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Abstract 

This work focuses on the electrodeposition and modification of lead dioxide (PbO2) electrode. 

PbO2 has been actively studied as one of the critical anode materials in electrochemical 

engineering, and its applications have been extensively explored in catalysis fields including 

effluent treatment, electroanalysis, and electrosynthesis. A modern electrochemical industry 

commonly employs anodic electrodeposition to manufacture PbO2 electrodes based on 

traditional oxidising and toxic electroplating systems. However, a cleaner and more efficient 

electrodeposition mode using the methanesulfonate electrolyte has sparked increasing research 

interest in recent times. This electrolyte type benefits from its high Pb2+ solubility, good 

biodegradability and high chemical stability. In spite of its superior properties, the presence of 

chelating methanesulfonate anions causes difficulty in investigating the PbO2 preparation and 

modification processes. Hence, the primary aim of this research thesis is the characterisation 

and exploration of titanium-based PbO2 electrodes deposited from the methanesulfonate 

electroplating system. 

In this project, a series of PbO2 coatings were electrosynthesised on the Ti/SnO2-Sb substrate. 

An interlayer of SnO2-Sb on Ti substrate was used to promote the electrodeposition of PbO2 

coatings. Structural and electrochemical features of the resulting PbO2 coatings were 

characterised. Efforts have been made to establish correlations between the PbO2 

physicochemical properties and some determining deposition parameters. The concentrations 

of lead methanesulfonate and methanesulfonic acid influence the electrodeposition in a 

synergistic manner, due to the sophisticated effects of methanesulfonate (MS) anions. 

Although MS anions normally cause inhibitive effects on the deposition process, the 

aggregated MS anions near the anode surface promote the Pb2+ mass transfer, which 

considerably facilitates the PbO2 electrodeposition under the insufficiency of Pb2+ from bulk 
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solutions. The marked shift in deposition kinetics when changing the electrolyte composition 

concurrently changes the phase constitution of PbO2 coatings. In addition, the study of current 

density and deposition times provides further information concerning the PbO2 

electrodeposition. The increased applied current density changes the structural properties and 

lowers the crystallinity level of PbO2 coatings. During the initial deposition, random grain 

growth occurs near the substrate, while textured PbO2 forms as the deposition proceeds. It is 

worth noting that strong textures were generated along several preferential crystalline planes 

in all the PbO2 coatings obtained in our research. The surface morphologic features of the 

electrodeposited PbO2 depend on the electrodeposition conditions and are primarily 

responsible for its surface electrocatalytic activity – an ordered, rough surface structure is 

favoured in surface redox reactions.  

The subsequent exploration focuses on the modification of PbO2 electrode to improve its 

electrochemical performance in wastewater treatment, either by the addition of polyethylene 

glycol (PEG) in electrolytes or by a pulse reverse current (PRC) electrodeposition technique. 

The PEG addition suppresses the PbO2 electrodeposition process and refines the PbO2 coating. 

The PEG addition (≤4g/L) leads to a more compact surface without changing the pyramidal 

morphology. Enhanced degradation ability against organic pollutant was observed for PbO2 

electrodes modified with PEG addition at 4g/L. This originates from its improved surface 

activity and higher resistance to oxygen generation – the side reaction. Moreover, our study 

investigates the PRC deposited PbO2 electrodes using different duty cycles, revealing that PRC 

is an efficient and promising approach to modify PbO2 deposits. PRC deposition distinctly 

alters the phase constituent and surface microstructure, transforming the PbO2 deposits into 

pure β-PbO2 with a rough surface structure. This phenomenon originates from the preferred 

formation of β-PbO2 in the dissolution/re-deposition reactions. The degradation tests reveal 

that higher catalytic ability is achieved for the PRC deposited PbO2 electrode, implying better 
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performance in effluent treatment. Based on the analyses presented in this thesis, a uniform 

and compact surface with three-dimensional pyramidal features offers excellent degradation 

ability towards organic pollutants. To conclude, the new knowledge arising from this study 

may help to elucidate the PbO2 electrodeposition and may shed light on the future of PbO2 

electrodes in environmental engineering. 
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1. Introduction  

1.1 Research Background and Motivation 

Lead dioxide (PbO2) is one of the most studied and tested electrodes since the invention of the 

lead-acid battery [1]. In comparison with other anode materials, the superiority of PbO2 

originates from its unique combination of low price, good stability, and excellent 

electrocatalytic activity [2]. In earlier times, PbO2 coatings were in situ fabricated on a lead 

substrate, and thereby threatened by probable chemical corrosion [2]. Current advancements in 

electrochemical engineering have introduced a new electrode design where PbO2 is anodically 

deposited on an inert substrate (e.g., carbon, steel, and mostly titanium). Due to its superior 

electrochemical stability and added benefits of relatively low price and easy fabrication, the 

titanium-based PbO2 electrode has been well established since its first reported application [3, 

4].  

In addition to the field of energy storage, the electrocatalytic activity of PbO2 has been 

extensively studied and explored in a broad range of applications, such as chemical synthesis 

[5], oxygen and ozone generation [6], and effluent treatment [7, 8]. PbO2 is a feasible electrode 

material in catalysis fields, attributing to its high oxygen evolution potential, good conductivity 

and great chemical stability [9, 10]. Apart from its material nature, PbO2 sparks increasing 

attention in the area of catalysis for several reasons: (1) PbO2 is a polymorphic material with 

two crystalline forms (i.e., orthorhombic α phase and tetragonal β phase), and different phase 

constituents can be manufactured and controlled, including pure α, pure β-PbO2, or a mixture 

of both phases; (2) distinct physiochemical properties of PbO2 could be achieved by carefully 

managing an electrosynthesis process; and (3) modification of PbO2 can be easily 

accomplished by introducing different additives (e.g., polymers, nanoparticles, and other ions), 

which can significantly improve its catalytic activity and chemical stability.  
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The fabrication of PbO2 commonly employs the anodic deposition technique during which 

dissolved Pb(II) in bulk solution is electrochemically oxidised into PbO2 on the substrate 

surface. This PbO2 electrosynthesis method reveals simple operations, and the related 

deposition parameters/conditions can be easily manipulated. In the deposition process, changes 

in critical parameters may give rise to a different physiochemical behaviour in resultant PbO2. 

Hence, process optimisation is critical to the successful PbO2 electrodeposition. Earlier studies 

have confirmed that some crucial parameters have a substantial impact on the structural and 

electrochemical features of the PbO2 coatings, such as electrolyte source, Pb2+ concentration, 

bath temperature, acid strength, applied current density, and the deposition time [1, 9]. Also, 

the modification of PbO2 electrodes has been extensively studied and applied, such as the doped 

or composite PbO2 materials. In reference to previous research [2], different combinations of 

physicochemical properties for PbO2 coatings have been reported and applied extensively. 

Thus, the enhanced performance of PbO2 in the fields of energy storage and effluents treatment 

where electrode material demands different structural and morphologic behaviour, can be 

envisaged. 

However, further investigation of PbO2 electrodeposition is meaningful, and some critical 

issues still need to be addressed. Notably, the electrodeposition process depends on a series of 

deposition parameters, some of which do not remain consistent or interplay with each other 

throughout the deposition process. Such phenomenon thereby gives rise to complex 

correlations between the nature of deposits and deposition conditions. For this reason, the 

results from different studies may not be comparable. It is impossible to establish a definitive 

and universal conclusion for the deposition parameters’ effects which may vary from case to 

case under different electrodeposition circumstances. Recently, methanesulfonate electrolyte 

has been employed as a clean and efficient alternative to a PbO2 deposit. In comparison to the 

oxidising and toxic acid solutions (such as nitric and perchloride acid solutions), a 
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methanesulfonate electroplating system displays excellent Pb2+ solubility, great 

biodegradability and chemical stability. It should be noted that the existence of chelating 

methanesulfonate ion, in bulk solution, directly affects the electrodeposition kinetics, making 

it harder to elucidate the PbO2 electrodeposition process [11, 12]. Hence, in this regard, the 

preparation and modification of PbO2 using an aqueous methanesulfonate medium is worthy 

of a thorough study. In consideration of the ever-growing demand for efficient and affordable 

anode material, the in-depth research on this topic may shed light in understanding PbO2 

electrodeposition, and may lay the foundation for its possible scale-up applications.  

1.2 Objectives  

The specific objectives are summarised below:  

(1) Comprehensive elucidation of the PbO2 electrodeposition process with the presence of 

methanesulfonate anions is one of the main parts of this research. 

(2) Establishing a well-defined dependence between some critical deposition parameters 

and the physicochemical behaviour of resulting PbO2 is also a part of this thesis. 

(3) Development of novel modification pathways for PbO2 electrodes for improving its 

electrochemical performance in wastewater treatment.  

1.3 Thesis Framework 

This thesis consists of eight chapters: 

Chapter 1 gives a brief introduction to our project, the motivation behind the research and the 

purpose of our study. 
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Chapter 2 is a literature review on lead dioxide material and its applications. Published 

literature is critically surveyed to feature a panorama of PbO2 materials. A detailed description 

is also given regarding its widespread application in effluent treatment. 

Chapter 3 describes the general experimental designs and procedures. It presents the details of 

substrate preparation, PbO2 electrodeposition, and the subsequent characterisation techniques 

utilised in the examination of the Ti/SnO2-Sb/PbO2 samples. 

Chapters 4 and 5 discuss the PbO2 electrodeposition process and examine some crucial 

deposition parameters. Chapter 4 presents the correlation between electrolyte composition and 

the physicochemical properties of deposited PbO2. Chapter 5 investigates the effects of applied 

current density and deposition time on the structural and morphologic behaviour of PbO2 

coatings.  

Chapters 6 and 7 focus on the modification and utilisation of PbO2 electrodes in the field of 

organic degradation. Chapter 6 characterises the PEG-modified PbO2 electrodes and examines 

their degradation ability. Chapter 7 examines the electrodeposited PbO2 electrode using the 

pulse reverse current, and explores its electrocatalytic reactivity against benzoic acid.  

Chapter 8 – the last chapter – gives a summary of conclusions and provides our 

recommendations for future research. 
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2. Literature review 

2.1 Background 

Lead dioxide (PbO2) is a metal oxide material extensively applied in modern electrochemical 

technology. Serving as a typical anode material, PbO2 has been broadly studied and applied 

due to the advantages that include low cost, high electrical conductivity, simple preparation, 

high oxygen evolution potential and excellent stability [1]. These well-proven benefits grant 

PbO2 extensive applications in different fields such as ozone generation [13], flow battery [14], 

chemical synthesis [5], and effluent treatment [15, 16]. 

The fabrication of PbO2 normally employs the anodic deposition on an inert substrate from an 

electrolyte solution containing dissolved Pb(II). The electrodeposition of PbO2 allows simple 

operation and easy management of syntheses conditions. Different phase constituents and 

surface morphologies can be manufactured and controlled in PbO2 electrodeposition, giving 

rise to the distinct physicochemical performance of resulting PbO2. Moreover, the modification 

of PbO2 deposits can be readily accomplished by different approaches such as doping foreign 

ions, or co-depositing with nanoparticles, or manufacturing nanostructured coating. Currently, 

the pursuit of enhanced electrochemical performance in the fields of catalysis and energy 

storage has been driving continuous academic and industrial explorations of PbO2 materials. 

2.2 Basics of Lead Dioxide 

2.2.1 Crystal structure and phase constituent 

Lead dioxide exists in two crystalline forms in nature, namely the orthorhombic α phase 

corresponding to the scrutinyite mineral, and the tetragonal β phase which is associated with 
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the plattnerite mineral. The more prevalent β-PbO2 was first discovered as a mineral in the 

early nineteenth century [17]. The other allotropic form – α-PbO2 – was unknown to the public 

until its first synthesis in 1941, and several decades later in 1988 it was found as a rare mineral 

in nature [18]. Basically, α-PbO2 features an orthorhombic symmetry of columbite (space 

group Pbcn, Vh
14), while β-PbO2 has a tetragonal, rutile structure (space group P4/mnm, D4h

14). 

In both lattices, every Pb(IV) locates in the centre of a distorted oxygen octahedron, and the 

different arrays of the octahedrons give rise to two distinct crystalline structures. As for β-PbO2, 

the neighbouring octahedrons share the opposite edge, forming a linear octahedral chain where 

each chain is connected to the next one by joint corners [2]. On the other hand, in the case of 

α-PbO2, neighbouring octahedrons share non-opposite edges in a zig-zag manner, and each 

chain also shares corners to connect with others [2]. A schematic of crystal structure layouts is 

depicted in detail for the two PbO2 forms as shown in Fig. 2.1 [2]. 
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Figure 2.1 The crystal structures of α-PbO2 and β-PbO2; two distinctive crystalline structures are 

formed due to the different layouts of oxygen octahedral; taken from the reference with permission [2];  

Both α- and β-PbO2 are a non-stoichiometric n-type semiconductor. A recently developed 

model by Rüetschi [19] describes a quantitative manner to clarify the non-stoichiometry of lead 

dioxide. Referring to this proposed model, PbO2 can be theoretically written as 

(Pb4+)1−x−y(Pb2+)y(O2−)2−4x−2y(OH−)4x+2y, where x represents the cation vacancy ratio and y 

represents the ratio of the replaced Pb(II) respectively. The deviation from stoichiometry is 

proposed to result from the structural disorder in the cationic sub-lattice: the involved cation 

vacancies cluster in the interface between different crystallographically ordered regions, 

serving as hosts for Pb2+ [2].  

The X-ray diffraction (XRD) patterns for these two PbO2 crystalline forms are given in Fig. 2.2 

[2]. From Fig. 2.2, strong and distinct diffraction peaks for the individual phases in the 2θ range 
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between 20o and 50o can be seen. It is worth noting that in the 2θ range above 75°, the 

overlapping of peaks occurs for the two phases, which can cause difficulties in separating the 

two phases precisely. 

 

Figure 2.2 X-ray diffractograms of the standard powder samples for the two lead dioxide crystalline 

forms, taken from the reference with permission [2] 

To evaluate the phase composition for PbO2 coatings, Dodson [20] and Munichandraiah [21] 

have proposed a comparably precise pathway to calculate the percentages of individual 

allotropies from a mixture of α- and β-PbO2. The calculation is based on the comparison of 

peak areas of the strongest peaks of the two phases. The proposed equation is written as : 

W =
( )

                                                                                                                    (2-1) 

Where K is a constant based on a known sample, Jα is the area of the strongest peak for α phase 

(i.e., α (111) crystalline plane), while Jβ1 and Jβ2 correspond to the areas of most intense peaks 
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of β-PbO2, namely the β (110) and β (101) peaks. Some reports in the literature have employed 

this method to evaluate the percentage ratios of individual phases with an acceptable error of 

less than 5% [21, 22]. For example, Munichandraiah et al. [21] used this method to estimate 

the weight ratio of α phase, which suggested a declining α-PbO2 content with an increasing 

applied current density during the PbO2 electrodeposition process. However, it should be noted 

that this method is not feasible for textured PbO2, because the strongest peaks chosen from a 

standard database are not capable enough to represent the orientated crystal growth occurring 

in a textured structure [23].  

The two allotropes of PbO2 possess different properties to each other. For instance, β-PbO2 

demonstrates greater conductivity than α-PbO2, even though both phases display a rather small 

resistance similar to pure metals (10-3 Ω-cm for the α phase and 10-4 Ω-cm for the β phase) 

[24]. This metallic nature of PbO2 is because of the occupation of conduction band states 

beyond the Fermi level of stoichiometric PbO2, which is possibly due to oxygen vacancy 

defects [2]. Also, β-PbO2 typically has a rough and open surface morphology, granting it a 

higher surface activity. Whereas, α-PbO2 commonly displays a compact and flat surface 

morphology.  

Both pure α- and β- PbO2 coatings exhibit different advantages in practical applications. In 

general, β-PbO2 is more attractive in electrocatalytic applications owing to its large surface 

activity, excellent conductivity, good corrosion resistance, and a high overpotential for oxygen 

generation [25]. Whereas, α-PbO2 is more prevalent in energy storage fields owing to its longer 

life cycles in fluid batteries [26]. However, it should be noted that this is not the only criterion 
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in practical situations as the properties of PbO2 electrodes (e.g., catalytic ability, conductivity, 

and chemical stability) depend on diverse factors besides its crystal structure [27].  

2.2.2 Surface morphology 

Different morphological features of PbO2 coatings can be achieved by carefully controlling the 

electrodeposition conditions. This ensures its extensive applications in the fields of energy 

storage and effluent treatment where electrodes with different surface properties are desirable. 

In general, PbO2 coatings demonstrate a grey or black matte appearance. However, production 

of a highly reflective black PbO2 coating has also been reported in the literature [28]. When 

inspected in a microscope, different PbO2 coatings display various surface microstructures with 

a marked diversity.  

In Fig. 2.3, some typical surface microstructures obtained from our project are presented, 

aiming to illustrate the morphological features of PbO2 deposited from different 

electrosynthesis conditions. From Fig. 2.3 (a) & (b), the ordered, rectangular and pyramid-

shaped surface morphologies are visible for PbO2 coatings, which usually correspond to nearly 

pure β-PbO2. On the other hand, relatively compact and dense surface morphologies may also 

develop in some cases (Fig. 2.3 (c) & (d)). In some extreme conditions, a highly porous surface 

can be obtained as depicted in Fig. 2.3 e & f. This is commonly correlated to the 

electrodeposition with an excessive overpotential where uncontrolled oxygen generation 

occurs. 
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A few reports in literature have also employed an atomic force microscope (AFM) to study the 

microstructural topographies of PbO2 coatings further. Referring to a recent report which 

inspects PbO2 coatings made from methanesulfonate electrolytes [23], the authors stated that 

the PbO2 coatings with a flat and smooth surface have low roughness, demonstrating a shiny 

appearance that can reflect the light (Fig. 2.4 (a)). On the contrary, the matte grey PbO2 coating 

obtained from a high-temperature synthesis revealed a three-dimensional surface morphology 

with a high roughness (Fig. 2.4 (b)). It is worth noting that the topographies also provide useful 

information about the surface area. The latter three-dimensional feature tends to possess a 

larger surface area, consequently better electrocatalytic activity, while the former shows the 

opposite tendency [23]. 
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Figure 2.3 Different microstructures of PbO2 coating with diverse surface morphologies were obtained 

from the methanesulfonate electrolytic bath; these PbO2 coatings were prepared under different 

deposition conditions in our research 
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Figure 2.4 AFM images of different PbO2 coatings: (a) a flat and compact surface corresponds to α-

PbO2 ; (b) a rough and open surface corresponds to β-PbO2; taken from the reference with permission 

[23]  

2.3  Electrochemistry in Lead Dioxide Electrodeposition 

2.3.1 Electrodeposition thermodynamics  

In PbO2 electrodeposition, the dissolved Pb(II) is electrochemically oxidised into PbO2 on the 

anode surface. Typically, two forms of Pb(II) are found in aqueous solutions: the Pb2+ soluble 

in different acidic solutions such as nitric acid and methanesulfonic acid, and the plumbite (i.e., 

PbO oxyanion and its hydrated forms), which is soluble in alkaline solutions. Different 



Chapter 2 
 

14 
 

oxidation pathways may present depending on the electrolyte pH value, and the oxidation 

reactions for PbO2 deposition can be written as: 

In the acidic solution:  

Pb2++ 2H2O → PbO2+ 4H++ 2e− (2-2)

In the alkaline solution: 

HPbO2
−+ OH−→ PbO2+ H2O + 2e− (2-3)

The equilibrium potential for the transition between PbO2 and Pb2+ is given as: 

Ee = 1.455 − 0.029 log aPb
2+ − 0.118 pH (298K) (2-4) 

Based on the above equations and the equilibrium potential of O2/H2O reaction, a Pourbaix 

diagram is presented in Fig. 2.5 to illustrate the basic thermodynamics of the reactions in 

aqueous media. It is worth noting that, in an open circuit, lead dioxide is metastable in acidic 

or neutral aqueous media. In such solutions, PbO2 can react with water to generate oxygen and 

Pb(II) as a result of a strong thermodynamic driving force. To avoid the potential chemical 

corrosion, PbO2 should be used either in alkaline solutions or under a charged positive potential 

beyond its equilibrium potential. Otherwise, the dissolution of PbO2 would severely harm the 

coating quality and sharply weaken its long-term stability, which is also associated with 

possible leaching of toxic lead. 

Also, it is interesting to note that β-PbO2 is thermodynamically more stable than α-PbO2, even 

though the difference between equilibrium potentials of the individual phases is very minute, 

i.e., ~10mV [29, 30].  
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Figure 2.5 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; 

taken from the reference with permission [2]  

2.3.2 Electrodeposition kinetics  

Fig. 2.6 displays the cyclic voltammetry (CV) graphs representing the typical initial deposition 

and dissolution process of PbO2 occurring in acidic solutions [31]. The first two cycles were 

recorded on the surfaces of the inert substrates of gold (Au) and titanium (Ti) respectively. In 

Fig. 2.6 (a), the onset PbO2 deposition potential on Au substrate approaches ~1.65 V where a 

steep upsurge of anodic current commences establishing. This is associated with the PbO2 

deposition reactions and the possible side-reaction – oxygen evolution reaction (OER). As the 

potential sweeps backwards, the PbO2 electrodeposition continues until potential reaches ~1.5 

V, which illustrates a nucleation loop and confirms successful deposition of PbO2. In a reverse 
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scan, the two cathodic peaks correspond to the reduction of deposited PbO2. The subsequent 

scan remains fairly identical and overlaps with the 1st scan, Fig. 2.6 (a).  

However, the deposition commences much later at ~1.90 V on the Ti substrate as shown in 

Fig. 2.6 (b), implying a relatively inhibited PbO2 deposition reaction. In the subsequent scan, 

the anodic oxidation establishes before 1.70 V where the deposition is facilitated on the surface 

of newly formed PbO2 [32]. Due to the simultaneous OER in onward scans, it is impossible to 

compare current efficiency based on the anodic current response. However, the cathodic peak 

originating from the reverse scan is relatively small in Fig. 2.6 (b), indicating a lesser amount 

of PbO2 deposited on the Ti substrate. It has been proposed in the literature that the reaction 

depth of the cathodic peak is positively proportional to the amount of the deposited PbO2 [33]. 

Therefore, it is fair to assume that Au substrate is more favourable for the successful deposition 

of PbO2 compared to the Ti substrate. It is worth concluding that PbO2 deposition displays 

varied overpotential in different substrates. 

The voltammetric features presented in Fig. 2.6 are typical for the PbO2 deposition and 

dissolution reactions. This phenomenon is in conjunction with various studies performed in 

different electrolytes in literature although the curve shape may differ slightly case to case [2, 

11]. It should be noted that the underlying mechanisms of deposition and dissolution reactions 

are multi-stage and quite complicated, which is therefore a subject of massive speculation and 

worthy of in-depth exploration.  
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Figure 2.6 Cyclic voltammograms recorded on (a) Au substrate, and (b) Ti substrate; the electrolyte 

solution was  made of 0.1 M Pb(NO3)2 + 0.3 M HClO4, containing 30 v/v% methanol and 1 v/v% of 5% 

Nafion solution; the 1st and 2nd cycles are presented; Potential sweep rate was 50 mV/s ; taken from the 

reference with permission [32] 

2.3.3 Electrodeposition mechanisms 

Considerable efforts have been made in literature to understand the underlying mechanisms of 

PbO2 electrodeposition in detail [34-36]. Still, the oxidation steps occurring in PbO2 

electrodeposition require further studies. Currently, the widely accepted model of PbO2 

deposition in acid solutions is proposed by Velichenco and co-workers [22, 34, 37, 38]. With 

the help of detailed experimentation, Velichenco et al. [34] explained the anodic deposition 
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process, addressing the crucial role of the adsorbed hydroxyl (OH) radical generated by water 

splitting reactions. During the deposition, soluble species are presumed to be generated as 

reaction intermediates (i.e., Pb(III) and Pb(IV) oxygen-containing intermediates) [22], and the 

proposed chemical reactions are given as: 

H2O → OHads + H+ +e− (2-5)

Pb2+ + OHads → Pb(OH)2+ + e− (2-6)

Pb(OH)2+ + H2O →Pb(OH)2
2+

 + H+ + e− (2-7)

Pb(OH)2
2+→PbO2 + 2H+ (2-8)

The first stage in the deposition scheme is the formation of OHads – a strong oxidising agent 

adsorbed on the anode surface. The Pb2+ reaching the anode surface are first oxidised into 

soluble Pb(III) intermediates, followed by being further oxidised into a transient Pb(OH)2
2+ 

compound. Pb(OH)2
2+ then electrochemically decomposes and generates PbO2 which 

crystallises on the anode surface [22]. So far, this deposition scheme has been consistently 

proven in different electrodeposition conditions [35, 38]. For example, these deposition 

reactions have been confirmed in different types of electrolytes (e.g., nitrate, perchlorate, and 

methanesulfonate solutions) or at the addition of foreign ions and particles [11, 34, 39, 40]. 

However, it should be noted that this deposition scheme is not fully adopted yet, and legitimate 

concerns regarding some chemical equations involved in the deposition scheme still exist 

among researchers. For example, although earlier studies have verified the presence of Pb(IV) 

intermediate, it is still not fully established that the formation of transitory Pb(IV) intermediate 

is a crucial step in the primary deposition pathway [2, 41].  
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For the PbO2 electrodeposition process, two distinct rate-determining models have been 

proposed for the nucleation and growth process: the kinetic control and diffusion control. In 

kinetic control, the rate controlling step is the electron transfer step, which is primarily the 

second electron transfer reaction correlating to the above equation (2-7), as suggested by 

Velichenco et al. [11]. For the diffusion control model, the rate controlling step is the Pb2+ 

mass transition from bulk solution to the active sites on the electrode surface [38, 42]. It is 

worth noting in the practical deposition process, the rate-limiting step depends on a variety of 

factors/conditions such as deposition overpotential, substrate type, other ions in electrolytes, 

and hydrodynamic conditions [42].  

2.4 Electrodeposition of Lead Dioxide  

2.4.1 Substrate material 

The substrate material plays an essential role in the PbO2 electrodeposition process. The chosen 

substrate material determines the long-term stability of resulting PbO2 electrodes [1, 2]. The 

anodic deposition of PbO2 or the electrolysis using PbO2 electrodes involve high positive 

potential, and it is important to choose an inert substrate resistant to possible reactions. 

Furthermore, in practical applications, PbO2 coatings may contain cracks, pinholes or other 

defects, which may cause critical chemical corrosion of substrate material due to the exposure 

to the electrolyte solution. Hence, the proper selection of substrate material is of great 

importance for successful PbO2 electrode preparation. Some researchers have used noble 

metals (e.g., platinum, gold) or glassy carbon as the substrate material [33, 40, 41], however, 

their commercial application remains limited due to the high price. Titanium (Ti) is considered 
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one of the favoured substrate materials ascribing to its excellent stability, good ductility, and 

relatively low cost [1, 2]. According to the literature [43], the use of titanium as a substrate 

material for PbO2 deposition can significantly prolong its service life.  

However, it should be noted there is a possibility of titanium oxide formation on the substrate 

surface during the electrodeposition and electrolysis processes. This insulating titanium oxide 

layer heavily hinders the electron transfer, causing decreased current efficiency and higher 

internal stress [44], which are detrimental to energy efficiency and electrode stability. To avoid 

this issue, different approaches have been proposed in literature such as introducing an 

interlayer on the top surface of titanium substrates [45].  

2.4.2 SnO2-Sb interlayer 

In PbO2 electrode design, a number of interlayers such as gold [46], platinum [47], SnO2-Sb 

[48], and TiO2 nanotubes (TiO2-NTs) [49] have been studied and employed to improve the 

long-term stability. In general, several advantages are associated with the use of interlayers for 

the PbO2 electrodes, for example: (1) enhanced resistance to chemical corrosion; (2) additional 

adherence between outer coatings and inner substrates; (3) improved catalytic performance 

[10]. The selection of interlayers commonly follows a criterion that the bottom and interlayers 

provide excellent adhesion and chemical stability. On the other hand, the outer layer offers the 

desired electrochemical property, such as excellent electrocatalytic activity during electrolysis 

[50]. The interlayer can be prepared by different techniques, such as electrochemical deposition, 

spray pyrolysis, anodic oxidation (especially for TiO2-NTs), and thermal decomposition [10]. 
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In Fig. 2.7, a schematic of the interlayer preparation process is presented for the titanium-based 

PbO2 electrodes.  

 

Figure 2.7 Schematic of interlayer preparation processes between titanium substrates and PbO2 

coating: (a) the preparation of metal or metal oxide interlayer (b) the preparation of TiO2-NTs  

Currently, the SnO2-Sb interlayer is most commonly used in the fabrication of PbO2 electrodes. 

The crystal structure of pure SnO2 is quite similar to PbO2. SnO2 is an n-type semiconductor 

due to the modest level of non-stoichiometric impurities. Doping small amounts of antimony 

in SbO2 can give rise to extra conductivity and catalytic activity [51]. According to literature, 

the SnO2-Sb interlayer can considerably prolong the service life of PbO2 electrodes. [45]. 

Furthermore, An et al. [48] claimed that the presence of the SnO2-Sb interlayer not only 

provides extra stability, but also acts as co-catalytic material in organic treatment by providing 

additional oxidation routes. These benefits make SnO2-Sb an attractive material to be used as 

an interlayer in the PbO2 electrode.  
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Figure 2.8 Surface microstructures of Ti substrate after (a) polishing; and (b) chemical etching; 

taken from the reference with permission [9] 

The fabrication of the SnO2-Sb interlayer normally employs the techniques of electrodeposition 

or thermal decomposition. A pre-treated titanium substrate after polishing and chemical etching 

is commonly selected as the substrate material for SnO2-Sb interlayer preparation [1, 9]. Due 

to the simple operation and low cost, thermal decomposition is widely utilised to fabricate the 

SnO2-Sb interlayer. Compared with the dense and smooth SnO2-Sb layer formed via 

electrodeposition (Fig. 2.9(b)), the SnO2-Sb interlayer, prepared by thermal decomposition, 

usually exhibits a rough, cracked-mud-like surface (Fig. 2.9 (a)) [10]. 
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Figure 2.9 Surface microstructures of Ti/SnO2-Sb samples prepared by (a) thermal decomposition; and 

(b) electrodeposition; taken from the reference with permission [10] 

It is worth noting that some researchers have used multiple interlayers in preparation of 

titanium-based PbO2 electrodes (Table 2.1). For instance, Wang et al. [52] proposed a Ti/SnO2–

Sb/α-PbO2/β-PbO2 electrode where both the SnO2-Sb layer and α-PbO2 layer were deposited 

as interlayers in order to achieve substantially improved long-term stability. The addition of a 

stress-free α-PbO2 interlayer is expected to give further stability to these electrodes, as revealed 

in Table 2.1 [45, 53]. 

Table 2.1 The comparison of accelerated service lives for different PbO2 electrodes at the electrolysis 

condition of 4 A cm-2 and 80 oC in 0.5 M H2SO4 solution; taken from the reference with permission [45]  

The tested electrode Accelerated life 

Ti/β-PbO2 2.0 h 

Ti/α-PbO2/β-PbO2 5.0 h 

Ti/SnO2–Sb2O5–RuO2/β-PbO2 48.0 h 

Ti/SnO2–Sb2O5–RuO2/α-PbO2/β-PbO2 49.0 h 

Ti/SnO2–Sb2O3/PbO2 29.5 h 
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2.4.3 Electrodeposition parameters 

Extensive reports have been published in literature detailing the correlations between the 

physicochemical properties of PbO2 coatings and different deposition parameters/conditions 

[23]. Although it is not feasible to draw a definitive and universal conclusion, the proposed 

effects of some critical deposition parameters on the PbO2 electrodeposition process is 

summarised here, which may serve as valuable reference for future works: 

(1) pH value of electrolytes: A few reports in literature claim that pH value determines the 

phase constituents of deposited PbO2 coatings [2]. Precisely, lower pH value is 

proposed to favour the formation of α-PbO2 at the expense of the other allotropic β 

phase [21]. 

(2) Pb(II) concentration: The concentration of dissolved Pb(II) plays a crucial role in the 

nucleation and growth process, which consequently influence the electrodeposition 

process. For instance, it controls the rate-determining stage during deposition as it 

influences the amount of Pb(II) reacting on the electrode surface. Moreover, some 

reports in the literature have found that Pb(II) concentration also affects the crystal size 

of resulting coatings [9]. 

(3) Applied current density: As one of the main parameters in electrodeposition, current 

density controls the electrodeposition rate, and largely determines the polarisation 

extent in the deposition process. At a high current density, the excessive overpotential 

for PbO2 formation may damage the coating, concurring with an intense side reaction – 
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oxygen evolution reaction. In addition, increasing current density commonly results in 

a dense surface morphology due to improved nucleation rate.  

(4) Deposition temperature: The deposition temperature has a significant effect on 

nucleation and grain growth processes, and determines Pb2+ mass transport in bulk 

solutions. In general, an elevated deposition temperature facilitates the nucleation and 

grain growth process in PbO2 electrodeposition[23]. According to Sirés et al. [23], the 

increasing deposition temperature gives rise to a rough coating surface with large grain 

size. Moreover, Li et al. [31] found that the formation of  β-PbO2 is favoured at a high 

temperature. 

In addition to the parameters mentioned above, other factors for example, charge quantity, 

electrolyte agitation, and applied potential also play significant roles in the electrodeposition 

of PbO2. However, despite the earlier efforts, it is difficult to establish a precise correlation 

between the deposition parameters/conditions and the properties of PbO2 coatings. There are 

various reasons for this, some of the important ones are: (1) there is a broad range of parameters 

involved in the deposition process; (2) some parameters cannot be maintained constant 

throughout the deposition; and (3) some parameters may interplay with each other during PbO2 

deposition. Additionally, the effects of the parameters/conditions depend on the 

electrosynthesis circumstances that may vary case to case. These reasons make it difficult to 

compare results of different studies in literature, or to thoroughly understand the underlying 

mechanisms. In order to better optimise the parameters in PbO2 fabrication, it is important that 

both related parameters and electrode properties are thoroughly investigated and described.  
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2.4.4 Electrodeposition in methanesulfonate electrolyte  

The PbO2 electrodeposition from methanesulfonic acid (MSA) solutions has sparked increasing 

attention in recent studies. As an environment-friendly electrolyte compared with other 

oxidising and toxic conventional acids (e.g., perchlorate acid and nitric acid.), MSA possesses 

unique benefits of excellent ion mobility, great solubility of metal salts, good biodegradability 

and low toxicity [54]. Some fundamental studies employed cyclic voltammetry tests to examine 

the PbO2 deposition mechanisms from methanesulfonate baths [11, 12]. It should be noted that 

sophisticated effects of methanesulfonate ion have been observed in PbO2 electrodeposition, 

giving rise to its influence in bulk solutions and on the electrode surface [11]. In the bulk 

solution, the association of Pb2+ with methanesulfonate ions generates compounds or strong 

ionic associates. On the other hand, the absorption of methanesulfonate ions on the electrode 

surface influences the formation of oxygen-containing intermediates during the 

electrochemical oxidation steps, which considerably affects the deposition kinetics. 

Velichenko et al. [11] presented a consistent deposition scheme for PbO2 electrodeposition 

using methanesulfonate electrolytes, revealing a four-step electrochemical oxidation process, 

as described in Section 2.3.1. Furthermore, according to the same authors, an accelerated 

deposition rate was observed using the methanesulfonate electrolyte, giving rise to a thicker 

PbO2 coating [11]. 

In recent studies, Sirés et al. [23, 55] conducted a series of experimental work to explore the 

PbO2 deposits from methanesulfonate electrolytic baths. Their work collected PbO2 coatings 

made up of different phase constituents (i.e., pure α phase or β phase, a mixture of them) and 



Chapter 2 
 

27 
 

different surface morphologies, implying the feasibility to utilise methanesulfonate solutions 

as the electroplating source, in order to obtain the desired properties for PbO2 coatings. This 

allows a relatively clean and efficient methodology to obtain the PbO2 coatings suitable for its 

targeting areas where different physicochemical properties may be required. 

2.4.5 Electrodeposition techniques 

The preparation of PbO2 commonly employs anodic deposition. In most cases, a constant 

current density or potential is applied throughout the electrodeposition process, namely the 

galvanostatic or potentiostatic electrodeposition technique. Due to their simple design and 

operation, the two deposition methods are widely adopted in both academic and commercial 

scales for PbO2 fabrication, especially the galvanostatic electrodeposition technique. 

Recently, a novel deposition technique – pulse electrodeposition (PED) – has been reported to 

prepare PbO2 electrodes [56-58]. In PED, the applied potential or current rapidly alternates 

between two specific values, causing a series of pulses with individual amplitudes, durations, 

and polarities [59]. This deposition technique offers the possibility of carefully managing the 

PbO2 electrodeposition by regulating these independent parameters. Compared with the 

traditional deposition techniques that employ a constant current, PED offers distinct advantages 

including: (1) increased limiting current density by replenishing target ions near the electrode 

surface [60]; (2) better-controlled processing optimisation owing to the independent parameters; 

and (3) less additive amount needed in electrolyte solutions [61, 62]. However, there are some 

disadvantages associated with PED including the high price of the deposition unit, the 
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complicated design, and the possibility of reduced current efficiency, especially when a reverse 

current is applied [59]. 

In most cases, the current density is selected as the alternating parameter in PED, and different 

current waveforms are obtained by regulating the relevant parameters (e.g., frequency, anodic 

current, cathodic current, duty cycle). Fig. 2.10 (a) illustrates a typical PED waveform where a 

zero current appears after an anodic current pulse. Yao et al. [56, 63] developed suitable PbO2 

electrodes for organic pollutant treatment through the PED deposition using this current 

waveform. They reported prolonged service life and enhanced degradation ability of the PED 

prepared PbO2 electrodes against organic pollutants [56]. Vatistas and co-workers [64] reported 

that PED substantially influences both the initial heterogeneous nucleation and the subsequent 

crystalline growth during the PbO2 electrocrystallisation process.  

 

Figure 2.10 (a) A typical PED waveform, and (b) a pulse reverse waveform, where Ta is the anodic 

time, Tc is the cathodic time; Ja is anodic current density (positive); Jc is cathodic current density 

(negative), and J is average current density.  
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Apart from the above findings, pulse reverse current (PRC) – as a novel waveform type – has 

rarely been studied for PbO2 electrodeposition. In PRC, a periodic waveform consists of an 

anodic current pulse followed by a cathodic current pulse as shown in Fig. 2.10 (b). In a full 

PRC pulse, reactions occur at the interface between the electrolyte and electrode, switching 

between oxidation and reduction, which correspond to the deposition and dissolution process 

in PbO2 preparation. It is proposed that the PRC deposition is better in tailoring the 

physicochemical properties of resulting deposits [65]. This waveform affects the deposition 

process due to the replenishment of the diffusion layer and the alteration to the crystallisation 

process [59]. Also, it is interesting to note that PRC may have additional effects on PbO2 

electrodeposition. It has been reported that α-PbO2 is usually generated through direct 

deposition, while the β allotropic form is generally obtained through a dissolution/re-deposition 

process matching the PRC deposition model [66]. Therefore, it is fair to assume that PRC may 

have considerable influence on the phase distribution in resulting PbO2 coatings.  

2.5 Modifications of Lead Dioxide  

The modification of PbO2 coatings for enhanced electrochemical performance has been 

explored extensively in recent studies. Considering the need for different targeting fields, 

modification of PbO2 is therefore of immense importance to obtain the required properties for 

PbO2 coatings. 

2.5.1 Doped lead dioxide 

The doped PbO2 coatings can be easily fabricated by adding a certain amount of foreign ions 

(known as dopants) in electrolyte solutions. Many studies in the literature have used this 
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method to optimise the physicochemical properties of PbO2 coatings owing to its cost-

effectiveness and simple operation [67-69]. Velichenko and Devilliers [38] reported that 

incorporating fluorine ions into the lattice can prevent the penetration of oxygen atoms during 

electrolysis, which keeps the substrate material free of oxides and prevents the detachment of 

PbO2 coatings due to reduced internal stress. Also, the addition of bismuth and cerium ions in 

electroplating solutions has been widely proposed to enhance the electrocatalytic reactivity of 

PbO2 coatings [70, 71]. The previous work by Shmychkova et al. [67] suggested that the Bi-

doped PbO2 electrode demonstrates better catalytic ability owing to a more compact surface. 

In another study [72], the authors suggested that the incorporation of bismuth into the coating 

surface improves the formation of highly oxidising hydroxyl radicals, consequently enhancing 

its catalytic reactivity. Some reports have also investigated Ce-doped PbO2 coatings, which 

confirmed an enhanced catalytic ability due to a higher overpotential for oxygen evolution and 

larger surface active area [73, 74]. In Table 2.2, some common dopants and their reported 

benefits to PbO2 coatings are summarised.  

Although the advantages of some doped PbO2 coatings have been well-verified, there remain 

some concerns regarding the definitive conclusions about the doping mechanism for specific 

dopants [2]. For instance, in the cases of Bi-doped PbO2 coatings, there are conflicting reports 

regarding the oxidation state of bismuth in the structure lattice even though many reports 

assume it is in the highest oxidation state (i.e., Bi5+) [73, 75]. Also, the discrepancy occurs in 

Ce-doped PbO2 coatings. In some studies, it is stated that cerium ion is co-deposited to form 

CeO2 during the deposition process and the resulting PbO2-CeO2 composite coating can be 
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characterised by XRD [75-77]. However, conclusive data on the formation of PbO2-CeO2 

composite coating is still missing in other literature where the authors stated the cerium ion is 

incorporated into the PbO2 lattice [39, 78]. It is worth noting that the doping mechanisms of 

different dopants depend on the deposition conditions, and further exploration of doped PbO2 

is necessary to understand the underlying mechanisms.  

Table 2.2 Different dopants for lead dioxide and their proposed key benefits 

Dopant Proposed benefit References 

F(-I) Enhance electrode stability and service life 

Repress oxygen generation  

[79, 80]   

Bi(III) Improve catalytic activity  

Enlarge surface area 

[71, 81] 

Ce(IV) Enhance electrode stability  

Improve catalytic activity 

[39, 73, 74] 

Co(II) Improve catalytic activity [69, 82] 

Pr(IV) Improve catalytic activity  

Promote electrode stability 

[83] 

As(III) Improve degradation ability to organics [84] 

Er(III) Improve degradation ability to organics [85] 

 

2.5.2 Nanostructured lead dioxide  

Nowadays, nanostructured materials are drawing increasing research interest due to their 

substantially enlarged surface area and higher chemical reactivity. The fabrication of 
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nanostructured lead dioxide is among the top priorities in modern research of PbO2 preparation. 

A common manufacturing pathway for nanostructured PbO2 is conducting electrodeposition 

on nanostructured substrates. As reported in the literature [86, 87], PbO2 nanowires were 

successfully prepared on nanostructured alumina membranes. In another study [88], the 

nanostructured PbO2 coating was electrodeposited on the surface of tightly arranged 

polystyrene microspheres. In addition to these, direct fabrication of nanostructured PbO2 

materials has also been reported. For example, Ghasemi et al. [89, 90] claimed to prepare the 

nanostructured PbO2 films using the pulse electrodeposition technique and explored its 

application as a positive electrode in flow batteries. By modifying the related pulse parameters, 

they achieved a range of morphologies with a different extent of porosities in nano-scale [90].  

However, it should be noted that the highly active nanostructured PbO2 materials may undergo 

a critical issue in the fields of lead-acid batteries. As the cycling proceeds, the redox reactions 

occur between the charging/discharging steps, which should reshape the coating surface and 

cause the possible destruction of the nanostructure features. Therefore, the study of remaining 

nanostructure features in the electrolysis process should be a primary concern in future 

investigations. 

2.5.3 Lead dioxide composites 

Lead dioxide composites are commonly prepared by the incorporation of inert particles (e.g., 

nano or micro-sized metallic partials) through a co-deposition process [91]. During PbO2 

anodic deposition, the dispersed particles in the electrolyte are co-deposited concurrently, 

generating PbO2 composite material. Surfactants are generally added into the electrolyte in 
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order to enhance the interaction between particles and dissolved Pb2+. Currently, the widely 

accepted co-deposition model is proposed by Guglielmi [92]. As stated by this model, firstly, 

ionic clouds associated with the particles are generated in bulk solutions. In the next step, these 

ionic clouds move towards the electrode surface. In the final step, the deposition reactions 

occur on the electrode surface, entrapping the particles within the deposits and generating 

composite materials. A brief co-deposition scheme is illustrated based on this model, Fig. 2.11.  

In general, the amount of co-deposited particles is linearly proportional to their concentration 

in bulk solution up to a limiting or “saturated point”. Afterwards, increasing concentration of 

particles in bulk solution hardly affects the composite composition due to the agglomeration of 

particles in the electrolyte. Nonetheless, some recent reports [91, 93] suggested that by a pulse 

current deposition technique, a greater amount of nanoparticles beyond the “saturated point” 

can be incorporated into PbO2 deposits.  
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Figure 2.11 Schematic diagram of Guglielmi’s model for the co-deposition process of composite 

materials  

So far, a variety of PbO2 composite materials have been studied and applied. In Table 2.3, some 

PbO2 composite materials and their proposed advantages are summarised. Currently, TiO2 and 

ZrO2 are frequently employed to manufacture PbO2 composite coatings, which lead to 

prolonged service life and enhanced electrocatalytic reactivity. For example, Yao et al. [40, 57, 

63] explored ZrO2-PbO2 composite coatings in detail. They documented excellent degradation 

ability of the ZrO2-PbO2 coatings against organics because of their high OER overpotential and 

enlarged surface area. Velichenko and co-workers [94, 95] embedded colloidal TiO2 particles 

in PbO2 composite coatings, which resulted in a fine and compact surface due to the 

nanoparticles’ effects in both crystallisation and charge transfer processes. Moreover, 
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degradation ability of the TiO2-PbO2 composite markedly increased, possibly attributing to the 

photo-electrochemical behaviour brought by the photocatalytic TiO2 particles incorporated on 

the electrode surface [96]. Similar synergetic effects have also been reported for CeO2-PbO2 

composites, resulting from the participation of CeO2 – an efficient catalyser [33, 85]. It should 

be noted that different approaches have been reported to obtain CeO2-PbO2 composite coatings. 

Some reports claimed that CeO2 nanoparticles are in situ generated on the electrode during the 

electrodeposition upon adding Ce2+ ion into the electrolytic bath [97]. Also, the CeO2-PbO2 

composite is reported to be prepared through the co-deposition procedure by directly adding 

and dispersing CeO2 particles into electroplating solutions [33, 85].  

Besides, polymeric materials have been used in PbO2 composite preparation. Some reports 

have utilised the hydrophobicity of embedded polymers on the coating surface, which is 

proposed to enhance the organic degradation via two routes: (1) trapping the organic pollutants, 

and (2) facilitating the gas release in the electrochemical oxidation process against target 

organics [98, 99]. 
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Table 2.3 Lead dioxide composite with different incorporated particles and their proposed benefits 

Particles Proposed benefits References 

Co3O4 Enhance oxygen generation [100] 

ZrO2 Enlarge surface area with compact morphology 

Increase electrode stability 

[57, 101] 

TiO2 Synergetic photo-catalysis effects 

Increase electrode stability 

Enlarge surface area 

[95, 102] 

CeO2 Increase electrode stability [33] 

 
Improve catalytic ability towards organics 

 

Er2O3 Promote direct anodic oxidation [85] 

Gd2O3 Repress oxygen generation [85] 

PTFE Enhance catalytic activity 

Increase electrode stability 

[99, 103] 

 

2.6 Applications in Wastewater Treatment 

2.6.1 Electrochemical oxidation of wastewater 

Nowadays, the fast-developing industry is discharging increasing waste effluent into nature, 

causing critical issues to human health and ecological balance. For this reason, increasing 

research has been carried out to explore efficient and clean technologies to treat wastewater. 

Basically, biological treatment is a promising pathway in the effluent treatment industry owing 
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to its energy efficiency and relatively low hazards. However, this technique encounters 

problems when dealing with certain toxic or refractory organics. Recently, extensive studies 

have been carried out on the advanced electrochemical oxidation process (AEOP), aiming for 

the degradation of organic compounds into hazard-free carbon dioxide and water via 

electrochemical combustion.  

Compared with other approaches, AEOP possesses additional advantages regarding its 

excellent compatibility, efficiency, and versatility [7]. As a commonly accepted degradation 

method in AEOP, the organic pollutants can be directly electrochemically oxidised after their 

absorption on the anode surface where the organics are treated via two oxidation routes: (1) by 

“direct electron transfer” and (2) by “OH radicals”[104]. Although organic degradation can 

occur at a relatively low applied potential by direct electron transfer, this oxidation route has 

drawbacks such as depressed kinetics and the “poisoning effect” [105]. During the organic 

electrolysis, a fouling layer made of accumulated polymer compound forms on the electrode 

surface, causing the “poisoning effect” which significantly hinders the degradation progress. 

Instead, the electrochemical oxidation beyond the water splitting potential, as another oxidation 

pathway, overcomes these issues owing to the formation of highly oxidising OH radicals [106]. 

The OH radical is an active oxidising agent capable of organic combustion, which can easily 

remove the surface fouling layer. However, this oxidation route by the electrogenerated OH 

radicals encounters possible decreased current efficiency due to its side-reaction – oxygen 

evolution reaction. Therefore, this electrochemical oxidation process requires the anode 

material of high OER overpotential and good chemical sustainability.  
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2.6.2 Wastewater treatment by lead dioxide electrode 

Various types of anode materials have been considered and investigated for AEOP, including 

boron-doped diamond (BDD) [107], RuO2 [108], Pt [109], IrO2 [110], SnO2 [111] and PbO2 

[10]. Among these, the anode material with a high OER overpotential is categorised as non-

active electrodes including SnO2, PbO2 and BBD [112]. In general, those non-active electrodes 

are efficient and effective in the field of organic oxidation owing to their high resistance to 

oxygen generation reaction [10]. Although SnO2 and BDD electrodes are capable of serving as 

an efficient anode in effluent treatment, their large-scale applications remain limited due to 

several reasons [113]. Specifically, SbO2 is subjected to its poor service life, while the high 

price and fragility of BBD make it a less attractive anode material in practical uses. In contrast, 

PbO2 is considered to be a feasible option for industrial applications due to its high OER 

overpotential, easy fabrication, and low cost [9, 10].  
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Figure 2.12. A brief scheme for electrochemical oxidation of pollutants on anode surface; R is the 

organic pollutant, M is the anode material, MO is M with the chemisorbed active oxygen, M(·OH) is M 

with the adsorbed OH radical; taken from the reference with permission [10] 

In general, the OH radicals generated from water splitting reactions are deeply involved in the 

electrochemical oxidation of organic pollutants in wastewater. In Fig. 2.12, the most acceptable 

scheme for organic oxidation occurring on an anode surface is illustrated in detail [10]. As a 

typical non-active electrode material, PbO2 exhibits significant electrocatalytic reactivity 

owing to the vast number of OH radicals generated on its surface. During the organic 

degradation process, PbO2 can offer full combustion against organic pollutants, and the related 

chemical reactions are summarised as follows [114, 115]:  

PbO2 + H2O → PbO2(•OH) + H+ + e- (2-9) 

Organics + •OH → intermediate → CO2 + H2O  (2-10) 
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Many researchers have reviewed PbO2 electrodes and investigated their degradation ability 

against different organic pollutants: the complete combustion is achievable for a broad range 

of target pollutants including chlorinated phenols [33], oxalic acid [116], and dyes [55, 117]. 

For example, Liu et al. [33] proposed a novel plating bath to prepare PTFE-CeO2-PbO2 

electrodes for better oxidation performance against 4-chlorophenol. The authors suggested that 

using the methanesulfonate electrolyte sharply increases the co-deposited CeO2 amount, which 

assists the full oxidation of organics. In another report, Sirés and co-workers [23, 55] deposited 

a suitable PbO2 coating by optimising certain deposition parameters, achieving efficient and 

complete oxidation against Methyl Orange.  

Nevertheless, it should be noted that PbO2 electrodes present the risks of chemical corrosion 

and the potential leaching of toxic lead. Because of this, different methods to prolong the 

service life of PbO2 electrodes have been extensively studied and reported in literature. Earlier 

studies have employed the F-doped PbO2 electrode or introduced different types of interlayers, 

which are capable of significantly improving the long-term stability as described in previous 

sections. In catalytic fields, the pursuit of higher electrocatalytic activity and better chemical 

stability is among the top priorities of modern research in PbO2 electrodes, which will help to 

achieve better electrochemical performance in effluent treatment. 

2.7 Other Applications 

2.7.1 Flow battery  

The lead-acid battery has been one of the most prevalent applications of PbO2 since its first 

invention in the nineteenth century [2]. The lead-acid cells can enable a large instant current, 
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which grants a large power-to-weight ratio at a low cost. By far, PbO2 has achieved significant 

attraction as a battery electrode material in various areas such as cell phone manufacturing and 

the automobile industry [118]. 

 

Figure 2.13 A detailed schematic of the fully charged status and the discharge process occurring in 

lead-acid batteries 

The lead-acid cell allows a reversible conversion with acceptable energy loss. With the applied 

outside current, the charge stage proceeds and alternates the cell properties until reaching a 

fully charged condition where a Pb negative plate electrode and a PbO2 positive plate electrode 

are presented. Concurrently, the electrolyte becomes concentrated sulfuric acid. On the other 

hand, these reactions reverse in the discharge stage, which changes the two plate electrodes 

into solid PbSO4 and consumes H2SO4 in electrolytes. In Fig. 2.13, a detailed schematic of the 

discharging process is illustrated. Unlike the charging process, the discharge process is driven 
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by the material’s nature and forms an external circuit by the spontaneous electrons transition. 

The whole process can be summarised by the reaction equation:  

PbO2 + Pb +2H2SO4 ⇌ 2PbSO4
 +2H2O (2-11)

 

2.7.2 Ozone generation 

Ozone is a powerful oxidising agent with low toxicity, possessing many commercial and 

industrial applications such as water disinfection, air deodorisation, and organic combustion 

for industrial effluents [119, 120]. The in-situ generation of ozone is of great necessity due to 

its limited existing time. As the leading pathway to generate ozone, electrolytic ozone 

generation (EOG) is considered to have definite benefits. It can yield concentrated ozone in-

situ with restricted side reactions, and the generation process is conducted in water without any 

influence from other gases (e.g., nitrogen and oxygen in the air). However, the standard 

potential to trigger ozone evolution in an aqueous medium is rather high (~1.51 V), which 

means the oxygen can be quite a competitive by-product due to its much lower standard 

generation potential (~1.21 V) in acidic solutions. The scale-up application of EOG, therefore, 

suffers from its most critical issue of low current efficiency, which requires an electrode 

material with excellent inhibition ability towards oxygen evolution.  

Lead dioxide is thereby considered as a suitable anode material that can fulfil the requirements 

for EOG. The usage of PbO2 electrodes in EOG has been widely reported in academic and 

commercial fields for decades [119, 120]. Da Silva and co-workers [121] found that the surface 

nature of the PbO2 anode dramatically affects ozone generation kinetics. It is also claimed that 
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fluorine (either added to the electrolyte or doped in the electrode) assists ozone generation 

[121].  

Ozone produced at the PbO2 anode is extensively used for the organic degradation. For example, 

previous researchers have reported its practical application to treat phenolic compounds [6] 

and reactive dyes [122]. Also, Amadelli et al. [4] proposed that the hydrogen peroxide 

produced simultaneously at the cathode can assist the anodically formed ozone in organic 

destruction, ascribing to the generation of a more significant number of free radicals. This 

highlights the importance of appropriate cell design for particular usages. Compared with other 

anode materials, PbO2 is prevailing in practical applications due to it suiting a flexible cell 

design, and most importantly, its affordable price for large-scale use. 

2.7.3 Electrosynthesis of chemicals 

The extensive applications of PbO2 electrodes in the electrosynthesis field are mainly due to 

their chemical stability at a high potential required for chemical manufacturing, especially for 

some strong oxidising agents. For example, PbO2 anodes are believed to transform the 

consumed oxidising agents back to their high oxidation state, such as the Mn(III)/Mn(IV) 

couple and Ce(II)/(IV) couple [123, 124].  

The chemical electrosynthesis using PbO2 electrodes has been broadly applied in many 

industrial plants for many years. For instance, PbO2 anodes have been used in the 

electrochemical oxidation to fabricate perchlorate from chlorate products for the past several 

decades [125]. Also, PbO2 anodes are used in packed electrolysis cells for industrial production 
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of chromic acid by the oxidation of Cr(III) [126]. It is worth noting that the anode may 

deteriorate over time due to chemical corrosion. However, some reports stated that only several 

millimetres thickness of PbO2 anodes were consumed even after years of continuous 

operation [126]. 

2.8 Motivations of research 

Despite the extensive research on the PbO2 electrodeposition, further investigation of PbO2 

electrodeposition is meaningful, and some critical issues still need to be addressed. Notably, 

the electrodeposition process of PbO2 depends on a series of deposition parameters, some of 

which do not remain consistent or interplay with each other throughout the deposition process. 

Such phenomena thereby give rise to complex correlations between the nature of deposits and 

deposition conditions. Recently, the PbO2 electrodeposition from methanesulfonate electrolyte 

has sparked increasing attention in recent studies, which may serve as a clean and efficient 

approach to fabricate PbO2 coatings. The existence of chelating methanesulfonate ion, in bulk 

solution, directly affects the electrodeposition kinetics, making it challenging to elucidate the 

PbO2 electrodeposition process [11, 12]. Furthermore, in consideration of the ever-increasing 

demand in anodic electrodes that are being widely used in the electrochemical oxidation of 

organic contaminations in effluents and other environmental treatments, a high-performance 

PbO2 electrode deserves further optimisation. In this regard, the systematic study of the 

preparation and modification of PbO2 using methanesulfonate electrolyte is worthwhile for in-

depth research, which may contribute to its scale-up applications and serve as a reference for 

future research. 
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3. Experimental Design and Procedures 

This chapter presents the research design and experimental procedures in our research project. 

Raw materials and preparation procedures of Ti/SnO2-Sb/PbO2 samples are described in detail. 

Characterisation techniques such as X-ray diffraction (XRD) and scanning electron microscope 

(SEM) have been used to determine the structural and morphologic properties of the prepared 

samples. High-performance liquid chromatography (HPLC) combined with total oxygen 

carbon (TOC) have been employed to perform degradation ability analysis.  

3.1 Chemicals and Materials 

Raw titanium (Ti) sheets were cut from a high-purity titanium plate at a thickness of 1 mm. 

The size and working dimension of the Ti sheets will be further illustrated in subsequent 

chapters. The chemicals used for substrate preparation, electrodeposition, and degradation tests 

were of analytical grade, which are listed below: tin chloride (SnCl4, Sigma-Aldrich), 

polyethylene glycol (PEG, Sigma-Aldrich), antimony oxide (Sb2O3, Sigma-Aldrich), 

isopropanol (C3H8O, Sigma-Aldrich), methanesulfonic acid (MSA, CH3SO3H, Sigma-Aldrich), 

lead methanesulfonate (Pb(CH3SO3)2, Sigma-Aldrich), hydrochloric acid (HCl, Sigma-

Aldrich), sulphuric acid (H2SO4, J.T. Baker), oxalic acid (H2C2O4, J.T. Baker), acetone 

(CH3COCH3, J.T. Baker), lead nitrate (Pb(NO3)2, Sigma-Aldrich), nitric acid (HNO3, 

J.T. Baker), acetonitrile (C2H3N, Sigma-Aldrich) and trifluoroacetic acid (TFA, Sigma-

Aldrich), acetonitrile (C2H3N, Sigma-Aldrich), maleic acid (C4H4O4, Sigma-Aldrich), catechol 

(C6H6O2, ≥99%), 4-hydroxybenzoic (C7H6O3, Sigma-Aldrich), fumaric acid (C4H4O4, Sigma-

Aldrich), hydroquinone (C6H6O2, Sigma-Aldrich) and benzoquinone (C6H4O2, Sigma-Aldrich). 

All solutions were prepared using ultrapure water acquired from a Milli-Q (Merck Millipore, 

USA) water purification unit. The electrical resistivity of the ultrapure water was ≥18 MΩ cm. 
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Also, deionised water (DI water) obtained from an Elix (Merck Millipore, USA) purification 

unit was used for sample washing. 

3.2 Preparation of Ti/ SnO2-Sb/PbO2 Electrodes 

3.2.1 Pre-treatments of titanium sheets  

The fresh Ti sheets were initially treated by grinding and polishing with sandpapers down to 

2000 grit. Surface oxides were removed in this process, giving rise to a smooth and shiny 

surface free of scratches. The polished Ti sheets were then carefully washed with ultrapure 

water and acetone respectively to clean the residual surface organics and debris. Afterwards, 

these Ti sheets were soaked in boiling oxalic acid solution (10 wt. %) for one hour. This 

chemical etching process completely removed the surface oxides and resulted in a rough and 

matte surface. After being washed with acetone several times, the pre-treatment of Ti sheets 

was completed, and the as-prepared Ti sheets were referred to as Ti substrates hereafter. 

3.2.2 Thermal deposition of SnO2-Sb interlayer 

In our sample preparation, the thermally deposited SnO2-Sb layer serves as an interlayer 

between the Ti substrate and the outside PbO2 layer. The precursor solution for interlayer 

preparation was made up of 14 mL C3H8O, 10 mL concentrated HCl, 0.12 g Sb2O3, and 1.6 mL 

SnCl4. Firstly, the Ti substrate was soaked into the precursor solution for 10 s. Then, the soaked 

Ti substrate was heated at 100 oC for 10 min in a muffle furnace, followed by heating at 500 

oC for another 10 min. The same dipping and heating processes were repeated six times. Then, 

the treated Ti sheets were annealed at 500 oC for one hour. After being cooled in the air, a 

SnO2Sb interlayer was successfully prepared on the Ti substrate, and hereafter the thermally 

treated sheets were referred to as Ti/SnO2-Sb substrate. As proposed by previous reports, the 

presence of the SnO2Sb interlayer can give rise to prolonged service life and increased adhesion 

to titanium-based PbO2 electrodes [1, 127].  
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The crystal structure information of the Ti/SnO2-Sb substrate is presented in Fig. 3.1, which 

reveals multiple broad peaks that originated from the deposited SnO2-Sb interlayer. It should 

be noted that the X-ray scans failed to find the presence of antinomy, probably due to its limited 

amount in the interlayer. Moreover, the surface microstructure of Ti/SnO2-Sb substrate was 

recorded. As depicted in Fig. 3.2, the Ti substrate was covered by the thermally deposited 

SnO2-Sb interlayer. Fig. 3.2 (a) shows the deposited SnO2-Sb interlayer is at a mean thickness 

of ~2 um. Besides, Fig. 3.2 (b) clearly shows a cracked-mud like surface morphology of the 

Ti/SnO2-Sb substrate. We should note this observation matches the description of the SnO2-Sb 

layer obtained by thermal decomposition in previous reports [9, 48].  

 

       Figure 3.1 X-ray diffractogram of the prepared Ti/Sb-SnO2 substrate 
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Figure 3.2 Microstructure information of (a) the cross-section and (b) the surface of the prepared 
Ti/Sb-SnO2 substrate; aggregates of Pt particles can be seen in (a) as the cross-section samples were 
coated by Pt before characterisation  

3.2.3 Electrodeposition of lead dioxide  

PbO2 was anodically deposited on the Ti/SnO2-Sb substrate. In most cases, galvanostatic 

deposition was carried out in the preparation of PbO2. Apart from that, pulse reverse current 

(PRC) deposition was also employed as a novel PbO2 electrodeposition technique, which will 

be described in detail in Chapter 7.  

In the PbO2 deposition, a typical bipolar electrolytic beaker cell was employed with two 

paralleled electrodes immersing in electrolyte solutions. The Ti/Sb-SnO2 substrate was used as 

the anode, while a copper sheet with the double working dimension served as the cathode. The 

working dimension of the electrodes will be described in detail in subsequent chapters. The 

distance between the two electrodes was kept constant at 15 mm. A PTFE magnetic stirrer was 

placed in electrolyte solutions to trigger the bath agitation at 300 rpm. This electrolytic beaker 

cell was placed in a thermostatic bath at a designated temperature. The electrodeposition of 

PbO2 coatings was carried out in a fume hood to avoid the potential hazard of vapour leakage. 

The detailed electrodeposition parameters will be illustrated in individual chapters, including 
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deposition time, current density, acid strength, and Pb2+ concentration. To better clarify the 

sample preparation procedures, a schematic of the preparation pathway of Ti/SnO2-Sb/ PbO2 

samples is presented in Fig. 3.3. 

 

Figure 3.3 The schematic graph of the sample preparation process  

After the electrodeposition process, the as-prepared Ti/SnO2-Sb/PbO2 sample was immediately 

ultrasonically rinsed with ethanol several times. Then the prepared samples were dried and 

placed in a desiccator pumped to a vacuum level of ≤ 1 KPa using a rotary vane pump. This is 
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to prevent the PbO2 coating from reacting in a redox reaction with water or the remaining acidic 

solution on the sample surface. As mentioned in section 2.3.1, lead is thermodynamically 

metastable in its high oxidation state. Without a positively charged potential, PbO2 could easily 

transfer into Pb(II) in acidic or even neutral solutions [2].  

Fig. 3.4 records the microstructure information deriving from one of the prepared Ti/SnO2-

Sb/PbO2 samples. In both Figs. 3.4 (a) and 3.4 (b), we can see a homogenous PbO2 layer was 

uniformly deposited on the substrate without pores and cracks. This is in a good agreement 

with extensive reports which electrodeposited uniform PbO2 coatings on the Ti/SnO2-Sb 

substrate [1, 9, 74]. It should be noted that the electrodeposition process is controlled by a 

number of parameters. The structural and morphologic properties of the PbO2 coatings can be 

markedly different case to case, depending on the particular deposition parameters/conditions. 

 

Figure 3.4 The microstructure information of (a) the PbO2 coating surface, and (b) the cross-section 
of the Ti/Sb-SnO2/PbO2 sample; the presented sample was deposited from the electrolyte containing 
1.0 M Pb(CH3SO3)2 + 0.3 M MSA with a current density at 20 mA/cm2 for 30 min at 65oC 
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3.2.4 Electrodeposition temperature 

In order to investigate the appropriate electrodeposition temperature, a series of experiments 

have been performed at different deposition temperatures, as shown in Fig. 3.5. The 

temperature range was chosen between 35 oC and 65 oC based on the previous works [23, 127]. 

With other parameters remaining identical, the increasing deposition temperature from 35 oC 

to 65 oC evidently improved the coating quality. At 35 oC, PbO2 failed to adequately cover the 

substrate, revealing a poorly deposited coating made up of a number of isolated “columns” (Fig. 

3.5 (a)). High magnification reveals the “columns” were composed of numerous rather fine 

crystals, Fig. 3.5 (b). As the deposition temperature increased to 50 oC, the obtained PbO2 

coating almost covered substrate, while large holes and cracks were observed (Fig.3.5 (c)). 

However, at an elevated temperature of 65 oC, the substrate was entirely covered by the PbO2 

coating with significantly enhanced uniformity, Fig. 3.5 (d). The finding in Fig. 3.5 proves that 

the deposition process is facilitated by increasing temperature (≤65oC), giving rise to improved 

deposition quality of prepared PbO2 coatings. 

In reference to previous research in the literature [23, 128], an increased PbO2 deposition 

temperature leads to improved coating uniformity because of the enhanced nucleation and grain 

growth processes [23]. At a high temperature, the nucleation process benefits from the faster 

Pb2+ diffusion and the less positive onset potential of PbO2 deposition. Meanwhile, the grain 

growth process is facilitated due to the accelerated solid state diffusion [129, 130]. Therefore, 

the increased temperature prefers a more uniform PbO2 coating as revealed in Fig. 3.5 (d). 

Nevertheless, an excessively high deposition temperature can damage PbO2 coatings [127]. 

When referring to the study by Zhao et al. [127], the PbO2 electrodeposition at 85 oC gave rise 

to non-uniform PbO2 coatings with a number of cracks and pits, causing a deteriorated long-

term stability of PbO2 electrodes. A feasible explanation is that water solution evaporates 

considerably at an extremely high temperature, which severely inhibits the nucleation and 
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growth process of PbO2 and damages the coating quality. From the above discussion, our 

research thesis chooses a relatively high electrodeposition temperature of 65 oC. At this 

temperature, the prepared PbO2 coatings are presumed to have better deposition quality (Fig. 

3.4), while avoiding the possible detrimental effects brought by a rather high deposition 

temperature as stated in Ref. [127]. 

 

Figure 3.5 The surface morphology of PbO2 layers deposited at different temperatures: (a) 35 oC, (b) 
the higher magnification of 35 oC, (c) 50 oC (d) 65 oC from the electrolyte containing 0.1 M 
Pb(CH3SO3)2 + 0.7 M MSA;all these PbO2 layers were parped in our project under a constant current 
density of 20 mA/cm2 for 25 min 
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3.3 Physicochemical Characterisation 

3.3.1 Characterisation of microstructure and crystal structure 

The microstructure information (e.g., surface and cross-section morphologies) of the prepared 

samples was characterised using a scanning electron microscope (SEM, Quanta 200F, FEI, 

USA). The crystal size observed in the coating surface was compared using the evaluation 

method based on the ASTM Standards [131, 132]. The thickness of PbO2 coatings was 

estimated from the cross-sectional images using Image J.  

The crystal structure of these samples was characterised utilising an X-ray diffractometer 

(XRD, D2 Phaser, Bruker AXS, Germany) with Cu Kα radiation (λ=0.15406 nm). The 

scanning rate in XRD tests was 0.02° per second in the 2θ range from 20° to 80°. The grain 

size of PbO2 samples was estimated using the Scherrer formula from the peak broadening at 

half maximum intensity (FWHM) of the strongest diffraction peak, which is proposed in 

previous literature [1, 9, 28].  

Cyclic voltammetry (CV) tests were carried out to investigate the electrochemical behaviours 

of the prepared samples. A CHI604D (Chenhua, China) electrochemical workstation was 

employed as the power supply. A typical three-electrode beak cell configuration was used in 

the CV measurements. A platinum sheet was used as the counter electrode, and a saturated 

calomel electrode (SCE) was used as the reference electrode. Different working electrodes 

were used in different chapters with the same working dimension of 10 mm×10 mm. Further 

details of the used working electrodes will be illustrated in related chapters. 

In most cases, the sulphuric acid solution (0.5 M) was used as the electrolyte in CV 

measurements. Also, different electrolyte types (e.g., methanesulfonate electrolyte, nitric 

electrolyte) were used to study the initial electrodeposition process of PbO2, which will be 
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described in detail later. The CV measurements were conducted at room temperature. Specific 

technique parameters (e.g., scan rate, electrolyte, and scan range) of the CV measurements will 

be illustrated in related chapters. It should be noted that all the given potentials in the thesis are 

referred to SCE.  

3.3.3 Stability test 

Chemical stability is a core concern in PbO2 preparation and application. Excellent long-term 

stability of PbO2 electrodes prevents the potential hazard from the dissolution of toxic lead in 

the electrolysis. It should be noted that the estimated service life of a PbO2 electrode is usually 

far beyond practical industry requirements when referring to previous literature [2]. Although 

possible chemical corrosion still threatens the practical uses of PbO2 electrodes, previous works 

have suggested that only several millimetres of thickness of PbO2 anodes can support a 

continuous operation for years in industry plants [133]. 

In general, the stability of electrodes can be estimated based on a simulation test performed in 

rather extreme conditions (e.g., strong acidic medium, huge applied current density) – the 

accelerated life test [134]. Referring to the empirical equation proposed by Hine et al. [134], 

the estimated service life of electrodes can be calculated by: 

SL ~  

Where SL stands for the estimated service life, j stands for the applied current density, and n is 

a given constant in the range of 1.4~2.0. Compared with the extreme condition applied in 

accelerated service life tests, the practical working circumstance is considerably milder.  

In our cases, the accelerated service life of the Ti/SnO2-Sb/PbO2 samples was investigated 

using a typical bipolar electrolytic beaker cell. A titanium sheet (working dimension 30 mm× 

20 mm) was used as the cathode, and the sample electrode (working dimension 30 mm × 10 
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mm) served as the anode. The applied current density was at 500 mA/cm2. The test was 

conducted in 1.0 M H2SO4 solutions at room temperature. Bath agitation was triggered by a 

PTFE magnetic stirrer at 400 rpm, and the inter-electrode distance was kept constant at 15 mm. 

Applied cell potential was recorded periodically throughout the test. The time point was 

recorded when the cell potential surged up and surpassed 10.0 V, which is referred to as the 

accelerated serve lifetime [135].  

3.4 Electrochemical Degradation of Organics 

3.4.1 Electrochemical oxidation of benzoic acid 

The electrochemical oxidation of benzoic acid (BA) was performed in a bipolar beaker cell. 

The prepared Ti/SnO2-Sb/PbO2 electrode with a working area of 30 mm×10 mm was used as 

the working anode, and a Ti sheet with a working area of 30 mm×20 mm was used as the 

cathode. The distance between the two electrodes was constant at 15 mm. A magnetic PTFE 

stirrer in the electrolyte was used to agitate aqueous solutions at 400 rpm. The galvanotactic 

electrolysis of BA was conducted with a current density of 150 mA/cm2. The electrolysis 

temperature was kept constant at 25 oC. Further details of the electrolyte composition and 

applied current density will be given in related chapters.  

3.4.2 HPLC analysis 

High-performance liquid chromatography (HPLC) is an advanced technique in analytical 

chemistry. This column chromatographic technique has been extensively accepted for 

qualitative and quantitative examination of each component dissolved in the aqueous solution, 

achieving a rather high accuracy at the part-per-million (ppm) level. In the HPLC measurement, 

the pressurised flow (known as the “mobile phase”) carrying sample solution is pumped 

through a column containing the adsorbent material (referred to as the “stationary phase”). 

During this process, each individual component in the sample mixture is separated 
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corresponding to its different retention time in the column, which is a result of its different 

reaction rate with the adsorbent material.  

A typical HPLC system contains three essential parts: a sampler, pumps, and a detector. The 

sampler transports the sample mixture into the mobile phase stream. A different composition 

gradient can be generated in such process. The pumps provide the driving force to transfer the 

flow throughout the system. The detector produces a digital signal deriving from each 

component passing through the column. Fig. 3.6 displays a flow scheme of a typical HPLC 

system with a brief description of each unit.  

 

Figure 3.6 A schematic flowchart for an HPLC. (1) Solvent bottles, (2) Solvent degasser, (3) Gradient 
valve, (4) Mixing vessel with mobile phase, (5) Pump, (6) Valve in inject position, (6') Valve in load 
position, (7) Injection loop, (8) Pre-column, (9) C-18 column, (10) Detector, (11) Analyser, (12) Waste 
solution; taken from the reference with permission [136] 

In our research work, the BA concentration was monitored periodically using an HPLC 

(Nexera, Shimadzu, Japan) system with an embedded UV detector. An Agilent TC-C18 column 

(4.6 × 150 mm, 5 μm) was used for sample separation. The temperature was kept constant at 

25 oC throughout the HPLC measurements. The mobile phase was composed of ultrapure water 

(containing 0.1% TFA) and acetonitrile (containing 0.1% TFA). It should be noted that 

different acetonitrile concentrations were applied in chapters 6 and 7. An increased acetonitrile 
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percentage in mobile the phase results in a shorter retention time for the dissolved compound. 

The injection volume of sample solution was 20 uL for each run. The flow rate of the mobile 

phase was 1 mL/min. After HPLC measurements, the data analysis was performed with an 

authorised suite (LabSolutions, Shimadzu, Japan). 

3.4.3 TOC analysis 

Total organic carbon (TOC) – the carbon amount in organic form – is commonly used to 

monitor water contamination. To calculate the TOC value of sample solution, a TOC analyser 

firstly calculates the total carbon (TC) – the carbon presented in aqueous medium in any form. 

However, since “inorganic carbon” (IC, refers to the dissolved carbon dioxide and carbonate, 

bicarbonate, etc.) cannot be avoided in sample solutions for most cases, the TOC analyser needs 

to remove IC out from the TC to obtain the TOC value. A prevalent method to obtain TOC is 

to measure TC and IC respectively, while the TOC value equals their difference. More 

specifically, it measures the amount of inorganic carbon (IC) evolved from an acidified portion 

of sample solution. This “TOC=TC–IC” method works for both volatile and non-volatile 

organics. In general, there are three main steps in TOC analysis: (1) acidification, (2) oxidation, 

(3) detection and quantification. The first step of acidification is to eliminate IC and large 

particulate organic carbon presented in the sample solution by inert gas sparing. The second 

step of oxidation is to oxidise the residual organic carbon (via combustion or chemical 

oxidation) into the carbon dioxide gas that is delivered to the detector. Then, in the third step, 

the delivered carbon dioxide is detected and measured, generating a peak which is interpreted 

into the TOC value of the sample solution.  

In our research work, a TOC analyser (TOC-L series, Shimadzu, Japan) was used to monitor 

the electrolysed solutions. The TOC removal rate was recorded periodically throughout the BA 

electrochemical degradation process using the “TOC=TC–IC” analysis method. Before the 
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TOC measurement, 3 mL of electrolysed solution was extracted from bulk solution and filtered 

through a 0.45 um syringe filter. Then, the electrolysed solution was diluted into a 30 mL 

sample solution using ultrapure water. In each run, a 50 uL sample solution was injected into 

the TOC analyser for measurement.  
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4. Effects of Electrolyte Composition on the PbO2 Electrosynthesis 
Process from a Methanesulfonate Electrolytic Bath 

This chapter investigates the effects of electrolyte composition on the properties of PbO2 

deposits. In this work, a series of PbO2 coatings were electrodeposited on Ti/SnO2–Sb 

substrates from a methanesulfonate electrolytic bath. The phase constituents and surface 

microstructures of PbO2 coatings were characterised. The voltammetric analysis was 

conducted to elucidate the electrochemical behaviour of PbO2 coatings. Also, the influence of 

chelating methanesulfonate ion on the PbO2 electrodeposition process was discussed.  

 

4.1 Introduction 

PbO2 is widely accepted as an active electrode material applied in the fields of catalysis and 

energy storage, ascribing to its excellent performance in chemical stability, catalytic activity, 

and affordability [1]. In addition to fluid batteries, applications of PbO2 have been extensively 

explored in chemical synthesis [5], oxygen and ozone generation [6], and the treatment of waste 

effluents [8, 137].  

The fabrication of PbO2 normally employs galvanostatic anodic deposition conducted on an 

inert substrate. Recent studies explored a relatively clean and efficient PbO2 electrodeposition 

approach using methanesulfonate solutions [23, 55]. In comparison with the conventional 

oxidising electroplating sources, the methanesulfonate electrolyte displays low toxicity, 

excellent chemical stability and great biodegradability [54]. As stated in earlier literature [11, 

33], the usage of methanesulfonate electrolytes hardly influences the electrodeposition model 

of PbO2, which can be illustrated as a four-step electrochemical oxidation route referring to the 

most accepted PbO2 deposition scheme [38, 39]: 
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H2O → OHads + H+ +e− (4-1)

Pb2+ + OHads → Pb(OH)2+ (4-2)

Pb(OH)2+ + H2O →Pb(OH)2
2+

 + H+ + e− (4-3)

Pb(OH)2
2+→PbO2 + 2H+ (4-4)

In this deposition model, PbO2 is lastly crystalised on the electrode surface after several 

oxidation steps. The electrodeposition kinetics of PbO2 depends on the formation of the 

oxygen-containing intermediates generated from reaction (4-2) and (4-3) [11]. However, in 

methanesulfonate electrolyte solutions, the adsorption of methanesulfonate ions on the anode 

surface significantly changes the coverage of those oxygen-containing intermediates, 

straightforwardly affecting the electrodeposition process [38]. Therefore, different deposition 

kinetics are presumed for the PbO2 electrodeposition using a methanesulfonate electroplating 

source. 

In PbO2 electrodeposition, the physicochemical nature of resulting PbO2 coatings depends on 

the electrodeposition parameters/conditions. Many attempts investigated the effects of critical 

deposition parameters in PbO2 electrodeposition, including Pb2+ concentration, acid strength, 

and other ions [9, 48, 138]. Nevertheless, the reported effects of deposition factors vary in 

different electrodeposition circumstances, resulting in complex correlations between the nature 

of deposits and the deposition conditions. Moreover, in the methanesulfonate medium, the 

presence of chelating methanesulfonate ion makes it even harder to elucidate the effects of 

deposition parameters. We are aware of several studies focusing on the electrodeposition of 

PbO2 using methanesulfonic acid solutions. For instance, Sirés et al. [23] and Li et al. [31] 

confirmed that deposition temperature determines the phase constituent and coating quality of 

deposited PbO2. Velichenko et al. [11] deposited thick PbO2 coatings with good mechanical 

properties and adhesion to the substrate using the methanesulfonate solutions. However, 
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understanding is still limited concerning the effects of critical deposition parameters on the 

PbO2 deposition using the methanesulfonic electroplating source.  

In the present work, the effects of electrolyte composition (i.e., lead methanesulfonate 

(Pb(CH3SO3)2) and methanesulfonic acid (MSA, CH3SO3H)) on the PbO2 electrodeposition 

were studied. A series of PbO2 coatings were electrodeposited on Ti/SnO2–Sb substrates from 

a methanesulfonate electrolytic bath, and physicochemical properties were characterised for 

those Ti/SnO2–Sb/PbO2 samples. In light of an ever-growing demand for efficient and 

affordable anode materials, a better understanding of PbO2 may contribute to its possible scale-

up applications in all fields. 

4.2 Experimental Procedures 

4.2.1 Preparation of Ti/Sb-SnO2 substrate 

The preparation steps of Ti/SnO2-Sb substrates have been illustrated in detail in Chapter 3. The 

raw Ti sheets were treated by polishing and chemical etching, followed by several ethanol 

rinses. After a SnO2-Sb interlayer was thermally deposited on the Ti sheet, the Ti/SnO2-Sb 

substrate was prepared ready for the following electrodeposition procedures. As stated in 

extensive reports, the presence of an Sb-doped SnO2 interlayer can give rise to markedly 

enhanced long-term stability [44, 48, 70].  

4.2.2 Electrodeposition of PbO2 

PbO2 electrodeposition was galvanostatically conducted on the as-prepared Ti/SnO2-Sb 

substrate. The general procedures in PbO2 deposition have been illustrated in Chapter 3. A 

typical bipolar beaker cell was employed using the Ti/SnO2-Sb substrate as the anode (working 

area of 10 mm×10 mm), while a copper sheet with the double working area served as the 

cathode. The deposition was performed in a methanesulfonate electrolyte bath containing 
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different concentrations of Pb(CH3SO3)2 (0.1 M, 0.5 M, and 1.0 M) and MSA (0.1 M, 0.3 M, 

0.5 M, 0.7 M, and 1.0 M). A constant anodic current was applied at 20 mA/cm2 for 25 min. As 

stated in section 3.2.4, PbO2 electrodeposition was conducted at a high temperature of 65 oC in 

order to obtain a homogeneous coating. 

4.3. Results and Discussion 

4.3.1 Crystal structure analysis 

Fig. 4.1 demonstrates the diffraction peaks of the PbO2 coatings made from 0.1 M Pb(CH3SO3)2 

with different MSA concentrations. At 0.1 M MSA, nearly pure β-PbO2 was obtained with a 

small amount of α-PbO2 phase. As the MSA concentration increases, several β peaks were 

replaced by the emerging α peaks. With a further increase of MSA concentration beyond 0.7 

M, α-PbO2 became dominant in the prepared PbO2 coating; two significant α peaks can be 

observed, namely (022) and (222). Meantime, other β peaks gradually abated and disappeared. 

We should note that sharp Ti diffraction peaks originating from the substrate can be detected 

in the sample made from the solution containing limited MSA concentration (≤ 0.5 M). This 

indicates that the deposited PbO2 coating was unable to fully cover the Ti/Sb-SnO2 substrate. 

In this case, oxygen bubbles were continuously emitting from the anode throughout the 

electrodeposition process, suggesting the occurrence of the uncontrolled oxygen evolution due 

to a critical concentration polarization. An increased MSA concentration ameliorates the 

quality of the PbO2 coatings; titanium peaks disappeared at 0.7 M MSA.  
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Figure 4.1 X-ray diffractograms of PbO2 coatings deposited from electrolytes of 0.1 M Pb(CH3SO3)2, 
with different MSA concentrations; α* stands for the overlayed peaks of α (222) and α (132) 

Fig. 4.2 displays the diffractograms of the PbO2 coatings made from 0.5 M Pb(CH3SO3)2 with 

different MSA concentrations. No diffraction peaks belonging to the substrate can be seen in 

Fig. 4.2. It is speculated that the greater amount of dissolved Pb2+
 has considerably eased the 

concentration polarization and improved coating quality. At 0.1 M MSA, nearly pure β-PbO2 

was obtained, as evidenced by several significant β peaks with the strongest texture along β 

(101) crystal plane. At 0.3 M MSA, β-PbO2 still dominated in the coating, while the 

pronounced texture has changed to β (101). It is noted that  (111) emerged in the coating 

when it was deposited from 0.3 M MSA electrolyte. When the MSA concentration increased 

to 0.5 M and above, α (020) peak emerged and gradually grew to be dominant. In the meantime, 

all β peaks except β (301) progressively disappeared. Based on our observations in Fig. 4.1 and 

Fig. 4.2, the increased MSA concentration promotes the formation of α-phase at the expense 

of β-phase. Although quantitative calculation is not feasible in the highly textured PbO2 [23], 

it still can be concluded that a growing ratio of α-PbO2 appears at the increased MSA 
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concentration in these conditions. Besides, it is noted that highly textured PbO2 coatings formed 

in most samples, presenting one or two significant peaks in the diffractograms. The textured 

PbO2 deposits are extensively reported in previous literatures, despite the preferred orientations 

vary case to case [11, 67]. 

 

Figure 4.2 X-ray diffractograms of PbO2 coatings deposited from electrolytes of 0.5 M Pb(CH3SO3)2 

with different MSA concentrations 

In acidic solutions, the tetragonal β phase is commonly reported as the dominant phase for the 

PbO2 electrodeposition from nitric acid solutions [2, 139]. Referring to a previous literature, 

the content of α-PbO2 is proposed to decrease under a more acidic solution from a nitrite 

electroplating system [139]. However, this seems contradictory to our findings in Fig. 4.1 and 

Fig. 4.2: the more acidic solution (i.e., the increased MSA concentration) gives rise to the 

increased α-PbO2 content. We should note this difference is not supersizing since the phase 

constituent of PbO2 deposits is determined by many electrodeposition parameters including pH 

value, acid source, substrate type, and other ions [31].  
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To clarify this difference, we performed XRD analysis towards the PbO2 coatings deposited 

from different acid solutions with the same pH value and Pb2+ concentration, Fig. 4.3. It can be 

seen that the use of nitrate electrolyte sharpened all the diffraction peaks and caused a much 

higher crystallinity level, which is in good agreement with previous reports [1, 11]. Also, unlike 

the highly textured PbO2 obtained from the methanesulfonate bath, PbO2 coatings obtained 

from the nitrate bath showed multiple significant β peaks which almost match the standard 

peak pattern found in the database. Most importantly, replacing methanesulfonate electrolyte 

by nitrate electrolyte changed the phase distribution from a mixture of α and β phases to pure 

β-PbO2. Based on this phenomenon, it is reasonable to assume that the concentration of 

methanesulfonate ion is a significant factor determining the phase constituents of PbO2 deposits.  

 

Figure 4.3 X-ray diffractograms of PbO2 coatings deposited from the electrolytes of 0.5 M Pb(CH3SO3)2 

+ MSA (black line), 0.5 M Pb(CH3SO3)2 + HNO3 (red line), and 0.5 M Pb(NO3)2 + HNO3 (blue line); 
pH value was 0.2 

In general, the chelating methanesulfonate ion influences the electrodeposition process via two 

pathways: (1) association with metal ions in the bulk solution; and (2) adsorption on the 
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electrode surface [11, 12]. Both of them are considered to inhibit the deposition process and 

contribute to a higher deposition overpotential [11].  

However, the methanesulfonate ion plays another role in the anodic deposition of PbO2. In the 

deposition process, Pb2+ cations are firstly associated with methanesulfonate ions in bulk 

solution before their movement to the electrode surface. Those Pb2+ cations are then consumed 

in PbO2 deposition reactions on the electrode, whereas the associated methanesulfonate anions 

remain at the electrode/electrolyte interface. This forms a negatively charged layer near the 

electrode surface, attracting the positively charged Pb2+ in the bulk solution to move towards 

the electrode surface [11]. In turn, the presence of methanesulfonate ion accelerates the mass 

transfer of Pb2+, thereby alleviating the concentration polarisation by allowing more Pb2+ to 

reach the active sites. At the insufficiency of Pb2+ in bulk solution, the mass transfer of Pb2+ is 

the limiting step in PbO2 electrodeposition so that the increased concentration of 

methanesulfonate ions can markedly facilitate the deposition process. This can be a feasible 

explanation for the enhanced coating quality found at increased MSA concentration when 

0.1 M Pb(CH3SO3)2 was used, Fig. 4.1. Based on the above analysis, a schematic of PbO2 

deposition from the methanesulfonate electroplating source is proposed in Fig. 4.4.  
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Figure 4.4 The schematic of the lead dioxide electrodeposition conducted in the methanesulfonate 
electrolyte; MS anions stands for methanesulfonate anions 

In PbO2 electrodeposition, two distinct models have been proposed for the nucleation and 

growth processes: (1) the rate-determining step is the charge transfer reaction of PbO2 

formation (kinetic control); or (2) the limiting step is the mass transfer of Pb2+ (diffusion- or 

mass transfer control) [38, 42]. Velichenko et al. [11, 22] proposed that the formation of α-

PbO2 is preferred at a declined deposition overpotential in the diffusion-controlled domain, 

while the opposite tendency is revealed under the kinetic-controlled range. It should be noted 

that such phenomena match our findings in Fig. 4.1 and Fig. 4.2. In the electrodeposition at 

0.1 M Pb(CH3SO3)2, the mass transfer of Pb2+ is the limiting step, while the increased MSA 

concentration causes a declined deposition overpotential due to the alleviated concentration 

polarisation. Concurrently, α-PbO2 forms and grows at the increasing MSA concentration, 

Fig. 4.1. Instead, at 0.5 M Pb(CH3SO3)2, the relatively sufficient amount of Pb2+ turns the 

deposition into a kinetic-controlled range. The inhibition effects of methanesulfonate ions 

dominate at the increasing MSA concentration, resulting in the increased deposition 

overpotential. This concurs with a growing content of α-PbO2 in the kinetically controlled 

deposition, Fig. 4.2. 
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Figure 4.5 X-ray diffractograms of PbO2 coatings deposited from electrolytes of 1.0 M Pb(CH3SO3)2 

with different MSA concentrations 

Moreover, our work also deposited PbO2 coatings from the electrolyte containing 1.0 M 

Pb(CH3SO3)2 and different MSA concentrations, Fig. 4.5. However, the change of MSA 

concentrations hardly modified the phase constituent of PbO2 under this condition. The high 

Pb(CH3SO3)2 concentration (1.0 M) provides sufficient Pb2+ and abundant methanesulfonate 

ions in bulk solutions so that the increase in MSA concentration gives rise to limited effects on 

the PbO2 electrodeposition. Despite a small amount of α impurity, β-PbO2 was dominant in the 

prepared PbO2 coatings, displaying a noticeable texture along the β (301) crystal plane. 

4.3.2 Surface morphology analysis 

The surface microstructure was characterised for the PbO2 coating deposited from different 

electrolyte compositions. Fig. 4.6 presents surface information for those PbO2 coatings 

deposited from 0.1 M Pb(CH3SO3), correlating to the diffractograms in Fig. 4.1. With other 

parameters remaining identical, an increase in MSA concentration gave rise to a more uniform 
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PbO2 coating. At 0.1 M MSA, a pyramidal morphology appeared with a number of pores at a 

diameter of ~10-20 um, Fig. 4.6 (a). The increased MSA concentrations (0.3 M & 0.5 M) 

resulted in a mixture of pyramidal and rectangular crystals with the presence of uncovered 

substrates (Fig. 4.6 (b) & (c)). Inset of Fig. 4.6 (b) reveals the uncovered Ti/SnO2-Sb substrate 

where small PbO2 crystallites formed in its gaps. In these conditions, the exposure of Ti/SnO2-

Sb substrate concurs with the Ti diffraction peaks appearing in Fig. 4.1. Due to the 

insufficiency of Pb2+, the ad-atoms of lead are hard to reach the equilibrium positions in the 

electrodeposition process, causing a deteriorated coating quality [140]. However, when MSA 

concentration increased to 0.7 M, a relatively homogenous PbO2 coating was deposited 

covering the substrate entirely. High magnification reveals the coating surface was composed 

of numerous fine crystallites (inset of Fig. 4.6 (d)). We should note the microstructural 

observation in Fig. 4.6 well-matches our statement: when Pb2+ is not sufficient in bulk solution, 

an increase in MSA concentration considerably improves deposition quality due to the 

promoted mass transfer of Pb2+.  
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Figure 4.6 Surface microstructures of the PbO2 coatings deposited from 0.1 M Pb(CH3SO3)2 with 
different concentrations of MSA: (a) 0.1 M, (b) 0.3 M, (c) 0.5 M, (d) 0.7 M; the insets present higher 
magnification 
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Figure 4.7 Surface microstructures of the PbO2 coatings deposited from 0.5 M Pb(CH3SO3)2 with 
different concentrations of MSA: (a) 0.1 M, (b) 0.3 M, (c) 0.5 M, (d) 0.7 M 

Fig. 4.7 presents the surface information for those PbO2 coatings deposited from 0.5 M 

Pb(CH3SO3)2. In these case, uniform PbO2 coatings were deposited free of pores or cracks. The 

increasing MSA concentration transformed the coating surface from pyramidal morphology at 

0.1 M MSA (Fig. 4.7 (a)) to rectangular morphology at 0.3 M MSA (Fig. 4.7 (b)), globular 

morphology at 0.5 M MSA (Fig. 4.7 (c)), and spindle-like morphology at 0.7 M MSA 

(Fig. 4.7d). It can be observed that a rough and open surface microstructure correlates to the 

nearly pure β-PbO2, while a flat and compact surface corresponds to the nearly pure α-PbO2 

coating obtained at a high MSA concentration. 
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Figure 4.8 Surface microstructures of the PbO2 coatings deposited from 1.0 M Pb(CH3SO3)2 with 
different concentrations of MSA: (a) 0.1 M, (b) 0.3 M, (c) 0.5 M, (d) 0.7 M 

When Pb(CH3SO3)2 concentration increased to 1.0 M, the deposited PbO2 coatings exhibited 

ordered microstructure with readily identified pyramidal crystals, Fig. 4.8. Under this condition, 

the increase of acid source from 0.1 M to 0.7 M decreased the crystal size slightly, yet barely 

changed the pyramidal surface feature of those PbO2 coatings. To better clarify the structural 

transition of the prepared PbO2 coatings, Table 4.2 summarizes the dominant phases and the 

morphologic features of these deposits obtained from different electrolyte compositions, which 

clearly demonstrates the proposed trends as stated in above discussions. 
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Table 4.1 Phase composition and surface morphologic features of the PbO2 electrodes prepared in 
methanesulfonate electrolytes 

Pb(CH3SO3)2 MSA Phase constituent Surface morphology 

0.1 M 0.1 M α+β Porous 

 0.3 M α+β Porous 

 0.5 M α+β Porous 

 0.7 M α Irregular 

0.5 M 0.1 M β Pyramid-like 

 0.3 M α+β Rectangular 

 0.5 M α+β Globular 

 0.7 M α+β Spindle-like 

1.0 M 0.1 M β Pyramid-like 

 0.3 M β Pyramid-like 

 0.5 M β Pyramid-like 

 0.7 M β Pyramid-like 
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Figure 4.9 Cyclic voltammograms of PbO2 coatings deposited from 1.0 M Pb(CH3SO3)2 + 0.3 M MSA; 
electrolyte was 0.5 M H2SO4; scan range was 0.7 V to 2.0 V; scan rate was 10 mV/s at room temperature 

4.3.3 Electrochemical analysis of the deposited PbO2 

Cyclic voltammetry (CV) tests were conducted to determine the electrochemical manners of 

PbO2 coatings. Fig. 4.9 describes the early cycles recorded over the PbO2 coatings made from 

1.0 M Pb(CH3SO3)2 and 0.3 M MSA. In the forward scan of the first cycle, the exponential 

current growth at ~1.8 V was associated to the oxygen generation reaction. In the reverse scan, 

two different peaks appeared separately at ~1.2 V and ~1.05 V, corresponding to the reduction 

reaction to form PbSO4 in the solution/electrode interface. In subsequent cycles, a significant 

positive peak established and improved at ~1.65 V, correlating to the oxidation reaction of low 

valence lead. The increasing depth of this peak indicates the increasing amount of PbSO4 

generated in the reverse scans.  

It is interesting to note a tendency in reverse scans: as the cycle proceeded, the cathodic peak 
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at 1.2 V markedly increased, whereas the other cathodic peak slightly shrank. Some reports 

claimed these two cathodic peaks should correspond to the reduction of α- PbO2 and β-PbO2 

respectively [141, 142]. However, in our cases, all the CV graphs exhibit these two cathodic 

peaks appearing at the similar potentials with no correlation to the phase constituent, even for 

the nearly pure α- or β-PbO2. Moreover, we should note that the centring potential of the two 

cathodic peaks differs by approximately 0.15 V, which is much larger than the difference 

between the theoretic equilibrium potential of the two individual phases (~0.01V) [2, 143].  

A similar phenomenon was also reported in the previous research by Devilliers et al. [144], 

where the authors stated that the increasing cathodic peak is associated with the reduction of 

newly formed PbO2, while the other cathodic peak represents the reduction reaction of the 

original PbO2 coating. Accordingly, in our case, the peak instituted at ~1.2 V can be accredited 

to the reduction of the newly formed PbO2. This type of PbO2 can be readily reduced, and 

thereby exhibits a more positive onset reduction potential [145]. As the cycle proceeded, a 

growing amount of fresh PbO2 particles was generated from the involved redox reactions, 

which explains the noticeable peak growth at ~1.2 V. Meanwhile, the formation of this fresh 

PbO2 on the electrode surface decreases the active area of the original PbO2 layer, thereby 

resulting in the shrinkage of the other cathodic peak which originated from the pre-existing 

PbO2 deposits at ~1.05 V.  

Fig. 4.10 displays the CV graphs recorded on the PbO2 coatings made from 0.5 M Pb(CH3SO3)2 

with different MSA concentrations. The presented curve corresponds to the 6th cycle in CV 

measurements. As mentioned before, the anodic peak centring at ~1.65 V originates from the 

oxidation reaction of low valence lead, and the cathodic peaks correlate to the reduction 

reactions of PbO2. Among the examined samples, the PbO2 coating deposited from 0.3 M MSA 

exhibited the most significant charge quantity in both positive and negative peaks. Referring 
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to the previous research by Darabizad et al. [145], the peak depth can be a criterion to evaluate 

the active area for surface redox reactions. In this regard, it is reasonable to assume that the 

electrolyte of 0.5 M Pb(CH3SO3)2 + 0.3 M MSA gives rise to the most active PbO2 coating in 

examined samples. The different surface activity should originate from their different surface 

microstructures. As depicted in Fig. 4.7 (b), the rectangular surface illustrates an ordered three-

dimensional microstructure with high roughness, which can provide more active sites for 

reactions [23]. Instead, the flat and smooth rice- and spindle-shaped PbO2 coatings made from 

high MSA concentrations (≥0.5 M) (Fig. 4.7 (c) & (d)) demonstrated a limited surface active 

area, giving rise to their lesser surface reactivity [23]. 

 

Figure 4.10 Cyclic voltammograms of PbO2 coatings deposited from 0.5 M Pb(CH3SO3)2 with different 
MSA concentrations; electrolyte was 0.5 M H2SO4; the CV graphs were recorded for the 6th cycle; scan 
range was 0.7 V to 2.0 V; scan rate was 10 mV/s; at room temperature 

Similar CV measurements were also performed on the PbO2 coatings made from 1.0 M 
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Pb(CH3SO3)2 with different MSA concentrations, as shown in Fig. 4.11. Based on the 

analogous analysis, the PbO2 coating prepared from 1.0 M Pb(CH3SO3)2 + 0.3 M MSA 

demonstrated the best surface activity for the surface redox reactions in these tested samples, 

which is associated with its rough and uniform surface structure presented in Fig. 4.8 (b). On 

the other hand, the lesser surface reactivity can be observed for PbO2 coatings made from high 

MSA concentrations (≥0.5 M), yet only a slight difference appeared because of their similar 

surface morphologic features. It is interesting to note that the PbO2 coating made from 0.1 M 

MSA exhibited the highest anodic current density accompanying the relatively small anodic 

and cathodic peaks, which implies a more intense oxygen generation occurring on this 

electrode surface. 

 

Figure 4.11 Cyclic voltammograms of PbO2 coatings deposited from 1.0 M Pb(CH3SO3)2 with different 
MSA concentrations; electrolyte was 0.5 M H2SO4; the CV graphs were recorded for the 6th cycle; scan 
range was 0.7 V to 2.0 V; scan rate was 10 mV/s; at room temperature 
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4.4 Conclusion 

This chapter studied the electrodeposition of PbO2 and the physicochemical properties of the 

resulting coatings. Pb(CH3SO3)2 concentration and MSA concentration affect the deposition 

process in an interactive way due to the sophisticated role of methanesulfonate ions. Apart from 

its inhibition effects to the deposition process, the methanesulfonate anion aggregates near the 

electrode surface and promotes Pb2+ mass transfer, which markedly improves the deposition 

quality under the insufficiency of Pb2+ in bulk solutions. At 0.1 M and 0.5 M Pb(CH3SO3)2, an 

increase in MSA concentration gives rise to a denser and flatter surface morphology with a 

rising content of α-PbO2, which should be correlated to the shifted electrodeposition kinetics. 

Instead, at a high Pb(CH3SO3)2 level at 1.0 M, the increasing MSA concentration narrowly 

changes the phase distribution and surface microstructure of PbO2 coatings. 

In addition, the CV tests present two cathodic peaks deriving from the ordinary PbO2 deposits 

and the newly-formed PbO2 respectively. The surface reactivity of PbO2 coatings is determined 

by their surface microstructures. The surface redox reactions of PbO2 electrodes are favoured 

by an ordered and rough surface structure, such as the rectangular or pyramidal surface 

morphology. 
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5. Effects of Deposition Time and Current Density on the PbO2 
Electrosynthesis Process a Methanesulfonate Bath 

This chapter focuses on the effects of current density and deposition time on the properties of 

electrodeposited PbO2. The preparation of PbO2 was conducted on Ti/SnO2–Sb substrates by 

galvanostatic anodic deposition in a methanesulfonate electrolytic bath. Voltammetric analysis 

was performed to study the deposition electrochemistry of initial PbO2 deposition. Phase 

constituents and microstructures of the deposited PbO2 coatings were also characterised.  

5.1 Introduction 

PbO2 is a polymorphic material with two crystalline forms, namely orthorhombic α-PbO2 and 

tetragonal β-PbO2. A mixture of two phases is commonly reported in PbO2 fabrication, while 

some reports have manufactured pure α- or β-PbO2 under controlled processing conditions [23, 

144]. In most cases, α-PbO2 demonstrates a compact microstructure with close contact between 

crystals, while β-PbO2 has an open and rough surface morphology [5]. The β allotropic form 

tends to be more attractive in electrocatalytic fields due to its great performance of electron 

mobility, excellent surface activity and high oxygen evolution reaction (OER) overpotential 

[25]. For instance, in electrochemical oxidation of organic pollutants, β-PbO2 has been proved 

to be effective and efficient [55]. Whereas, α-PbO2 can serve as a stress-free interlayer in 

electrode design [45]; it also plays a vital role in the field of energy storage [26].  

The crystal structural and morphologic nature of PbO2 coatings largely count on the synthesis 

mode [7]. The preparation of PbO2 normally employs anodic deposition on an inert substrate. 

The optimisation of this electrosynthesis process is driven by the pursuit of an excellent 

physicochemical performance for PbO2 coatings. Earlier investigations have confirmed some 

crucial parameters which substantially impact on the phase constituents and morphological 

behaviour of deposited PbO2 coatings, including the electrolyte source, Pb2+ concentration, 
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bath temperature, applied current density, and deposition time [1, 9]. For example, An et al. 

[48] discussed the influence of deposition time on PbO2 coatings made from nitrate baths. Li 

et al. [31] and Sirés et al. [23] proved that a higher temperature favoured the grain growth 

process and led to a uniform PbO2 coating. 

However, many determining factors interplay with each other in the PbO2 electrodeposition 

process. Some factors are difficult to control throughout the deposition, which further increases 

the difficulty of reaching a definitive conclusion for their influences on PbO2 preparation. 

Moreover, the effects of deposition factors depend on the electrodeposition circumstance that 

may vary case to case, and therefore it becomes hard to compare the results from different 

reports. Recently, methanesulfonate electrotype has been employed as a clean and efficient 

alternative in PbO2 electrosynthesis. It is reported that the presence of methanesulfonate ion – 

a chelating agent – in electrolytes can straightforwardly affect the electrodeposition kinetics 

[11, 12]. Velichenko et al. [11] proposed that anodic deposition steps remain the same in 

methanesulfonate electrolytes, yet an accelerated PbO2 deposition rate has been confirmed in 

comparison with that of using nitric acid solutions. Still, understanding remains limited in 

published papers of the effects of deposition conditions on the resulting PbO2 properties using 

aqueous methanesulfonate medium. 

This chapter attempts to determine the effects of current density and deposition time on PbO2 

deposition using the methanesulfonate electrolyte. Our objective is to establish a correlation 

between the deposition time, current density and the phase structural, morphological features 

of PbO2 coatings deposited on Ti/Sb-SnO2 substrates. The findings from this study may shed 

light to further understanding of PbO2 electrocrystallisation, and serve as a reference for future 

study. 
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5.2 Experimental Procedures 

5.2.1 Preparation of the Ti/Sb-SnO2/PbO2 electrode 

The pre-treated Ti substrates were prepared following the procedures described in Chapter 3. 

An Sb-SnO2 interlayer was thermally deposited between Ti substrate and PbO2 deposits due to 

the benefits of the prolonged service life and increased electrocatalytic activity [127]. The 

detailed preparation process has been fully described in Chapter 3. 

The anodic deposition of PbO2 coatings was conducted in the electrolytic bath made up of 

1.0 M Pb(CH3SO3)2 + 0.3 M MSA at a temperature of 65 oC. The Ti/Sb-SnO2 substrate with a 

working dimension of 10 mm × 10 mm was employed as the anode, while a copper sheet with 

the double working area was the cathode. A constant current was applied with a current density 

at 10, 20, 40, 100, and 200 mA/cm2 (under the same anodic charge density). The deposition 

time varied from 1 min to 60 min, and details would be described later.  

It is worth noting that the applied electrodeposition potential depends on the deposition 

conditions including electrolyte composition and applied current density. In our case, the 

increasing current density resulted in a growth of applied potential which shifted up from 

~1.80 V to ~2.80 V. Besides this, it is interesting to note that the applied potential fluctuated 

slightly through the electrodeposition process. This is possibly due to the modifications of the 

electrode nature along the deposition process: (1) the anode substrate changes from the 

Ti/SnO2-Sb electrode to the newly deposited PbO2 layers, which would alter the potential 

during galvanostatic deposition; (2) the deposited Pb layer in the original copper cathode also 

changes the surface property of the cathode. 
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5.2.2 Characterisation tests  

The surface morphology and crystal structure of prepared PbO2 electrodes were determined 

using XRD and SEM. The cross-sectional microstructures of PbO2 coatings were recorded on 

the peeled-off coatings from prepared electrodes, and almost vertically arrayed cross-section 

samples were observed in microscale. CV measurements were carried out using a typical three-

electrode configuration with the as-prepared Ti/Sb-SnO2 substrate or the pre-treated Ti 

substrate being the working electrode (10 mm x 10 mm). Detailed parameters would be given 

later. 

5.3 Results and Discussion 

5.3.1 Cyclic voltammetry analysis 

 

Figure 5.1 Cyclic voltammograms of the first three cycles recorded at the Ti/SnO2-Sb substrate in the 
solution of 1.0 M Pb(CH3SO3)2 + 0.3 M MSA; scan rate was 10 mV/s; at room temperature; inset figure 
shows the first cyclic voltammogram at pre-treated Ti substrate under the same condition. 
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Fig. 5.1 displays the CV result recorded in the initial PbO2 electrodeposition stage on the Ti/Sb-

SnO2 substrate and Ti substrate (inset) respectively. It should be noted that the substrate 

electrode was continuously cycling in the solution without cleaning in between this progress, 

and the first three cycles are displayed. In the forward sweep of the first cycle, a current upsurge 

beyond ~1.6 V featured the PbO2 deposition reactions and the possible oxygen evolution 

reaction. As the potential cycled backwards, we noted the oxidation current still existed until 

the potential reached ~1.4 V, approximately 0.2 V more negative than the potential of the PbO2 

deposition occurring on the Ti/SnO2-Sb substrate during the forward scan. This indicates that 

the PbO2 crystallisation process is easier on the newly deposited PbO2 crystallites than directly 

on the Ti/SnO2-Sb substrate [12]. This phenomenon is in agreement with the previous literature 

[1, 12], where the authors suggested the different deposition kinetics in different substrates give 

rise to different onset potentials for PbO2 formation. In the reverse sweep, a broad cathodic 

peak was observed at ~0.75 V, corresponding to the reduction reaction from the freshly 

deposited PbO2. It should be noted that a negative current appeared even when the potential 

reached zero points after the reverse sweep, which should be associated with the residual PbO2 

remaining on the electrode surface [146]. Similar curve patterns were also observed in 

subsequent cycles, while the onset oxidation potential reduced slightly along with the cycling 

process from ~1.6 V (1st scan) to ~1.5 V (3rd scan). This also correlates with the facilitated 

deposition on freshly deposited PbO2. 

The inset in Fig. 5.1 shows the CV curve recorded on the pre-treated Ti substrate. It is worth 

noting the chemical etching had been performed to the Ti substrate, giving it a rough surface 

morphology as described in Fig. 2.8 at Section 2.4.1. One can observe that the anodic current 

density over the Ti/Sb-SnO2 substrate (~85 mA/cm-2) was one order of magnitude higher than 

that on the bare Ti substrate (~10 mA/cm-2). The much larger charge current on the Ti/SnO2-
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Sb substrate suggests the SnO2-Sb interlayer promotes the deposition process, and meanwhile 

avoids the formation of passive TiO2 on the substrate surface [48, 146, 147]. 

5.3.2 Crystal structure analysis 

The crystalline information of deposited PbO2 coatings was recorded by XRD. Fig. 5.2 

investigates the effect of different applied current density. The same surface charge density of 

800 mA·cm-2·min was applied in our experiments. Nearly pure β-PbO2 was obtained at 

10 mA/cm2 with the strongest peak at β (301) and other multiple significant peaks at β (110), 

β (101), and β (211). At 20 mA/cm2, β-PbO2 also dominated the coating with a small α (020) 

peak. Meanwhile, the shrinking of other β peaks featured the only preferred growth along the 

β (301) crystal plane. As the current density increased to 50 mA/cm2 and 100 mA/cm2, the 

significant textures belonging to α (020) and β (301) could be observed. This implies an 

augmented weight percentage of α-PbO2 in deposits with the increased current density. Also, 

the predominant textures for α-PbO2 at a high current density concurs with the previous study 

by Velichenko and co-workers [11]. However, at 200 mA/cm2, broad PbO2 crystalline peaks 

were observed with the existence of several Ti peaks originating from the Ti/SnO2-Sb substrate. 

It should be noted that continuous oxygen bubbles were emitting from the electrode surface 

during the electrodeposition at 200 mA/cm2. The fierce oxygen generation is caused by the 

excessive deposition overpotential at a rather high current density, which means a significant 

portion of charges were consumed for the uncontrolled OER. The presence of Ti peaks 

indicates the possible exposure of Ti/SnO2-Sb substrate due to the poor coating quality under 

this extreme condition. 
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Figure 5.2 X-ray diffractograms of PbO2 coatings deposited at different current densities; the total 
anodic charge density was 800 mA·cm-2·min 

In acidic solutions, the tetragonal β phase is commonly reported as the dominant phase in 

electrodeposited PbO2 coatings referring to previous studies based on nitrate source [2, 148, 

149]. However, in our case, the intensity of α (020) peak continuously increased with the 

increasing current density up to 100 mA/cm2. This observation is different from the previous 

report concerning the PbO2 coating made from the nitric acid solution [21]. The compositions 

of obtained PbO2 crystalline phases are determined by many parameters (e.g., the concentration 

of Pb2+, acid strength, other ions). The presence of methanesulfonate ion – a chelating agent – 

might inhibit the electrodeposition by chelating with Pb2+ and forming an absorbing layer on 
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the electrode surface. This affects the electrodeposition kinetics, thus the α phase persists in the 

PbO2 coating if methanesulfonate electrolyte is used.  

In general, the electrodeposition process of PbO2 is either controlled by the charge transfer 

reactions of PbO2 formation (kinetic control) or the mass transfer process of Pb2+ (mass transfer 

or diffusion control) [38, 42]. Velichenko et al. [11] proposed that the amount of the α-PbO2 

phase increases with increasing deposition overpotential in the kinetically controlled domain. 

Similarly, in our case, it is assumed that an increased overpotential (brought up by an increased 

current density) gives rise to a higher ratio of α-PbO2 in the kinetically controlled range (≤100 

mA/cm2). However, at 200 mA/cm2, the excessive overpotential at a rather high current density 

changes the electrodeposition to a diffusion-control process, giving rise to the distinct phase 

composition.  

Deposition time is another important factor in PbO2 electrodeposition. Fig. 5.3 presents the 

diffractograms of PbO2 made by different deposition times at a current density of 20 mA/cm2. 

At a short deposition time (1 min and 3 min), titanium diffraction peaks were revealed because 

only a small amount of PbO2 was deposited on the Ti/SnO2-Sb substrate. In this initial period, 

prolonging the electrodeposition time could significantly improve the crystallinity of PbO2 

deposits, giving rise to the substantial peak growth. After one-minute deposition, several broad 

β peaks of (211), (101), and (110) could be observed. The intensities of these peaks increased 

with deposition time. At 5 min, the preferred β (301) featured the strongest peak, and the α-

PbO2 impurity was evidenced by a growing α (020) peak. Thereafter, the difference in the 

diffraction peaks was insignificant except for a decreased intensity of the β (211) peak.  
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Figure 5.3 X-ray diffractograms of PbO2 coatings deposited at different deposition times; the current 
density was 20 mA/cm2 

In addition, PbO2 electrodeposition was conducted at 50 mA/cm2 for different deposition times, 

and the related XRD data is demonstrated in Fig. 5.4. Due to the accelerated deposition rate at 

the higher current density, titanium diffraction peaks from the Ti/SnO2-Sb substrate only 

appeared at 1 min. After the deposition of 1 min, a mixture of α and β-PbO2 was present, and 

the β (211) texture existed during the initial deposition stage. Prolonging the deposition time 

increased α (020) and β (301) peaks so that both peaks gradually became the pronounced 

textures in PbO2 deposits after 30 min. In the meantime, all other peaks gradually abated and 

disappeared. 



Chapter 5 
 

88 
 

As illustrated in Fig. 5.3 and Fig. 5.4, relatively random PbO2 growth was confirmed in early 

deposition stages. However, textures belonging to the specific crystal planes continued to grow 

as the electrodeposition proceeded until only one or two strong peaks appeared after 30 min. 

Also, we should note that the formation of textures in electrodeposited PbO2 has been 

extensively reported in previous reports, although the particular orientations may vary case by 

case [1, 9]. In our work, the marked texture at 30 min indicates that the PbO2 grain growth 

primarily follows the direction along the β (301) plane at 20 mA/cm2, or α (020) and β (301) 

planes at 50 mA/cm2.  

 

Figure 5.4 X-ray diffractograms of PbO2 coatings deposited at different deposition times; the current 
density was 50 mA/cm2 
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5.3.3 Microstructure analysis 

The microstructures of prepared PbO2 coatings were characterised using SEM. The 

morphologic transition associated with current density is presented in Fig. 5.5. As the applied 

current density increased, the coating surface became flatter and denser, while the crystal size 

decreased. At a low current density (10 mA/cm2 or 20 mA/cm2), the PbO2 coating displayed 

an ordered pyramid-shaped surface with clear edges (Fig. 5 (a) & (b)). This rough 

microstructure was then replaced by a smooth, rice-shaped surface morphology when current 

density reached 50 mA/cm2 and 100 mA/cm2 (Fig. 5.5 (c) & (d)). At a high current density, 

nucleation dominates the electrodeposition process, leading to the small crystal size of 

deposited PbO2 coatings. In these cases, it is reasonable to assume that most of the current is 

used for the PbO2 formation, and homogeneous coatings are thus deposited. However, at 200 

mA/cm2, PbO2 grains grew and coalesced into global agglomerates which were separated by 

large pores with a diameter of several micrometres (Fig. 5.5 (e) and the inset). Higher 

magnification reveals these global agglomerates were made up of numerous tiny nano-sized 

granules. The presence of the pores in between the agglomerates may expose the underneath 

Ti/SnO2-Sb substrate to X-ray during XRD measurements (Fig. 5.2 top pattern). Because of 

the excessive overpotential and the uncontrolled OER at 200 mA/cm2, the ad-atoms of lead 

during the PbO2 could not reach their equilibrium positions [44], causing the disordered surface 

structure and deteriorated coating quality. 

The cross-sectional microstructure of prepared PbO2 coatings is shown in Fig. 5.6. As the 

graphs were pictured from the peeled off coating pieces, some debris and cracks may appear 

in between. A rough morphology featured the PbO2 coating made from 20 mA/cm2. Meanwhile, 

much finer microstructures were revealed at 50 mA/cm2 and 100 mA/cm2. The cross-sectional 

images support our analysis, demonstrating the tendency that a high current density 

substantially refines the PbO2 coatings. The estimated thickness from the cross-sectional 
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images is ~60 µm in Fig. 5.6 (a) & (b). However, the coating deposited at 200 mA/cm2 (Fig. 

5.6 (d)) is much thinner with a measured thickness of only ~48 µm, indicating a certain degree 

of charge quantity was consumed by intensive OER. Concurrently, the deposited PbO2 is less 

uniform with large pores present in the coating, Fig. 5.6 (d).  
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Figure 5.5 Surface microstructures of PbO2 coatings deposited at various current densities: (a) 10 
mA/cm2, (b) 20 mA/cm2 (c) 50 mA/cm2, (d) 100 mA/cm2, (e) 200 mA/cm2, and (f) the higher magnification 
of (e); the inset of (e) shows the lower magnification 
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Figure 5.6 Cross-sectional microstructures of PbO2 coatings deposited at various current densities: (a) 
20 mA/cm2 (b) 50 mA/cm2 (c) 100 mA/cm2 (d) 200 mA/cm2; the debris were the broken pieces caused 
when the PbO2 coatings were peeled off 

Fig. 5.6 also provides information on the PbO2 electrodeposition process. In the early stage, 

nucleation dominates the deposition, resulting in many small equiaxed crystallites at the bottom 

of the coatings, near the Ti/SnO2-Sb substrates. This is a similar phenomenon to the chilled 

grains in a casting. However, the subsequent grain growth continued along some preferential 

directions after the initial nucleation and random growth. We should note the substrate surface 

will be covered rapidly by a thin PbO2 film after a brief time of electrolysis, and the deposition 

process afterward actually occurs on the freshly deposited PbO2 crystallites [11]. Referring to 

the deposition mechanisms in early reports [38, 44], the Pb2+ reaching the electrode is oxidised 
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and then crystallised on the electrode surface. It is speculated that the crystallisation process 

occurs on the Ti/SnO2-Sb substrate in a relatively random manner in early electrodeposition. 

Instead, in the following deposition on freshly formed PbO2 crystallites, nucleation and growth 

favour preferential directions, giving rise to an oriented and ordered crystal structure. This 

concurs with our XRD analysis that certain textures form in a prolonged electrodeposition 

(Fig. 5.3 and Fig. 5.4). A schematic process of the early electrodeposition is thereby 

schematically illustrated in Fig. 5.7. 

 

Figure 5.7 Schematic graph of the PbO2 electrodeposition occurring in different stages  

The microstructure of PbO2 was also recorded for different deposition times at 20 mA/cm2 and 

50 mA/cm2 respectively, Fig. 5.8. The pronounced morphologic transition can be observed in 

the initial PbO2 electrodeposition, especially for the PbO2 coatings prepared at 20 mA/cm2. 

After the deposition of 1 min, PbO2 grew into many tiny global or pyramid-shaped granules at 

a 20 mA/cm2 (Fig. 5.8 (a) and the inset). In the meantime, a higher current density at 50 mA/cm2 

ensured a more homogeneous coating with rather fine crystals (Fig. 5.8 (b) and the inset). At 

3 min, the prolonged deposition provided relatively sufficient growth to form an ordered 

surface with facet-shaped granules at the current density of 20 mA/cm2. Increasing the 

deposition time to 5 min further turned the coating surface into an ordered pyramid-like 

morphology at 20 mA/cm2. However, at 50 mA/cm2, it took a shorter time to develop PbO2 

into ordered rice-shaped crystals (Fig. 5.8 (d)). With other parameters remaining identical, 

increasing the deposition time further only caused limited morphologic change thereafter. It is 
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interesting to note that, at 20 mA/cm2 the obtained PbO2 is a nearly pure β phase with open 

pyramid-like surface structure, whereas the coating deposited at 50 mA/cm2 is a mixture of 

α and β phases, which exhibit a more compact, flatter surface morphology. Also, the 

morphologic transition of these two groups concurs with our XRD analyses in Figs. 5.3 and 5.4. 



Chapter 5 
 

95 
 

 

Figure 5.8 Surface morphologies of PbO2 coatings deposited for different deposition times: (a) 1 min, 
(c) 3 min (e) 5 min at the current density of 20mA/cm2; and: (b) 1 min, (d) 3 min (f) 5 min at the current 
density of 50mA/cm2. The insets show the higher magnification 



Chapter 5 
 

96 
 

5.4. Conclusion 

In this work, PbO2 electrodeposition was conducted from a methanesulfonate electrolytic bath. 

The voltammetry study confirms a facilitated deposition occurring on the formed PbO2 

crystallites than that on the Ti/SnO2-Sb substrate. Under the same charge density, an increased, 

applied current density causes the variation of phase composition from a nearly pure β-PbO2 

to a mixture of α- and β-PbO2. Concurrently, the increasing current density (≤100mA/cm2) 

forms a strongly textured PbO2. The study of deposition time confirms that the texture of PbO2 

coating develops after the initial polycrystalline growth.  

The surface morphology of PbO2 coatings depends on the deposition condition. The PbO2 

coating tends to be more compact and flatter at the increased current density. The irregularly 

shaped PbO2 coating with small crystals forms in the initial deposition stage, and the coating 

gradually develops into uniform PbO2 as the deposition proceeds. However, prolonging the 

deposition after a certain period barely alters structural properties of resulting PbO2 coatings. 

These findings reveal the dependence of crystalline and morphologic features on the applied 

current density and deposition time, which can serve as a useful reference for future research. 
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6. Structural and Electrochemical Characterisation of PEG-modified 
PbO2 Electrodes Synthesised from a Methanesulfonate Bath 

This study explores the preparation and application of polyethylene glycol (PEG)-modified 

PbO2 electrodes. The PEG-modified PbO2 coatings were electrodeposited on the Ti/SnO2-Sb 

substrate from a methanesulfonate electrolytic bath containing different amounts of PEG. 

Structural and morphologic characterisation was carried out for the prepared electrodes. Cyclic 

voltammetry measurements were performed to examine the electrochemical behaviours. High-

performance liquid chromatography (HPLC) combined with total organic carbon (TOC) were 

employed to monitor the galvanostatic electrolysis of benzoic acid (BA) occurring over the 

PEG-modified PbO2 electrodes. 

6.1 Introduction 

Nowadays, industries around the globe look for efficient and clean approaches to deal with 

their discharged wastewater due to the increasing environmental concerns. Recently, extensive 

studies have been carried out on the advanced electrochemical oxidation process (AEOP) due 

to its superior benefits of compatibility, energy efficiency, versatility, and adaptability to 

automation [7]. In a number of anode candidates, PbO2 has been extensively studied and 

applied in AEOP due to its low price, easy preparation, low OER kinetics, and great 

electrocatalytic activity in various aqueous media [1]. For these reasons, increasing research 

interest has been put on the preparation and modification of PbO2 in order to achieve excellent 

electrochemical performance. For example, there exist various studies of PbO2 modification 

using different polymer modifiers including polytetrafluoroethylene (PTFE), 

polyvinylpyrrolidone (PVP), polyvinyl alcohol (PVA), and PEG [145, 150, 151]. Hao et al. 

[152] investigated the effects of ethylene glycol (EG) on titanium-based PbO2 electrodes, 

proposing that EG addition refines the PbO2 coating and increases its OER potential. In another 

work, Yang and co-workers [25] reported the enhanced electrochemical properties of PbO2 
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electrodes by introducing PEG into the nitrate electroplating source. Referring to the same 

authors, PEG – a widely applied surfactant – is an effective polymer modifier for PbO2 

electrodeposition, giving rise to improved catalytic activity and chemical stability [25].  Recent 

research has proved methanesulfonate electrolyte to be an efficient and environment-friendly 

alternative for PbO2 electrodeposition. The presence of chelating methanesulfonate ion directly 

affects the deposition kinetics in PbO2 electrodeposition [11]. However, to the best of our 

knowledge, the published reports regarding PEG-modified PbO2 deposition is limited to the 

conventional electroplating sources apart from the methanesulfonate electrolyte. 

Inspired by this, this chapter has investigated the PEG-modified PbO2 electrodeposition from 

a methanesulfonate electrolytic bath. It aims to develop a suitable PbO2 electrode used for an 

eco-friendly electrochemical combustion technique. 

6.2 Experimental Procedures 

6.2.1 Preparation of Ti/Sb-SnO2/PbO2 electrodes 

The same preparation procedure was carried out to prepare the Ti/SnO2-Sb substrate, described 

in previous chapters. In PbO2 electrodeposition, the methanesulfonate electrolyte solution 

(1.0 M Pb(CH3SO3)2+0.1 M CH3SO3H) was employed with the different amounts of PEG (0 

g/L, 1 g/L, 2 g/L, 4 g/L, and 6 g/L). The Ti/SnO2-Sb substrate (working dimension of 30 mm× 

10 mm) served as the anode, and a copper sheet with the double working area served as the 

cathode. The galvanostatic anodic deposition was conducted at 20 mA/cm2 for 20 min. The 

bath temperature was kept constant at 65 oC throughout the deposition process. 

6.2.2 Electrochemical measurements 

The cyclic voltammetry (CV) tests were conducted using similar three-electrode cells but with 

different electrolyte solutions. In order to study the initial PbO2 deposition, CV measurements 
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were performed on the Ti/SnO2-Sb substrates in the methanesulfonate solution. Also, the CV 

result was recorded on the PEG-modified PbO2 electrode in 0.5 M Na2SO4 solution with the 

presence of BA (100 mg/L). 

6.2.3 Electrochemical oxidation of BA 

Electrochemical degradation of BA was carried out using a two-electrode beaker cell: the PEG-

modified PbO2 electrode (working area of 30 mm×10 mm) served as the working anode, and a 

Ti sheet with a double-working area served as the cathode. Galvanotactic electrolysis was 

performed in 80 mL BA (100 mg/L) solution with 0.1 M Na2SO4 being the supporting 

electrolyte.  

The concentration change of BA was monitored by HPLC using the mobile phase composed 

of 70% water (0.1% trifluoroacetic acid) and 30% acetonitrile (0.1% trifluoroacetic acid). The 

retention time of BA was 4.96 min in HPLC tests. Also, TOC removal of the electrolysed 

solution was examined periodically using a TOC analyser. 

6.3 Results and Discussion 

6.3.1 Voltammetric study of PbO2 deposition 

Fig. 6.1 presents the CV results recorded on the Ti/SnO2-Sb substrate in deposition solutions. 

PbO2 deposition/dissolution reactions were studied with different PEG additions. In the 

forward scan, the exponential increase in anodic current indicates PbO2 deposition and possibly 

simultaneous OER. In the reverse scan, a single broad peak instituted from ~ 1.0 V indicates 

the reduction reaction where the freshly deposited PbO2 is transformed into Pb(II). From the 

forward scans, it can be observed that PEG addition gradually increased the onset deposition 

potential of PbO2 from ~1.5 V to ~1.8 V.  This is believed to be caused by the inhibition effects 

of PEG addition [25]. Moreover, the reaction depth of cathodic peak decreased with increasing 
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PEG addition, which indicates a decreased amount of PbO2 deposits [33]. Based on the above 

observations, it can be concluded that PbO2 electrodeposition is repressed by the PEG addition. 

A feasible reason is that PEG molecules form an adsorbed layer on the anode surface in the 

electrodeposition process, blocking a certain number of surface active sites responsible for 

PbO2 production [25]. Similar phenomena have also been reported in PbO2 deposition modified 

by other polymer surfactants such as PVP and PVA [140, 151].  

 

Figure 6.1 Cyclic voltammograms recorded on the Ti/SnO2-Sb substrate in the electrolyte of 1.0 M 
Pb(CH3SO3)2 + 0.1 M CH3SO3H containing different amounts of PEG; scan rate was 20 mV/s  
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6.3.2 Crystal structure and surface morphology analysis 

Fig. 6.2 presents the crystal structure information of PEG-modified PbO2 electrodes. Without 

PEG modification, the PbO2 electrode exhibited pure β phase with several significant peaks 

belonging to β(301), β(211) and β(101). However, α-PbO2 appeared and gradually increased 

with increasing PEG addition. Concurrently, PEG modification broadened all β-PbO2 peaks. 

At the addition of 6 g/L PEG, only two marked textures can be seen, α (020) peak and β (301) 

peak respectively. Such phase variation is believed to result from the shifted electrodeposition 

kinetics by PEG addition. The increased amount of PEG addition strengthens the adsorbed 

layer on the electrode surface, thereby causing an increased PbO2 deposition overpotential. 

Referring to the previous literature [22], the ratio of α-PbO2 increases with an increased 

deposition overpotential in a kinetic-controlled PbO2 deposition. This concurs with the phase 

transition pattern revealed in Fig. 6.2.  
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Figure 6.2 X-ray diffractograms of the PbO2 coatings deposited at the addition of different PEG 
amounts  

The estimated average grain size for different PEG-modified PbO2 is presented in Table 6.1. 

The grain size was estimated based on the Scherrer equation through the full width at half 

maximum (FWHM) of the strongest diffraction peak [153]. It can be seen that increasing PEG 

addition caused a smaller grain size, which would be discussed later combined with the surface 

morphologic analysis. It is noted that the observed crystal size from SEM is much larger than 

the estimated grain size from XRD. This is also in good agreement with previous literature [1, 

9, 56].  Several factors may explain this phenomenon: (1) grains coalesce to a large crystal 

during the deposition process; (2) the grain size from XRD is estimated only from the strongest 

peak in the diffractograms; (3) the calculation based XRD technique is not accurate as for our 

case where the observed crystal size is larger than 1 um. 
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Table 6.1 Estimated grain sizes of the PbO2 coatings deposited with different PEG amounts  

PbO2 coatings Calculated grain size (nm) 

PbO2 – No PEG 21 

PbO2 – 1 g/L PEG 18 

PbO2 – 2 g/L PEG 15 

PbO2 – 4 g/L PEG 13 

PbO2 – 6 g/L PEG 9 

 

Fig. 6.3 displays the surface microstructures of the PEG-modified PbO2 electrodes. Without 

PEG addition, pyramidal surface morphology was discovered for the PbO2 electrode (Fig. 

6.3 (a)). At 1 g/L PEG addition, the coating surface was composed of a mixture of pyramidal 

and rectangular crystals (Fig. 6.3 (b)). This was replaced by a dense pyramidal surface 

morphology at 2 g/L PEG and 4 g/L PEG (Figs. 6.3 (c) & 6.3 (d)). A morphologic variation 

pattern revealed that increasing PEG ≤ 4 g/L results in a denser coating surface, yet causes 

limited change to the pyramidal morphologic feature. However, this ordered and rough 

pyramidal surface changed to a rather fine morphology with less uniformity at a high PEG 

addition of 6 g/L, Fig. 6.3 (e). Under this condition, the PbO2 coating was made up by a number 

of crystallite aggregates as revealed in Fig. 6.3 (f).  

Several feasible reasons should be responsible for this structural variation: (1) as a surfactant, 

PEG causes a decreased surface tension to electrolytes [151]; (2) PEG in electrolyte solution 

increases the viscosity, causing the slower mass transfer of Pb2+ [151]; (3) PbO2 crystal nucleus 

is electrodeposited with PEG molecules, and the latter forms an adsorbed layer on the electrode 

surface. Due to these factors, grain growth and coalescing processes are inhibited, thereby 

causing a dense surface with small crystallites at the increased PEG addition [151]. Also, the 

pronounced morphologic change occurred at 6 g/L PEG, revealing a smooth surface with less 
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uniformity. This is believed to be triggered by the excessive inhibition effects at the high PEG 

addition, where the ad-atoms of lead are difficult to reach their equilibrium positions 

throughout the PbO2 electrodeposition process [44]. It should be noted that a relatively small 

PEG amount resulted in a noticeable morphologic variation in the chelating methanesulfonate 

electrolyte, in comparison with that in nitrate electrolyte [25]. Referring to the previous 

research [25], a uniform PbO2 coating was still observed where the authors added much more 

PEG up to 15 g/L into the nitrate electroplating solution. 
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Figure 6.3 Surface microstructures of Ti/SnO2-Sb/PbO2 samples deposited with different 
amounts of PEG additives (a) no PEG, (b) 1 g/L, (c) 2 g/L, (d) 4 g/L, (e) 6 g/L, and (f) the 
higher magnification of 6 g/L 
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6.3.3 Electrochemical characterisation of PbO2 electrodes 

Fig. 6.4 records the electrochemical behaviour of the PEG-modified PbO2 electrodes. In anodic 

scans, an anodic current upsurge was established beyond ~1.8V, corresponding to the oxygen 

generation. At 2 g/L & 4 g/L PEG addition, the PbO2 electrodes illustrated the most positive 

onset OER potential, revealing their high resistance to OER. In addition, the 4 g/L PEG-

modified PbO2 electrode demonstrated the largest anodic current density (~40 mA/cm-2), 

followed by the 2 g/L PEG-modified PbO2 electrode (~32 mA/cm-2). Combined with the above 

morphologic analysis, the high current response of PEG-modified PbO2 electrodes (2 g/L & 

4 g/L PEG) should result from their larger surface area. The electrocatalytic activity of PbO2 

electrodes largely relies on the surface roughness which determines the geometrical distribution 

of active sites [23]. The pyramidal surface morphology obtained at PEG addition ≤4 g/L has 

been confirmed as a rough, three-dimensional morphology possessing assorted topography of 

numerous peaks and valleys (Fig. 6.3 (a) to Fig. 6.3 (d)) [28]. At the PEG addition (≤4 g/L), 

the denser coating surface was attained without changing the pyramidal morphologic feature, 

which gives rise to an enlarged surface area possessing more active sites available for reactions 

[154]. However, the fine and smooth coating obtained at the 6 g/L PEG has a flat morphology, 

which is considered as a two-dimensional surface possessing low surface roughness 

(Fig. 6.3 (e)) [23]. Therefore, the PbO2 coating obtained at 6 g/L PEG provides a relatively 

small amount of surface active sites, concurring with the small anodic current response, Fig. 

6.4. It should be noted that similar phenomena have also been reported by Hao et al. [152], 

where the authors revealed decreased electrocatalytic activity at a rather fine surface 

morphology.  

Referring to previous research in the literature [155], a higher anodic current response of PbO2 

electrodes indicates a greater organic degradation performance because of the enhanced 

formation of hydroxyl (OH) radicals in the water-splitting range. In a combination of the high 
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onset OER overpotential and the largest surface activity, the 4 g/L PEG-modified PbO2 

electrode is presumed to possess the greatest electrochemical oxidation performance against 

organic pollutants. 

 

Figure 6.4 Cyclic voltammograms of different PEG-modified PbO2 electrodes; scan rate was 20 mV/s, 
supporting electrolyte was 0.5 M Na2SO4 

In order to determine the BA degradation mechanism, CV measurements have been performed 

on a PEG-modified electrode in the electrolyte solution with or without BA, Fig. 6.5. As 

discussed in section 2.6.2, electrochemical oxidation of organics occurs on an anode surface 

via two approaches: oxidation by “direct electron transfer” and oxidation by “generated OH 

radicals”. As presented in Fig. 6.5, no additional peak appeared when adding BA into the 

electrolyte solution. This indicates that “direct electron transfer” is not the main oxidation 

approach in BA degradation occurring on the PbO2 electrode [45, 127]. On the contrary, the 

oxidation approach by “generated OH radicals” is presumed to dominate the BA oxidation 
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process. Basically, the PbO2 electrode is considered as a typical non-active anode and can 

generate a considerable number of highly oxidising OH radicals beyond water splitting 

potential, which grants effective oxidation reactions by “generated OH radicals” against target 

organics.  

Also, an accelerated life test was carried out to estimate the chemical stability of the prepared 

PbO2 electrodes, as presented in Table 6.2. When adding a proper amount of PEG (≤4g/L), 

prolonged service lifetime was revealed for the PEG-modified PbO2 electrodes. In comparison 

with the bare PbO2 electrode, which failed to remain stable only after 18.5 h, the 4 g/L PEG-

modified PbO2 electrode kept a stable cell potential in 34 h. In reference to previous research 

[151, 152], a uniform coating guarantees great chemical stability. According to Fig. 6.3, the 

PEG addition ≤4 g/L resulted in a dense and compact coating surface free of cracks, which is 

responsible for the prolonged service life. However, the increased PEG addition at 6 g/L gives 

rise to the deteriorated coating uniformity, thereby possessing an inferior long-term stability as 

presented in Table 6.2.  
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Figure 6.5 Cyclic voltammograms recorded on the PbO2 electrode at the addition of 2 g/L PEG in the 
electrolyte with or without BA; scan rate was 20 mV/s, supporting electrolyte was 0.5 M Na2SO4 

Table 6.2 The accelerated service life of Ti/SnO2-Sb/PbO2 electrodes prepared from different amounts 
of PEG additive; the test was conducted at 500 mA/cm2 in 1.0 M H2SO4 solution 

PbO2 electrodes Accelerated lifetime  

Bare PbO2 electrode 18.5 h 

PbO2 electrode – 1 g/L PEG 21 h 

PbO2 electrode – 2 g/L PEG 29.5 h 

PbO2 electrode – 4 g/L PEG 34 h 

PbO2 electrode – 6 g/L PEG 17.5 h 

 

6.3.4 Electrochemical oxidation of BA 

Electrochemical degradation of BA was carried out using PbO2 anodes. In Fig. 6.6, different 

BA removal rates have been recorded for the PEG-modified PbO2 electrodes. The enhanced 

degradation ability was revealed for the PbO2 electrodes modified by PEG ≤4 g/L. After one-
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hour electrolysis, 70% BA was degraded by the 4 g/L PEG-modified PbO2 electrode, whereas 

only 38% BA was degraded by a bare PbO2 electrode in the same period. The fastest complete 

removal of BA was achieved in nearly 3.5 h for the 4 g/L PEG-modified PbO2 electrode. 

However, the excessive PEG addition at 6 g/L adversely affected the degradation ability of the 

prepared electrode. A relatively inferior degradation ability was observed for the 6 g/L PEG-

modified PbO2 electrode, removing 45% BA in one-hour electrolysis. 

 

Figure 6.6 Benzoic acid concentration as a function of time during the degradation course over the 
PEG-modified PbO2 electrodes deposited from different amounts of PEG additives  

Moreover, it is revealed that the BA degradation follows a pseudo-first-order kinetics 

corresponding to the equation below: 

𝑙𝑛 = −𝑘𝑡                                                                                                                          (6-1) 

Where C is the concentration of BA in the electrolysed solution, Co is the onset concentration 

of BA, and k stands for the pseudo-first-order rate constant. Fig. 6.7 presents the calculated 
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plot for the BA degradation course, illustrating a linear relationship between ln(C/Co) and 

electrolysis time for different PEG-modified electrodes. Based on the relevant calculation, 

Table 6.3 presents the obtained kinetics coefficients (k) and correction coefficient (r2), 

providing direct information to evaluate the electrochemical oxidation ability of PbO2 

electrodes. At the addition of 4 g/L PEG, the PbO2 electrode demonstrated the highest kinetic 

coefficient among the examined electrodes, which is ~2.5 times higher than the PbO2 electrode 

without PEG modification.  

 

Figure 6.7 Corresponding kinetic analysis associated with the first-order reaction for BA on the PbO2 

anodes deposited different amounts of PEG additives; C: the BA concentration C0: the initial BA 
concentration  
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Table 6.3 Electrocatalytic activity of Ti/SnO2-Sb/PbO2 electrodes prepared with a different amount of 
PEG additive; k is the calculated kinetics coefficients, r2 is the correction coefficient  

PbO2 electrodes k  r2 

Bare PbO2 electrode -0.0095 0.9975 

PbO2 electrode – 1 g/L PEG -0.0102 0.9962 

PbO2 electrode – 2 g/L PEG -0.0182 0.9985 

PbO2 electrode – 4 g/L PEG -0.0218 0.9945 

PbO2 electrode – 6 g/L PEG -0.0108 0.9978 

 

The TOC removal rate of electrolysed solutions was recorded to further elucidate the 

degradation behaviour, Fig. 6.8. Similarly, the PEG-modified (≤4 g/L) PbO2 electrodes 

displayed greater TOC destruction ability. After a 3.5-hour degradation reaction, 79% TOC 

removal was achieved for the 4 g/L PEG-modified electrode, but only 47% TOC removal was 

recorded for the bare electrode at the same time. It should be noted the residual organic products 

still existed in the electrolysed solution even after the complete removal of BA. During the 

degradation course, BA was decomposed to different intermediates before their full 

mineralisation to carbon dioxide and water. The residual TOC indicates the full mineralisation 

was unfinished and some intermediates were presented in the solution [156]. 
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Figure 6.8 TOC removal during the electrochemical degradation of BA using different PEG-modified 
PbO2 electrodes  

During the electrochemical oxidation course, a number of oxidising hydroxyl radicals 

(generated from water discharge reaction) are generated on the PbO2 electrode surface. The 

OH radical is adsorbed on the PbO2 electrode with a weak bond connecting each other, 

remaining a relatively immobile state on the electrode surface [11]. Therefore, oxygen 

generation is repressed using PbO2 electrodes, resulting in the equilibrium of OH radicals in 

the electrode/electrolyte interface. Referring to our earlier discussion, the 4 g/L PEG-modified 

PbO2 electrode possesses the enhanced electrocatalytic activity and great OER resistance. The 

higher OER resistance indicates more available OH radicals for organic degradation, and the 

better electrocatalytic activity indicates more surface-active sites for reactions. Therefore, this 

electrode type reveals the best degradation ability among the examined electrodes, as shown in 

Figs. 6.7 & 6.8. 
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6.4 Conclusion 

This chapter explored the PEG-modified PbO2 electrodes deposited from the methanesulfonate 

electroplating system. The presence of PEG in the deposition bath represses the nucleation 

process and grain growth process in PbO2 deposition. Increased PEG addition results in the 

increased α-PbO2 content and decreased crystal size for the resulting PEG-modified electrode. 

At the PEG addition ≤ 4 g/L, a rough, pyramidal surface morphology is presented in PbO2 

electrodes. However, the PEG addition at 6 g/L results in a dense and smooth coating surface 

with less uniformity. Electrochemical characterisation reveals a great electrocatalytic activity 

and high OER resistance for the modified PbO2 electrodes at the PEG addition ≤ 4 g/L.  

BA degradation on a PbO2 electrode occurs through the oxidation by adsorbed OH radicals. 

Also, the degradation process follows a pseudo-first-order kinetics. Enhanced degradation 

ability is presented for the modified PbO2 electrodes at the PEG addition ≤ 4 g/L. The 4 g/L 

PEG-modified PbO2 electrode displays the best degradation ability, achieving the fastest BA 

removal and the most significant TOC elimination in the examined electrodes.  
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7. Characterisation of PbO2 Electrode and its Electrochemical 
Degradation against Benzoic Acid 

In this chapter, PbO2 electrodes were prepared by pulse reverse current (PRC) electrodeposition. 

The effect of different duty cycles was investigated, and a possible PRC deposition mechanism 

was discussed. It has been revealed that PRC deposition is an effective approach to optimise 

the PbO2 electrodeposition process. Electrochemical degradation of benzoic acid (BA) was 

conducted over the prepared PbO2 electrodes. High-performance liquid chromatography 

(HPLC) was employed to inspect the degradation process. Concurrently, main aromatic 

intermediates and carboxylic acids generated in the BA degradation were identified, and a 

probable pathway was proposed for the BA degradation course on a PbO2 anode.  

7.1 Introduction 

Electrochemical oxidation is a novel technique widely accepted in the field of wastewater 

treatment [7]. This technique primarily relies on the anode material where electrochemical 

oxidation reactions occur. By far, many types of anodes have been investigated and explored, 

such as boron-doped diamond (BDD), graphite, TiO2, RuO2, IrO2, SnO2 and PbO2 [10, 157, 

158]. Among these anode candidates, PbO2 has been extensively studied and applied owing to 

its distinctive combination of chemical stability, catalytic activity, and affordability [9].  

The preparation of PbO2 conventionally employs the method of galvanostatic anodic 

deposition. Recently, pulse electrodeposition was studied to improve PbO2 electrodes [56, 58, 

63]. For instance, Yao et al. [56, 63] developed a suitable PbO2 electrode for organic pollutant 

treatment using the pulse electrodeposition technique. Ghasemi et al. [90] studied and explored 

a nanostructured PbO2 electrode deposited from pulse currents. Apart from these, a novel 

deposition technique – pulse reverse current (PRC) deposition – has been scarcely studied in 

PbO2 electrodeposition. In a PRC process, an applied periodic waveform consists of an anodic 
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current pulse and cathodic current pulse, alternating the redox reactions over electrodes. This 

influences the crystallisation process, and the underlying mechanism of PRC primarily 

associates with the dissolution/re-deposition processes occurring at the electrode/electrolyte 

interface. Therefore, PRC deposition is capable of tailoring the physicochemical properties of 

the resulting deposits [65]. Adopted in extensive studies to fabricate the desired coatings [65, 

159, 160], PRC displays several advantages such as the independently controlled parameters 

and replenishment of the diffusion layer [161].  

Moreover, PRC is presumed to have additional influence in PbO2 electrodeposition, and may 

contribute to the formation of a suitable phase constituent. Based on the previous works by Li 

et al. [31] and Devilliers et al. [144], who investigated PbO2 electrodes cycling in sulphuric 

acid solutions, the formation of β-PbO2 is favoured in the dissolution/re-precipitation process 

during the Pb(II)  PbO2 transformation. Inspired by these observations, we presume that the 

similar dissolution/re-deposition in PRC may modify the phase composition of PbO2 electrodes, 

and serve as a novel alternative to generate β-PbO2, which is widely adopted in electrocatalytic 

fields due to its excellent conductivity and high oxygen generation potential [55]. Therefore, it 

is of great importance to elucidate the morphologic and crystal-structural modifications for 

PbO2 electrodes, as a result of PRC deposition. 

The primary objective of our work is therefore to study the physicochemical properties for the 

PbO2 electrodes produced from PRC deposition at different duty cycles. The electrocatalytic 

activity of the electrodes was examined on benzoic acid degradation. Benzoic acid is a common 

organic pollutant in chemical manufacturing, coking and dyeing waste effluents [162]. 

However, limited information is available in the literature regarding the BA electrochemical 

oxidation over a PbO2 electrode. This work may shed light on optimising the deposition process 
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of PbO2 electrodes by PRC, thus promoting their future scale-up applications in environmental 

engineering. 

7.2 Experimental Procedures 

7.2.1 Preparation of the Ti/Sb-SnO2/PbO2 electrode 

The Ti/SnO2-Sb/PbO2 electrode was made up of three layers: a pre-treated titanium substrate 

inner layer, a thermally deposited SnO2-Sb interlayer, and an electrodeposited PbO2 outer layer. 

A thermally deposited SnO2-Sb interlayer was firstly coated on the pre-treated titanium 

substrates before the PbO2 deposition using the same procedures described in Chapter 3.  

The anodic deposition of PbO2 was performed in the electrolyte of 1.0 M Pb(CH3SO3)2 + 

0.5 M CH3SO3H. A typical bipolar beaker cell was employed in electrodeposition with two 

parallel electrodes at a constant inter-electrode gap. The Ti/Sb-SnO2 substrate (30 mm×10 mm 

working area) was the anode, and a copper sheet was the cathode. A water bath was used to 

control the temperature at 65 C. As a critical parameter during the PRC electrodeposition, the 

duty cycle in our anodic deposition is defined as follows:  

𝛾 =
𝑇

𝑇 + 𝑇
                                                                                                                                    (7 − 1) 

where TA is the anodic (forward) time, and TC is the cathodic (reverse) time. The full 

wavelength (i.e. TA + TC) was set as 20 ms, which defines a constant frequency of 50 Hz. In 

our PRC deposition, the applied current was identical for both anodic and cathodic periods 

during each pulse, and can be calculated as: 

𝐽𝑎 = 𝐽𝑐 =
𝐽

2𝛾 − 1
                                                                                                                          (7 − 2) 
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Where Ja and Jc are the anodic and cathodic current densities in each pulse, and J is the average 

current density applied in PRC deposition. It should be noted that average current density in 

PRC deposition is a core parameter determining the deposition rate, and equivalent to the 

applied current density in a direct current deposition process. In our case, both direct current 

(DC) and PRC depositions were conducted with an identical (average) current density (J) of 

40 mA/cm2 for 20 min. As indicated in Equation (7-2), the anodic pulse requires an increased 

current density (Ja) to achieve the same anodic charge at a decreased duty cycle. The different 

duty cycles of 85%, 90%, and 95% were applied in order to study its effect on the PbO2 

deposition. The electrodeposited PbO2 electrodes are categorised as PbO2-95%, PbO2-90%, and 

PbO2-85% accordingly. On the other hand, the PbO2 electrode fabricated from a direct current 

is labelled as PbO2-DC. After the deposition, the samples were immediately rinsed with ethanol. 

In Fig. 7.1, the schematic of pulse reverse current waveform for PbO2 electrodeposition is 

illustrated. 

 

Figure 7.1 Waveform of pulse reverse current electrodeposition for lead dioxide 
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7.2.2 Electrochemical oxidation of BA  

The BA degradation was performed following similar procedures as described in Chapter 6. 

For each electrolysis test, 80 mL of BA solution (50 mg/L) was placed in the beaker cell with 

0.1 M Na2SO4 as the supporting electrolyte. The galvanotactic electrolysis was conducted at a 

current density of 150 mA/cm2. The concentration change of BA was monitored by HPLC. The 

mobile phase was made up of 90% water (0.1% trifluoroacetic acid) and 10% acetonitrile (0.1% 

trifluoroacetic acid). In comparison with that in Chapter 6, a lower acetonitrile concentration 

was accepted in this chapter. This prefers a prolonged retention time for the targeted compound, 

which is conducive to distinguish each chemical from the electrolysed solution. The 

degradation intermediates were precisely identified by matching the retention time of standard 

chemicals.  

7.3 Results and Discussion 

7.3.1 Phase compositions and surface morphology 

 

Figure 7.2 The X-ray diffractograms of PbO2 electrodes deposited from DC and PRC with different 
duty cycles  
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PbO2 possesses two polymorphic forms, namely orthorhombic α-PbO2 and tetragonal β-PbO2. 

As shown in Fig. 7.2, the application of PRC deposition has a substantial influence on the 

formation and stability of different phases of PbO2 electrodes. The PbO2-DC sample was 

composed of a mixture of α- and β-PbO2, demonstrating two distinctly favoured crystal planes 

of α (021) and β (301). On the other hand, in the samples produced by the PRC 

electrodeposition, nearly pure β-PbO2 was present. The PbO2-95% sample exhibited the 

preferred orientations of β (101) and β (301) along with a weak α peak. A further reducing duty 

cycle continues to alter the phase composition and results in different orientated crystal planes 

belonging to β phase. (Fig. 7.2). For PbO2-90% and PbO2 -85%, a sharp peak belonging to 

β (110) could be seen at 25.5o, while the β (301) peak reduced at the same time. This 

modification pattern in phase constituent from PRC deposition can be conducive to the 

electrocatalytic fields where β-PbO2 is more attractive owing to its better conductivity, good 

corrosion resistance, and a high overpotential for oxygen generation [25].  

Table 7.1 The estimated grain size of PbO2 electrodes deposited from DC and PRC with different duty 
cycles 

PbO2 electrodes Calculated grain sizes (nm) 

PbO2 -DC 10 

PbO2 -95% 16 

PbO2 -90% 18 

PbO2 -85% 22 

 

Table 7.1 presents the average value of estimated grain size for different PbO2 electrodes. The 

average grain size was estimated according to the Scherrer equation through full width at half 

maximum (FWHM) of the strongest diffraction peak [153]. It is clear that the application of 

PRC leads to an apparent grain growth. The PbO2 -DC sample revealed the smallest calculated 
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grain size of 10 nm, while the PbO2 -95% sample showed a grain size of 16 nm. Further 

reducing the duty cycle increased the grain size, and the largest grain size of 22 nm was 

observed in the PbO2 -85% sample.  

In PRC deposition, an increased anodic current density is applied with the reduced duty cycle 

to offset the prolonged reverse current. In a DC deposition process, an increased current density 

usually helps to accelerate the nucleation process and results in a smaller crystallite size [9, 23]. 

This seems contradictory to our results. Such discrepancy may be attributed to the 

dissolution/re-deposition process occurring in PRC deposition. During the short cathodic 

period, the dissolution of deposited PbO2 occurs at the electrode and gives rise to the 

aggregation of the dissolved Pb2+ near the PbO2 electrode surface. Therefore, a pulsating 

diffusion layer (negative concentration gradient) is formed in front of the PbO2 electrode, as 

illustrated in Fig. 7.3. At the cathodic current, if an inert cathode were used, the Pb2+ ions could 

be reduced to Pb cathodically. However, when the PbO2 is the cathode, the reduction of PbO2 

to Pb2+ dominates and the accumulation of Pb2+ leads to the pulsating diffusion layer [59, 163, 

164]. When the current is reversed to anodic, the sufficient Pb2+ ions within this pulsating 

diffusion layer are attached and crystalise into PbO2 at the electrode surface, which 

significantly alternates the electrodeposition kinetics and gives rise to the increased crystallite 

size.  

The above crystal structural data validates our earlier assumption that the dissolution/re-

deposition process leads to the formation of β-PbO2, and concurs with previous reports of the 

diminished content of α phase in the outer layer of PbO2 electrodes cycling in acid solutions 

[31]. It is speculated that both α and β phases at the electrode surface are reduced into Pb2+ and 

dissolve in the electrolyte during the cathodic current. In the following anodic current period, 

dissolved Pb2+ is preferably re-precipitated into β-PbO2 on the electrode surface.  
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Figure 7.3 Concentration profile of Pb2+ in the electrolyte during the cathodic current pulse; the dashed 
line (— · —) indicates the concentration gradient in the direct current deposition 

Fig. 7.4 presents surface morphologies of these PbO2 electrodes made from different duty 

cycles. It can be observed larger crystals were generated when the duty cycle decreased, and 

the presence of a pulse current substantially transformed the surface morphologies of these 

PbO2 electrodes. A flat and smooth surface morphology with rice-like crystals was clearly 

visible in the case of PbO2-DC, Fig. 7.4 (a). However, when a reverse current was applied, the 

flat surface was replaced by pyramid-shaped morphologies for the samples of PbO2 -95% and 

PbO2 -90% (Fig. 7.4 (b) and (c)), and a mixture of the pyramid- and rectangular-shaped 

morphology for the sample PbO2 -85%. We should note that the morphologic modification 

depends on the applied electrodeposition conditions, and is correlated to the crystal structural 

transition [6, 23]. In our experiments, the open and ordered microstructure corresponded to 

those nearly pure β-PbO2 electrodes prepared from PRC deposition; on the other hand, the flat 
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and rice-shaped surface was observed for the PbO2 -DC electrode comprising a mixture of α 

and β-PbO2. Similar to the discussion and analysis in section 6.3.2, it is noted that the observed 

crystal size of PbO2 coatings is much larger than the estimated grain size in Table 7.1.  

 

Figure 7.4 Surface morphology of the PbO2 electrodes deposited with different duty cycles: (a) DC and 
PRC with different duty cycles: (b) 95%, (c) 90%, and (d) 85%  

The cross-sections of PbO2 coatings were also examined. As depicted in Fig. 7.5 (a), a compact 

array of vertically grown PbO2 crystals was revealed for PbO2 -95%. On the other hand, PbO2 -

DC exhibited a rather fine microstructure with a similar coating thickness of ~60 um, Fig. 7.5 
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(b). It can be observed that the PRC deposition significantly modifies the coating morphology, 

yet hardly changes the coating thickness in the PbO2 electrodeposition process.  

 

Figure 7.5 The cross-sectional microstructures of (a) the PbO2–95% sample and (b) the PbO2 –DC; 
the debris were the broken pieces caused when the PbO2 coatings were peeled off  

7.3.2 Electrochemical behaviours  

Fig. 7.6 presents the CV curves recorded over different types of PbO2 electrodes. During 

forward scans, an upsurge of anodic current started at ~1.8 V for all electrodes. This can be 

ascribed to the oxygen evolution reaction (OER). It should be noted that all the studied 

electrodes displayed a similar high OER overpotential, meaning oxygen generation is inhibited 

during electrochemical oxidation reactions occurring on the electrode surface. As for cathodic 

branches, a broad reduction peak commenced establishing when the potential was lower than 

1.3 V, corresponding to the transformation of PbO2 to Pb(II). It was observed that the PbO2 – 

95% sample demonstrated the highest anodic current density. Both the detected anodic charge 

and cathodic peak areas decreased in the order of PbO2 – 95%, PbO2 – 90%, PbO2 – 85%, and 

PbO2 – DC. Referring to the previous work by Darabizad et al. [145], the peak depth of the 

redox reactions positively correlate to the electrocatalytic activity of PbO2 electrodes. This 

indicates the PbO2 – 95% electrode possesses the highest electrocatalytic activity, providing 
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more active sites for the generation of highly oxidising hydroxyl (OH) radicals in electrolysis 

[33, 145]. The superior surface activity of these PRC deposited PbO2 electrodes is believed to 

originate from their different surface morphologies (Fig. 7.4). These nearly pure β-PbO2 

electrodes are produced with the pyramidal surface, and this morphology type is proposed to 

possess a large active area owing to its rough structure [23]. Compared with the flat surface 

morphology of PbO2 – DC, the three-dimensional pyramid-shaped electrode illustrates an 

assorted topography comprising of numerous peaks and valleys [23]. In other words, the 

roughness of the PRC-processed PbO2 is much greater than that of the DC-processed coating, 

and therefore better electrocatalytic performance is achieved. Considering the similar threshold 

potential for OER coupled with the highest surface activity, it is speculated that the PbO2 – 95% 

electrode exhibits a higher resistance to oxygen generation, as compared to other examined 

electrodes, implying a more efficient organic electro-oxidation using this PbO2 – 95% electrode. 

 

Figure 7.6 Cyclic voltammograms of PbO2 anodes deposited with different duty cycles; scan rate was 
20 mV/s, supporting electrolyte was 0.1 M Na2SO4 
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Table 7.2 summarises the results from the accelerated life tests. It can be seen the PbO2 – 95% 

electrode exhibited the highest lifetime in the examined electrodes. As suggested in the 

previous literature [151, 152], a uniform and compact surface should guarantee a better stability 

performance. One can see that the PbO2 – 95% sample demonstrated a uniform and compact 

surface morphology free from cracks, pits or pores (Fig. 7.4 (b) and Fig. 7.5 (a)). It is also 

proposed that β-PbO2 generally possesses good chemical stability even in a low-pH medium 

[25], which is associated with the pure β-PbO2 prepared from PRC deposition. However, the 

PbO2 – 85% sample exhibited the shortest tested life among the studied electrodes, which 

should be correlated to its inferior coating uniformity with the existence of some cracks (Fig. 

7.4 (d)). 

Table 7.2 The accelerated service life of Ti/SnO2-Sb/PbO2 electrodes prepared from DC and PRC with 
different duty cycles; the test was conducted at 500 mA/cm2 in 1.0 M H2SO4 solution 

PbO2 electrodes Accelerated service life 

PbO2 – DC  31 h 

PbO2 – 95% 34.5 h 

PbO2 – 90% 32 h 

PbO2 – 85% 24.5 h 

 

7.3.3 Electrochemical oxidation of benzoic acid  

HPLC measurements were utilised to monitor the BA concentration during electrochemical 

oxidation courses over PbO2 anodes. Fig. 7.7 demonstrates the decay of BA concentration after 

different periods of electrolysis course. It can be seen that PRC deposition provided greater 

anodic oxidation ability against the organic pollutant than that of PbO2 – DC. After electrolysis 

of one hour, 75% and 68% of BA was degraded on the PbO2 – 95% and PbO2 – 90% electrodes 

respectively, while only 51% of BA was electrochemically oxidised on the surface of the PbO2 
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– DC electrode. Moreover, the reduction in BA concentration with time on PbO2 anodes was 

demonstrated from semi-logarithmic plots in Fig. 7.8. The presented plots reveal a linear 

relationship between ln(C/Co) and the degradation time, which implies pseudo-first-order 

kinetics for all electrochemical oxidation courses. Table 7.3 summarises kinetics coefficients 

(k) and correction coefficients (r2) for the BA degradation processes for the prepared electrodes. 

The first-order kinetics constant for the PbO2 – 95% electrode was appropriately twice as high 

as that of PbO2 – DC, and the kinetics constant decreased in the following order: PbO2 – 95% > 

PbO2 – 90% >PbO2 – 85% > PbO2 – DC.  

 

Figure 7.7 Benzoic acid concentration as a function of time during the degradation course over the 
PbO2 anodes deposited from DC and PRC with different duty cycles 
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.  

Figure 7.8 The corresponding kinetic analysis associated with the pseudo-first-order reaction for BA 
on the PbO2 anodes deposited from DC and PRC with different duty cycles; C is the BA concentration, 
C0 is the initial BA concentration  

Table 7.3 The electrocatalytic activity of Ti/SnO2-Sb/PbO2 electrodes prepared by DC and PRC with 
different duty cycles; k is the kinetics coefficients, r2 is the correction coefficient  

PbO2 electrodes k (h-1) r2 

PbO2 – DC  -0.0131 0.99705 

PbO2 – 95%  -0.0259 0.99668 

PbO2 – 90%  -0.0208 0.99691 

PbO2 – 85%  -0.0155 0.99707 

 

In electrochemical oxidation reactions, OH radicals are generated from water splitting reactions 

at the surface active sites on PbO2 electrodes. These OH radicals are considered as the pivotal 

oxidising agent in organic oxidations and OER – the side reaction. The most accepted oxidation 

reaction model for organics is described below in equations:  
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PbO2 + H2O → PbO2(•OH) + H+ + e- (7-3)

Organics + •OH → intermediate → CO2 + H2O  (7-4)

Upon our analysis in the above sections, as for the PbO2 – 95% electrode, the larger number of 

surface active sites and greater resistance to oxygen evolution warrants the efficient oxidation 

reactions for organic pollutants. Therefore, the PbO2 – 95% electrode exhibits the best 

electrocatalytic performance, which is supported by our BA degradation tests displaying that 

PbO2 – 95% has the most exceptional degradation ability. Moreover, other PbO2 electrodes 

deposited from PRC also demonstrate a better electrocatalytic ability than PbO2 – DC electrode. 

7.3.4 Degradation mechanism  

The HPLC analysis of electrolysed solutions was carried out to investigate degradation 

pathways during the BA degradation course. The electrochemical oxidation course over the 

PbO2 – 95% electrode was studied to detect the generated intermediates including aromatic 

products and carboxylic acids. All the recognised chemicals were precisely identified by 

matching the retention time of standard chemicals. Table 7.4 illustrates the main degradation 

products and their retention times based on the HPLC tests. The result shows that the aromatic 

intermediates produced during the degradation process were 4-hydroxybenzoic acid (4-HBA), 

hydroquinone,1,4-benzoquinone, and catechol. On the other hand, the carboxylic by-products 

formed during the degradation process are maleic, fumaric, and oxalic acids.  
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Table 7.4 Identification of main degradation intermediates resulting from the degradation reaction 
identified by HPLC over the PbO2 – 95% electrode. The separation was performed at 25 C with a flow 
rate of 1.0 mL/min, and the absorbance wavelength was 254 nm 

Chemical name Molecular formula m/z Retention time/min 

Benzoic acid C7H6O2 122 30.61 

4-Hydroxybenzoic acid C7H6O3 138 7.56 

Catechol C6H6O2 110 6.42 

1,4-Benzoquinone C6H4O2 108 5.05 

Hydroquinone C6H6O2 110 3.24 

Fumaric acid C4H4O4 116 2.33 

Maleic acid C4H4O4 116 2.09 

Oxalic acid C2H2O4 90 1.81 

 

Fig. 7.9 demonstrates the concentration change of some primary intermediates during the BA 

electrochemical oxidation course, including 4-HBA, hydroquinone, 1,4-benzoquinone and 

carboxylic acids. During initial electrolysis, concentrations of all intermediates surged, 

accompanied by a significant concentration drop of BA. The aromatic products of 4-HBA, 

hydroquinone, and benzoquinone were confirmed in the early degradation stage, and their 

concentrations decreased as the electrolysis process proceeded. It is worth noting that their 

concentration abatement started after the electrolysis for 30 min, concurrently the 

concentrations of carboxylic acids increased (Fig. 7.9). Hence, the main reaction in the early 

electrochemical oxidation is the degradation of BA, generating aromatic products. This is 

followed by cleavage of the aromatic intermediates being the primary oxidation reaction, as 

indicated by the rapid increase in the concentration of carboxylic acids. Similar degradation 

phenomena have also been observed previously by Yang et al. [165] and Cong et al. [166]. 
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Also, it should be noted that the carboxylic acids still existed in the electrolysed solution even 

after the complete removal of BA.  

Based on the above analysis of degradation intermediates, it can be concluded that the 

hydroxylation of the aromatics is an essential pathway during the early stage of the degradation 

course; and later the cleavage of the aromatic ring becomes the main reaction generating 

carboxyl acids. Thus, a schematic of BA degradation route over a PbO2 anode is proposed in 

detail in Fig. 7.10. 

 

Figure 7.9 Concentration change of primary intermediates during the BA degradation. The electrolysed 
solution was analysed periodically every half hour 

It is interesting to note that 4-HBA, instead of its ortho- and meta-isomers, is the common 

aromatic intermediate in the electrolysed solutions. Referring to the previous research in 

literature [162, 167], the authors also reported the formation of 4-HBA in the BA degradation 

course. In addition, we noted that phenol – a common intermediate during the oxidation of 
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aromatic acids – was not detected as a degradation product in our case. A similar degradation 

route of BA has been described in previous research works using a boron-doped diamond 

(BDD) electrode [168, 169]. It is not surprising that PbO2 and BDD electrodes have a similar 

degradation route against target organic pollutants, because both these two electrodes are 

considered as a typical non-active electrode with a high OER overpotential. As for this type of 

electrode, a considerable number of hydroxyl radicals are generated on the electrode surface 

and deeply involved in the organic oxidation process.  
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Figure 7.10 The proposed schematic of BA degradation pathway on the PbO2 electrode 
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7.4. Conclusion 

PbO2 electrodes have been manufactured by PRC electrodeposition with different duty cycles. 

Based on the XRD and SEM results, the application of PRC deposition significantly modifies 

the crystal structure and surface morphologies of the resulting PbO2 electrodes. PRC deposition 

sharply increases the content of β phase in PbO2 electrodes, and creates a rough pyramid-shaped 

surface. CV tests reveal a more significant surface activity for the electrodes made from PRC 

deposition, and the PbO2 – 95% electrode demonstrates the highest electrocatalytic ability 

among the tested electrodes.  

The degradation of benzoic acid over the PbO2 electrodes follows pseudo-first order kinetics. 

The PbO2 – 95% electrode shows the best performance in BA degradation. The BA removal 

after three hours using the PbO2 – 95% electrode was nearly 100%. The excellent BA 

degradation ability of PbO2 – 95% results from its more surface active sites and its higher 

resistance to oxygen generation. The HPLC analysis confirms the primary intermediates of BA 

degradation, including aromatic products and carboxylic acids. The hydroxylation of aromatics 

is the main oxidation reaction for initial degradation, followed by the cleavage of the aromatic 

ring being the primary reaction to generate carboxyl acids. 
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8.  Summary and Recommendations 

In this chapter, the primary conclusions that originated from our research project are presented, 

and some recommendations are provided for future work. 

8.1 Summary of Conclusions 

This thesis research focuses on the preparation and modification of the Ti/SnO2-Sb/PbO2 

electrodes prepared from the methanesulfonate electrolytes. The systematic investigation has 

been performed to study the effects of electrolyte composition, applied current density and 

deposition time on the PbO2 electrodeposition. The physiochemical properties of PbO2 

electrodes can be carefully controlled by managing the deposition conditions. The 

methanesulfonate ion plays a complicated role in the electrodeposition process due to its 

inhibition to PbO2 deposition, and its assistance to Pb2+ transfer. Highly textured PbO2 coatings 

are generally reported in our project, and it is found that PbO2 grow along preferred orientations 

as the deposition proceeds. Apart from these, the modification approaches for PbO2 electrode 

have also been investigated with the aim to explore their application in pollutant degradation. 

The excellent electrocatalytic performance is achieved either by the appropriate PEG addition 

(4g/L) or introducing PRC deposition (95% duty cycle). The catalytic activity of the PbO2 

electrodes are strongly correlated to their morphologic properties: a uniform, pyramidal surface 

with three-dimensional features provides great degradation ability towards organic pollutants. 

In summary, the major conclusions originated from our discussion and analysis are listed as 

follows: 

(1) The concentrations of Pb(CH3SO3)2 and MSA affect the PbO2 electrodeposition in a 

synergistic manner. At a limited Pb2+ concentration, an increase of MSA concentration 

markedly impacts the deposition kinetics due to the accelerated mass transfer of Pb2+, 
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concurrently leading to a higher ratio of α-PbO2. Instead, at a high Pb(CH3SO3)2 

concentration, the change of MSA concentration causes limited modification on the 

structural and morphologic features of PbO2 coatings. The surface morphology of PbO2 

coatings depends on the electrodeposition condition. Moreover, the voltammetric 

analysis reveals that the morphologic feature of PbO2 coatings largely determines their 

surface electrocatalytic activity: an ordered, rough surface structure is favoured in 

surface redox reactions. 

(2) In PbO2 electrodeposition, the increased current density (in a limited range) leads to the 

formation of highly-textured coatings with an increased content of α-PbO2. 

Concurrently, a high current density favours a compact and flat surface morphology. 

The study of deposition time indicates a change of grain growth manner from the initial 

random growth to the later-stage preferred growth along distinct orientations. The 

irregularly shaped PbO2 coating with small crystals forms in the initial deposition stage, 

and the coating gradually develops into uniform PbO2 as the electrodeposition proceeds. 

After a brief period, prolonged electrodeposition barely changes the surface 

morphology of the acquired PbO2 coatings. 

(3) The electrodeposition of PbO2 is repressed at the PEG addition. The increased PEG 

addition results in decreased crystal size and increased ratio of α-PbO2. Under the PEG 

addition ≤ 4 g/L, a pyramidal surface is presented for prepared PbO2 electrodes. 

However, the PEG addition at 6g/L results in a dense and smooth coating with less 

uniformity. The electrochemical characterisation reveals the superior electrocatalytic 

activity and higher OER resistance for the PbO2 electrodes at the PEG addition ≤ 4 g/L. 

Also, the chemical stability of PEG (≤ 4 g/L) modified electrodes is greatly enhanced. 

Benzoic acid is degraded by the adsorbed OH radicals using a PbO2 electrode. The 
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4 g/L PEG-modified PbO2 electrode displays the best degradation ability in the 

examined electrodes, achieving the fastest BA removal and the most significant TOC 

elimination. 

(4) PRC deposition markedly changes the crystal structure and morphologic feature of the 

prepared PbO2 electrodes, giving rise to an increased content of β phase and a rough 

surface morphology. The BA degradation reaction well matches a pseudo-first-order 

reaction, and the highest degradation efficiency was observed for the PbO2 electrode 

made from 95% duty cycle. Moreover, the main aromatic intermediates and carboxylic 

acids generated in BA degradation were identified, and a probable pathway was 

proposed for the BA degradation course occurring on the PbO2 electrode. The 

hydroxylation of the aromatics is the main oxidation reaction in the initial degradation, 

followed by the cleavage of aromatic ring being the primary reaction to generate 

carboxyl acids. 

8.2 Recommendations for Future Work 

Several recommendations are proposed in this section based on our current research. We hope 

these recommendations are helpful for future study on the subject of electrodeposition and 

electrocatalysis.  

(1) In order to elucidate the electrodeposition process of PbO2 using methanesulfonate 

electrolytes, the effects of critical parameters are worthy of discussion and analysis. 

Our present work discussed the influence of electrolyte composition, applied current 

density and deposition time. In the future, it would be meaningful to make a systematic 

study regarding other deposition factors such as electrolyte pH, additive ions, and 

charge quantity. This contributes to the fundamental understanding of PbO2 

electrodeposition and assists the optimisation for PbO2 electrodes. 
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(2) The characterisation of PbO2 electrodes is necessary. In addition to the XRD, SEM and 

CV measurements conducted in our present work, other characterisation techniques can 

also give rise to insightful information of the deposited PbO2 coatings. Atomic force 

microscopy (AFM) analysis presents direct information of surface nature, helping to 

better define the surface activity of PbO2 electrodes. Chronoamperometry analysis can 

be used to study the nucleation mode during PbO2 electrodeposition. Besides these, 

electrochemical impedance spectroscopy (EIS) analysis can probe the impedance 

characteristics of PbO2 electrodes. The information provided by these characterisation 

techniques better defines the properties of PbO2 deposits and helps to discover its 

possible applications. 

(3) Surface chemistry analysis is significant in studying the surface reactions occurring on 

a PbO2 electrode during the electrochemical oxidation course of organics. Although it 

has been recognised that OH radicals are deeply involved in the degradation process, 

controversy exists regarding how these OH radicals are generated and then interact with 

target organics over a PbO2 electrode. The in-situ analysis of surface reactions 

occurring on the PbO2 electrode throughout the electrolysis process, if available, may 

resolve this issue. This may assist efficient utilisation of these OH radicals in degrading 

targeted pollutants, instead of consuming them in oxygen generation reactions. 

(4) A thorough investigation towards the organic degradation course using PbO2 electrodes 

is also welcomed. Apart from the anode material, other degradation factors also have 

significant influence on the degradation course against targeted organic pollutants, such 

as degradation time, current density, electrolyte type, pH, temperature, and cathode 

material. The next study may focus on the effects of these degradation factors with the 

aim of reaching the enhanced degradation efficiency when using PbO2 electrodes. 
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