bismuth results 

in an apparent texture – the β (301) plane. No characteristic diffraction peak of bismuth oxides 

phases was detected due to the implantation of bismuth into PbO2 structures. The oxygen 

overpotential on Bi-PbO2 electrodes is significantly higher than on undoped PbO2 electrode. It is 

reported that the oxygen overpotential is determined by the bismuth content in PbO2 deposit and 

the segregation of bismuth [17]. Electrochemical degradation of benzoic acid (BA) was 

performed using both PbO2 and Bi-PbO2 electrodes. The higher electrocatalytic ability at Bi-

PbO2 can be attributed to the increased specific area of the electrodes resulted from the decrease 

in the size of the crystal particles, and can also be attributed to the favourable adsorption of ·OH 

radicals at Bi(V) sites. 
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8. CONCLUSIONS AND FUTURE WORK 

 

The experimental investigations have been presented in the previous four chapters. This chapter 

summarizes the important findings from this research and provides some new ideas that might be 

worthy of further research. 

 

8.1 Conclusions 

This thesis studied the electrodeposition of PbO2 coatings on titanium substrates with an 

interlayer of SnO2-Sb. The effects of susbtrate, Pb
2+

 concentration, deposition time, temperature, 

current density and different dopants on the obtained PbO2 coatings were systematically 

investigated. Microstructure, phase constitutents, electrochemical performances were studied in 

detail to evaluate the properties of obtained PbO2. Based on these studies, the following 

conclusions may be drawn. 

 (1) F
-
 doped -PbO2 coatings were electroplated on the Ti/SnO2-Sb substrate from a traditional 

acidic nitrate solution. By varying electrodeposition temperature and time, various PbO2 coatings 

with various morphologies, microstructures and crystallite sizes were synthesized. It is found that 

an interlayer SnO2-Sb on Ti substrate can significantly promote the electrodeposition of PbO2. 

The deposition temperature and deposition time affect the PbO2 coatings in a synergic manner. In 

the early stage of electrodeposition, temperature seems to not have significantly effect on the 

morphology and crystallographic orientation of PbO2 coatings except for the crystallite size. 

However, for a longer electrodeposition time, the attendant PbO2 coatings demonstrate a clear 

correlation between the crystallographic orientation and the morphology. At 15 C of 

electrodeposition temperature, the PbO2 coatings exhibit a  (301) texture and a caterpillar like 
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morphology. At a temperature > 35 C, the coating displays a more tightly packed pyramid-like 

surface. In all cases, the crystallite size increases with deposition temperature. Different 

physicochemical properties are thought to stem from various surface area, porosity and 

connectivity between crystallites and reaction depth in the PbO2 coatings obtained under different 

electrodeposition conditions.  

(2) A detailed study of the physicochemical characteristics of galvanostatic deposited PbO2 

coatings obtained by varying Pb
2+

 concentration and current density has been reported. It is 

evident that Pb
2+

 concentration and current density affect the PbO2 coatings in a synergic manner. 

In most cases, a mixture of  + -PbO2 phase was obtained except at a low current density. At a 

current density < 40 mA/cm
2
, the coating exhibited a pure -PbO2 phase and the concentration 

seems to have insignificant effect on the morphology and crystallographic orientation of the PbO2 

coatings. In all these PbO2 coatings, the  phase exhibited a   (301) texture and the coatings had 

a pebble-shaped morphology. On the other hand, at a higher current density, the PbO2 deposit 

exhibited a dominant -PbO2 phase with a minor -PbO2 phase present. In these cases, the 

morphology of the deposits is sensitive to the corresponding current density and Pb
2+

 

concentration. The PbO2 coatings exhibited a porous flower-like morphology under the 

deposition at 100 mA/cm
2
 in 0.1 M Pb

2+
 bath, while the deposit morphology changed to worm-

like and spindle-like if the Pb
2+ 

concentration increased to 0.3 M and 0.5 M, respectively. It is 

indicates that either a sufficiently high concentration or low current density is necessary in order 

to obtain a compact and dense PbO2 deposit. Otherwise non-uniform or porous deposits would 

result from severe concentration polarization at the electrode surface.  

(3) Ti/PbO2 + nano-TiO2 composite electrode were prepared with a co-deposition method from 

Pb
2+

 plating solution containing suspended nano-TiO2 particles. The physicochemical properties 

and electro-catalytic acitivity were explored. It is found the incorporation of small amount of 
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nano-TiO2 particles (0.2 g/L-0.8 g/L) into PbO2 did not change the PbO2 crystallite size, however, 

high doping (2 g/L-8 g/L) significantly deceased the crystallite size due to a crystallite-refining 

effect of nano-TiO2 during the electrodeposition of PbO2. The chemical stability of Ti/PbO2 + 

nano-TiO2 composite electrodes was greatly enhanced. The service lifetime of the nanocomposite 

electrodes at the doping content of 0.8 g/L was almost three times longer than that of the undoped 

PbO2 electrodes. Higher electrochemical activity of the nanocomposite electrodes towards BA 

degradation was acheived, which might be attributed to the higher overpotential for OER on the 

nanocomposite electrodes, denser coating structure and larger surface area. It is noted that the 

doping of nano particles did not have significant effect on the degradation mechanism of BA. 

During the degradation of BA, the identical stable intermediates were detected on both Ti/PbO2 

and Ti/PbO2 + nano-TiO2 electrodes, including hydroquinone, catechol, phenol, benzoquinone, 

oxalic acid, maleic acid and fumaric acid. It is also noted that the degradation mechanism of BA 

on PbO2 electrodes is similar with that on SnO2-Sb electrodes, but extremely different from that 

on BDD electrodes. 

(4) Bismuth doped PbO2 coatings were fabricated by electrodeposition in a nitric plating solution 

added with certain amount of Bi(III) ions. The effect of Bi(III) ions on kinetics of PbO2 

electrodeposition, physicochemical properties and electrochemical performance of obtained 

coatings were investigated. Experimental results are consistent with a mechanism previously 

proposed in the literature for PbO2 electrodeposition [59, 66]. The presence of Bi(III) ions in 

plating solution leads to the inhibition of PbO2 electrodeposition process due to Bi(III) ions 

adsorption on the electrode surface. The obtained Bi-PbO2 coatings were shiny dark-grey in color 

and present good adhesion to Ti/SnO2-Sb substrates. SEM images reveal that Bi-PbO2 coatings 

have a compact structure with rod-shaped deposits being 1~5 micrometers in size and X-ray 

diffractograms demonstrated that incorporation of bismuth results in an apparent texture – the β 

(301) plane. No characteristic diffraction peak of bismuth oxides phases was detected due to the 
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implantation of bismuth into PbO2 structures. The oxygen overpotential on Bi-PbO2 electrodes is 

significantly higher than on undoped PbO2 electrode, and it is determined by the bismuth content 

in PbO2 deposit and the segregation of bismuth [17]. Electrochemical degradation of BA was 

performed using both PbO2 and Bi-PbO2 electrodes. The higher electrocatalytic ability at Bi-

PbO2 can be attributed to the increased specific area of the electrodes resulted from the decrease 

in the size of the crystal particles, and can also be attributed to the favourable adsorption of ·OH 

radicals at Bi(V) sites. 

  

8.2 Future Work 

The following work is recommended for future investigations in order to gain better 

understandings of the electrodeposition process of PbO2 and to draw some links between the 

deposition procedure and the structure/morphology of the PbO2 coatings as well as between the 

structure and electrochemical performance, particularly the catalytic activity and the long term 

stability of PbO2. 

(1) It is always intriguing to investigate what exactly happens during deposition process, in 

particular in the very early stage. In this sense, an in-situ observation into the process would be 

important and interesting, if such a technique is available. The author also believes a transmission 

electron microscopic (TEM) investigation is necessary to identify the small PbO2 or other 

particles in the early stage of electrodeposition. Such TEM investigations would be of great 

importance. 

(2) A detailed study is also required to reveal the electro-crystallization process at the initial stage 

of the composite electroplating — nanoparticle-doping and foreign-ion-doping. This study can 

help us gain a better understanding of the effect of additions on the nucleation and grain growth 
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of PbO2 coatings. Meanwhile, the mechanism of how the nanoparticles /foreign ions being doped 

into PbO2 matrix is worthy of study. 

 (3) The investigation on electrochemical activity of the PbO2 coatings is essential. In this study 

we mainly employed cyclic voltammogram to evaluate the electrochemical performance. Other 

techniques such as Tafel plot, Electrochemical Impedance Spectroscopy (EIS) may provide 

further insights and/or evidences towards a better understanding of electrodeposition process. 

Further studies on the eletrocatalytic activity towards target pollutants and the degradation 

mechanism would be also welcomed. And the next research should focus more on the effects of 

degradation time, applied current density, electrolyte type, pH, temperature during oxidation 

process in the degradation set-up. 

(4) The nanocomposite coatings are doubtlessly worthy of further investigation. The biggest 

challenge in nanocomposite coatings would be the dispersion of nanoparticles, either via 

mechanical dispersion or in-situ dispersion [202]. The dispersion mechanism and how it affects 

the properties of the PbO2 coating is required and the obtained composite PbO2 coatings should 

be studied systematically to provide a full spectrum of how the composite PbO2 coatings perform. 

(5) Titanium based PbO2 electrodes now offer a cheap alternative to precious metal anodes for a 

number of applications. Provided that they are used under properly controlled conditions, such 

coatings can have extended lifetimes with no significant contamination of the cell effluent. 

However, long term stability is always a critical issue because the release of Pb
2+

 might cause 

second contamination. Further work could focus on enhancing the stability of the coating by fine-

tuning the processing parameters of substrate pre-treatments, selection of interlayers and 

electrodeposition process control.  



 

References   153 

 

 

REFERENCES 

[1] D. Pletcherb, F. C. Walsh, Industrial Electrochemistry, 2nd ed., Chapman and Hall, London, 

UK, 1990. 

[2] X. Li, D. Pletcher, F. C. Walsh, Chemical Society Reviews, 40 (2011) 3879-3894. 

[3] S. R. Ellis, N. A. Hampson, M. C. Ball, F. Wilkinson, Journal of Applied Electrochemistry, 

16 (1986) 159-167. 

[4] P. Duby, JOM: Journal of Minerals, Metals & Materials Society, 45 (1993) 41-43. 

[5] C. Comninellis, E. Plattner, Journal of Applied Electrochemistry, 12 (1982) 399-404. 

[6] M. Clancy, C. J. Bettles, A. Stuart, N. Birbilis, Hydrometallurgy, 131–132 (2013) 144-157. 

[7] A. N. Nikoloski, M. J. Barmi, Hydrometallurgy, 137 (2013) 45-52. 

[8] E. R. Kötz, S. Stucki, Journal of Electroanalytical Chemistry and Interfacial Electrochemistry, 

228 (1987) 407-415. 

[9] A. A. Babak, R. Amadelli, A. De Battisti, V. N. Fateev, Electrochimica Acta, 39 (1994) 1597-

1602. 

[10] K. C. Narasimham, H. V. K. Udupa, Journal of The Electrochemical Society, 123 (1976) 

1294-1298. 

[11] D. Pletcher, S. J. D. Tait, Journal of Applied Electrochemistry, 11 (1981) 493-502. 

[12] S. Song, L. Zhan, Z. He, L. Lin, J. Tu, Z. Zhang, J. Chen, L. Xu, Journal of Hazardous 

Materials, 175 (2010) 614-621. 

[13] J. Iniesta, E. Expósito, J. González-García, V. Montiel, A. Aldaz, Journal of The 

Electrochemical Society, 149 (2002) D57-D62. 

[14] J. Iniesta,  . Gonz lez-Garc  a,  .  xp sito, V. Montiel,  .  ldaz,  ater  esearch, 35 (2001) 

3291-3300. 

[15] J. P. Carr, N. A. Hampson, Chemical Reviews, 72 (1972) 679-703. 

[16] J. Cao, H. Zhao, F. Cao, J. Zhang, Electrochimica Acta, 52 (2007) 7870-7876. 



 

References   154 

 

 

[17] O. Shmychkova, T. Luk’yanenko,  . Velichenko, L. Meda,  .  madelli,  lectrochimica 

Acta, 111 (2013) 332-338. 

[18] L. S. Andrade, R. C. Rocha-Filho, N. Bocchi, S. R. Biaggio, J. Iniesta, V. García-Garcia, V. 

Montiel, Journal of Hazardous Materials, 153 (2008) 252-260. 

[19] Y. Yao, C. Zhao, J. Zhu, Electrochimica Acta, 69 (2012) 146-151. 

[20] A. B. Velichenko, V. A. Knysh, T. V. Luk'Yanenko, D. Devilliers, F. I. Danilov, Russian 

Journal of Electrochemistry, 44 (2008) 1251-1256. 

[21] A. B. Velichenko, V. A. Knysh, T. V. Luk’yanenko, Y.  . Velichenko, D. Devilliers, 

Materials Chemistry and Physics, 131 (2012) 686-693. 

[22] M. Musiani, F. Furlanetto, R. Bertoncello, Journal of Electroanalytical Chemistry, 465 (1999) 

160-167. 

[23] F. Huet, M. Musiani, R. P. Nogueira, Electrochimica Acta, 48 (2003) 3981-3989. 

[24] U. Casellato, S. Cattarin, M. Musiani, Electrochimica Acta, 48 (2003) 3991-3998. 

[25] M. Cerro-Lopez, Y. Meas-Vong, M. A. Méndez-Rojas, C. A. Martínez-Huitle, M. A. Quiroz, 

Applied Catalysis B: Environmental, 144 (2014) 174-181. 

[26] P. N. Bartlett, T. Dunford, M. A. Ghanem, Journal of Materials Chemistry, 12 (2002) 3130-

3135. 

[27] B. Adams, M. Tian, A. Chen, Electrochimica Acta, 54 (2009) 1491-1498. 

[28] H. Bi, C. Yu, W. Gao, P. Cao, Electrochimica Acta, 113 (2013) 446-453. 

[29] H. Bi, C. Yu, W. Gao, P. Cao, Electrochimica Acta, 129 (2014) 463. 

[30] H. Bi, C. Yu, W. Gao, P. Cao, Journal of The Electrochemical Society, 161 (2014) D327-

D332. 

[31] H. Bi, C. Yu, P. Cao, Y. He, Key Engineering Materials, 520 (2012) 76. 

[32] H. H. Lou, Y. Huang, Encyclopedia of Chemical Processing, (2006) 1-10. 

[33] N. Kanani, Electroplating: Basic Principles, Processes and Practice, Elsevier, 2004. 



 

References   155 

 

 

[34] P. Delahay, M. Pourbaix, P. V. Rysselberghe, Journal of The Electrochemical Society, 98 

(1951) 57-64. 

[35] Y. Yao, T. Zhou, C. Zhao, Q. Jing, Y. Wang, Electrochimica Acta, 99 (2013) 225-229. 

[36] A. Hazza, D. Pletcher, R. Wills, Physical Chemistry Chemical Physics, 6 (2004) 1773-1778. 

[37] American Mineralogist Crystal structure Database: available from 

http://rruff.geo.arizona.edu/AMS/minerals/Scrutinyite (accessed March, 2014). 

[38] W. H. Baur, A. A. Khan, Acta Crystallographica Section B, B27 (1971). 

[39] C. T. J. Low, D. Pletcher, F. C. Walsh, Electrochemistry Communications, 11 (2009) 1301-

1304. 

[40] S. Chai, G. Zhao, Y. Wang, Y.-n. Zhang, Y. Wang, Y. Jin, X. Huang, Applied Catalysis B: 

Environmental, 147 (2014) 275-286. 

[41] A. Moncada, M. C. Mistretta, S. Randazzo, S. Piazza, C. Sunseri, R. Inguanta, Journal of 

Power Sources. 

[42] L. M. Peter, Surface Science, 101 (1980) 162-172. 

[43] W. Mindt, Journal of The Electrochemical Society, 116 (1969) 1076-1080. 

[44] A. M. Helmenstine, Table of Electrical Resistivity and Conductivity: available from 

http://chemistry.about.com/od/moleculescompounds/a/Table-Of-Electrical-Resistivity-And-

Conductivity.htm (accessed March, 2014). 

[45] Y. Wang, J. Wu, Z. Wang, A. Terenyi, D. E. Giammar, Journal of Colloid and Interface 

Science, 389 (2013) 236-243. 

[46] P. Angerer, R. Mann, A. Gavrilovic, G. E. Nauer, Materials Chemistry and Physics, 114 

(2009) 983-989. 

[47] Y. Wang, B. Gu, W. Xu, L. Lu, Rare Metal Materials and Engineering, 36 (2007) 874-878. 

[48] A. R. Zeradjanin, F. La Mantia, J. Masa, W. Schuhmann, Electrochimica Acta, 82 (2012) 

408-414. 

http://rruff.geo.arizona.edu/AMS/minerals/Scrutinyite
http://chemistry.about.com/od/moleculescompounds/a/Table-Of-Electrical-Resistivity-And-Conductivity.htm
http://chemistry.about.com/od/moleculescompounds/a/Table-Of-Electrical-Resistivity-And-Conductivity.htm


 

References   156 

 

 

[49] H. An, Q. Li, D. Tao, H. Cui, X. Xu, L. Ding, L. Sun, J. Zhai, Applied Surface Science, 258 

(2011) 218-224. 

[50] X. Yang, R. Zou, F. Huo, D. Cai, D. Xiao, Journal of Hazardous Materials, 164 (2009) 367-

373. 

[51] Y. Zheng, W. Su, S. Chen, X. Wu, X. Chen, Chemical Engineering Journal, 174 (2011) 304-

309. 

[52] N. Yu, L. Gao, S. Zhao, Z. Wang, Electrochimica Acta, 54 (2009) 3835-3841. 

[53] P. K. Shen, X. L. Wei, Electrochimica Acta, 48 (2003) 1743-1747. 

[54] J. Lee, H. Varela, S. Uhm, Y. Tak, Electrochemistry Communications, 2 (2000) 646-652. 

[55] L. S. Andrade, L. A. M. Ruotolo, R. C. Rocha-Filho, N. Bocchi, S. R. Biaggio, J. Iniesta, V. 

García-Garcia, V. Montiel, Chemosphere, 66 (2007) 2035-2043. 

[56] A. B. Velichenko, V. A. Knysh, T. V. Luk'Yanenko, F. I. Danilov, D. Devilliers, Protection 

of Metals and Physical Chemistry of Surfaces, 45 (2009) 327-332. 

[57] J. Zhao, C. Zhu, J. Lu, C. Hu, S. Peng, T. Chen, Electrochimica Acta, 118 (2014) 169-175. 

[58] Y. Liu, H. Liu, Electrochimica Acta, 53 (2008) 5077-5083. 

[59] A. B. Velichenko, D. Devilliers, Journal of Fluorine Chemistry, 128 (2007) 269-276. 

[60] M. Zhou, Q. Dai, L. Lei, C. a. Ma, D. Wang, Environmental Science & Technology, 39 

(2004) 363-370. 

[61] C. j. Yang, S.-M. Park, Electrochimica Acta, 108 (2013) 86-94. 

[62] A. B. Velichenko, R. Amadelli, E. A. Baranova, D. V. Girenko, F. I. Danilov, Journal of 

Electroanalytical Chemistry, 527 (2002) 56-64. 

[63] A. B. Velichenko, R. Amadelli, A. Benedetti, D. V. Girenko, S. V. Kovalyov, F. I. Danilov, 

Journal of The Electrochemical Society, 149 (2002) C445-C449. 

[64]  . B. Velichenko,  .  madelli,  . V. Gruzdeva, T. V. Luk’yanenko, F. I. Danilov,  ournal 

of Power Sources, 191 (2009) 103-110. 



 

References   157 

 

 

[65] A. B. Velichenko, R. Amadelli, G. L. Zucchini, D. V. Girenko, F. I. Danilov, Electrochimica 

Acta, 45 (2000) 4341-4350. 

[66] A. B. Velichenko, E. A. Baranova, D. V. Girenko, R. Amadelli, S. V. Kovalev, F. I. Danilov, 

Russian Journal of Electrochemistry, 39 (2003) 615-621. 

[67] A. B. Velichenko, D. V. Girenko, F. I. Danilov, Journal of Electroanalytical Chemistry, 405 

(1996) 127-132. 

[68]  . B. Velichenko,  . Аmadelli, V. А. Кnysh, Т. V. Luk’yanenko, F. I. Danilov,  ournal of 

Electroanalytical Chemistry, 632 (2009) 192-196. 

[69] S. Ghasemi, H. Karami, M. F. Mousavi, M. Shamsipur, Electrochemistry Communications, 

7 (2005) 1257-1264. 

[70] M. S. V. Pathy, H. V. K. Udupa, Electrochimica Acta, 10 (1965) 1185-1187. 

[71]  . Gonz lez-Garc  a, V. S ez,  . Iniesta, V. Montiel,  .  ldaz,  lectrochemistry 

Communications, 4 (2002) 370-373. 

[72] D. V. Girenko, A. B. Velichenko, E. Mahé, D. Devilliers, Journal of Electroanalytical 

Chemistry, 712 (2014) 194-201. 

[73] Y. Mohd, D. Pletcher, Electrochimica Acta, 52 (2006) 786-793. 

[74] A. B. Velichenko, D. V. Girenko, F. I. Danilov, Electrochimica Acta, 40 (1995) 2803-2807. 

[75] B. Chen, Z. Guo, H. Huang, X. Yang, Y. Cao, Acta Metallurgica Sinica (English Letters), 22 

(2009) 373-382. 

[76] J. E. Graves, D. Pletcher, R. L. Clarke, F. C. Walsh, Journal of Applied Electrochemistry, 22 

(1992) 200-203. 

[77] M. E. Hyde, R. M. J. Jacobs, R. G. Compton, The Journal of Physical Chemistry B, 108 

(2004) 6381-6390. 

[78] X. Duan, F. Ma, Z. Yuan, L. Chang, X. Jin, Journal of the Taiwan Institute of Chemical 

Engineers, 44 (2013) 95-102. 



 

References   158 

 

 

[79] Y. Tang, C. Kong, Materials Chemistry and Physics, 135 (2012) 1108-1114. 

[80] I. Sirés, C. T. J. Low, C. Ponce-de-León, F. C. Walsh, Electrochemistry Communications, 

12 (2010) 70-74. 

[81] D. Devilliers, M. T. Dinh Thi, E. Mahé, V. Dauriac, N. Lequeux, Journal of 

Electroanalytical Chemistry, 573 (2004) 227-239. 

[82] A. A. Pasa, L. M. Munford, Encyclopedia of Chemical Processing, (2006) 821-832. 

[83] Y. Feng, J. Liu, H. Ding, Electrochemistry for the Environment, (2010) 325. 

[84] M. Batzill, U. Diebold, Progress In Surface Science, 79 (2005) 47-154. 

[85] V. Brinzari, G. Korotcenkov, V. Golovanov, J. Schwank, V. Lantto, S. Saukko, Thin Solid 

Films, 408 (2002) 51-58. 

[86] C. Cobianu, C. Savaniu, O. Buiu, D. Dascalu, M. Zaharescu, C. Parlog, A. v. den Berg, B. 

Pecz, Sensors and Actuators B: Chemical, 43 (1997) 114-120. 

[87] N. Y. Shishkin, I. M. Zharsky, V. G. Lugin, V. G. Zarapin, Sensors and Actuators B: 

Chemical, 48 (1998) 403-408. 

[88] L. Bruno, C. Pijolat, R. Lalauze, Sensors and Actuators B: Chemical, 18 (1994) 195-199. 

[89] S. Mansoor Ali, S. Tajammul Hussain, J. Muhammad, M. Ashraf, A. Farooq, M. Imran, S. 

Abu Bakar, Materials Science In Semiconductor Processing, 16 (2013) 899-904. 

[90] H. Ding, Y. Feng, J. Liu, Materials Letters, 61 (2007) 4920-4923. 

[91] H. M. Çakmak, H. A. Çetinkara, S. Kahraman, F. Bayansal, M. Tepe, H. S. Güder, M. A. 

Çipiloğlu, Superlattices and Microstructures, 51 (2012) 421-429. 

[92] S. Laghrib, H. Amardjia-Adnani, D. Abdi, J.-M. Pelletier, D. Lakhdari, Materials Science In 

Semiconductor Processing, 13 (2010) 364-370. 

[93] J.-t. Kong, S.-y. Shi, X.-p. Zhu, J.-r. Ni, Journal of Environmental Sciences, 19 (2007) 1380-

1386. 



 

References   159 

 

 

[94] H. An, H. Cui, W. Zhang, J. Zhai, Y. Qian, X. Xie, Q. Li, Chemical Engineering Journal, 

209 (2012) 86-93. 

[95] Y. Dan, H. Lu, X. Liu, H. Lin, J. Zhao, International Journal of Hydrogen Energy, 36 (2011) 

1949-1954. 

[96] M. Musiani, Electrochimica Acta, 45 (2000) 3397-3402. 

[97] G. Li, J. Qu, X. Zhang, J. Ge, Water Research, 40 (2006) 213-220. 

[98] R. Amadelli, L. Samiolo,  . B. Velichenko, V.  . Knysh, T. V. Luk’yanenko, F. I. Danilov, 

Electrochimica Acta, 54 (2009) 5239-5245. 

[99] U. Casellato, S. Cattarin, P. Guerriero, M. M. Musiani, Chemistry of Materials, 9 (1997) 

960-966. 

[100] Y. Dan, H. Lin, X. Liu, H. Lu, J. Zhao, Z. Shi, Y. Guo, Electrochimica Acta, 83 (2012) 

175-182. 

[101] Z. Chen, Q. Yu, D.-h. Liao, Z.-c. Guo, J. Wu, Transactions of Nonferrous Metals Society 

of China, 23 (2013) 1382-1389. 

[102] Y. Song, G. Wei, R. Xiong, Electrochimica Acta, 52 (2007) 7022-7027. 

[103] M. Ueda, A. Watanabe, T. Kameyama, Y. Matsumoto, M. Sekimoto, T. Shimamune, 

Journal of Applied Electrochemistry, 25 (1995) 817-822. 

[104] S. P. Tong, C. A. Ma, H. Feng, Electrochimica Acta, 53 (2008) 3002-3006. 

[105] S. Tong, T. Zhang, C. a. Ma, Chinese Journal of Chemical Engineering, 16 (2008) 885-889. 

[106] K. Mondal, N. V. Mandich, S. B. Lalvani, Journal of Applied Electrochemistry, 31 (2001) 

165-173. 

[107] L. Huiling, L. Yuan, Z. Cheng, S. Rongshu, Journal of Applied Electrochemistry, 38 (2008) 

101-108. 

[108] K. L. Pamplin, D. C. Johnson, Journal of The Electrochemical Society, 143 (1996) 2119-

2125. 



 

References   160 

 

 

[109] J. Feng, L. L. Houk, D. C. Johnson, S. N. Lowery, J. J. Carey, Journal of The 

Electrochemical Society, 142 (1995) 3626-3632. 

[110] H. Chang, D. C. Johnson, Journal of The Electrochemical Society, 137 (1990) 2452-2457. 

[111] I.-H. Yeo, S. Kim, R. Jacobson, D. C. Johnson, Journal of The Electrochemical Society, 

136 (1989) 1395-1401. 

[112] J. Cao, H. Zhao, F. Cao, J. Zhang, C. Cao, Electrochimica Acta, 54 (2009) 2595-2602. 

[113] R. Amadelli, L. Armelao, A. B. Velichenko, N. V. Nikolenko, D. V. Girenko, S. V. 

Kovalyov, F. I. Danilov, Electrochimica Acta, 45 (1999) 713-720. 

[114] J. Ge, D. C. Johnson, Journal of The Electrochemical Society, 142 (1995) 1525-1531. 

[115] C. Tan, B. Xiang, Y. Li, J. Fang, M. Huang, Chemical Engineering Journal, 166 (2011) 15-

21. 

[116] C. Comninellis, G. Chen, Electrochemistry for the Environment, Springer, 2010. 

[117] K. Rajeshwar, J. G. Ibanez, G. M. Swain, Journal of Applied Electrochemistry, 24 (1994) 

1077-1091. 

[118] C. Comninellis, Electrochimica Acta, 39 (1994) 1857-1862. 

[119] C. Comninellis, C. Pulgarin, Journal of Applied Electrochemistry, 21 (1991) 703-708. 

[120] C. Carlesi Jara, D. Fino, V. Specchia, G. Saracco, P. Spinelli, Applied Catalysis B: 

Environmental, 70 (2007) 479-487. 

[121] J. L. Boudenne, O. Cerclier, Water Research, 33 (1999) 494-504. 

[122] J. D. Rodgers, W. Jedral, N. J. Bunce, Environmental Science & Technology, 33 (1999) 

1453-1457. 

[123] F. J. Recio, P. Herrasti, I. Sirés, A. N. Kulak, D. V. Bavykin, C. Ponce-de-León, F. C. 

Walsh, Electrochimica Acta, 56 (2011) 5158-5165. 

[124] H. Lin, J. Niu, S. Ding, L. Zhang, Water Research, 46 (2012) 2281-2289. 



 

References   161 

 

 

[125] A. Y. Bagastyo, D. J. Batstone, K. Rabaey, J. Radjenovic, Water Research, 47 (2013) 242-

250. 

[126] X. Chen, G. Chen, F. Gao, P. L. Yue, Environmental Science and Technology, 37 (2003) 

5021-5026. 

[127] M. Panizza, P. A. Michaud, G. Cerisola, C. Comninellis, Journal of Electroanalytical 

Chemistry, 507 (2001) 206-214. 

[128] P. Ca izares, F. Mart  nez, M. D  az,  . Garc  a-Gómez, M. A. Rodrigo, Journal of The 

Electrochemical Society, 149 (2002) D118-D124. 

[129] M. Zhou, Q. Dai, L. Lei, C. Ma, D. Wang, Environmental Science and Technology, 39 

(2005) 363-370. 

[130] Q. Dai, H. Shen, Y. Xia, F. Chen, J. Wang, J. Chen, Separation and Purification 

Technology, 104 (2013) 9-16. 

[131] F. Chen, S. Yu, X. Dong, L. Zhang, Q. Wu, Journal of Hazardous Materials, 260 (2013) 

747-753. 

[132] J. Iniesta, E. Expósito,  . Gonz lez-Garc  a, V. Montiel,  .  ldaz,  ournal of The 

Electrochemical Society, 149 (2002) D57-D62. 

[133] M. Panizza, M. Delucchi, I. Sirés, Journal of Applied Electrochemistry, 40 (2010) 1721-

1727. 

[134] R. Cossu, A. M. Polcaro, M. C. Lavagnolo, M. Mascia, S. Palmas, F. Renoldi, 

Environmental Science & Technology, 32 (1998) 3570-3573. 

[135] M. Panizza, I. Sirés, G. Cerisola, Journal of Applied Electrochemistry, 38 (2008) 923-929. 

[136] H. Chang, D. C. Johnson, Analytica Chimica Acta, 248 (1991) 85-94. 

[137] R. M. Dell, Solid State Ionics, 134 (2000) 139-158. 

[138] P. Ruetschi, Journal of Power Sources, 2 (1977) 3-120. 



 

References   162 

 

 

[139] J. Collins, X. Li, D. Pletcher, R. Tangirala, D. Stratton-Campbell, F. C. Walsh, C. Zhang, 

Journal of Power Sources, 195 (2010) 2975-2978. 

[140] A. Hazza, D. Pletcher, R. Wills, Journal of Power Sources, 149 (2005) 103-111. 

[141] X. Li, D. Pletcher, F. C. Walsh, Electrochimica Acta, 54 (2009) 4688-4695. 

[142] D. Pletcher, R. Wills, Physical Chemistry Chemical Physics, 6 (2004) 1779-1785. 

[143] D. Pletcher, R. Wills, Journal of Power Sources, 149 (2005) 96-102. 

[144] A. Hrussanova, L. Mirkova, T. Dobrev, Hydrometallurgy, 60 (2001) 199-213. 

[145] A. Hrussanova, L. Mirkova, T. Dobrev, S. Vasilev, Hydrometallurgy, 72 (2004) 205-213. 

[146] A. Watt, Read Books, (2008) 395. 

[147] M. J. Barmi, A. N. Nikoloski, Hydrometallurgy, 129–130 (2012) 59-66. 

[148] T. H. Jeffers, R. D. Groves, Minimizing Lead Contamination in Copper Produced by 

Solvent Extraction-Electrowinning (1989), United States Department of the Interior, available 

from http://stacks.cdc.gov/view/cdc/10604/cdc_10604_DS1.pdf (accessed May, 2014). 

[149] K. Omiya, Y. Kataoka, Journal of The Electrochemical Society, 145 (1998) 4323-4327. 

[150] S.-L. Park, J.-D. Moon, S.-H. Lee, S.-Y. Shin, Journal of Electrostatics, 64 (2006) 275-282. 

[151] A. M. Couper, D. Pletcher, F. C. Walsh, Chemical Reviews, 90 (1990) 837-865. 

[152] N. Munichandraiah, S. Sathyanarayana, Journal of Applied Electrochemistry, 17 (1987) 33-

48. 

[153] N. Munichandraiah, S. Sathyanarayana, Journal of Applied Electrochemistry, 20 (1990) 

1059-1062. 

[154] K. C. Narasimham, S. Sundararajan, H. V. K. Udupa, Journal of The Electrochemical 

Society, 108 (1961) 798-805. 

[155] J. C. Grigger, H. C. Miller, F. D. Loomis, Journal of The Electrochemical Society, 105 

(1958) 100-102. 

http://stacks.cdc.gov/view/cdc/10604/cdc_10604_DS1.pdf


 

References   163 

 

 

[156] N. Munichandraiah, S. Sathyanarayana, Journal of Applied Electrochemistry, 18 (1988) 

314-316. 

[157] J. C. Schumacher, D. R. Stern, P. R. Graham, Journal of The Electrochemical Society, 105 

(1958) 151-155. 

[158] D. Devilliers, M. T. Dinh Thi, E. Mahé, Q. Le Xuan, Electrochimica Acta, 48 (2003) 4301-

4309. 

[159] T. Randle, A. Kuhn, Australian Journal of Chemistry, 42 (1989) 1527-1545. 

[160] T. Randle, A. Kuhn, Australian Journal of Chemistry, 42 (1989) 229-242. 

[161] T. Osuga, K. Sugino, Journal of The Electrochemical Society, 104 (1957) 448-451. 

[162] A. B. Velichenko, D. V. Girenko, S. V. Kovalyov, A. N. Gnatenko, R. Amadelli, F. I. 

Danilov, Journal of Electroanalytical Chemistry, 454 (1998) 203-208. 

[163] F. Hine, M. Yasuda, T. Noda, T. Yoshida, J. Okuda, Journal of The Electrochemical 

Society, 126 (1979) 1439-1445. 

[164] X. Hong, R. Zhang, S. Tong, C. a. Ma, Chinese Journal of Chemical Engineering, 19 (2011) 

1033-1038. 

[165] G. Zhao, X. Cui, M. Liu, P. Li, Y. Zhang, T. Cao, H. Li, Y. Lei, L. Liu, D. Li, 

Environmental Science and Technology, 43 (2009) 1480-1486. 

[166] Q. Li, Q. Zhang, H. Cui, L. Ding, Z. Wei, J. Zhai, Chemical Engineering Journal, 228 

(2013) 806-814. 

[167] A. Technologies, LC Handbook - Guide to LC Columns and Method Development: 

available from http://www.chem.agilent.com/Library/primers/Public/LC-Handbook-Complete-2.pdf 

(accessed May, 2014). 

[168] Waters, HPLC - High Performance Liquid Chromatography: available from 

https://www.waters.com/waters/en_US/How-Does-High-Performance-Liquid-Chromatography-

Work%3F/nav.htm?locale=en_US&cid=10049055 (accessed May, 2014). 

http://www.chem.agilent.com/Library/primers/Public/LC-Handbook-Complete-2.pdf
http://www.waters.com/waters/en_US/How-Does-High-Performance-Liquid-Chromatography-Work%3F/nav.htm?locale=en_US&cid=10049055
http://www.waters.com/waters/en_US/How-Does-High-Performance-Liquid-Chromatography-Work%3F/nav.htm?locale=en_US&cid=10049055


 

References   164 

 

 

[169] S. Ghasemi, M. F. Mousavi, M. Shamsipur, Electrochimica Acta, 53 (2007) 459-467. 

[170] I. Sirés, C. T. J. Low, C. Ponce-de-León, F. C. Walsh, Electrochimica Acta, 55 (2010) 

2163-2172. 

[171] A. L. Patterson, Physical Review, 56 (1939) 978-982. 

[172] J. P. Carr, N. A. Hampson, R. Taylor, Journal of Electroanalytical Chemistry and 

Interfacial Electrochemistry, 27 (1970) 109-116. 

[173] S. Fierro, T. Nagel, H. Baltruschat, C. Comninellis, Electrochemistry Communications, 9 

(2007) 1969-1974. 

[174] S. Fierro, L. Ouattara, E. H. Calderon, E. Passas-Lagos, H. Baltruschat, C. Comninellis, 

Electrochimica Acta, 54 (2009) 2053-2061. 

[175] G. Chen, Separation and Purification Technology, 38 (2004) 11-41. 

[176] J. Kong, S. Shi, L. Kong, X. Zhu, J. Ni, Electrochimica Acta, 53 (2007) 2048-2054. 

[177] H. Xu, Q. Zhang, W. Yan, W. Chu, L. Zhang, International Journal of Electrochemical 

Science, 48 (2013) 5382-5395. 

[178] Y. Yao, C. Zhao, M. Zhao, X. Wang, Journal of Hazardous Materials. 

[179] Y. Yang, X. Li, W. Feng, W. Yang, W. Li, C. Tao, Journal of Alloys and Compounds, 509 

(2011) 845-848. 

[180] T. Velegraki, G. Balayiannis, E. Diamadopoulos, A. Katsaounis, D. Mantzavinos, 

Chemical Engineering Journal, 160 (2010) 538-548. 

[181] P. Ju, H. Fan, D. Guo, X. Meng, M. Xu, S. Ai, Chemical Engineering Journal, 179 (2012) 

99-106. 

[182] S. Song, J. Fan, Z. He, L. Zhan, Z. Liu, J. Chen, X. Xu, Electrochimica Acta, 55 (2010) 

3606-3613. 

[183] F. Montilla, P. A. Michaud, E. Morallón, J. L. Vázquez, C. Comninellis, Electrochimica 

Acta, 47 (2002) 3509-3513. 



 

References   165 

 

 

[184] V. M. Mohan, B. Hu, W. Qiu, W. Chen, Journal of Applied Electrochemistry, 39 (2009) 

2001-2006. 

[185] X. Feng, D. A. Patterson, M. Balaban, E. A. C. Emanuelsson, Chemical Engineering 

Research and Design. 

[186] Y. Mohd, D. Pletcher, Journal of The Electrochemical Society, 152 (2005) D97-D102. 

[187] C. Borrás, T. Laredo, J. Mostany, B. R. Scharifker, Electrochimica Acta, 49 (2004) 641-

648. 

[188] C. Borras, T. Laredo, B. R. Scharifker, Electrochimica Acta, 48 (2003) 2775-2780. 

[189] N. D. Popovic, J. A. Cox, D. C. Johnson, Journal of Electroanalytical Chemistry, 455 (1998) 

153-160. 

[190] W. Yang, W. Yang, X. Lin, Applied Surface Science, 258 (2012) 5716-5722. 

[191] Y. Jiang, Z. Hu, M. Zhou, L. Zhou, B. Xi, Separation and Purification Technology, 128 

(2014) 67-71. 

[192] S. Ai, M. Gao, W. Zhang, Q. Wang, Y. Xie, L. Jin, Talanta, 62 (2004) 445-450. 

[193] O. Shmychkova, T. Luk’yanenko,  .  madelli,  . Velichenko,  ournal of Electroanalytical 

Chemistry, 706 (2013) 86-92. 

[194] O. Shmychkova, T. Luk’yanenko,  .  madelli,  . Velichenko,  ournal of Electroanalytical 

Chemistry, 717–718 (2014) 196-201. 

[195] S. Cattarin, I. Frateur, P. Guerriero, M. Musiani, Electrochimica Acta, 45 (2000) 2279-

2288. 

[196] C. Borras, A. Monroy, J. Mostany, B. R. Scharifker, Electroanalysis, 19 (2007) 1628-1634. 

[197] L. A. Larew, J. S. Gordon, Y.-L. Hsiao, D. C. Johnson, D. A. Buttry, Journal of The 

Electrochemical Society, 137 (1990) 3071-3078. 

[198] S. Rothenberg, D. J. Payne, A. Bourlange, R. G. Egdell, Journal of Applied Physics, 102 

(2007) 113717. 



 

References   166 

 

 

[199] D. Pavlov, B. Monahov, Journal of The Electrochemical Society, 143 (1996) 3616-3629. 

[200] J. E. Vitt, D. C. Johnson, Journal of The Electrochemical Society, 139 (1992) 774-778. 

[201] N. Đ. Popović,  .  . Cox, D. C.  ohnson,  ournal of Electroanalytical Chemistry, 456 (1998) 

203-209. 

[202] W. Chen, Doctoral Dissertation, Sol-enhanced Nanostructured Metal-Oxide Composite 

Coatings: Structures, Properties and Mechanisms, University of Auckland (2010). 


