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STUDIES OF STABILITY AND CA TAL YTIC ACTIVITY OF LEAD DIOXIDE 
ELECTRODES 

by Yusairie Mohd 

The electrodeposition of stable and active, thick layers of pure and doped ~-lead 
dioxide (Pb02) coatings from acidic nitrate baths onto gold and titanium substrates has 
been investigated. The morphology of the coatings has been analysed by Scanning 
Electron Microscopy (SEM) and the composition determined by Energy Dispersive X
ray Analysis (EDAX). In addition, the behaviour of the coated electrodes as anodes 
(using dimethylsulfoxide, DMSO, as a model substrate) and on open circuit has been 
defined. 

The structure and morphology of the ~-Pb02 deposits on both Au and Ti 
substrates depend strongly on the deposition conditions including temperature, current 
density, deposition charge and the bath composition (Pb(II) concentration, H+ 
concentration, concentration and choice of dopant ions). Satisfactory deposits on Ti 
require pre-etching of the Ti surface and very careful selection of the deposition 
conditions to avoid the presence of resistive Ti02 layers. It was confirmed the activity 
of the ~-Pb02 electrodes for the oxidation of organic compounds was significantly 
enhanced by the incorporation of bismuth. Bi-Pb02 on Au was easily produced but on 
Ti it required a strategy involving the deposition of two layers. The procedures could 
be employed to produce uniform coatings on fine Ti meshes, a first stage in the design 
of three dimensional Pb02 electrodes. The preferred coating on the Ti meshes was 
produced by the deposition of (a) an underlayer of Fe-F-Pb02 onto etched Ti using 5 
mA cm-2 for 1800 s from 0.5 M Pb(N03)2 + 0.1 M HN03 + 0.04 M NaF + 10 mM 
Fe(N03)3 (b) a top layer ofBi-Pb02 using a low current density ~ 0.5 mA cm-2 from 0.5 
M Pb(N03)2 + 1 M HN03 + 10 mM Bi(N03)3. The coated Ti meshes were 
demonstrated to be suitable for the anodic decolouration of dyes (reactive blue 4, 
methyl orange, bromothymol blue and cresol red). 

The deposition of cx-Pb02 from acetate baths was also investigated but the 
coatings were less satisfactory. High surface area Pb02 coatings with a highly ordered 
and porous structure were produced on gold using polystyrene micro spheres and the 
colloidal templating technique and they were shown to support a high rate of DMSO 
oxidation. 

All the Pb02 coatings were subject to degradation if left standing on open 
circuit in acid solutions, the rate of degradation being rapid if the medium contained an 
oxidisable organic species. While the rates of Pb02 degradation depends on the 
electrolyte, the dopants in Pb02 and the structure of the Pb02 coating, clearly the lack 
of stability on open circuit imposes additional difficulties in the application of Pb02 

anodes. 
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Chapter 1: Introduction 

Chapter 1: Introduction 

1.0 Background: Electrochemistry and the Environment 

Nowadays, there is an increasing awareness of the need to protect the 

environment and to preserve natural resources from pollution. Pollution of water 

resources is increasing steadily due to urbanization and industrial proliferation. The use 

and production of chemical compounds worldwide have increased tremendously and 

many of these compounds are toxic and non-biodegradable. 

Wastewater can normally be classified by its sources; either from residential, 

commercial, agricultural or industrial. Residential and commercial wastewaters tend to 

contain concentrated organic wastes that are readily biodegradable in a conventional 

municipal wastewater treatment plant. On the other hand, wastewaters produced from 

agricultural and industrial sites may contain any number of man-made or synthetic 

compounds that are often non-biodegradable and must be treated by special treatment 

processes before they can be safely discharged into the environment. Improper 

discharge of the wastewater is a major source of toxic organic compounds in aquatic 

environments. The presence of these hazardous compounds in water systems represents 

a major threat to the environment. In particular, organic pollutants which are 

carcinogenic such as organo-chlorinated compounds. Faster treatment, more efficient 

and more economical techniques are demanded for the treatment of these residues since 

conventional methods cannot cope with them. There is already the requirement to 

ensure that the legal limits of the pollutants discharged in water bodies set by law are 

not exceeded. 

In wastewater treatment technology, the objective may be the complete 

oxidation of all organic pollutants to CO2, the removal of particular toxic compounds, 

modification to decrease toxicity or just decolouration of the effluent. There are many 

established technologies used to treat these pollutants. But almost all methods have 

drawbacks in overcoming the problems. New methods known as advanced waste 

treatment techniques for removing pollutants are being studied and developed. One of 

the promising approaches to use electrochemical methods. Here, electrochemistry can 

play a significant role in treating the organic wastes either biodegradable or non

biodegradable. Electrochemistry, a link between physical chemistry and electronic 



Chapter 1: Introduction 

science, has proved to be a clean, versatile and powerful tool for the development of 

new advanced methods for water treatment. In recent years, the possible use of 

electrochemical methods in wastewater treatment for the removal of organic pollutants 

has attracted considerable attention [1-4]. 

1.1 Wastewater Treatment 

Generally, effluents discharged from chemical processes have high amounts of 

contaminants which are often toxic and harmful to the environment. Various types of 

contaminants from wastewaters can be categorized as listed in figure 1.1. They are 

categorized according to their increasing solubility in aqueous solution. The presence of 

each contaminant in the effluents is dependent on the nature of the chemical processes. 

Increasing 
Solubility 

• Hydrocarbon Products (Floatable, Emulsifiable/Suspended and 

Settleable Organics) 

- Petroleum Oils, Waxes, Fatty Acid Soaps (Ca, AI, Fe), Chlorinated 

esters and paraffins 

• Floatable, Suspended and Settleable Solids 

Graphite, Floor 'dirt' 

• Metals 

- Iron, Aluminium, Copper, Lead, Zinc, Chromium, Nickel, 

Manganese 

• Non-metals 

- Arsenic, Selenium 

• Dissolved Solids 

Salts (Sodium and Potassium Salts) 

• Dissolved Organics 

Amines, Amides, Esters, Surfactants, Fatty Acids, Glycols, Fatty 

Alcohols, Phosphate esters, Phenols 

Figure 1.1: List of possible types of contaminants in wastewaters 
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Chapter 1: Introduction 

Several parameters are generally used to monitor the quality of water such as 

biological oxygen demand (BOD), chemical oxygen demand (COD) and total organic 

carbon (TOC). BOD is a laboratory measurement of wastewater that is used to measure 

the amount of oxygen that will be consumed by microorganisms during biological 

reaction of oxygen with organic material. COD is used as a measure of oxygen 

requirement of a sample that is susceptible to oxidation by a strong chemical oxidant. 

TOC is the sum of all organic carbon present in water. Most industrial wastewater 

treatment plants have primary, secondary and tertiary treatments as shown in figure 1.2. 

The first stage is a physical method which is used to remove floatable and settleable 

solids only, which generally removes 40% of the suspended solids and 30-40% of the 

BOD in the wastewater. 

Effluents 

Primary 
Method 

Dissolved 
Organics and 

Salts 

• 

Settleable and 
Floatable Solid 
Removed 

Secondary 
Method 

Separated 

Lower 
BOD and 
COD 

Tertiary 
Method 

Organic Sludge Discharged 
or Recycled 

Figure 1.2: Schematic diagram of conventional wastewater treatments 

Secondary treatment normally utilizes biological treatment processes in order to 

convert dissolved organics and salts and also suspended pollutants into a form that can 

be removed by producing a relatively highly treated effluent. Approximately 85% of 

the BOD and total suspended solid (TSS) was removed at this stage. Conventional 

biological processes have been used in industrial waste treatment for many years and 

utilise either aerobic or anaerobic digestion processes. Aerobic digestion is a bacterial 

process that runs in the presence of oxygen while anaerobic process runs in the absence 

of oxygen. Most industrial plants treat the wastewater using aerobic biological 

processes; under aerobic conditions, bacteria rapidly consume organic matter and 
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Chapter 1: Introduction 

convert it into CO2 . Because the aerobic digestion occurs much faster than anaerobic 

digestion, the capital costs of aerobic digestion are lower than anaerobic processes. 

Biological oxidation techniques are the most frequently used among the different 

teclmologies for wastewater treatment. This technique is the most economical process 

and usually used for treatment of readily degradable or biocompatible organic 

pollutants present 111 the wastewater. However, biological treatment becomes 

ineffective when wastewater containing stable and toxic substances which cannot be 

decomposed by microorganisms under normal conditions or known as non

biocompatible pollutants such as organo-chlorine compounds, phenols, etc. 

Effluents from secondary treatment which contain low level of contaminants such 

as non-biodegradable organic compounds, metals and nutrients will be separated and 

treated in the tertiary treatment plant. This final stage of treatment before discharge or 

recycle is also known as advanced treatment and normally employed either chemical or 

physical processes. This treatment typically utilizes one of the following current, 

established technologies for the removal of the dissolved organic pollutants. 

• activated carbon adsorption 

• chemical oxidation 

• membrane separation 

The organic pollutants can be removed from wastewater by adsorption onto a 

solid adsorbent, commonly activated carbon. There are a few types of activated carbon 

used in adsorption process; which are granular, powdered and extruded activated 

carbon. Different organic compounds adsorb differently on activated carbon. 

Adsorption depends on the different retention of the dissolved organic molecules in the 

wastewater on the surface of the activated carbon. The less water-soluble a compound, 

the more likely it will load well on the activated carbon. 

The adsorbed organic waste on activated carbon can then be destroyed by 

incineration. Plattner and Comninellis have described the various incineration processes 

involved [5]. Used activated carbon can either be regenerated by pyrolysis or steam 

treatment or be destroyed by burning in an incinerator with its organic load. Although 

the processes are effective, they have high investment costs, high energy consumption 

and high operating costs. They are best suited for handling highly toxic and heavily 
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contaminated wastes. These processes produce large volumes of hot flue gases which 

may be toxic and need to be treated to reduce air pollution problems. 

Those non-biodegradable organic pollutants have to be treated usmg other 

techniques, usually chemical oxidation. Chemical oxidation method uses oxidants to 

destroy the organic pollutants usually by conversion to carbon dioxide. Traditional 

oxidants include chlorine and sodium hypochlorite and more recent oxidants used are 

chlorine dioxide, hydrogen peroxide and ozone [5,6]. Chlorine based oxidants have the 

disadvantage that they may potentially evolve chlorine and act not only as oxidising 

agent, but also as chlorinating agents for organic substances. This is clearly a problem, 

since chlorinated derivatives are generally toxic and difficult to decompose. 

Hydrogen peroxide (H20 2) does not have this disadvantage and it is a very 

strong oxidising agent. However, H20 2 is more expensive than chlorine based oxidants. 

Moreover, it requires the addition of FeCb to the solution in the treatment of 

wastewater by a method known as Fenton process [7], which, in turn, invokes 

consecutive separation steps and this increases the cost of treatment. 

Ozone (03) is the strongest oxidant. It attacks organic compounds and converts 

them mainly to aliphatic acids. But, it is not effective on some compounds such as 

halogenated organic compounds because of the stability of carbon-halogen bonds. Also, 

the investment and operating costs of this technique are very high [5]. Generally, 

complete removal of the principal organic pollutants can be easily carried out by the 

chemical oxidation but complete elimination of total organic carbon (TOC) is hardly 

achievable. 

Another established technique used for the treatment of organic compounds is 

membrane separation. Membrane separation techniques can be divided into four types 

according to their particles size; which are microfiltration (0.01 - 0 microns), reverse 

osmosis (up to 100 Daltons), nanofiltration (l00 - 500 Daltons) and ultrafiltration (l00 

- 500 Daltons). Ultrafiltration is the most widely used membrane due to its 

effectiveness in treating wastewater and it can operate at very low pressure. 

Nonetheless, these separation techniques have a few disadvantages such as very high 

investment and operating costs and also fouling problem. Fouling is an important 

phenomenon that limits the applicability of the separation techniques. Such fouling can 

be caused by cake or gel fonnation, pore plugging and pore narrowing [8]. 

5 



Chapter 1: Introduction 

The use of a single process for the secondary treatment is limited in reducing 

the organic contaminants especially for highly concentrated organic (ie: high COD). By 

combining the above listed methods, a substantial reduction of COD and BOD can be 

achieved. Combined technologies such as the combination between chemical and 

biological, chemical and adsorption, ultrafiltration and adsorption, or ultrafiltration and 

biological methods are gaining in popularity for wastewater treatment. Banata and AI

Bastakib [9] investigated the use of integrated process of adsorption using activated 

carbon and ultrafiltration for treating dye wastewater. The results obtained showed that 

the combined process achieved better rejection of dye that the ultrafiltration process 

alone. Combined biological and membrane treatment also has produced a superior 

effluent quality of food-processing wastewater [10]. Mohammadi and Esmaeelifar [11] 

compared the effectiveness of various treatments for vegetable oil factory wastewater. 

The results show that ultrafiltration is better than conventional biological method and 

combined of ultrafiltration and powdered activated carbon is better than that 

ultrafiltration alone. 

A new option for the wastewater treatment known as Advanced Oxidation 

Process (AOP) technology is proposed to be used in producing cleaner water and 

efficient treatment. Wastewaters contaminated with organic pollutants can be treated by 

using AOP method which generates reactive substance such as hydroxyl radicals as the 

effective oxidant for converting organic molecules to simple acids or CO2 and water 

[12]. One of the methods categorized in this AOP technology is electrochemical 

oxidation. 

The electrochemical oxidation method appears to be more attractive for 

wastewater treatment. The electrochemical combustion or degradation of organics 

offers considerable advantages. It can be carried out at moderate temperatures and 

under clean conditions. Also, it provides a means for the total destruction of the 

pollutants, promoting their oxidation all the way down to CO2 and no by-products are 

left in the effluent. 

Electrochemical processes use electron transfer to initiate chemical reactions. 

For example, as shown in figure 1.3, direct electron transfer to the anode surface plus 

the production of mixed oxidants such as hydroxyl radicals (OR), hydrogen peroxide 

and ozone (03) caused by discharge of water molecules from direct surface reactions 

are believed leading to chemical reactions of reactants. 
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By controlling the electrode potential and the environment at the surface of the 

electrodes, the conditions necessary to initiate and control chemical reactions are 

created. The freedom of choice in adjusting the electrode potential and electrode 

material makes electrochemistry an extremely selective and flexible technique. One of 

its advantages is the fact that electrons released from or consumed by the electrode are 

a clean reagent that does not contribute to a further increase in the amount of chemicals 

in the environment as is the case in other chemical processes [13]. The direct 

application of the electron as a reagent is seen as an intrinsically clean processing 

method. Electrochemical technology which operates without generation of waste 

products is known as a clean technology. However, the wide application of this 

technique is still limited by problems related to the stability of the electrode materials. 

Recently, the use of electrochemical methods for the removal of organic and toxic 

pollutants present in wastewater, especially for dilute solutions of biorefractory 

organics such as phenols or stable halogenated organic compounds. Such molecules 

cannot be decomposed by biological treatment (ie: microorganisms) under normal 

conditions or by chemical oxidation method but can be degraded by electrochemical 

methods (ie: anodic oxidation). The electrolytic approach has attracted considerable 

attention and has been widely studied [14-18]. It has been reported that phenols can be 

7 
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anodically oxidized using metal oxide anodes such as iridium oxide, lead dioxide, tin 

dioxide, etc. [19-21] as well as diamond. 

1.1.1 Anodic Oxidation for Wastewater Treatment 

Anodic oxidation is a powerful tool for the removal of organic wastes in 

industrial effluents. The main objective of this process is to oxidise all organic 

compounds to CO2 and H20. Many electrochemical processes for wastewater treatment 

involve the direct reaction of species at electrode surfaces known as direct electrolysis, 

while others involve indirect electrolysis. Figure 1.4 shows a comparison of these two 

different approaches. 

(a) (b) (c) 

... e ... e ... e 

C R 
Organic C 
pollutant 

Electrode Solution Electrode Solution Electrode Solution 

Direct Indirect 

Figure 1.4: Schemes for direct (a) and indirect oxidation of organic pollutants. The latter can 
be carried out both with reversibly (b) and irreversibly (c) electrogenerated reagents. R is a 
pollutant, 0 is the oxidation product and C is a reagent or catalyst. 

Indirect electrolytic processes are used to convert pollutants to less harmful 

products by using a mediator or an electron transfer agent. The mediator is 

electrochemically formed or generated either in a reversible or irreversible manner (as 

shown in figure l.4b and l.4c) at the electrode surface and acts as an intermediary for 

shuttling electrons between the pollutant substrate and the electrode. 

8 



Chapter 1: Introduction 

There is a variety of reversible reagents that have been successfully used for 

pollutant treatment such as Ag(lI) , Co(III) , Ce(IV) and Pe(III). Silver (II) is a 

powerful oxidant with a formal potential of EOe = 1.99 V vs SHE in 1 M HN03 [22]. 

Silver (II) is one of the most powerful oxidizing agents in acidic media and some 

organic pollutants such as ethylene glycol, benzene, tributyl phosphate and kerosene 

[23, 24] have been successfully treated using this reagent. It acts as a reusable catalyst 

and no silver waste is generated. AEA Technology has developed a process to generate 

Ag(lI) species anodically via the oxidation of Ag(I) in a nitric acid solution [24]. The 

developed technology was originally used to solubilize PU02 during the treatment of 

nuclear wastes. The disadvantages of using silver as the reagent are total recycling and 

regeneration of this catalyst must be achieved as silver ions are considered a hazardous 

waste and the overall destruction efficiency of the pollutants is reduced when chloride 

ion precipitates Ag + as AgCl. 

An alternative to silver is the Pe(IIIIII) redox couple which is non-toxic reagent 

but this has a much less positive formal potential (EO e = 0.77 V vs SHE). Oxidation 

efficiencies up to 100% of carbonaceous wastes have been reported [25,26] by using 

this oxidising agent in sulphuric acid. Organic compounds including polycyclic 

aromatic, coal and coke were completely oxidised at 150° C. But, there are a few 

difficulties with Pe(II/III) based processes, particularly low current densities and 

relatively high temperatures (~ 100° C) are required for efficient operation. 

In irreversible electrolysis processes, generation of strong oxidants such as 

hypochlorite/chlorine, ozone, hydrogen peroxide are generated in situ and are utilized 

immediately [27]. The pollutants are destroyed in the bulk solution by oxidation 

reaction of the generated oxidant. The electrochemical generation of 

hypochlorite/chlorine in a solution containing chloride ions is given by the following 

reaction: 

2cr ---+ 

Ch + H 20 ---+ 

HOCl ---+ 

Ch + 

HOCl + 

H+ + 

(1.1) 

(1.2) 

(1.3) 

The application of hypochlorite/chlorine for indirect electrochemical oxidation of 

various industrial effluents has been investigated by several investigators. Kuhn has 
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Chapter 1: Introduction 

reported that cyanides can be destroyed by these oxidants [28]. Other organic 

compounds such as phenols, thiocyanides, sulphides, etc. can also be destroyed by this 

technique. This technique also was successfully used in the treatment of various 

wastewaters such as tannery wastewater [29,30], textile wastewater [31,32] and olive 

oil wastewater [33]. 

Ozone (03) is among the most powerful oxidants with formal potential of EO e 

2.07 V vs SHE and the advantage of generating this oxidant is its non-polluting 

property since it decays rapidly to oxygen. A method for ozone generation has been 

patented by Foller et al. [34,35] and developed by ICI and OxyTech Inc. Another 

electrolytic ozone generator known as Membrel process [36] was commercialised by 

Asea Brown Boveri. Both are based on the electrochemical oxidation of water to ozone 

(with competing with oxygen evolution) as shown below: 

(1.4) 

Hydrogen peroxide (H20 2) is a strong oxidising agent (EOe = 1.77 V vs SHE) 

and, like ozone, does not leave a secondary pollution problem. It may be manufactured 

and regenerated with only electricity and air or O2 as feedstocks. An important 

advantage of in-situ electrochemical generation is that its transportation over long 

distances is avoided; it is a hazardous substance and unstable on long-term storage. The 

electrochemical in-situ generation of H20 2 is done via the reduction of oxygen on the 

cathodic surface through the following reaction: 

(1.5) 

A maximum CUlTent efficiency for the cathodic reduction of 02 to H202 of up to 

94 % has been reported by Do and Chen [37] on a graphite cathode in 0.5 M Na2S04 

and at pH 13. They found that one of the main factors affecting the cathodic reduction 

of oxygen for the production of hydrogen peroxide was the pH. The CUlTent efficiency 

of the production of H20 2 was lower in acidic solutions than in basic solutions. This 

was a consequence of the different pathways for the cathodic reduction of oxygen at 

different pH values. The reaction involved in alkaline solution was verified in the 

literature [38]: 

10 



Chapter 1: Introduction 

(1.6) 

In acid solution, H20 2 effectiveness can be greatly increased by the addition of 

Fe (II) as a catalyst, which converts it into hydroxyl radicals in a chemical reaction 

shown below: 

(1.7) 

The production of hydroxyl radical (OR) can then start the destruction of organic 

substances. The oxidising power of the hydroxyl radical (EOe = 2.85 V vs SHE) is as 

high as that of fluorine [39]. 

There is substantial literature [37,40-46] on the oxidation of aromatic 

hydrocarbons using Fe(III) and O2 in aqueous acid solution to produce active 

H202/Fe(II) composition at a plate cathode or known as 'electrogenerated Fenton's 

reagent'. Do and Chen [37] investigated the use of electro generated H20 2 at a flat 

cathode surface together with the presence of Fe(II) for the degradation of phenol. It 

was shown that phenol could be effectively oxidized and largely converted to CO2; at 

pH 1-4, with a final COD, 400 ppm from initial concentration as high as 2600 ppm. 

However, the current densities were low typically 0.4 rnA cm-2 and obviously this is not 

sufficient for practical effluent treatment technology. 

The main problems in electrosynthesis of H20 2 are the relative slowness of the 

O2 reduction reaction due to the mass transport limitations that result from the low 

solubility of O2 in the electrolyte solution. Commercial applications have required the 

development of a teclmology to overcome this problem. Recently, methods have been 

developed for the production of H20 2 using three dimensional electrodes such as beds 

of carbon particles or reticulated vitreous carbon [47-49] and gas diffusion cathode 

fabricated from carbon powders without metal catalysts [50,51] which allow the 

reduction of oxygen to H20 2 at an efficient rate and a practical current density. Both 

types of electrodes have increased the rate of H20 2 production by a factor of 100-1000. 

However, the developments are limited to the generation of H20 2 in concentrated 

alkaline solutions. The use of gas diffusion electrodes for the effluent treatment 

processes was first introduced by Brillas and co-workers [52]. They were able to reduce 
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COD of alkaline solutions containing aniline and 4-chloroaniline from 100 ppm to < 5 

ppm with a current density as high as 200 rnA cm-2. 

More recently, however, both three-dimensional electrodes [53] and gas 

diffusion electrodes [54] have been used in both neutral and acid solutions to reduce O2 

to H20 2. Alvarez-Gallegos and Pletcher [53] used reticulated vitreous carbon cathode 

to enhance the oxidation of formaldehyde. It was confirmed that the three dimensional 

electrode has greatly accelerated the rate of formaldehyde removal; with oxygen 

saturated solutions, current densities could reach> 20 rnA cm-2. In alkaline solution, the 

oxidation of formaldehyde (5-200 ppm) could be easily achieved by using H202 

generated from three dimensional electrode without catalyst; but in neutral and acid 

solution, the presence of Fe(II) was essential to achieve complete oxidation to C02. 

Harrington and Pletcher [54] showed that the gas diffusion electrode could be used to 

remove phenol, aniline, acetic acid, formaldehyde and three azo dyes (amaranth, fat 

brown RR and methyl orange) from aqueous sulphate solution at pH 2 containing Fe(II) 

ions. COD of the solutions containing such organics may be reduced by 90 % with a 

current efficiency> 50 % and using a current density of - 20 rnA cm-2, leading to 

acceptable energy consumption. Even though the current density can be increased by 

using the three dimensional electrode, the presence of Fe(II) is still required in this 

process in order to oxidise organic compounds completely to C02, otherwise the 

reaction stopped at an intermediate stage; for example formaldehyde oxidation stopped 

at formic acid in the absence of Fe(II). 

The direct anodic oxidation method has a number of advantages compared to 

the indirect approach such as (a) no need to add catalyst such as Ag(II) or Fe(III), (b) 

more direct control of the oxidation rate, (c) continuous operation and (d) simpler 

treatment plant can be designed. Basically, industrial wastewaters with low 

concentration of organic pollutants produced from chemical processes are treated in

situ before the treated water can be recycled or discharged into the water systems. 

Figure 1.5 shows various possibilities of treating contaminated process water: 

• only electrochemical treatment, then recycle to the process 

• pre-treatment by electrochemical and followed by biological treatment, 

then recycle to the process 

• only electrochemical treatment, then discharged into water systems 
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• electrochemical pre-treatment and biological treatment, then discharged 

into water systems 

rlp.<;\n \A!o;:atpr 

----,-----------------------

I 
I ... 

I 

---.-'----
Discharged 
into water 
systems 

Biological 
Treatment 

Chemical 
Process 

Il- +ve 

I 

I 
I 
I I I 

-ve 

.. Discharged into 
water sYstems 

Electrochemical 
Treatment 

"-/ 

D' /1 lsposa 0 f 
Wa~tewate 

Figure 1.5: Recycling of chemical process water: treatment of organic contamination with an 
electrochemical or / and biological methods 

In conclusion, it has been shown that there is a great need for the treatment of 

industrial wastewaters containing bio-refractory organic compounds which are non

biodegradable, toxic and harmful to the environment. The use of electrochemical 

method for the treatment is one of the most promising ways in order to achieve this 

goal since it is clean, simple and cost effective technology especially in treating diluted 

organic pollutants. 

Both indirect and direct electrolytic approaches have their advantages; however, 

while indirect electrolysis has been studied widely and used in commercial processes, 

the great potential of direct oxidation method has not yet been realised, mainly due to 

the lack of suitable electrode materials. The choice of anode material plays an 

important role: it should be stable over a wide range of potentials and should present 

high overpotential for oxygen evolution, which constitutes the main side reaction in 

anodic oxidation. 

1.2 Electrode Materials for Anodic Oxidation of Organic Compounds 

The choice of electrode material as the anode for direct oxidation of organic 

compounds is a crucial factor; the electrode should be stable over a wide range of 
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anodic potentials and should present high overpotential for oxygen evolution, which 

constitutes the main side or competing reaction in anodic oxidation. The electrode 

reactions in electrochemical cell are shown in figure 1.6. The desired reaction on the 

anode surface is the oxidation of organic substances (eg: HCOO-) entirely to carbon 

dioxide (C02), however, the competing reaction (02 evolution) can occur 

simultaneously reducing the efficiency of the anode for the oxidation of target 

pollutants. 

CATHODE ANODE 

+ 

Typical reactions: Desired reaction: 

In base: HCOO- ---+ CO2 + H+ + 2e-

Competing reaction: 
In acid: 

H20 ---+ 2H+ + ;12 O2 + 2e-

Figure 1.6: Electrodes reactions in aqueous solution 

The right choice of electrode materials for such applications is related to its 

ability to limit the competing reactions, good faradaic efficiency, stability both during 

oxidation and on open circuit and economic feasibility. The performance of the material 

for electrochemical reaction depends on several parameters such as electrode potential 

(or CUlTent density), the concentration of electroactive species, electrolyte, pH, 

temperature, solvent, mass transport and cell design. Since there are many factors 

influencing the behaviour of the electrode on a practical basis, it is impossible to find 
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the optimum electrode to be used in a given process on a theoretical basis. It is a 

challenge to find the conditions where the oxidation of organic compounds is maximum 

with minimum oxygen evolution reaction and also stable over extended electrolysis 

time. Couper et. al [55] have listed some considerations in selecting a good electrode 

material: 

• Physical stability: the electrode material must have adequate mechanical 

strength, must not be prone to erosion by the electrolyte, reactants or products 

and must be resistant to cracking. 

• Chemical stability: the electrode material must be resistant to corrosion, 

unwanted oxide and hydride formation and the deposition of inhibiting organic 

films under all conditions experienced by the electrode. 

• Suitable physical form: it must be possible to fabricate the material into the 

form demanded by the reactor design in order to facilitate sound electrical 

connections and to permit easy installation and replacement at a variety of 

scales. 

• Rate and product selectivity: the electrode material must support the desired 

reaction and, in some cases, significant electrocatalytic properties are essential. 

The electrode material must promote the desired chemical change while 

inhibiting all competing chemical changes. 

• Electrical conductivity: this must be reasonably high throughout the electrode 

system including the current feeder, electrode cOID1ections and the entire 

electrode surface exposed to the electrolyte. However, higher resistant material 

may be used as coatings on a low-resistivity metal. 

• Costllifetime: a reasonable and reproducible performance including a lifetime 

probably extending over several years must be achieved for an acceptable initial 

investment. 

The development of electrolytic processes for the direct oxidation of organic 

compOlmds has been limited by the availability of anode materials for such application. 

Intensive research has been carried out with the aim of producing more efficient and 

stable anode materials. In practice, the materials with large O2 overpotential are 

commonly chosen as the anode and for most situations the choice is limited to precious 
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metal coatings (eg: Pt/Ti), carboni graphite/ diamond or oxides coatings (eg: Pb02 or 

Sn02). 

a) Noble Metals 

Platinum (Pt) has been used in the manufacture of persulfate. It is very stable to 

corrosion and has high oxygen overpotential. Nevertheless, Pt is obviously very 

expensive. The cost can be reduced by electroplating on to a cheap conducting substrate 

such as titanium. The coatings of Pt on Ti are smooth with low porosity, well-adhered 

to the substrate and have good stability and high oxygen overpotentials. Pt can also be 

coated on titanium by using MOCVD technique [56]. It is a natural choice for organic 

reactions that do not go well on Pb02 electrodes. The synthesis of inorganic compounds 

such as perchlorate, periodate and persulfate can also be done on Pt/ Ti anode. 

Pt electrodes were found to perform poorly for the oxidation of phenol since a 

blocking film of high molecular weight unreactive material rapidly built up at the 

electrode surface [57]. Pre-oxidation of the Pt electrodes only led to a slight 

improvement. 

Marinerc and Lectz [58] have found that the direct electrooxidation of ammonia 

on Pt and platinized titanium (Pt/ Ti) anodes proceeded well to release N2 as expressed 

by the following equation: 

(1.8) 

Apart from Pt, other thin layers of noble metals such as ruthenium [18] and 

rhodium [59] electrodeposited on titanium substrates have been used as electrocatalyts 

for destruction of biorefractory organics in wastewater such as phenols and surfactants. 

Gold (Au) is also used as the anode material and usually employed as thin coating on 

titanium substrate due to its inherent cost. 

Nickel (Ni) is normally used in basic solution either as the anode or as the 

substrate for deposition of other materials. In acid media, however, Ni would not 

withstand anodic polarization therefore a different material had to be chosen as the 

substrate or the anode. 
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b) Carbon / Graphite/ Diamond 

Carbon is another alternative that can be used as an anode in the destruction of 

organic compounds. Usually, glassy and vitreous carbons are used in very oxidizing 

conditions because of their inertness and high oxygen overpotentials. It has been 

reported that glassy carbon can be used for the generation of ozone [47]. However, on 

carbon electrode, similarly as on Pt, phenols are weakly oxidised since phenols cause 

anode inactivation by oligomer deposition on the surface [16,20,57]. For this reason 

other materials are sought to solve the problems. 

Diamond, a type of carbon, is also used as the anode usually in the form of a 

thin coating on Ti or Si. Recently, many studies have been focused on boron doped 

diamond (BDD) as the anode material for a wide range of electrochemical applications 

[60-62] especially in electrosynthesis. BDD electrode offers advantages over other 

types of carbon-based electrode materials, due to its mechanical and chemical 

robustness, wide potential window and low background interference. Okino et al [63] 

proposed the use of BDD for anodic fluorination processes. Marken et. al [64] 

deposited Pb02 on BDD and used microwave activation of electrochemical processes 

for the enhancement and control of processes at the electrode/solution interfaces. The 

increase in current for the electrocatalytic oxidation of ethylene glycol at the electrode 

was observed in the presence of microwave radiation. Saterlay et. al [65] employed 

ultrasound to enhance the efficiency of the Pb02 deposition on BDD and the 

electrolysis rate of ethylene glycol oxidation at the electrode. The main problem 

encountered with the BDD is its high price therefore it is not ideal to be the anode 

material for a large scale of reactor especially in wastewater treatment. 

c) Metal oxides 

Metal oxides are probably the most interesting material for use in 

electrocatalysis. There are a number of oxides electrodes (Ru02, Ir02, Sn02 and Pb02) 

that may be used as anode materials for the oxidation of organic compounds. Ru02 and 

Ir02 are oxides with low overpotential for O2 evolution and used when the 

minimization of the cell voltage is the key factor. Meanwhile oxides with high 

overpotential such as Sn02 and Pb02 are the most common electrodes studied and used 

in electrosynthesis, ozone production, waste water treatment, etc. Titanium is the most 
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common choice as substrate for these metal oxide anode coatings even though it has a 

quite high electrical resistivity. 

Tin dioxide (Sn02) has been widely studied by Stucki et. al [14,15] and 

Comninellis groups [16,66,67]. Sn02 is said to have high chemical and electrochemical 

stability, and high electrical conductivity especially when doped with antimony. Phenol 

and benzoic acid were efficiently oxidised on Sn02/Ti electrodes [14,15]. Comninellis 

and Pulgarin [66] have compared the oxidation of phenol on Sn02 and Pt. They found 

that Sn02 has performed better; 90% oxidation of phenol oxidation occurred at Sn02 

electrodes as compared to 40% at Pt. The catalytic activity of Sn02 electrode is also 

increased by the incorporation with antimony (Sb). Lipp and Pletcher [68] have 

prepared the doped electrode (Sb doped Sn02) on Ti substrate using thermal 

decomposition method. They found that high rate was achieved for the oxidation of 

EDTA at Sb-Sn02/Ti electrode. 

In chloride containing electrolytes, however, Sn02 is poorer catalyst for 

chlorine evolution as compared to Pt electrode. Halogenated organic compounds were 

slowly dehalogenated on Sn02 electrodes [66]. Winograd [69] describes Sb-Sn02 

surface as a poor electronic conductor in highly alkaline pH because of surface 

degradations but not in acid media 

While Sn02 may be considered an active and a reasonable material as anode for 

the direct oxidation of organic compounds, Pb02 seems to have advantage on its higher 

potential for oxygen evolution than Sn02. 

Of the metal oxide electrodes available, ~-Pb02 has received extensive 

attention both in industrial and academic applications [3,36,39,66,70-81]. Pb02 anodes 

(often in the form of a lead electrode oxidised in situ) are used in a number of 

electrosynthesis processes such as the production or regeneration of perchlorate, 

dichromate and ozone [36,70,71]. The anodes are also used in the oxidative destruction 

of organic pollutants such as cyanide ions [72]. Pb02 has also been investigated as an 

electrocatalyst for the oxidation of organic compounds especially phenol by many 

researchers [3,39,66,73-81]. The use of high overpotential anode such as Pb02 favours 

the degradation of phenols [78,79]. Electrodeposited Pb02 was found to be corrosion 

resistant and superior for phenol removal. Good current efficiencies up to 60% were 

reported for the oxidation of 1000 ppm phenol on Pb02 electrode at an applied current 

density of 50 rnA cm-2 [73]. The destruction of the compound is believed to occur via 
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adsorbed hydroxyl radicals produced by anodic discharge of H20. The production of 

OR can be expressed as the following: 

(1.9) 

which then attack the phenol molecules [3,66]. 

Tahar and Savall [78] studied the phenol oxidation on Pb02 electrodes using 

different substrates (ie: Ti, Ta and Pb). They found that there was a relation between the 

nature of the substrate used and the decreasing of total organic carbon (TOC). On the 

other hand, some studies have used doped Pb02 (ie: other ions incorporated into the 

Pb02) electrodes for the oxidation of phenol. Johnson et al [80] compared the 

electrocatalysis of phenol oxidation on doped and pure lead dioxide electrodes focusing 

their study on the influence of the doping ions. Bi-doped Pb02 has been found to have 

higher catalytic activity for the oxidation of phenol than pure Pb02. Fe-doped Pb02 was 

also used as the anode for phenol degradation [81] and the final COD values reported 

were near zero when the electrolysis was done at pH 5. 

In conclusion, the requirements for anode materials and types of anode 

materials for the direct oxidation of organic compounds have been discussed. The 

performance for such applications of the most common materials used as anodes such 

as Pt, carbon and oxides mainly Pb02 and Sn02 has been discussed and compared. 

From the literature, Pb02 clearly emerges as an attractive material as an anode for the 

direct oxidation of organic compounds due to its high oxygen evolution potential, low 

price, relatively stable under the high positive potentials required, stability at high 

temperatures and ease of preparation [82]. Its high overpotential for O2 evolution 

permits application of potentials to ca. 2.0 V vs SCE in acidic media without vigorous 

02 evolution [83]. The Pb02 electrodes have some disadvantages which they are 

corrode at high rate under reducing conditions and in some acids, particularly 

hydrochloric acid; as well as their poor mechanical properties. While general 

conclusions of the various workers are similar, there remain discrepancies, which are 

partly caused by variations in the sample preparation. In the present work, Pb02 will be 

the subject and further investigated. Details of the properties and preparation of lead 

dioxide electrodes will be discussed in the next section. 
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1.3 Electrodeposition of Lead Dioxide (Pb02) 

Pb02 films can be electrochemically deposited on vanous substrates using 

either galvanostatic technique (constant current density), potentiostatic technique 

(constant potential) or pulsed current technique [84-87]. Optimization of 

electrodeposited Pb02 can be carried out either by controlling the deposition parameters 

[88], or by adding different ions in the deposition bath [89,90] or by co-depositing with 

other oxides [91-93]. 

1.3.1 The choice of substrate for Pb02 deposition 

Lead dioxide anode can be prepared on a variety of substrates: lead [47], gold 

[87,94,95], carbonaceous substrate (ie: glassy carbon, graphite) [96], platinum [56,97-

99], titanium [87,100], tin oxide [101] and ceramic materials (ie: Ti40 7 or Ebonex®) 

[102,103]. The factors influencing the choice of the materials to be the substrate for 

Pb02 deposition are that the material must be at least a moderately good conductor, 

cheap, must possess good mechanical properties and must not corrode in the event of a 

pinhole in the covering layer of Pb02 . Lead substrates usually have poor performances. 

Precious metals such as Au or Pt are too expensive. The electrodeposition of Pb02 on C 

or reticulated vitreous carbon (RVC) has been suggested for the production of 

alternative composite electrodes in lead-acid batteries [104,105]. Pb02 anodes are also 

frequently formed by anodic electrodeposition on Ti and Ebonex® substrates [106]. 

Pb02 on ceramic materials such as Ebonex® substrates leads to good adherent coatings 

but it is difficult to obtain cheap large electrodes. 

In early years, graphite, iron silicide and magnetite were used as the substrates 

smce all are reasonably conducting and corrosion-resistant. However, all of these 

substrates are fragile, heavy and available only in thick section or cylindrical form and 

thus incompatible for the fabrication of modem electrolytic cell designs. Therefore, 

valve metals such as Ta, Nb or Ti were considered since they possess good physical 

and mechanical properties which allow thim1er and mechanically superior cell designs. 

Nb and Ta are more expensive substrates than Ti and only used when Ti shows 

deficiencies. Ti is the most common choice as substrate material for various metals and 

metal oxide coatings and also it is the most widely studied for the anodes useful for 

many kinds of industrial applications [107]. In the 1960s, Beer [108] proposed the use 
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of titanium as a substrate for dimensionally stable anodes (DSA) for such applications. 

The use of a titanium electrode coated with active oxides (eg: Pb02) for wastewater 

treatments is very popular because of its stability, performance, cost and lifetime [109]. 

For practical reasons, Pb02 on titanium and on platanized titanium (Pt/Ti) are the most 

widely used. 

Titanium has several advantages in its use as substrate for Pb02 deposition; it is 

a reasonably good conductor and therefore suitable for a current feeder, it is relatively 

cheap and has good mechanical strength and can easily be machined and shaped, 

ensuring flexibility in electrode and cell designs. Nonetheless, it has a disadvantage; Ti 

may passivate by forming Ti02 under the polarisation conditions required for Pb02 

deposition. This passive layer of Ti02 on the Ti surface acts as a barrier for electrons on 

anodic polarization. It is impossible to pass a few rnA cm-2 at a titanium anode covered 

with Ti02 layers in an aqueous medium unless the voltage applied was very high to 

break the oxide film. For this reason the passive layer must be removed before 

application of the Pb02 onto the Ti substrate. Many attempts have been made to inhibit 

the formation of the oxide layer during deposition. Some studies have suggested 

carrying out some pre-treatments on the Ti surface before deposition. The pre

treatments are crucial in order to obtain a conductive and lasting Pb02 anode for 

industrial purposes. There are a number of studies concerning the pre-treatment of 

titanium substrate prior to application of a coating [110-112]. 

Some studies have suggested depositing some intermediate layer between Ti 

substrate and Pb02 coating so to prevent the growth of Ti02 from spreading on the Ti 

surface. Normally, Pt is used as the plating interlayer on the clean Ti surface before any 

coatings were carried out; this interlayer coating is called platanized titanium (PtlTi).A 

very thin layer of gold was also used as the interlayer or undercoat for the deposition of 

stable Pb02 on Ti [113,114]. Other alternative interlayers that can be used are carbides 

or borides of tantalum or titanium which form a conducting layer which inhibits the 

oxide formation [115]. Wabner et.al [116] have proposed a method for the preparation 

of Pb02 coated titaniwn anodes where the clean titanium surface was covered with a 

film of an electron-conducting substance. They have treated the clean Ti surface with a 

solution containing Ti(IV). Recently, Gonzalez-Garcia et.al [117] have modified the 

pre-treatment method from Wabner's work. They have prepared a thin film of adsorbed 

'C=O species' on the Ti surface by immersion the Ti substrate in a boiling oxalic acid 
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containing Ti(IV) oxalate which appeared to protect the titanium surface from the 

formation of the oxide film. Feng and Johnson [17] also have used the same chemical 

treatment (ie: using Ti(IV)) before Pb02 deposition. Besides that they have also coated 

an interlayer (ie: F-Pb02 layer) on the treated Ti surface to make the electrode 

conducting prior to Bi-Pb02 deposition. 

Physical and chemical pre-treatment methods are employed for the removal of 

thick Ti02 film on the Ti surface. Wabner et. al [116] have physically treated the 

titanium surface by sandblasting the substrate and polishing with emery paper and 

alumina slurries; and then followed by the chemical treatment where the polished Ti 

substrate was immersed in an etching solution (ie: a boiling oxalic acid solution). These 

physical and chemical treatments lead to a clean, rough and free Ti02 of titanium 

surface. Lipp and Pletcher [68] have used a boiling solution of strong hydrochloric acid 

for the chemical treatment. Good results for Sn02 deposition on Ti have been achieved 

with this etching solution. 

They all come to the conclusion that the removal of Ti02 from or the inhibition 

of Ti02 formation on the Ti surface is essential for successful coating, but they suggest 

different ways of achieving the goal. 

1.3.2 Pb02 Coatings 

There are two forms of Pb02; a-Pb02 (orthorhombic structure) and ~-Pb02 

(tetragonal structure) [117,118]. Electrochemically a-Pb02 is prepared in weakly acidic 

or alkaline solution by the oxidation of Pb(II) whilst ~-Pb02 can be easily prepared by 

the electrooxidation of Pb(II) from acidic solutions usually of the perchlorate (HCl04) 

or nitrate (HN03) [82,119-121]. ~-Pb02 also has higher stability in acid solutions than 

a-Pb02 [122]. The redox activity ofPb02 is related to the morphology and the structure 

of the produced deposit either a-Pb02 or ~-Pb02. The a-Pb02 has a more compact 

structure than porous ~-Pb02' resulting in a better contact between the particles 

[84,123]. In lead-acid batteries, however, the more compact a-Pb02 is more difficult to 

discharge compared with the ~-Pb02 [124]. A porous structure of ~-Pb02 provides a 

greater surface area for anodic applications; therefore, the increased in the active 

surface area will increase the formation of OH radicals and will favour the degradation 

of organic compounds. 
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Different electrocatalytic activities of a and ~ forms of Pb02 were reported in 

many studies [125-127]. It was concluded that porous, structured Pb02 with high 

degrees of crystallinity is more active and has influenced the electrocatalytic properties 

of the material. Velichenko et al [99] reported that higher crystallinity increased the 

electrochemical activity of Pb02 electrode. Abaci et. al [128] found that ~ surfaces have 

higher performance than a surfaces on phenol degradation; and higher crystallinity of 

the ~ increased the efficiency of the phenol degradation process. Pb02 surfaces with 

high ~ content provided fast aromatic ring oxidation of phenol to benzoquinone and 

maleic acid and decreased the electrolysis time for phenol degradation. The degradation 

can be briefly shown as below: 

C6H40 2 - C4H40 4 - aliphatics products + CO2 
(Benzoquinone) (Maleic Acid) 

Ho et. al [129] studied the evolution of O2 on Pb02 electrodes. They have 

carried out a comparative analysis of adsorbed reaction intermediates - OR and 0·, at a 

and ~ of Pb02. It is concluded that the structure of the Pb02 has a strong influence on 

the behaviour of the adsorbed species and also on the electrocatalytic activity for 02 

evolution. Mostly, ~-Pb02 coatings have been used as anode materials in many 

applications including the electrochemical degradation of organic compounds. 

There have been a number of papers describing studies of the nucleation and 

growth of the ~-Pb02 coatings on Pt, gold, vitreous carbon and titanium substrates from 

aqueous acid solutions [94,96,112,130,131]. They found that the behaviour of the 

nucleation as well as the dissolution ofPb02 on Ti substrate is different than that shown 

on other substrates such as gold, Pt or vitreous carbon. 

It is generally accepted that the electrodeposition of Pb02 on Ti substrates is 

more difficult to form stable coatings than on other substrates. The electrodeposition of 

Pb02 on Ti substrate is found to be dealing with two different competing processes: 

1. electrodeposition of lead dioxide from Pb(U) 

11. passivation of the titanium surface 

Yellowish Ti02 is formed before Pb02 deposition between +1.70 V and + 1.90 V vs 

SCE in 1 M HCI04 [87], since Ti02 is stable at anodic potentials up to + 1.95 V vs SCE 

23 



Chapter 1: Introduction 

[132] the Pb02 film is deposited onto Ti02 substrate. The Ti02 produced on the Ti 

substrate can disturb the electrochemical deposition of Pb02 [17,133]. However on a 

gold substrate, it was reported AuO species are formed above + 1.0 V vs SCE in 1 M 

HCl04 [120], but this oxide layer does not result in significant change in Pb02 

deposition. 

A number of different mechanisms have been proposed by several workers for 

the formation of Pb02 [95,119,130,134]. They come to conclusion that the 

electrodeposition process involves soluble species as reaction intermediates; these are 

likely to be Pb(III) and/or a Pb(IV) oxygen complex. Velichenko et al [99,120] 

suggested that the rate of electrodeposition of Pb02 in nitric acid can be limited by an 

electron transfer or a diffusion stage and the reaction mechanism is described as 

follows: 

OHads + H+ + e 

+ OH Pb(OH)2+ 
ads ---7 

Pb(OH)2+ + 

(1.10) 

(1.11) 

(1.12) 

According to them, the first stage of the Pb02 electrodeposition is the formation of 

oxygen-containing species such as chemisorbed OH, followed by a chemical stage in 

which these particles interact with the lead (II) species forming a soluble intermediate 

species (ie: Pb(OH)2+), which is then oxidized electrochemically forming Pb02. 

At lower overpotentials, the lead dioxide electrodeposition is controlled by 

electron transfer with a growing diffusion zone adjusted to the surface topography. As 

potential increases, mixed control begins. The diffusion zone, independent from surface 

topography, appears with an area that is approximately the geometric surface area at 

full mass transport control. 

Lead dioxide has often been expressed as a nonstoichiometric oxide with 

general formula Pb02-x . mH20, where x denotes on oxygen deficiency and m the 

structural water content [122]. In view of the extensive defect structure of the Pb02, the 

Pb02 matrix is expected to be moderately tolerant of the incorporation of other foreign 

ions. Pure Pb02 was demonstrated to exhibit a moderate electrocatalytic activity toward 

various anodic reactions in acidic media. However, the catalytic activity of the Pb02 

can be enhanced by the incorporation of some ions [135]. The incorporation of foreign 
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ions can activate the Pb02 surface for O-transfer reaction. The existence of active sites 

in the oxide matrix will assist the oxidative discharge of water to produce OR radicals 

and reduce the production of O2 at the surface. 

S I d . . b h . ( F 3+ B·5+ A 5+ Sb5+ C 2+) d . evera opmg IOns; ot catIOns eg: e , 1 , s, ,0 an amons 

(eg: cr , OAc- and F) have been used to dope pure Pb02 electrodes for the oxidation of 

organic and inorganic compounds with promising results [17,72,80,113,136]. The 

electrocatalytic activity of pure Pb02 electrodes, as well as their stability, can often be 

considerably enhanced by the incorporation of these foreign ions added to the 

electrodeposition solution. Feng and Johnson [17] have concluded that the 

incorporation of dissimilar metal cations into the Pb02 can produce unfilled-p and/or d

orbitals which assist adsorption of 'OH radicals and reactants. 

Pb02 electrodes prepared with Bi(V) have a significant mcrease 111 rate 

constants for the oxidation of Mn2
+ to Mn04- , phenol to benzoquinone and DMSO to 

DMS02 [17,113,137] The creation of defect sites by the incorporation of Bi(V) into 

Pb02 films produces an electrocatalytic effect for the oxidation of the organic 

compounds. Iniesta et al [138] used Bi-doped Pb02 for phenol degradation in alkaline 

medium with the presence of chloride. Structural analyses of the Bi-doped Pb02 films 

by X-ray diffractometry confirm the presence of bismuth and support the conclusion 

that Bi ions are substituted for Pb4
+ in the slightly distorted rutile structure of the Pb02 

[137]. It is estimated that Bi sites at the Pb02 surface are present as the +5 state and 

because the oxygen stoichiometry for pure Bi20 5 is greater than for Pb02, it is 

speculated that the Bi5
+ sites in the Bi-doped Pb02 can adsorb hydroxyl radicals which 

generated by anodic discharge of H20 (see equation 1.9). Pb02 electrodes doped with 

arsenic (As-doped Pb02) also exhibit an O-transfer activity which is greater than that of 

pure Pb02 electrodes but not as great as for Bi-doped Pb02 electrodes [139]. Many 

anodic O-transfer reaction rates of organic compounds at Pb02 film electrodes are 

increased substantially by doping with Bi5
+. However, some reactions do not occur at 

either pure Pb02 or Bi-doped Pb02 electrodes. For example, neither formaldehyde nor 

cyanide (CN-) is oxidized at a substantial rate. The doping of transition metal with Pb02 

(ie: Fe-doped Pb02) has been reported to be substantially more effective than pure 

Pb02 or Bi-Pb02 electrodes for the oxidation of CN- [17]. The oxidation product is 

CNO- and then C02 + N2. Even so, Fe203 incorporated into Pb02 lattice has a smaller 

stoichiometry than Pb02; it is predicted that a neighbouring Pb4
+ site becomes activated 
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for the adsorption of OB- [80]. The Fe-doped Pb02 electrode also has good activity for 

the oxidation of various thiophene derivatives such as 3-thiophene carboxylic acid (3-

TCA). The incorporation of Fe3
+ sites in Pb02 electrode lattice has a more dramatic 

effect than Bi5+ for the oxidation of 3-TCA [80]. The Fe-doped Pb02 is an anodic 

material with high electrocatalytic activity for the evolution of 0 3 [135]. 

The incorporation of anions into Pb02 has also improved the catalytic activity 

of pure Pb02 electrodes. Johnson et al [80] speculate that anions that form slightly 

insoluble salts with Pb2+ (and Pb4+) are most easily incorporated into Pb02 films during 

the electrodeposition process. Hsiao et al [76] found little activity of pure Pb02 film 

electrodes in the oxidation of toluene and p-xylene since the reactions were under 

extreme kinetic control. The incorporation of acetate (OAc-) has performed 

significantly better but the surface was fouled by organic films after prolonged 

oxidation. Cl-doped Pb02 electrode catalysed the oxidation oftoluene to benzyl alcohol 

in acidic media [140]. Velichenko et al [89] studied the influence of fluoride and iron 

ions on the Pb02 electrodes. The incorporation of iron and the presence of F into Pb02 

electrodes has enhanced the activity for ozone formation and reduced the 02 evolution. 

Much of the earlier work, however, employed very thin lead dioxide coatings 

prepared from low concentration of Pb(II) and their works focus on electroanalytical 

applications of the coated Pb02 electrodes with low reactant concentrations and short 

timescale experiments where stability may not be an issue. In general, the Pb02 

electrodes produced have insufficient stability and wide range of activity. Therefore, in 

this study the ultimate aim is at producing Pb02 anodes with improved electrocatalytic 

activity and stability for the use in industrial applications. 

1.3.3 Porous Ph02 

A variety of three-dimensional and porous electrodes such as reticulated 

vitreous carbon, stacked meshes and perforated plates as well as particulate electrode 

beds have been used for many electrochemical processes, including water treatment, 

organic and inorganic synthesis, fuel cells and batteries. The advantage of using of such 

electrodes is their high surface area and high mass transfer coefficient and hence high 

rate of electrochemical conversion. 
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Casellato et al [141] have prepared porous Pb02 electrodes with high surface 

roughness by anodic codeposition of ~-Pb02 particles with an electrochemically grown 

a-Pb02 matrix; or called a-Pb02 + ~-Pb02 composites. The steady-state oxygen 

evolution current density for the porous a-Pb02 + ~-Pb02 composites was found to be 

15-18 times higher than a-Pb02 deposits. The codeposition technique was also 

employed for the preparation of porous Pb02 electrodes as dispersed phase with other 

composites such as C030 4 [91,92,142,143] or RU02 [144] as the matrix. The generation 

of porous and rough electrodes by codeposition of conducting particles might produce 

interesting materials for oxidative degradation of organic compounds. 

Another approach of producing porous structure of Pb02 is by using surfactants 

or emulsions. Blood et al [145] have prepared porous Pb02 via anodic electrodeposition 

from a stationary high internal phase emulsion (HIPE) on carbon electrode substrates. 

The resulting deposits are organized in 10-50 flm high pyramidal aggregates, pitted 

with smaller pores. They reported that the deposits produced by this teclmique show at 

least a threefold increase in electroactive surface area per mass of deposit from those 

produced by normal or plain electrodeposition. 

Colloidal crystal templated synthesis technique has recently been developed to 

enable the chemical preparation of macroporous metal oxides with three-dimensionally 

ordered arrays of regular and sub-micron diameter pores [146,147]. The general concept 

of this technique is to form a colloidal crystal template of close-packed with uniform 

sized spheres and the interstitial spaces are filled with a fluid precursor which capable 

of solidification and the template is removed to obtain a porous inverse replica. 

Macroporous a- and ~-Pb02 films arranged in a highly ordered close-packed structure 

were prepared by electrochemical deposition tlu"ough self-assembled polystyrene 

spheres ( 500 or 750 nm in diameter) assembled on gold and indium tin oxides (ITO) 

substrates via colloidal crystal templating technique [148]. The macroporous Pb02 

frameworks were found to be highly polycrystalline, self-supporting and free from 

defects. 

Generally, when the focus ofresearch is the use of Pb02 as an anode, efforts are 

directed at improving the electrode stability and electrocatalytic activity. In conclusion, 

it can be said that many attempts have been made in order to improve the properties of 

Pb02 films. Much research is required before Pb02 can have commercial significance 
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for electrolytic degradation of organic compounds such as the optimization of the 

electrodeposited Pb02 on inexpensive substrate materials. 

1.4 Cell Designs 

The engineering aspects of cell design for efficient mass transport is equally 

crucial for practical applications in wastewater treatment besides the fundamental 

aspects of an electrochemical process such as the choice of electrode material and the 

electrode reaction. 
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Figure 1.7: Classification of electrochemical reactors in terms of the electrode geometry and 
motion (adopted from Walsh [149]). 
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There are two types of two dimensional (2-dimensional) electrodes as listed in 

figure 1.7; static and dynamic (moving). For laboratory experiments or small scale 

electrolysis, a simple set up such as the use of a cylinder electrode in a beaker cell 

without forced convection is sufficient. But, there are a number of factors needs to be 

considered for larger scale or industrial cell design as proposed by Pletcher and Walsh 

[47] : 

• Simplicity 

• Operational convenience and reliability 

• Integration and versatility 

• Reaction engineering parameters 

• Running costs 

In wastewater treatment, the electrochemical processes are based on flow cells, 

since they are well suited for continuous operation. Normally, parallel plate flow cells 

are the convenient and popular choice for the purpose due to the following reasons 

[47]: 

• Simplicity of construction with regard to features such as frames and electrode 

connections 

• A choice of commercial filterpress cells is available from various manufacturers 

in a range of different sizes 

• Mass transport may be enhanced or adjusted usmg a variety of turbulence 

promoters and control of the mean linear electrolyte velocity 

• The potential distribution is reasonably uniform 

• Scale-up is readily achieved by a suitable combination of increased electrode 

size and using more electrodes 

• Three dimensional electrodes may be incorporated 

Mass transport rates within a parallel plate reactor may be increased by 

increasing the fluid velocity or by the use of turbulence promoters. Forcing the 

electrolyte through the cell at a higher velocity will reduce the diffusion boundary layer 

thickness and thus increase mass transport to the electrode, but at the expense of higher 

energy requirements for pumping and lower conversion per pass. Placing ineli 

turbulence promoters (usually plastic polymers) in the path of the electrolyte is a 
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convenient and cost effective way of increasing mass transport, since their presence 

increases the local fluid velocity and turbulence. 

Mass transport in an electrochemical cell can occur via migration, diffusion and 

convection. Migration of the reactant species is usually negligible when a large excess 

of inert electrolyte is present. In unstirred solutions, diffusion is the only mass transport 

mechanism; however, the timescale of such experiments should be kept short in order 

to avoid the interference of natural convection. Forced convection is the predominant 

mode of mass transport in stirred beaker cells and in flow cells, but diffusion remains 

important close to the electrode surface. 

In order to obtain reliable mechanistic and quantitative kinetic information, the 

form of forced convection must be capable of exact description by mathematical 

equations. This is usually the case in flow cells, but is impossible in stirred beaker cells. 

When the electron transfer from the electrode surface to the electroactive 

species in solution is fast (ie: the electrode overpotential is high enough), the rate of 

reaction becomes limited by the supply of reactant to the electrode surface. Under these 

conditions of limiting current, the performance of a reactor can be written in terms of a 

mass transport coefficient, km: 

(1.13) 

where h is the limiting current, n the number of electrons involved, F the Faraday 

constant ( 96485 C mor l
), A the area of the electrode and c the concentration of the 

reactant. 

For low energy consumption the current efficiency should be high (no side 

reactions) and the cell voltage as low as possible. The cell voltage is a function of the 

equilibrium potentials and overpotentials of both (anode and cathode) reaction as well 

as resistances in the cell (eg: in the electrolyte, electrode and current feeders) and the 

external circuit; and given by the following equation: 

C A I oR oR ECcIl = Ee - Ee - l11ci - I11A - I Cell - I Circuit (1.14) 

where Ecell is the cell voltage, Ee C the equilibrium potential at cathode, Ee A the 

equilibrium potential at anode, IYlci the overpotential at cathode, IYlAI the overpotential 
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at anode, iRcell the resistance in the cell and iRcircuit the resistance of the external 

circuit. 

The difference in equilibrium potentials are determined by the cell chemistry, 

low overpotentials are determined by the selection of materials and low iR drop can be 

partly be achieved by good cell design. 

1.5 Three Dimensional Electrodes 

Three dimensional (3-dimensonal) electrodes are porous structures, which can 

have in various geometries such as particulate, foams or stack of meshes and can be 

made of different materials. Many are available in carbon and a range of metals such as 

stainless steel, aluminium, titanium etc. Both can be used as base materials for further 

deposition with more active coatings such as metal oxides or other composites. They 

can be either static or dynamic (moving) as listed in figure 1.7. 

Electrochemical reactors based on a porous 3-dimensional electrode can have a 

very high surface area per unit electrode volume and also more turbulent mass transport 

conditions which can be produced adjacent to the electrode surface. This combination 

of properties leads to a great enhanced rate of electrolysis and contributes to substantial 

effect to the electrochemical approach to effluent treatment. 

This can be quantitatively seen by comparing the mass transport controlled 

current, h at a two dimensional electrode as equation 1.13 and at a three dimensional 

electrode as shown below. 

(1.15) 

where Ae is the specific electrode area (units m2 m-3
) and Ve the volume of the three 

dimensional electrode. 

There are two main types of reactors where 3-dimensional electrodes may be 

employed; the batch reactor and the plug flow reactor as shown in figure 1.8. 
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Stream 

Figure 1. 8: Type of electrochemical reactors based on 3-dimensional electrodes; (a) batch 
reactor (b) plug flow reactor 

The rate of electrolysis using this electrode can be expressed in terms of either 

the reduction in the concentration of reactant: 

(a) for the batch reactor 

= exp - k m Ae V c t 
V 

(1.16) 

where cCO) is the initial concentration of reactant, c(t) the concentration after time t and 

V the volume of the solution. 

Or 

(b) for the plug flow reactor 

ClOut) = 

C(ln) 

exp - km Ac Vc 
Q (1.17) 

where c(Out) and c(ln) are the concentrations at the outlet and inlet to the cell respectively, 

and Q is the volumetric flow rate for the solution flow (units m3 
S-I). 
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From these equations (ie: 1.15, 1.16 and 1.17), it is clear that with high values 

of km and Ae Ve, a high conversion of reactant to product is possible either in short time 

or during a single pass of a solution through the cell and even when very low 

concentration of reactant present. Therefore, 3-dimensional electrodes are ideally 

suitable for the removal of organic compounds from effluents before discharge. 

In plug flow reactors, the 3-dimensional electrodes have two configurations, the 

flow-through mode and the flow-by mode. With the flow-through, current and 

electrolyte flow are parallel while for the flow-by mode; they are perpendicular; these 

are illustrated in figure 1.9. 
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------------_. (-) 

! Cathode 
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(a) 

(+) 
Anode 

I 
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Q 

Q 

I 

(+) 
Anode 

Figure 1.9: Configurations for 3-dimensional anode cells; (a) flow-through mode and (b) flow
by mode. 1= Current flow, Q= Electrolyte Flow 

Most of the porous and packed bed electrodes employ the flow-by mode 

configuration, in which high fractional conversions of reactants per pass are possible. 

The overall conversions can be increased by increasing the width or length of the 

porous electrode. In laboratory experiments, a higher conversion is achievable by plug 

flow reactor with batch recycle operation as shown in figure 1.10. In this system, the 

stirred tank is an additional advantage which facilitates temperature and composition 

(eg: pH) control, together with measurement and sampling facilities. 
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Figure 1.10: Plug flow reactor batch recycle operation. 

1.6 Objectives 

Chapter 1: Introduction 

Stirred Tank 

This present study is focused on the improvement of the stability and catalytic 

activity of lead dioxide (Pb02) as an anode material for the use in the oxidation of 

organic compounds especially for wastewater treatment. Pb02 anodes will be 

electrodeposited on gold and titanium substrates. Active Pb02 anodes will be fabricated 

by the incorporation with potential dopant ions (eg: Fe3+, Ag+, Bi3+) and the formation 

of high surface area electrodes by deposition as macroporous structures or deposition 

on Ti mesh to be used as the anode in a flow cell system. Deposition parameters will be 

adjusted and optimized in order to produce a highly stable and active Pb02. It is 

envisaged that the fabricated anodes will remove organic compounds from wastewater. 

34 



Chapter 2: Experimental 

Chapter 2: Experimental 

2.0 Chemicals and Materials 

All aqueous solutions were prepared with water from a Whatman Analyst 

purifier. The chemicals and materials used were supplied by the sources as shown in 

table 2.1. 

Grade I Purity 

Alumina Powder Buehler 1.0, 0.3 and 0.05 /lm 

Epoxy Resin + Hardener Ciba-Geigy Araldite (Fast setting) 

Gold Wire (0.1 cm diameter) Goodfellow 99.9 % 

Titanium Rod (0.5 cm diameter) Goodfellow 99.6 % 

Expanded Titanium Mesh Dexmet Corporation 99.5 % 

Nitric Acid: RN03 Fisher Chemicals 70% 

Sulphuric Acid : H2SO4 Fisher Chemicals 98 % 

Hydrochloric Acid: HCI BDH Chemicals Ltd. 36.5 - 38 % 

Oxalic Acid dihydrate Avocado 98 % 

Potasium Chloride: KCI Fisher Chemicals Analytical Reagent 

Sodium Sulphate Anhydrous: Hogg Chemicals 99% 
Na2S04 

Sodium Acetate Anhydrous: FisherChemicals Analytical Reagent 99 % 
CH3COONa 

Sodium Fluoride: NaF BDH Chemicals Ltd. Analytical Reagent 99 % 

Sodium Hydroxide : NaOH Fisher Chemicals Laboratory Reagent 

Toluene: C6HSCH3 Fisher Chemicals Laboratory Reagent 

Dimethyl Sulfoxide: CH3SOCH3 Fisher Chemicals Analytical Reagent 99.96 % 

3-Thiophenecarboxylic Acid: Aldrich 99% 
CSH40 2S 

3-Picoline: C6H7NJ Avocado 99% 

Lead Nitrate : Pb(N03)2 
Alfa Aesar 99% 

Bismuth Nitrate: Bi(N03h5H2O BDH Chemicals Ltd. Analytical Reagent 

Silver Nitrate: AgN03 Johnson Matthey 
Chemicals Ltd. 

Ferric Nitrate: Fe(N03h9H2O Hogg Chemicals 
Laboratory Reagents 
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Ferrous Acetate: Fe(CH3COO)2 Aldrich Laboratory Reagent 95 % 

Lead Acetate trihydrate : Avocado Analytical Reagent 99 % 
Pb(CH3COO)2.3H20 

Sodium Sulphide: Na2S.xH20 Timstar Laboratory Laboratory Reagent 
Suppliers 

Polystyrene Latex Spheres (500 Alfa Aesar 2.5 % solutions in water 
nm) 

Reactive Blue 4 Dye Sigma-Aldrich Dye content 35% 
C23H14C12N60SS2 

Methyl Orange BDH -
(CH3)2NC6~N:NC6H4S03Na 

Bromothymol Blue Aldrich 0.04 wt % solution in water 
C27H28Br20sS 

Cresol Red Aldrich 0.04 wt % solution in water 
C21H1 7OSS 

Table 2.1: List of chemicals and materials supplied from manufacturers and also their grades. 

Control of Substances Hazardous to Health Regulations (COSHH) assessment 

forms were filled in before using any chemical. All work involving hazardous 

chemicals or fumes was carried out in a fume cupboard and all experiments were 

carried out within a containing tray. Otherwise, good laboratory practice (GLP) was 

followed. 

The majority of the project was using lead containing solutions as the bath 

solutions for Pb02 electrodes production. The disposal of these solutions was achieved 

by using the following procedure: 

Solutions were adjusted to pH 6 (with the addition of NaOH) and the Pb(II) 

reacted with sodium sulphide to form a black precipitate of lead sulphide (PbS) in a 

fume cupboard. The sodium sulphide was added in aliquots until no further precipitate 

was formed. The precipitate was allowed to settle and then separated from the liquid 

phase by filtration, dried and collected and the solid sent for disposal. The remaining, 

lead-free solution, was disposed off via the drain with plenty of water. 
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2.1 Preparation of Pb02 Coatings 

There were 2 types of substrates used for the deposition of Pb02; gold and 

titanium. Both substrates underwent different surface treatment before deposition. 

2.1.1 Pb02 on Gold 

For the preparation of Pb02 coated Au electrode, two different size of RDE 

gold substrates were used; 0.008 cm2 and 0.11 cm2, respectively. Prior to each 

deposition, gold electrodes were gently polished on Buehler microcloth with alumina 

slurries (0.3 and 0.05 /lm) and then rinsed with purified water until a mirror finish was 

obtained. 

Pure and doped Pb02 electrode depositions were carried out using constant 

current density (galvanostatic technique) in the range of 1 to 25 rnA cm-2. All 

depositions were done in a two-compartment glass cell. 

As mentioned in section 1.3.2, Pb02 occurs in two crystallographic forms; a

Pb02 and ~-Pb02. The first was prepared from Pb(II) in acetate buffers. Lead acetate in 

sodium acetate was used as the bath for this study. Meanwhile, ~-Pb02 electrodes were 

prepared from solution containing lead nitrate in nitric acid. The majority of the 

preparations used acidic solutions which led to ~-Pb02 production. 

Doped Pb02 electrodes were prepared by the addition of metal cations or dopant 

ions such as Ag(l) , Ni(II) , Fe(III) and Bi(IIl). Mostly, 10 mM of the particular dopant 

ion was added into the bath solution containing Pb(II). 

Between experiments, any remaining deposit was removed from the gold 

substrate by cathodic stripping at + 200 m V or by sequential polishing with slurries of 

1.0, 0.3 and 0.05 micron alumina powder on microcloth (Buehler). 

2.1.2 Pb02 on Titanium 

For the deposition of Pb02 on titanium, the surface of the substrate needs to be 

treated prior to deposition in order to produce a good quality deposit and also to make 

the surface clean and free from Ti02. High purity titanium discs of diameter 0.5 cm 

(area: 0.20 cm2) were used as the substrates. 
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2.1.2.1 Surface Pre-treatment 

The surface pre-treatment consist of two stages: 

a) The first stage is a physical treatment where the Ti disc is abraded on silicon 

carbide emery paper (P 1200) and followed by polishing on a microcloth 

(Buehler) by alumina slurries 0.3 flm until a mirror finish is obtained. 

b) The second stage is a chemical treatment where the polished surface is 

immersed in a boiling aqueous solution of either oxalic acid (1.6 M) or 

hydrochloric acid (11.5 M) until the Ti02 dissolved. 

2.1.2.2 Coating Procedure 

Coating by pure and doped Pb02 on the treated titanium was carried out 

immediately after pre-treatment in order to minimise the formation of a Ti02 surface 

film. The electrodeposition of the Pb02 electrodes was performed at constant current 

density ranging from 0.5 to 20 rnA cm-2
. The process was carried out in a two

compartment electrochemical cell. A variety of deposition parameters such as Pb(II) 

concentration, acid concentration, temperature, etc. was manipUlated and investigated 

to find the most suitable conditions for the production of the best quality deposit in 

terms on stability and catalytic activity. 

2.1.3 Determination of Coating Thickness 

The average coating thickness of Pb02 on gold or titanium substrate was 

determined by the following equation: 

Average thickness = j.t.MW 
n .F.p 

x current efficiency (2.1) 

where j is the current density employed during deposition in A cm-2
, t is the deposition 

time in seconds, MW is the molecular weight of Pb02 = 240 g mOrl. While F refers to 

Faraday constant = 96485 C mor l and n is the number of electron involved for Pb02 
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deposition is 2 . The density (p) of the electrodeposited Pb02 was assumed to be 9.3 g 

cm-3. 

2.2 Preparation of Macroporous Pb02 films 

2.2.1 Assembly of Colloidal Templates 

Monodispersed polystyrene latex spheres, with diameter of 500 nm ± 20 run, 

were obtained from Alfa Aesar as 2.5% suspensions in water. Polystyrene sphere 

templates were assembled by sticking a 0.8 cm internal diameter Teflon ring using 

double gloss nail's polish onto the working electrode. 

Approximately, 0.5 cm3 of an aqueous suspension of the monodisperse 

polystyrene spheres diluted with water to 1 wt % was spread over the area of the 

substrate surrounded by the teflon ring. The sample was left undisturbed in a saturated 

humidity environment for 2 to 3 days in order to allow the spheres to sediment on to the 

substrate. A clear water layer subsequently appeared on top of the deposited spheres 

and this water layer was then allowed to slowly evaporate. Once all of the water had 

evaporated, the Teflon ring was removed to leave a circular area covered by the 

template. 

2.2.2 Electrodeposition of Macroporous Pb02 

Macroporous Pb02 films were deposited at constant current from a solution 

containing Pb(II) in nitric acid. The deposition was carried out in a short time 

depending on the thickness of film required corresponded to the radius of the template 

particles used. Calculation of charge required for the deposition of Pb02 with half 

sphere layer of polystyrene template (diameter: 500 nm) on 0.008 cm2 gold substrate is 

shown in Appendix A. 

The polystyrene template was completely removed by soaking in toluene for 2 

hours to leave behind a macroporous Pb02 film with honey-comb structure as shown in 

figure 2.1. 
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Figure 2.1: A honeycomb structure of macroporous Pb02 film taken by scanning electron 
microscopy (SEM). The structure results by deposition into a self assembled monolayer of 
polystyrene spheres of 500 nm. 

The schematic diagram of producing the macro porous Pb02 film through 

colloidal templating electrodeposition is shown in figure 2.2. 
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Figure 2.2: Schematic of the formation of ordered macroporous Pb02 through co ll oidal 
templating of electrodeposition. 
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2.3 Preparation of Pb02 on Expanded Titanium Mesh 

The expanded Ti mesh was a gift from DexmetlDelker Corporation. Table 2.2 

summarizes the characteristics and dimensions of the meshes used in this work. The 

total exposed areas were calculated using formulae provided by Delker on their website 

(www.delkergrid.com/techinfo.html). 

~hiekness Overall A geo 

(em) dimension (eml) 

(em) 

Fine Ti 4 .5 0.0533 0.0787 0.0127 0.0118 IxlxO.0118 1.6 

Fine Ti 4 .5 0.0533 0.0787 0.0127 0.0118 3x5xO.0118 25 

Table 2.2: Characteristics of fine expanded Ti meshes used in this work. L WD = long way 
dimension, SWD = Sh011 way dimension and Ageo = geometric surface area. 

The product code supplied was 5.4 Ti 5-031. The first number represents 

nominal original thickness (5.4 = 0.0054 in or 0.118 mm). The number immediately 

following Ti represents strand width (5 = 0.005 in or 0.127 mm) and the last nW11ber 

indicates the long way dimension (LWD) (0.31 = 0.031 in or 0.787 mm). Figure 2.3 

shows a sketch of one mesh of the expanded metal. 

SWD 

1-+----_ ...... 

+-- LWD ---. 

Figure 2.3: Sketch of one mesh of expanded Ti metal 
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Strand 
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There were two different dimensions of Ti mesh used in this study; 1 cm2 and 

15 cm2
. One centimeter square (1 cm2

) of the expanded mesh is shown in figure 2.4. 

The meshes were initially treated in boiling oxalic acid (1.6 M) for > 1 hour in order to 

remove Ti02 and to produce high surface roughness. Figure 2.5 shows the images of 

titanium mesh surface before and after pre-treatment. 

1 em 

Figure 2.4: Photograph of 1 cm2 expanded Ti mesh used in this work. Estimated geometric 
surface area: 1.6 cm2

. 

(a) 

42 



Chapter 2: Experimental 

(b) 
Figure 2.5: Scanning electron micrographs of fine titanium mesh (a) before (b) after pre
treatment. Etching solution: 1.6 M oxalic acid. 

2.4 Cells and Electrodes 

A two-compartment cell was used for electrodeposition and electrochemical 

studies of Pb02 film electrodes on gold and titanium discs. The cell as shown in figure 

2.6, is of the three electrode type with the working electrode and the counter electrode 

were separated from the reference electrode compmiment. The reference electrode used 

was homemade saturated electrode calomel (SCE). All electrochemical potentials are 

quoted versus saturated calomel electrode as a reference. This gives a shift of -0.241 V 

compared to the widely used reference - standard hydrogen electrode (SHE). A 

platinum coil acted as the counter electrode. 
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Figure 2.6: Two-compartment electrochemical cell 
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The working electrodes used were rotating disc electrodes (RDE) of gold with 

area of 0.11 cm2 and also titanium (area: 0.20 cm2
). Each of the discs was mounted in a 

PTFE shroud as shown in figure 2.7(a) and (b). Figure 2.7 (c) shows the Pb02 electrode 

deposited on titanium substrate. 
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Figure 2.7: RDE working electrode of (a) gold (b) titanium and (c) Pb02 on Ti 

The surface of the working electrode disc was placed about 1 mm from the tip 

of a luggin capillary. The Luggin capillary is used to minimize any iR drop in the 

electrolyte associated with the passage of current in the electrochemical cell. A fine 

glass sinter was placed at the bottom of the cell to allow the efficient entry of gases into 

the electrolyte solutions. 

Some experiments for the deposition of Pb02 were carried out using smaller 

gold electrodes (area: 0.008 cm\ The electrodes were home-made and prepared from 1 

mm diameter gold wire as shown in figure 2.8. 
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The gold electrode was soldered or spot welded to a copper wire and fitted into 

a 10 cm long glass tube of 8 mm outer and 4 mm inner diameter. The end of the glass 

was sealed off with epoxy resin so that the gold electrode was firmly held at the middle 

with geometric surface area of 0.008 cm2
. The epoxy also avoided the solution from 

contacting the copper wire during an electrochemical experiment. 

Meanwhile the electrodeposition and electrochemical studies of Pb02 electrodes 

on Ti mesh was carried out in a small beaker cell as shown in figure 2.9. The cell has a 

volume of ~ 100 ml and has a removable Luggin capillary and reference electrode 

compartment. The counter electrodes are two Ni foils, 30 mm x 50 mm x 0.0118 mm, 

placed equidistant on either of the deposited Ti mesh. The cell is suitable for both 

cyclic voltammetry and electrolysis experiments of mesh electrodes. 
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Figure 2.9: A beaker cell used for electrodeposition and electrochemical studies of Pb02 

electrodes on expanded Ti mesh. 

2.5 Instrumentation 

Voltammetric measurements were performed using one of these two equivalent 

sets of apparatus: 

a) a Hi-Tek Instruments PPRI waveform generator coupled to a Hi-Tek 

Instruments type DT 2101 potentiostat. Results obtained from this apparatus 

were recorded with the use of a Bryans Instrument X -Y chart recorder. 

b) a potentiostat coupled to a waveform generator supplied by T W Young and 

connected to a PC. Data were collected using in house data acquisition 

software. 
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Electrodeposition of Pb02 coatings on gold and titanium substrates were carried 

out galvanostatically using the Hi-Tek instruments PPRI waveform generator coupled 

to the Hi -Tek instruments type DT 2101 potentiostat. 

A rotator model 616 EG & G P ARC was used to rotate the RDE working 

electrodes. To control the temperature for deposition, the electrochemical cell was 

immersed in a Camlab W 14 thermostatted water bath. Unless otherwise stated, 

voltammograms were recorded at 298 K. 

2.6 Electrode Analyses 

Several electrode analysis techniques were carried out to examme the 

characteristics and performance of the prepared Pb02 deposits. 

2.6.1 Adhesion Tests 

The adhesion test was carried out for evaluating the adhesive quality of Pb02 

coatings on gold and titanium surfaces. The attractive force that exists between the 

coating and the substrate can be measured as the force required for separating the 

deposit from the substrate. The adhesion property on gold or titanium discs was 

categorized based on the following tests done as shown in table 2.3. 

Test·0 "'T(F '" ~i ,;fi,;tt~' '" ,.~. 

'·ObseFV'ation ," 
Adhesion PropeFty 

'n • ;~ 
"" 

Rubbed with tissue or pulled with Easily removed Poor 

adhesive tape 

Sticked with adhesive tape or Hardly removed or Medium 

rubbed on microcloth with alumina some removed 

slurries 

Rubbed on micro cloth with alumina Very difficult to be Good 

slurries or rubbed on emery paper removed 

Table 2.3: Classification of adhesion quality of Pb02 coatings on gold or titanium substrates. 
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2.6.2 Scanning Electron Microscopy (SEM) 

Morphology of electrodeposited pure and doped Pb02 was examined using a 

scanning electron microscope (Model: Philips XL 30 ESEM). The microscope was 

operated with the sample chamber under high vacuum (chamber pressure of 10-5 mBar 

or lower). An electron accelerating voltage of 20 or 25 keY was typically used to 

observe bare electrodes (gold and titanium) and Pb02 deposits. Sample was mounted on 

an adjustable stage within the microscope with a working distance of 10 mm between 

the probe detector and sample surface. 

The SEM was also equipped with control software for energy dispersive 

analysis by X-rays (EDAX). This gives information about the elemental composition of 

the surface layers and the results are presented as plots of counts within the time 

measurement (or counts per second) against the x-ray quantum energy in keY. 

2.6.3 Catalytic Activity Analysis 

The catalytic activity of the pure and doped Pb02 electrodes was defined by 

investigation of their ability to support the oxidation of organics. Most of the Pb02 

electrodes activity studies were performed using dimethyl sulfoxide (DMSO) dissolved 

in 1 M sulphuric acid. Anodic oxidation of DMSO to DMS02 (dimethyl sulfone) was 

used for intercomparison of electrode activities because of DMSO is unreactive at 

substrate materials (eg: Au, Pt or Carbon).The oxidation of the organic compound can 

be written as in equation 2.2. 

(2.2) 

Occasionally, other organic substance such as 3-thiophene carboxylic acid was used to 

examine the catalytic activity of Pb02 electrodes. Decolouration of a few dyes (ie: 

Reactive Blue 4, Methyl Orange, Bromothymol Blue and Cresol Red) were also carried 

out in order to study the activity of Pb02 deposited on Ti meshes. 
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2.6.4 Stability Analysis 

The stability analysis on the produced Pb02 electrodes (either on gold or Ti 

substrates) on open circuit was carried out by immersing the electrodes in several 

electrolytes solution with and without DMSO. The changes of the deposits after a 

period of time were observed by the naked eye and the change in morphology was 

examined by SEM. 

The stability of the produced Pb02 electrodes during electrolysis or on load was 

also investigated by passing the current at constant potential (ie: above the formal 

potential for Pb2+/Pb02). The changes were again observed by the naked eye and SEM. 
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Chapter 3: Electrodeposition of Pb02 on Gold 

3.0 Introduction 

As discussed In the Introduction, many papers have discussed the 

electrodeposition ofPb02 and several consider gold as the substrate [87,95,120]. While 

acidic nitrate solutions have been commonly used for the electrodeposition, there is 

little agreement between the published procedures as to the optimum conditions for the 

preparation of stable Pb02 coatings. In this programme, the stability of the Pb02 

deposits, both on load and on open circuit were of particular interest and this is an 

aspect rarely considered by earlier workers. Here stability includes adhesion, resistance 

to abrasion, corrosion and chemical stability. 

In this chapter, preliminary experiments to compare with the literature and to 

understand the relationship between deposition conditions and deposit characteristics 

are reported. 

3.1 Cyclic Voltammetry Study 

A series of experiments using cyclic voltammetry to study the deposition and 

dissolution of Pb02 at a gold disk electrode was carried out to define the influence of 

Pb(II) concentration, acid concentration and temperature. The voltammograms were 

recorded from +0.40 to + 1.90 V and back to +0.40 V vs SCE by scanning the potential 

at a scan rate 100 m V S-I. All the potentials are quoted versus SCE. 

3.1.1 Effect of Pb(II) Concentration 

Figure 3.1 shows a voltammogram of Pb021Pb2
+ couple at a gold electrode in 

solution containing 30 mM Pb(II) + 1 M HN03 at a scan rate of 100 mV S-I. There is a 

range of potential where current is higher on reverse scan than on forward scan at E > + 

1.60 V. This is evidence for phase formation involving nucleation and growth ofPb02. 

The growth of the deposit is observed by a rapid increase in anodic current for E > 

+ 1.80V and continues until ca. + 1.60 V on the reverse scan. 
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Figure 3.1: Cyclic voltammograms of gold electrode in 1 M nitric acid containing 30 mM 
Pb(II) at scan rate 1 00 m V s -I. 

The rapid increase in current at E > +1.80 V is due to the Pb02 formation 

simultaneously with the O2 evolution as a competing reaction [94]. This observation is 

according to the electrochemical reactions in equations 3.1 and 3.2. 

(3.1) 

2H20 - 4e (3.2) 

Further on the reverse scan, a sharp symmetrical reduction peak appears at + 

1.22 V which corresponds to the dissolution ofPb02 back to Pb(II). The charge balance 

(QCathodic/QAnodic) for the deposition and dissolution of Pb02 is more than 90% which 

indicates that the current efficiency for Pb02 +-+ Pb(II) is high and the contribution of 

O2 evolution to the current is small during Pb02 deposition in this solution. 

It can also be seen in the figure that a small increase in anodic current occurs at 

E > + 1.30 V and an additional peak at +0.85 V on the cathodic scan. These are believed 

to be the formation and reduction of AuO. A cyclic voltammetry was carried out for the 

Au disc in 1 M nitric acid solution without the presence of Pb(II) ions in order to 

confirm these conclusions. As can be seen in figure 3.2, both features appear at the 

same potentials as in figure 3.1. This confirms the formation and dissolution of AuO on 
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the gold surface as reported by several workers [150,151]. In the figure, a rapid increase 

in current is seen at E > + l.80 V on the anodic scan is due to O2 evolution on the gold 

oxide surface. These voltammograms are consistent with those reported by several 

workers for the deposition and dissolution of Pb02 at gold electrodes in acidic media 

[87,94,123,l31] and results previously presented in nitric acid [95,119]. 
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Figure 3.2: Cyclic voltammograms of gold electrode in 1 M nitric acid without the presence 
of Pb(II) at scan rate 100 m V S·I. 

In order to investigate the influence of Pb(II) concentration on the Pb02/ Pb2
+ 

couple, two further Pb(II) concentrations (ie: 100 mM Pb(II) and 500 mM Pb(II)) in 1 

M HN03 were used. The same cyclic voltammetry experiment was carried out on each 

solution. Figure 3.3 shows the voltammetric curves corresponding to the deposition and 

dissolution processes of lead dioxide in 1 M nitric acid containing the two further Pb(II) 

concentrations. In this figure, the deposition and reduction of AuO species are not as 

clearly visible as in figure 3.l. This is due to higher concentration of Pb(II); more Pb02 

is deposited and reduced as shown by high anodic and cathodic current densities which 

dominate the response. 
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Figure 3.3: Cyclic voltammograms of gold electrode in 1 M nitric acid containing different 
Pb(II) concentration (a) 100 mM (b) 500 mM at scan rate 100 mV S·I. 

It should be noted that the current involved for the deposition and dissolution of 

Pb02 is massive. On the current scale used, for the solution containing 100 mM Pb(II), 

anodic current is seen positive to + 1. 70 V. Again, as for 30 mM, there is a range of E 

where current is higher on negative going scan than on the forward scan due to the 

nucleation and growth of Pb02 . The peak at very high current density results from mass 

transport control by Pb(II), although the literature suggests that some O2 evolution 

could also be occurring. Further, on the reverse scan towards less positive potentials, a 

well-defined cathodic peak is observed at +1.19 V due to the reduction of Pb02 to 

Pb(II). The cathodic reduction of Pb02 in this solution is initiated at negative to + 1.40 

V. 

It can clearly be seen that at + 1.80 V the current is much higher with 500 mM 

Pb(II) than with 100 mM Pb(II) or 30 mM Pb(II). Again, as in lower concentration of 

Pb(II), the growth of the Pb02 deposit is represented by a rapid increase in anodic 

current at E > + 1.76 V and continues until ca. + 1.50 V on the reverse scan. Further on 

the reverse scan, a cathodic peak appears at + 1.11 V which is associated with the 

reduction and dissolution process of the anodically formed Pb02 to Pb(II). From both 

figures (3.1 and 3.2), it was found that the potentials for Pb02 deposition and 

dissolution shifted negative with increasing Pb(II) concentration. These findings are 
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related to Nernst equation below: 

Ee = E9 + RTI2F In fH;14 
[Pb +] 

(3.3) 

The equilibrium potential for the Pb021Pb2
+ couple will shift positive (120 m V I pH 

unit) with increasing acid concentration and negative (30 m V I 10 fold change in Pb2+) 

with increasing Pb(II) concentration. 

It is also noted that the deposition rate of Pb02 from 500 mM Pb(II) onto the 

gold surface is faster and the current involved per unit area is much bigger (about five 

times bigger) than in 100 M Pb(II). This indicates that the current is proportional to the 

concentration of Pb(II). The cathodic peak is also increased greatly when the Pb(II) ion 

concentration increases. 

The thicknesses of the Pb02 deposits prepared from each solution can be 

estimated using Faraday law as shown below. 

Thickness of Pb02 deposit = 0 x 10-3 
X MW x <D 

nxFxp 

= (1.34 x 10-7
) x Q x <D 

(3.4) 

(3.5) 

Where Q is the charge passed for the deposition in mC cm-2
, <D is the deposition 

efficiency, MW is the molecular weight of Pb02 (240 g mor l
), n is the number of 

electron involved, F is the Faraday constant (96485 C mor l
) and p is the density of the 

Pb02 (9.3 g cm-3
). 

Based on the QCathodic the area under the reduction peak of each voltammogram, the 

thickness of the deposits prepared from 30 mM, 100 mM and 500 mM Pb(II) are 

estimated to be 0.04 ~m, 0.14 ~m and 0.61 ~m, respectively. For all concentrations, the 

charge balance (QCathodic/QAnodic) is more than 90% which corresponds to high current 

efficiency for Pb02 ~ Pb(II) and it is believed that O2 evolves only slowly during 

deposition. 

3.1.2 Effect of Acid Concentration 

Figure 3.4 shows cyclic voltammograms for lead dioxide deposition and 

dissolution in different concentrations of nitric acid containing 500 mM Pb(II) onto a 
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gold working electrode. 
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Figure 3.4: Cyclic voltammograms U -E) of500 mM Pb(II) in (a) 0.1 M HN03 (b) 1 M HN03 

at gold disk electrode. Potential scan rate: 100 m V S·l 

With more dilute nitric acid solution (ie: 0.1 M HN03), the deposition of Pb02 

occurs at less positive potential. The lower deposition potential is largely due to the 

thermodynamics for Pb02 deposition. It can be seen from equation (3.3) that the 

equilibrium potential for the Pb021Pb2
+ couple will shift negative by 120 m V for an 

increase in pH by one unit. In addition, in 0.1 M, the cathodic peak occurs at less 

positive potential ca. +0.98 V and the peak is broad and smaller; in comparison in 1 M 

HN03. it is bigger and sharp as seen in the figure. It is believed that the shape of the 

reduction peaks for Pb02 dissolution is related to the strength of the acid concentration 

used. The reduction of each Pb02 molecule consumes four protons. With 0.1 M HN03 

and a thick Pb02 layer, protons close to the Pb02 surface become depleted causing a 

shift in the pH and hence in the thermodynamics and kinetics of the reduction. It is also 

possible that some insulating PbO is formed. Thus, the reduction process occurs very 

slowly which leading to the formation of small and broad peak as in the figure. 

However, with 1 M HN03, more protons are present in the solution therefore the 

reduction of Pb02 occurs faster leading to the big and sharp peak. The reduction of 

Pb02 to Pb(II) in acidic media is shown in equation 3.6. 
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(3.6) 

With decreasing acid concentration, the deposition and reduction peaks for 

Pb02 are shifted to less positive potentials about 120 m V per pH unit as explained 

earlier for equation 3.3. 

The charge balance calculated for deposition and reduction of Pb02 in 0.1 M 

HN03 is < 70 %. A probable explanation for this is the incomplete conversion of Pb02 

to Pb(II) during dissolution and the formation of small quantities of lead oxide (PbO) at 

least on the timescale of voltammetry. A tetragonal form of PbO having a red colour is 

well known [124] and it has been observed on the gold surface following dissolution of 

Pb02 after back scan until + 0.40 V. Velichenko et. al [95] reported that two cathodic 

peaks of Pb02 dissolution from gold surface appeared at ca. + 1.20 V and at ca. +0.03 

V vs Ag/AgCI, respectively. The latter peak was explained by the dissolution of an 

ultrathin film of lead oxide covered the gold electrode [152]. However, no red deposit 

was observed on the gold electrode for the dissolution of Pb02 prepared from 1 M 

HN03 after scanning until +0.40 V and the QcI QA calculated was> 90 %. It is believed 

that in 1 M HN03 almost all of the Pb02 was converted to Pb(II) after scanning until 

+0.40 V. Therefore, in order to remove all of the Pb02 deposits prepared from more 

dilute nitric acid from the gold surface the scan back potential must be extended to + 

0.05 V vs SCE and held there for a few seconds. 

3.1.3 Effect of Temperature 

Figure 3.5 shows the cyclic voltammetric curves obtained for a gold electrode in 

a 500 mM Pb(II) + 1 M HN03 solution at different temperatures, 298K and 333K. It 

can be seen that, with increasing deposition temperature, the growth of Pb02 deposits 

onto the gold surface occurs at less positive potential due to faster nucleation and 

deposition. More Pb02 was deposited at 333 K. 
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Figure 3.5: Current density G) vs potential (E) for deposition and dissolution of Pb02 onto gold 
disk electrode in 1 M HN03 at different temperature (a) 298 K (b) 333 K. Potential scan rate 
100 mV S·I. 

It can be seen that at 333 K, bigger currents are recorded at all potentials than at 

room temperature. The increase in current density at all potentials results from an 

increase in rate constants for all the steps in the Pb021Pb2
+ interconversion at the higher 

temperature. The current efficiency is also good for deposition and dissolution of Pb02 

at 333 K with a charge ratio> 90 %. Also, no red deposit was observed left on the gold 

surface after scanning back until +0.40 V. This means that at 333 K, the contribution of 

O2 evolution remains small and almost all Pb02 was converted back to Pb(II). At 333 

K, a bigger peak for reduction of AuO to Au is observed at +0.78 V. This indicates that 

more Au is anodically oxidized at 333 K than at 298 K. 

3.2 Scanning Electron Microscopic Study 

The morphologies of all Pb02 deposits prepared from various deposition 

conditions were observed and recorded by scanning electron microscopy (SEM). The 

experiments used both small discs (area: 0.008 cm2
) sealed into glass and discs (area: 

0.11 cm2
) within a PTFE shroud. This section is a summary of a large number of 

experiments and the relationships between deposition conditions and structure were 

very reproducible. 

58 



Chapter 3: Electrodeposition of Pb02 on Gold 

3.2.1 Influence of Pb(II) Concentration 

Figure 3.5 shows the scanning electron microscopic (SEM) images of Pb02 

deposits prepared from different concentrations of Pb(II) in 1 M HN03 using a constant 

current density (ie : 5 mA cm-2
) at 298 K for 300 s. 

(a) 

(b) 
Figure 3.5: SEM images of Pb02 prepared from different concentration of Pb(II) (a) 30 mM 
(b) 500 mM. Deposition conditions : 5 mA cm·2, 300 s, 298 K 
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It was observed that the deposit prepared from 30 mM Pb(II), see figure 3.5a, 

consisted of hemispherical centers, not totally uniform in size but typically 1-2 flm in 

diameter. Moreover, although there is substantial overlap of the centers, there also 

appear to be significant voids in the structure between some centers. Meanwhile, under 

the same deposition conditions, Pb02 deposits prepared from high concentration of 

Pb(II) (ie: 500 mM), the morphology was a more complex as shown in figure 3Ab. The 

deposits have hemispherical centers around 2-5 flm in diameter but these are clearly 

made up of agglomerates of much smaller centers. 

The colour of the deposits prepared from 500 mM Pb(II) was black as compared 

to dark brown for 30 mM Pb(II). It is apparent that under the same charge passed (Q= 

1500 mC cm-2
) more Pb02 is formed or deposited on gold substrate from 500 mM than 

30 mM of Pb(II) solution. Based on equation 3.5, the thickness of Pb02 prepared with 

Q = 1500 mC cm-2 should be 2flm. 

However, the thicknesses measured from SEM images taken at 8.10 tilt angle 

for the Pb02 deposits prepared from 30 mM Pb(II) were less than 2flm. As can be seen 

in figure 3.6a, the thicknesses of the Pb02 were in the range of 0.8 - 1.0 flm. 

Meanwhile, the thickness measured from the Pb02 deposits prepared from 500 mM 

Pb(II) was approximately 2 flm as seen in figure 3.6b. 

This indicates that for solution containing 30 mM Pb(II), under the deposition 

conditions used, only about 50 % of the charge was consumed in the oxidation of 

Pb(II) to Pb02 . It is believed that some of the currents are used for O2 evolution during 

the deposition. This was consistent with the presence of a lot of bubbles on the 

electrode surface later in the deposition. By comparison with cyclic vo1tammetry of 

Pb021Pb2+ couple for solution containing 30 mM Pb(II) (as shown in figure 3.1), the 

thickness calculated from Qcathodic peak area of the cyclic voltammetry was higher and 

that measured on the SEM image lower. The lower result is believed to be due to the 

depletion of Pb(II) concentration close to the electrode surface during the deposition of 

the thicker deposit and more O2 evolves. 
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Figure 3.6: SEM images taken at 8.10 tilt angle using gaseous secondary electron (GSE) 
detector of Pb02 prepared from (a) 30 mM Pb(II) and (b) 500 mM Pb(II). Deposition 
conditions: 5 rnA cm-2

, 300 s, 298 K 

On the other hand, for the solution with 500 mM Pb(II), there is semI 

quantitative agreement between the estimates Pb02 thicknesses calculated from the 

charge passed during cyclic voltammograms (see equation 3.5) and that measured 

directly from the SEM image shown in figure 3.6b. The thicknesses measured from the 

SEM, figure 3.6b indicate that almost all the current was used for oxidation of Pb2
+ to 
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Pb02 with relatively little leading to O2 evolution. Furthermore, there was no bubble 

observed on the electrode surface during the deposition. With increasing Pb(II) 

concentration, more nucleation centers are believed to be formed both on the gold 

substrate and the growing Pb02 deposit and less 02 evolves. The growth of Pb02 

becomes faster; resulting a thicker deposit. Also the deposit structure becomes more 

complex. 

3.2.2 Influence of Temperature 

An investigation into the influence of the deposition temperature on the 

morphology of Pb02 was also carried out. Figure 3.7 compares the Pb02 deposits 

prepared at two different deposition temperatures (ie: 298 K and 333 K) carried out 

using constant current density (ie: 5 rnA cm-2) for 600 s from solution containing 500 

mM Pb(II) + 1 M HN03. 

The deposits prepared at room temperature (ie: 298 K) have hemispherical 

clusters around 5 - 8 flm in diameter made up of small centers with gaps in the 

structure as shown in figure 3.7a. Figure 3.7b shows the Pb02 deposit prepared at 

elevated temperature (ie: 333 K). At the higher temperature, the deposits were made up 

of closely packed angular grains with good uniformity of the grains. It shows that the 

change in morphology is strongly dependent on the deposition temperature. It is 

believed that at higher temperature, the nucleation and the growth of Pb02 processes 

are much faster than at room temperature. As discussed and shown by cyclic 

voltammetry in section 3.l.3, the deposition of Pb02 at 333 K occurred at a less 

positive potential than at 298 K. Higher temperature is a better condition for the 

deposition ofPb02 in order to have a well-formed and uniform deposit. 
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(a) 

(b) 
Figure 3.7: SEM images of Pb02 prepared from 500 mM Pb(II) in 1 M HN03 using current 
density of 5 rnA cm-2 for 600 s at (a) 298 K and (b) 333 K. 

3.2.3 Influence of Current Density 

The investigation on the effect of current density on the morphology of the 

formed Pb02 was carried out. Initially, two different current densities (ie: 1 rnA cm-2 

and 5 rnA cm-2
) were employed for the formation of Pb02 deposits from the same 

solution (ie : 500 mM Pb(II) + 1 M HN03) at room temperature. 
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It was found that Pb02 deposits prepared at 1 mA cm-2 had uniform hemispheres 

with around 1 11m in diameter for each hemisphere as seen in figure 3.8a. Meanwhile, at 

increased current density (ie: 5 mA cm-2), the morphology of the top surface appeared 

to be much smaller centers collected together in larger hemispheres as in figure 3.8b. 

(a) 

(b) 
Figure 3.8: SEM images of Pb02 prepared using current density of (a) 1 rnA cm-2 (b) 5 mA 
cm-2 for 300 s at 298 K. Deposition solution: 500 mM Pb(II) in I M HN03 
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It is believed that many more nuclei are formed at 5 rnA cm-2 during deposition 

than at the lower current density. The rate of nucleation and growth of the Pb02 is 

sensitive to current density. At the higher current density, the deposition rate is faster 

than at 1 rnA cm-2
. 

On the other hand, if the deposition is carried out at extremely high current 

densities, some O2 evolution is observed and this can also be seen to damage the 

surface. Figure 3.9 shows the damaged surface of the Pb02 deposit with holes and 

cracks which has been prepared from 100 mM Pb(II) using a current density of 25 rnA 
-2 em . 

Figure 3.9: SEM image of Pb02 prepared using current density of 25 rnA cm·2 for 120 s at 298 
K. Deposition solution: 100 mM Pb(II) in 1 M RN03 

It should be noted that a porous morphology (less ordered and outward growth) 

can also be formed if high current density is used for a long time for the deposition of 

Pb02. For example the Pb02 deposits prepared at 25 rnA cm-2 for 600s at 333 K from 

solution containing 100 mM Pb(II) + 1 M HN03 as shown in figure 3.10. Under these 

deposition conditions, the deposition rate is fast and at the same time some oxygen 

evolution occurs during the deposition leading to isolated nuclei of the Pb02. These 

isolated nuclei are overlaid on a more uniform layer and the growth is favourable in 

vertical direction to form cauliflower-like crystals. 
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(a) 

(b) 
Figure 3.10: SEM images of Pb02 from (a) top view (b) side view; prepared from 100 mM 
Pb(II) + 1 M HN03 using constant current density of25 rnA cm-2 for 600 s at 333 K. 

Shen and Wei [123] reported that high current density employed is the main 

factor in the formation of high surface area or porous structured of Pb02. This type of 

structure greatly increases its active area, which is a favourable property in view of a 

possible application as anode materials . 

It was found that the density of nucleation is extremely sensitive to current 

density. Uniform and well-formed deposits can be formed at low current densities and 
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when high current densities used, which some O2 evolution occurs, uneven and porous 

structure of Pb02 deposits are formed. 

3.2.4 Influence of Acid Concentration 

The preparation of Pb02 from different concentration of acid electrolytes was 

carried out and the morphology of the oxides was compared and investigated by SEM. 

It was found that, under similar conditions as with 1 M HN03, the formation of Pb02 

deposits with low acid concentration is closely packed angular crystals as seen in figure 

3.11, as compared to hemispherical clusters with small centers (image shown in figure 

3.Sb) when higher acid concentration was used as the electrolyte. 

Figure 3.11: SEM images of Pb02 prepared from 0.1 M HN03 solution containing 500 mM 
Pb(II) using current density of 5 mA cm-2 for 300 s at 298 K. 

A significant change in morphology is apparent, as a result of using a different 

acid concentration, with an increase in the size of the crystallites and in the density of 

the deposits with decreasing acid concentration. This is related to the cyclic 

voltammetry curves shown in figure 3.4. The faster nucleation and growth of Pb02 

occur in low concentration of acid rather than in 1 M HN03; as indicated by a negative 

shift in the onset potential for the oxide deposition. 

By increasing the deposition temperature to 333 K, the Pb02 crystals prepared 

from 500 mM Pb(II) + 0.1 M HN03 solution became bigger as seen in figure 3.12. 
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Thus, temperature had a significant effect on producing a thicker and denser deposit. As 

discussed in section 3.2.2 for 1 M HN03 solution, at higher temperature, the nucleation 

and deposition rates are faster than that at room temperature; resulting a thicker deposit. 

Figure 3.12: SEM images of Pb02 prepared from 0.1 M HN03 solution containing 500 mM 
Pb(II) using current density of 5 rnA cm-2 for 300 s at 333 K. 

3.3 Adhesion Study 

The adhesive quality of the prepared Pb02 deposits towards abrasion was 

investigated and classified using methods listed in table 2.3. Table 3.1 shows the 

characteristics of lead dioxide deposits including their adhesion properties on gold 

substrates. The Pb02 deposits were prepared using various deposition conditions. 

Deposition solution Deposition Colour Adhesion Structure by 

Conditions SEM 

30 mM Pb(II)/ 1 M HNO) 5 mA cm-2
/ 120 s/ brown medium As fi gure 3.5a 

298 K 

30 mM Pb(II)/ 1 M RNO) 5 mA cm·2
/ 300 s/ dark brown medium As fi gure 3.5a 

298 K 

30 mM Pb(II)/ 1 M HNO) 5 mA cm-2
/ 600 s/ black poor As fi gure 3.5a 

298 K 
but depos it 
cracked and 
lifting from 
substrate 

30 mM Pb(II)/ 1 M HNO) 5 mA cm·L
/ 600 s/ black medium/good As fig ure 3.7b 

333 K but thinner 
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30 mM Pb(II)/ 1 M HN03 25 mA cm-"/ 120 s/ brown medium As figure 3.5a 

298 K 

30 mM Pb(Il)/ 1 M HN03 25 mA cm-L
/ 120 s/ dark brown medium/good As figure 3.5a 

333 K 

100 mM Pb(IJ)/ 1 M HN03 5 mA cm--/ 120 s/ dark brown medium As figure 3.5a 

298 K 

100 mM Pb(II)/ 1 M HN03 5 mA cm-2
/ 600 s/ black medium As figure 3.5b 

298 K 

100 mM Pb(IJ)/ 1 M HN03 5 mA cm-L
/ 600 s/ black medium/good As figure 3.7b 

333 K but thinner 

100 mM Pb(IJ)/ 1 M HN03 25 mA cm--/ 120 s/ black poor As figure 3.9 

298 K 

100 mM Pb(IJ)/ 1 M HN03 25 mA cm-2
/ 120 s/ black medium/good As figure 3.5a 

333 K 

100 mM Pb(II)/ 1 M HN03 25 rnA cm-L
/ 600 s/ black medium/good As figure 3. I 0 

333 K 

500 mM Pb(IJ)/ 1 M HN03 1 mA cm-"/ 1500 s/ black medium/good As figure 3.8a 

298 K 

500 mM Pb(Il)/ 1 M HN03 5 mA cm-2
/ 120 s/ black medium/good As figure 3.5a 

298 K 

500 mM Pb(II)/ 1 M HN03 5 mA cm--/ 300 s/ black medium/good As figure 3.8b 

298 K 

500 mM Pb(II)/ 1 M HN03 5 mA cm-L
/ 600 s/ black medium/good As figure 3.7a 

298 K 

500 mM Pb(II)/ 1 M HN03 5 mA cm--/ 300 s/ black very good As figure 3.8b 

333 K but thinner 

500 mM Pb(IJ)/ 1 M HN03 5 mA cm-2
/ 600 s/ black very good As figure 3.8b 

333 K 

500 mM Pb(II)/ 1 M HN03 25 mA cm-L
/ 120 s/ black medium Poorly defined 

298 K 
small centers 

500 mM Pb(II)/ 1 M HN03 25 mA cm-"/ 120 s/ black good As figure 3.8b 

333 K 

500 mM Pb(II)/ 0.1 M 1 mA cm-2
/ 1500 s black good As figure 3.11 

HN03 /298 K 

500 mM Pb(II)/ 0.1 M 5 mA cm-L
/ 300 s/ black good As figure 3.11 

HN03 298 K 

500 mM Pb(IJ)/ 0.1 M 5 mA cm-2
/ 300 s/ black medium/good As figure 3.12 

HN03 333 K 
.. 

Table 3.1: CharactenstIcs of lead dioxide deposits electroplated US111g vanous conditions. Au 
disk substrate. Definition of adhesive quality see section 2.6.1 (Table 2.3) 
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From the table, it can be seen that Pb02 with hemispherical crystals morphology 

especially prepared from low concentration of Pb(II) in 1 M HN03 at 298 K were not 

strongly adhered on gold substrate. Most of them were classified as medium adhesion. 

With increasing the concentration of Pb(II) in the deposition solution, the adhesive 

property of the deposits was slightly improved. 

Deposits with cracks and holes which were prepared at high current density (as 

in figure 3.9) had poor adhesion on gold substrates. They were easily removed by 

scrapping with tissue. Meanwhile, the top layer of the porous Pb02 deposit as in figure 

3.1 0 was quite fragile and easily removed when scrapping with tissue but its lower base 

was quite adherent on the gold surface. 

Temperature has a significant role in improving the adhesive quality of the 

deposits. Basically, deposits prepared at 333 K had good adhesion on gold and the most 

adhered Pb02 was prepared at this elevated temperature and from high concentration of 

Pb(II) using low current density either in 1 M HN03 or 0.1 M HN03. It is believed that 

by increasing the deposition temperature the nucleation density increases as well as the 

deposition rate; these factors lead to a well formed thin layer or foundation for the 

growth of subsequent Pb02 layers and as the results the adhesion of the deposits is 

greatly enhanced. 

Deposits prepared at room temperature with low concentration of acid had 

better adhesive quality on gold substrate than with 1 M HN03 at the same deposition 

temperature. Higher temperature for the deposition of the Pb02 deposits from 0.1 M 

HN03 did not have a significant effect on improving the adhesion property than that at 

room temperature. In fact, the deposits prepared at 298 K from low acid concentration 

solution had a better adhesion than deposition at 333 K. 

3.4 Chemical Stability Study 

To be useful, an electrode coating must be stable to abrasion (as discussed in 

section 3.3), corrosion and chemical reactions. The lack of stability of Pb02 electrodes 

has been the main problem in producing a good and long lasting anode material. In this 

study, the stability of the Pb02 electrodes on open circuit and during electrolysis in 

different electrolytes was investigated. 
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3.4.1 Stability of Pb02 in Sulfuric Acid 

The stability of Pb02 layers on open circuit was investigated by immersing them 

in a solution of 1 M sulfuric acid. Thin layers of the Pb02 prepared from 30 mM Pb(II) 

in 1 M RN03 using 5 rnA cm-2 for 150 s at 298 K were used in this study. Figure 3.13 

shows the morphology of the layers before immersion. It was found that these Pb02 

layers dissolved quickly in 1 M H2S04. 

Figure 3.13: SEM of Pb02 coating before immersion in any solution. Pb02 layer deposition 
conditions: 30 mM Pb(N03)2 + 1 M HN03, 5 mA cm·2 for 150s , 298 K. 

It is believed that the dissolution of the Pb02 could occur by two mechanisms 

(i) via a soluble Pb(IV) species and (ii) by the chemical oxidation of water to oxygen by 

the Pb02. Both reactions probably contribute and, in sulfuric acid, a few lead sulfate 

crystals can be seen on the surface by electron microscopy after immersion for 3 hours 

as seen in figure 3.14, implying that some reduction of the Pb02 layer is occuring. The 

reduction is, however, slow and dissolution was complete after 1 day and no PbS04 

crystals were seen when dissolution was complete. 
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Figure 3.14: SEM of Pb02 coating after immersion in 1 M H2S04 for 3 hours Pb02 layer 
deposition conditions: 30 mM Pb(N03)2 + 1 M HN03, 5 mA cm-2 for 150s , 298 K. 

The effect of adding dimethyl sufoxide (DMSO), a compound capable of being 

oxidized, to the sulphuric acid solution on the stability of the Pb02 layers was also 

investigated. The Pb02 layers used in this study were prepared under the same 

conditions as the study for sulphuric acid alone. Figure 3.15 shows the morphology of 

the Pb02 layers after immersion in 50 mM DMSO + 1 M H2S04 on open circuit for 10 

mm. 

Figure 3.15: SEM ofPb02 coating after immersion in 50 mM DMSO + 1 M H2S04 for 10 min . 
Pb02 layer deposition conditions: 30 mM Pb(II) + 1 M HN03, 5 mA cm-2 for 150s , 298 K. 

72 



Chapter 3: Electrodeposition of Pb02 on Gold 

It can be seen that the hemispherical morphology is totally destroyed by 

immersion in this solution. The whole of the structure is extensively corroded and there 

is a substantial population by crystals with the shape typical of lead sulfate. The whole 

layer disappeared in less than 3 hours . Clearly, the process of PbS04 formation was 

accelerated by the addition of DMSO in the solution as the reaction in Scheme 1 is 

rapid. 

Scheme 1 

It is believed that the DMSO solution has quickly absorbed through the voids and 

spaces offered by the existing gaps between crystals of the layers. The spontaneous 

chemical reaction shown in Scheme 1 is taking place. 

EDAX analysis was carried out on the SEM images of the Pb02 layers before 

and after immersion in 50 mM DMSO + 1 M H2S04 as seen in figure 3.13 and 3.15 . 

This is to identify the presence of sulfur compounds on the surface. Figure 3.16 shows 

the ED AX analysis for both surfaces. 

Label A: 

Pb 
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Figure 3.16: ED AX analysis of Pb02 deposits (a) before and (b) after immersion in 50 mM 
DMSO + 1 M H2S04 for 10 minutes. 

Table 3.2 compares the atomic percent of the elements present from both 

images (before and after immersion in 50 mM DMSO + 1 M H2S04 as in figure 3.13 

and 3.15). EDAX analysis has some limitations to be considered; such as lack of 

efficiency for the detection of elements lighter than sodiwn [153] . For example, from 

the table, the ratio of Pb/O for Pb02 deposit should be 1 :2, but this is not the case. It 

should be noted that the quantitative analysis by EDAX is not accurate for light 

elements such as oxygen; and furthermore the detection efficiency is low when lighter 

element is compared with other element which is much higher in atomic weight such as 

Pb. Nonetheless, from the analysis, the transformation of the Pb02 crystals to PbS0 4 

crystals after immersion in sulphuric acid solution containing DMSO is confirmed by 

the detection of high sulfur content for the image of figure 3.15. 

Element Ph 0 Au S 

Before (Atomic %) 80.2 9.7 9.9 0. 2 

After (Atomic %) 60.9 11.8 10.8 16. 5 

Table 3.2: Elemental content 111 atomIc percent of EDAX measurements for Pb0 2 depos Its 
before and after immersion in 50 mM DMSO + 1 M H2S04. 

Further experiments in 1 M H2S04 were carried out using two other organic 

compounds, 3-thiophenecarboxylic acid and 3-methylpyridine. The chemical oxidations 

on Pb02 for both organic compounds in 1 M H2S04 are shown in scheme 2 and scheme 

3. However, the dissolution processes of the Pb02 in sulphuric acid with the presence 
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of these organic compounds are slower than when the reactant is DMSO. The fonnation 

of lead sulfate crystals over a period of hours can clearly be confirmed by SEM when 

the reactions are carried out in aqueous sulfuric acid. 

2 Pb02 • 

3-thiophenecarboxylic acid 

Scheme 2 

OCOOH 
/s~ 

o 0 

3-thiophenecarboxylic acid sulfone 

3-methylpyridine 
(3-picoline) 

Pyridine-3-carbaldehyde 

Scheme 3 

crCOOH 

~ I 
N 

Nicotinic acid 

The stability of the Pb02 layers in sulphuric acid was greatly increased when the 

coatings having the best adhesion and resistance to abrasion were used. As described in 

section 3.3, the most adhesive coatings were prepared from 0.5 M Pb(N03h + 1 M 

HN03 at a temperature of 333 K using a low current density. 
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(a) 

(b) 
Figure 3.17: SEM ofPb02 taken at the middle of the deposit (a) before and (b) after immersion 
in 50 mM DMSO + 1 M H2S04 for 3 hours. Pb02 layer deposition conditions : 500 mM 
Pb(N03)2 + 1 M RN03, 5 mA cm·2 for 600s , 333 K. 

These Pb02 deposits with the closely packed angular crystals structure as shown 

in figure 3.17(a) probably have the same chemistry but the rates of the changes are 

much slower. For example, such a coating took 7 days to dissolve in 1 M H2S04 and 

after immersion in 50 mM DMSO + 1 M H2S04 for 3 hours, the morphology was still 

the same as before immersion and only a limited number of lead sulfate crystals were 
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observed by SEM as seen in figure 3.17(b). It is believed that the surface area and 

porosity of the deposit is a critical factor in determining the kinetics of 

dissolution/reduction of the Pb02 layer. It was found that the Pb02 layers with loose, 

cracking and lifting up structures were liable to be rapidly reduced by DMSO in 

sulfuric acid solution, forming PbS04 . These types of Pb02 layers are not stable on 

open-circuit and not suitable to be used as the anode for long electrolysis process. 

The influence of electrode potential on the stability of the Pb02 deposits was also 

examined. In one experiment, a Pb02 deposit (ie: prepared from 30 mM Pb(II) with 

hemispherical crystals as shown in figure 3.5a) was held in 1 M sulfuric acid at + 1.70 

V for 3 days (slow oxygen evolution was observed) and no change to the surface was 

seen by SEM. In a second experiment, a Pb02 deposit was held at + 1.65 V (so that 

DMSO oxidation occurred) in a solution of 50 mM DMSO + 1 M H2S04 for 3 hours. 

An anodic current density of 5-7 rnA cm-2 passed throughout the electrolysis but, again, 

SEM analysis showed no change to the morphology or thickness of the deposit during 

the electrolysis. Clearly, when operating at potentials positive to the formal potential of 

the Pb02/Pb(II) couple, the deposits become much more stable. 

3.4.2 Stability in Different Electrolytes 

The stability of Pb02 layers electrodeposited onto gold in other media were tested 

by immersing them in various solutions on open-circuit for various periods of time and 

then examining them by scanning electron microscopy. 

Table 3.3 summarizes a comparison of Pb02 electrodes prepared from a solution, 

30 mM Pb(II) + 1 M HN03, at 298 K and using a current density of 5 rnA cm-2 for 300 

s in different electrolytes with and without the presence of DMSO. In the solutions of 

aqueous acid without DMSO, the deposits were observed to change from black to 

brown within a few hours and while the SEM showed no change in structural type, the 

he11lispheres decreased in size and the voids between centers became more prominent. 

After 4 days, the coating had dissolved completely and the shiny surface of the gold 

substrate recovered. 
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Solution Observations 

1 M H2SO4 Deposit dissolves during 4 days. Deposit color: black-

(PH~O) brown to Au (of metal). A few cubic crystals observed by 

SEM after 1 day. 

1 MHCI04 Deposit dissolves during 4 days. Deposit color: black-

(PH~O) brown to Au (of metal). No change in morphology by 

SEM. 

1 MNa2S04 (pH~7) Unchanged> 10 days but eventually dissolves. 

1 M H2SO4 Dissolves within 3 hours. Square crystals of PbS04 

+50mMDMSO observed on SEM within few minutes. 

1 M HCI04 Dissolves within 6 hours but no change III morphology 

+50mMDMSO observed by SEM. 

1 M Na2S04 Stable> 10 days but eventually dissolves. 

+ 50mMDMSO 

Table 3.3: ObservatIOns on the behavIOur ofPb02 layers dunng IInmerSlOn 1I1 aqueous solutions 
at room temperature. Deposits formed from a solution, 30 mM Pb(II) + 1 M HN03, 298 K and 
using a current density of 5 rnA cm·2 for 300 s. 

As discussed earlier in section 3.4.1, the Pb02 electrodes were not stable on 

open-circuit in sulfuric acid solution. The presence of DMSO has accelerated the 

dissolution process of Pb02. In perchloric acid, the presence of DMSO also accelerates 

the dissolution of the Pb02 but the process is not as fast as in sulfuric acid and the 

hemispherical morphology of the deposits remains; in perchloric acid solutions, Pb(II) 

is soluble and in the sulfuric acid media, the precipitation of PbS04 provides an 

addition driving force for the oxidation of DMSO. Several oxygen-transfer reactions on 

the Pb02 deposits were reported to proceed more rapidly when H2S04 was used as the 

supporting electrolyte instead of HCI04 [154]. 

It was found that, from the table, the Pb02 layers were the most chemically stable 

in sodium sulphate solution than in the two aqueous acid solutions. The dissolution of 

the layers was incomplete even after 10 days. The DMSO does not accelerate the 

dissolution in the sodium sulfate solution. Proton is essential to the chemical oxidations 

by the Pb02. A spontaneous chemical reaction between the Pb02 and DMSO is not 

unexpected as lead dioxide is a known oxidizing agent used in organic synthesis. It is 

believed that pH of the supporting electrolytes plays a major role in determining the 

chemical stability of the Pb02 deposits. 
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3.5 Electrocatalytic Activity Study 

The oxidation of DMSO was used as a model compound to investigate the 

electrocatalytic activity of the Pb02 deposits. The DMSO is expected to oxidize in a 

two-electron process to dimethyl sulfone (DMS02) [137]. A large number of 

voltammograms were recorded for 50 mM DMSO in aqueous solutions of sulfuric acid, 

perchloric acid and sodium sulfate. Throughout, the voltammograms were recorded by 

scanning the potential in a positive direction from + 1400 m V vs SCE; this negative 

limit was chosen because it is well positive to the potential where reduction of the Pb02 

to PbS04 commences; the reduction is observed as a well formed cathodic peak as 

recorded by cyclic voltammetry shown in section 3.1. In the early stages of the 

investigation, the voltammograms appeared to be irreproducible and only sometimes 

showed the well formed oxidation wave reported by Johnson et al [17,76,81.155,156]. 

Indeed, in some experiments the voltammetric response changes with time. As the 

investigation proceeded, it became clear that the voltammogram was sensitive to both 

the conditions for deposition of the Pb02 and the electrolyte as well as the treatment of 

the coating during the experiments. As to be expected from the previous sections 

periods on open circuit were particularly damaging to the Pb02 coated electrodes. 

Figure 3.18 and 3.19 illustrate the former case. They show the voltammograms of 

two different Pb02 electrodes in 1 M H2S04 and 50 mM DMSO + 1 M H2S04. Figure 

3.18 shows the voltammetric response of the Pb02 deposits prepared from 500 mM 

Pb(II) at room temperature which have hemispherical clusters and made up of small 

centers with gaps in the structure as shown in figure 3.7a, while figure 3.19 shows the 

voltammograms of the Pb02 with the angular crystallite structure shown in figure 3. 7b 

which have been prepared at 333 K. It can be seen from the voltammograms, the 

potential when the current density for the oxidation of DMSO is 12 rnA cm-2 (E j=12) for 

the former is at + 1. 73 V while for the latter is at + 1. 80 V. This indicates that the Pb02 

prepared at 298 K has higher catalytic activity than that of the Pb02 electrodes prepared 

at 333 K. It is believed that the morphology of the electrodes and particularly the 

exposed surface area have significant contribution to the catalytic activity of the Pb02. 
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Figure 3.18: Voltammograms for a Pb02 electrode in (a) 1 M H2S04 and (b) 50 mM DMSO + 1 
M H2S04. Temperature 298 K. Potential scan rate: 50 m V S·l. Pb02 layer deposited from 500 
mM Pb(N03)2 + 1 M HN03, 5 rnA cm'2 for 600 s, 298 K. 
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Figure 3.19: Voltammograms for a Pb02 electrode in (a) 1 M H2S04 and (b) 50 mM DMSO + 1 
M H2S04. Temperature 298 K. Potential scan rate: 50 m V S·l. Pb02 layer deposited from 500 
mM Pb(N03)2 + 1 M HN03, 5 mA cm·2 for 600 s, 333 K. 

Meanwhile, figure 3.20 illustrates the latter case. It shows the voltammetric 

responses of Pb02 electrodes which have hemispherical crystals as shown in figure 

3.5a. When a voltammogram was recorded immediately after this Pb02 electrode was 

immersed in 50 mM DMSO + 1 M HCI04, Ej=12 appeared at + l.73 V. But after 
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standing in sulfuric acid for 10 min, the Ej=12 was shifted to + 1.65 V. The activity for 

the oxidation of DMSO was more apparent after standing for 40 min, a well formed 

oxidation wave was observed, the Ej=12 appeared at + 1.56 V. The development of the 

oxidation wave with time occurred in all acidic solutions but was more rapid in sulfuric 

acid than in perchloric acid; it did not occur in 1 M Na2S04. 
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Figure 3.20: Voltammograms for a Pb02 electrode in 50 mM DMSO + 1 M HCl04 after 
immersion in 1 M H2S04 for (a) 0 , (b) 10 min and (c) 40 min. Temperature 298 K. Potential 
scan rate: 50 mV S·I. Pb02 layer deposited from 30 mM Pb(N03)2 + 1 M HN03, 5 mA cm·2 for 
300 s, 298 K. 

The increase in activity appeared to be associated with an increase in the surface 

area of the Pb02 as the layer corrodes. The development of the wave was most rapid if 

the voltammetry was carried out in 50 mM DMSO + 1 M H2S04. Hence, the most 

active anodes also corresponded to the Pb02 layers that were corroded as in figure 3.15 

and it is clear that such layers have a very high surface area. Of course, on a longer 

time scale the oxidation wave was lost again as the deposits dissolved. 

3.6 Macroporous Pb02 

As discussed in section 1.5, a variety of three-dimensional and porous 

electrodes can be formed in order to have high surface area and high mass transfer 
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coefficient and hence high rate for electrochemical reactions. Electrodeposition of Pb02 

on flat gold substrates using high current density led to the production of porous 

deposits (ie: cauliflower-like structure) as shown in figure 3.10 (see page 66). Even 

though this type of deposit has higher catalytic activity than flat or plain deposit, it is 

quite fragile, especially the top layer of the deposit which is easily removed with tissue 

paper. Porous Pb02 can also be prepared using anodic electrodeposition from a 

stationary high internal phase emulsion (HIPE) [145]. The porous deposits produced by 

this technique have a distinct structure consisting of 10 - 50 flm high pyramidal 

aggregates, pitted with smaller pores with diameters ranging from 0.5 to 2 flm. 

Nevertheless, this type of porous Pb02 is not uniform and not well organized. Also, it 

has low electroactive surface area due to its low porosity. Therefore, in this study, a 

colloidal templating electrodeposition technique (as described in chapter 2) was 

employed to produce highly ordered macroporous deposits with small spherical pores 

and high porosity in order to increase the electrochemically accessible specific surface 

area of the electrodes. Bartlett and co-workers [148] used this tec1mique in preparing 

highly ordered macroporous Pb02 films on gold and indium tin oxides (ITO) substrates. 

They found the macroporous Pb02 frameworks were highly polycrystalline, self

supporting and free from defects. 

Figure 3.21 shows a SEM micrograph of a macroporous ~-Pb02 film 

electrodeposited on gold from plating solution containing 100 mM Pb(N03)2 + 1 M 

HN03 using a constant current density 5 rnA cm-2 for 75 s at 298 K. The deposition 

charge used was calculated to be 0.38 C cm-2
. The Pb02 was grown through a template 

consisting of a self assembled multilayer of 500 (± 20) nm diameter polystyrene 

spheres. 
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Figure 3.21: SEM image of a macroporous ~-Pb02 film grown at from 100 mM Pb(II) in 1 M 
HN03 using 5 rnA cm-2 at 298 K through a template of 500 nm diameter polystyrene spheres. 

The SEM image shows that the spherical voids, left in the Pb02 film after the 

removal of the polystyrene spheres by dissolution in toluene, are arranged in random 

and dense structure of uniformly-sized pores; resulting in a honeycomb-like structure. 

From the figure, the measured average pore center to pore center distance from the 

image is ~ 500 nm, which is the same as the diameter of the original spheres used to 

prepare the templates. This indicates that the Pb02 film does not suffer any slu'inkage 

after the removal of the polystyrene template by the toluene. 

The thickness of the film was estimated to be 0.88 /lm or 1.76 layers. The 

thickness of the film can be controlled by varying the charge passed for the deposition 

[157]. The macroporous film produced was good with respect to adhesion to the surface 

of the gold substrate. The colour of the porous film was dark brown. But when 

illuminated with white light, the film shows readily visible diffractive colours ranging 

from blue to red, depending upon the viewing angle. This is an indicator of the 

formation of a highly ordered pore structure within the film with a pore diameter in the 

range of the wavelength of visible light [158]. 
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Figure 3.22: SEM image of a plain ~-Pb02 film deposited on gold from 100 mM Pb(II) in 1 M 
HN03 using 5 mA cm-2 for 75 s at 298 K. Deposition charge, Q : 0.38 C cm-2

. 

For companson, a non-templated or plain Pb02 film was deposited on an 

identical 1 mm diameter gold substrate using the same deposition solution and 

deposition charge as used for the porous. The thickness of the plain Pb02 was 

calculated to be 0.5 flm corresponding to a faradaic efficiency for the deposition 

process of 90 %. Figure 3.22 shows the SEM image of the plain Pb02. The image 

shows that the film is quite smooth with hemispherical crystals and non-porous. 

The electrocatalytic activity of the porous and plain Pb02 for the oxidation of 

DMSO in sulfuric acid was investigated. Figure 3.23 shows voltammetric response of 

the two electrodes recorded at 50 mV S-1 in 1 M H2S04 containing 50 mM DMSO. 

Although the two electrodes have the same amount of Pb02 deposited on them, from 

the figure it can be seen that the catalytic activity for the oxidation of DMSO at the 

macroporous Pb02 is greater than the plain Pb02. E I/2 potential for the DMSO 

oxidation occurs at 1.56 V at the macroporous Pb02 and at 1.70 V at the plain Pb02. 
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Figure 3.23: Voltammetric responses for DMSO oxidation on (a) plain and (b) macroporous 
~-Pb02' Electrolytic solution: 50 mM DMSO + 1 M H2S04• Deposition charge: 0.38 C cm·2; 
deposition solution: 100 mM Pb(II) + 1 M HN03. Scan rate: 50 mY S·l. 

It is believed that the porous Pb02 film has higher surface area and more active 

sites for the oxidation of DMSO taking place than the plain Pb02 . The combination of 

the increased specific surface area of the Pb02 electrodes together with the accessibility 

of active sites has greatly enhanced the electrocatalytic activity for DMSO oxidation. 

Unfortunately, this macroporous Pb02 is not stable on open circuit in acidic 

solutions. The Pb02 corrodes to Pb(II) and transforms to PbS04. The presence of 

DMSO accelerates the dissolution process and the transformation process of Pb02 to 

PbS04 is fast. Figure 3.24 shows a SEM image of a corroded macroporous Pb02 film 

with the presence of PbS04 crystals after immersion in 50 mM DMSO + 1 M H2S04 

for 10 minutes. This is consistent with the stability study of the plain Pb02 on open 

circuit as discussed earlier in section 3.4. 

85 



Chapter 3: Electrodeposition of Pb02 on Gold 

Figure 3.24: SEM image of a corroded macroporous P-Pb02 film after immersion in 50 mM 
DMSO + 1 M H2S04 for 10 minutes. 

3.7 Deposition of a-Pb02 Electrodes 

Previously, this chapter has solely discussed the characteristics and the catalytic 

activity ~-Pb02 deposits. While ~-Pb02 can be easily prepared from Pb(II) solution in 

strong acid, the u-Pb02 is readily prepared from slightly acidic or alkaline solution as 

mentioned in section 1.3 . Grigger et al. [159] have reported a detail description of the 

u-Pb02 deposition bath using alkaline lead tartrate. Very little study has been carried 

out concerning the deposition or the behaviour of u-Pb02 compared to ~-Pb02 

[84,159,160-162] although it is known to exhibit a lower oxygen overvoltage [162]. 

Therefore, in this study, the characteristics and catalytic activity of u-Pb02 were 

investigated. 

Figure 3.25 shows scanning electron micrographs of u-Pb02 prepared from 500 

mM Pb(OAc)2 in 1 M sodium acetate solution using the same deposition conditions as 

~-Pb02 shown earlier in figure 3.5b. From these two figures as a comparison, the u

Pb02 deposit has a more compact and smooth structure compared to the more porous ~

Pb02. The more porous structure of the latter produces less adherent deposit on the 

substrate compared to the u-Pb02. 
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Figure 3.25: SEM image of a-Pb02 deposited on gold from 500 mM Pb(OAc)2 + 1 M 
NaOAc using constant current density of 5 rnA cm-2 for 300 s at 298 K. 

The a-Pb02 prepared using a current density less than 5 rnA cm-2 gave a very 

good deposit in terms of appearance and adhesion on the gold substrate. The deposit 

was black, uniform across the surface, dense and shiny; and the adhesion on gold was 

very good. The same appearance of the deposit has been reported by Lartney [161]. 

Hampson and Bushrod [162] have suggested that the current density for the a-Pb02 

preparation must be less than 5 rnA cm-2 in order to av?id the production of highly 

stressed, flaky and poorly adherent deposits. 

3.7.1 Stability of a-Pb02 Deposits in Different Electrolyte Solutions 

Table 3.4 compares the stability of a-Pb02 in different supporting electrolyte 

solutions. All the deposits were prepared from a solution containing 500 mM Pb(OAc)2 

+ 1 M NaOAc at 298 K and using a current density of2.5 rnA cm-2. 

The observations in the table indicate that the a-Pb02 deposits are not stable for 

a long time on open circuit in any supporting electrolytes tested. In all media, the a

Pb02 appears to react with water to give a Pb(II) species. For example, in 1 M NaOH, 

the a-Pb02 appears to undergo a very fast dissolution rate to soluble Pb(II) . The deposit 

completely dissolves in less than 1 hour in this strong alkaline solution (pH 14). But, 
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Feng and Johnson [160] reported earlier that the a-Pb02 prepared from 2 M NaOH 

saturated with PbO (s) on stainless steel were very stable in strongly alkaline media. 

Solution Observations 

1 M H2SO4 Dissolves within 2 days. A lot of 'square' crystals on the surface 

believed to be PbS04 after 3 hours and all the surface covered by 

the PbS04 crystals in 2 days observed by SEM 

1 M HClO4 Dissolves within less than 1 day; Pb(IV) soluble in HClO4 

1 M Na2S04 Dissolves within 2-3 days. Less PbS04 observed than in 1 M 

H2SO4 

1 M NaOH Completely dissolves within less than 1 hour 

Table 3.4: Observations on the behaviour of a-Pb02 deposits during immersion in different 
aqueous solutions at room temperature. 

In the presence ofDMSO, the dissolution process of the a-Pb02 deposit is much 

faster than in the supporting electrolyte solutions without DMSO. For example, such a 

deposit took about 6 hours to completely change from Pb02 to PbS04 in solution 

containing 50 mM DMSO + 1M H2S04. The deposit was badly affected by the solution 

after immersion for a short time (eg: 30 minutes) as can be seen in figure 3.26a and as 

comparison to the freshly prepared deposit as similar as shown in figure 3.25. It can be 

seen that the surface consists of closely packed PbS04 crystals. The spontaneous 

chemical reaction taking place is shown in Scheme 1. 

After being immersed at open circuit in the solution for a longer time (ie: 6 

hours), almost all the surface have been transformed to 'square' crystals of lead 

sulphate as shown in figure 3.26b. In other solutions containing DMSO such as 

perchloric acid and sodium sulphate, the presence of DMSO has also accelerated the 

reduction process of the a-Pb02 to Pb(II). 
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(a) 

(b) 
Figure 3.26: SEM images of a-Pb02 deposits after immersion in 50 mM DMSO + I M H2S04 

for (a) 30 minutes and (b) 6 hours at room temperature. 

The presence of PbS04 crystals is confirmed by EDAX analysis as can be seen 

in figure 3.27 and table 3.5. 
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Figure 3.27: EDAX analysis of a -Pb02 deposits after immersion in 50 mM DMSO + I M 
H2S04 for 6 hours. 

Element Pb 0 Au S 

Atomic % 44.3 18 .5 13 .3 23.9 

Table 3.5: Elemental content in atomic percent of EDAX measurements for a-Pb02 deposits 
after immersion in 50 mM DMSO + 1 M H2S04 as shown in figure 3.26b. 

3.7.2 Electrocatalytic Activity of a-Pb02 for DMSO Oxidation 

A cyclic voltammetry of the a-Pb02 electrode for DMSO oxidation was carried 

out in 1 M H2S04 and scanned from + 1.40 to + 1. 80 V. The electrode was prepared from 

500 mM Pb(OAc)2 in 1 M NaOAc at 2.5 rnA cm-2 for 300 s at room temperature. 

Figure 3.28 shows the performance of the electrode after immersion in 50 mM 

DMSO + 1 M H2S04 for various periods of times. It was found that the freshly 

prepared a -Pb02 electrode was inactive for the oxidation ofDMSO. There was no wave 

below + 1.60 V only the onset of O2 evolution> + 1.60 V. 
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Figure 3.28: Comparison of volt am metric response (positive scan) for 50 mM DMSO at a-Pb02 

after immersion for (a) 0 min (b) 1 min (c) 10 min and (d) 50 min in 50 mM DMSO + 1M 
H2S04 at room temperature. Electrolyte: 1 M H2S04 Scan rate: 50 mY S-1 

After 1 minute in the solution, the a-Pb02 electrode has quickly dissolved to 

Pb(II) through the chemical reaction as shown Scheme 1. It is believed that the surface 

area of the electrode has changed and increased after the immersion and this 

phenomenon led to the higher catalytic activity for the DMSO oxidation. E1/2 has 

shifted to less positive potential (ie: + 1.57 V). The E1/2 s for the electrode immersed in 

the same solution for 10 min and 50 min have remained the same. 

The limiting current density Gd of the electrode, however, has reduced with 

time of immersion. As can be seen in the figure, the limiting current densities for the 

DMSO oxidation of the a-Pb02 electrode after immersion for 1 min, 10 min and 50 min 

were 38 rnA cm-2 
, 28 rnA cm-2 and 22 rnA cm-2

, respectively. The reduction of limiting 

current densities is believed to be associated with the reduction of the geometric area of 

the a-Pb02 electrode. With increasing of immersion time of the electrode in the 

solution, more a-Pb02 surface have transformed to PbS04 crystals as can be seen in 

figure 3.26a and 3.26b. The PbS04 crystals formed on the surface are inactive and their 

presence has reduced the active surface area of the electrode for DMSO oxidation to 

take place. In some systems involving chemistry of adsorbed species, there is always 

the suspicion that the surface is being poisoned by reaction intermediates or impurities, 

thus the current density can decay over a period of times [163]. 
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3.7.3 Macroporous a- Pb02 

Highly ordered macroporous a-Pb02 can also be prepared using the colloidal 

templating technique as used for the preparation of macroporous ~-Pb02 as discussed 

earlier in section 3.6. Bartlett et al [148] used the same technique in preparing 

macroporous a-Pb02 from lead acetate solution. They reported that the structure of the 

macroporous determined by X-ray diffraction was highly polycrystalline orthorhombic 

and consistent with the crystal structure of non-templated a-Pb02 films . 

Figure 3.29: SEM image ofa macroporous a-Pb02 film grown at from 100 mM Pb(OAc)2 + I 
M NaOAc using constant current density of 5 mA cm-2 for 60 s at 298 K through a template of 
500 nm diameter polystyrene spheres. 

Figure 3.29 shows a SEM image of macro porous a-Pb02 film deposited through 

a 500 nm diameter template using a deposition charge of 0.30 C cm-2. The film was 

black in colour, quite adherent on the gold substrate, smooth and uniform. The film 

thickness was calculated to be - 0.70 !lm. The pore diameter from the image is in good 

agreement with the diameter of the polystyrene spheres used to form the template. 
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Figure 3.30: Voltammetric responses for macroporous a-Pb02 in (a) 1 M H2S04 and (b) 50 
mM DMSO + 1 M H2S04. Deposition charge: 0.30 C cm·2

; deposition solution: 100 mM 
Pb(OAc)2 + 1 M NaOAc .. Scan rate: 50 mV S·I. 

Figure 3.30 shows voltammetric responses for macroporous a-Pb02 film in two 

sulfuric acid solutions with and without DMSO. It clearly shows that with the presence 

of DMSO, the voltammetric response clearly shows a well-formed wave for the 

oxidation of DMSO to DMS02 occurring at E1/2 = + 1.56 V. However, without DMSO 

in the solution, a rapid increase in current at > + 1.70 V indicates only the evolution of 

O2 is occurring at the macroporous film. It is believed that with high porosity, the film 

has a significant surface area for the DMSO oxidation to take place. Therefore, the 

oxidation of DMSO occurs at a relatively less positive potential well before the 

potentials for 02 evolution. 

Even so, the macroporous a-Pb02 film has a good activity for the DMSO 

oxidation, its stability in aqueous acid solution is poor. Figure 3.31 shows a SEM image 

of destroyed macroporous a-Pb02 film after a few cycles in 50 mM DMSO + 1 M 

H2S04 solution. It shows that some places of the film electrode were badly affected by 

the solution. It was also found that dissolution occurred in the absence of DMSO 

although this is not consistent with a paper in the literature [148] which claimed the 

macroporous a-Pb02 was mechanically robust and chemically stable in sulphuric acid. 
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Figure 3.31: SEM image of a destroyed macroporous a-Pb02 film after a few potential cycles 
in 50 mM DMSO + 1 M H2S04. 

Conclusions 

The overall objective of this study was to seek stable and active Pb02 electrodes 

that may be used for the oxidation of organic compounds. It was envisaged that the 

activity of the electrodes can be increased by doping with dopant ions or using high 

surface area forms such as micro structured layers of Pb02 deposits. This chapter 

concerns the preparation and characteristics of pure a,- and ~- Pb02. It was fow1d that 

cyclic voltammetry studies for the deposition and dissolution of Pb02 on/from gold 

substrate were consistent with the extensive existing literature [87,94,95 ,119,123 ,131]. 

However, a nwnber of new conclusions have resulted from the study: 

• The structure of the Pb02 deposits on a flm scale is strongly dependent on the 

deposition conditions. Small changes to the electrolyte, Pb(II) concentration, 

current density and temperature lead to significant changes in structure. 

• More stable Pb02 deposits can be prepared by using low cunent density, high 

concentration of Pb(II) and high deposition temperature. They correspond to the 

low area surfaces with close packed angular crystals deposits . 

• All a,- and ~- Pb02 deposits dissolve slowly in all acid solutions left, 

investigated on open circuit. The deposits were more stable in Na2S04. 
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• With the presence of DMSO in the acid solutions, destruction of the deposits is 

rapid on open circuit especially in sulfuric acid; due to chemical reaction as 

shown below: 

H3C\ H3C 0 
s=o + Pb02 + H2S04 • S""'" + PbS04 + H20 

/ I ........ 0 
H3C H3C 

Chemical change is more rapid with the formation of an insoluble Pb2
+ salt eg: 

PbS04. 

• u- and ~- Pb02 deposits are more stable during electrolysis than on open circuit. 

• ~- Pb02 deposits are more stable in all electrolyte solutions than u- Pb02 

deposits on open circuit. 

• The least stable deposits are more active towards DMSO oxidation than the 

most stable deposits due to their higher surface area. 

• Highly ordered macroporous u- and ~- Pb02 films prepared through polystyrene 

templates are active for the oxidation of DMSO; due to their high surface area. 

Unfortunately, they are not stable particularly in the presence of an oxidisable 

organic compound on open circuit. 
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Chapter 4: Doped Pb02 on gold 

4.0 Introduction 

There is a great interest in the improvement of pure Pb02 electrode as an 

anode material so that it has a high electro catalytic activity. It is demonstrated in 

chapter 3 that the most stable, pure Pb02 exhibits a low electrocatalytic activity 

toward an anodic reaction (ie: DMSO oxidation) in acidic media. The electrocatalytic 

activity of ~-Pb02 as an anode material can be significantly enhanced by doping with 

other metal ions. There have been a number of studies investigating the influence of 

foreign ions incorporated within Pb02 deposits on the oxidation of various inorganic 

and organic compounds such as Mn(ll) , Cr(Ill) , DMSO, toluene, phenol, EDTA, 

cyanide and 3-thiophenecarboxylic acid [80,81,137-139]. Unfortunately, most of the 

studies were carried out using very thin films of Pb02 which had been prepared from 

dilute solutions of Pb(ll), usually in aqueous perchloric acid. These are conditions far 

from those recommended for the fabrication of stable ~-Pb02 anodes. Also the studies 

largely relate to analytical applications where current densities are low. Many 

potential applications, for example in synthesis or effluent treatment, require stability 

and activity at current densities up to 250 mA cm-2 in a range of electrolytes. 

Hence, in this program the objective was to reinvestigate the catalysis of 

electrochemical oxidations by dopants in thick and more stable ~-Pb02 anode 

coatings prepared from high concentration of Pb(ll) (ie: 500 mM Pb) in strongly 

acidic media on a gold substrate. While bulk gold is clearly not a practical substrate 

for industrial electrodes, a gold underlayer has been proposed for Pb02 coatings on Ti 

[114]. Another objective was to define the conditions where such doped Pb02 

electrodes could be used with satisfactory performance. Various metallic ions were 

used as the potential dopant ions in this study such as transition metals (ie: Ag, Fe, 

Ni) and group (V) metal ion (ie: Bi). 

4.1 Doping with Transition Metal Ions 

Three transition metal ions; silver, iron and nickel, were selected as the dopant 

ions in order to investigate the influence of each dopant on the properties of Pb02, 
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especially its catalytic activity. DMSO was used as the reactant to study the 

electrocatalytic activity of each doped Pb02 deposits . 

10 mM of each dopant was added into a deposition solution containing 500 

mM Pb(II) + 1M HN03 . The electrodeposition of each doped Pb02 was carried out 

onto a gold disc substrate (area: 0.11 cm2
) using a current density of 5 mA cm-2 for 

300 s at room temperature. All the prepared doped Pb02; so-called ' Ag-doped Pb02', 

'Fe-doped Pb02 ' and 'Ni-doped Pb02' were black in colour with smooth appearance 

by eye. SEM images taken at the center of each doped Pb02 were compared with the 

image of undoped or pure Pb02 prepared under the same conditions. 
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(d) 
Figure 4.1: SEM images of (a) undoped Pb02 (b) Ag-doped Pb02 (c) Fe-doped Pb02 and (d) 
Ni-doped Pb02 prepared using a current density of 5 rnA cm-2 for 300 s at 298 K. Deposition 
solution: 10 mM Mn

+ + 500 mM Pb(II) + 1 M HN03 

Figure 4.1 shows the SEM images for all the Pb02 deposits ; undoped (figure 

4.1 a), Ag-doped Pb02 (figure 4.1 b), Fe-doped Pb02 (figure 4.1 c) and Ni-doped Pb02 

(figure 4.1 d). It was found that the addition of 10 mM Fe(IIl) in the deposition 

solution did not change the morphology of the pure Pb02 as shown in figure 4.lc. 

However, the addition of Ag(l) or Ni(II) in the same amount as the Fe(IIl) has slightly 
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changed the structure of the Pb02 deposits from hemispherical centers with small 

crystallites to more angular aggregates as shown in figure 4.1 b and figure 4.1 d which 

represent Ag-doped Pb02 and Ni-doped Pb02, respectively. 

EDAX analysis was done on all doped Pb02 deposits and summarized in 

Table 4.1. The average of each dopant to Pb(IV) ratio are calculated based on 5 sites 

across the whole surface (middle and edges) as determined by EDAX. The table 

indicates that the level of dopant ion in the Pb02 deposit was very low with a ratio of 

M/Pb below 0.010. Velichenko et al [164] reported that a high content of Fe was 

found to be incorporated into the Pb02 if prepared in lower concentration of 

supporting electrolyte (ie: 0.1 M HN03) rather than in high acidic concentration. 

Doped Pb02 MI Pb ratio 
Ag -doped Pb02 0.003 
Fe-doped Pb02 0.010 
Ni-doped Pb02 0.002 

Table 4.1: RatIO of dopant IOn to Pb(IV) 111 average of doped Pb02 depOSIts determined by 
EDAX. All deposits prepared from 10 mM Mn

+ + 500 mM Pb(II) + 1 M HN03 at 298 K and 
a current density of 5 rnA cm-2

• (M refers to each particular metal added in the bath solution) 

The preparation of doped Pb02 deposits at elevated temperature (ie: 333 K) 

using the same deposition conditions as for the pure Pb02 showed that the addition of 

10 mM Ag(I) or Fe(III) did not significantly change the structure of the pure Pb02. 

Images taken by SEM for both doped deposits showed that the both deposits had 

angular structure as the undoped Pb02. For example, the image of the Ag-doped Pb02 

as shown in figure 4.2b is very similar to the undoped Pb02 as in figure 4.2a. But, the 

Ni-doped Pb02 prepared at 333 K showed a partial conversion from the angular 

deposit of figure 4.2 to that of figure 4.1 a. All doped Pb02 deposits prepared at this 

temperature showed good adhesion and some resistance to abrasion as was the case 

with pure Pb02 . 
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(a) 

(b) 
Figure 4.2: SEM images of (a) undoped Pb02 and (b) Ag-doped Pb02 prepared using a 
current density of 5 mA cm-2 for 300 s at 333 K. Deposition solutions: (a) 500 mM Pb(II) + I 
M HN03 (b) 10 mM Ag(l) + 500 mM Pb(II) + 1 M HN03. 

4.1.1 Electrocatalytic Activity of Doped Pb02 

The electrocatalytic activity of the doped Pb02 electrodes prepared using a 

current density of 5 rnA crn-2 at 298 K was investigated for the oxidation of 50 rnM 

DMSO in 1 M H2S04 . Figure 4.3A - D show voltarnrnograrns for undoped and the 
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doped Pb02 electrodes in the sample solution at 298 K. The vohammograms shown 

in figure 4.3A to 4.3D correspond to the images shown in figure 4.1 a to 4.1 d, 

respectively. 
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(D) 
Figure 4.3: Voltammograms of (A) undoped Pb02 (B) Ag-doped Pb02 (C) Fe-doped Pb02 

and (D) Ni-doped Pb02 in (a) 1 M H2S04 and (b) 50 mM DMSO + 1 M H2S04. Scan rate: 50 
mVs- l

. 

All deposits gave a wave for the oxidation of DMSO with a limiting current 

density of ca. 16 rnA cm-2 as expected for mass transport controlled oxidation. It was 

found that E1I2s for the oxidation of DMSO at Ag-doped Pb02 and Fe-doped Pb02 

occurred at less positive potentials +1.71 V and +1.73 V, respectively as compared to 

+ 1.75V for the undoped. But, the incorporation of Ni(II) into the Pb02 matrix did not 
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have significant effect on the oxidation of DMSO. However, Ni-doped Pb02 deposit 

is more favourable for O2 evolution as seen in figure 4.3D than other deposits. 

4.2 Group (V) Metal Dopant 

Two metallic ions in this group (ie: Bi3+ and As3+) are the most widely studied 

in the preparation of doped Pb02 for the anodic oxidation reactions. It was found that 

the As-doped Pb02 electrodes exhibit the O-transfer activity which is greater than that 

of pure Pb02 electrodes but not as great as for Bi-doped Pb02 electrodes [139]. 

In this study, the generation of active Pb02 electrodeposited from acidic 

solutions of Pb(II) containing Bi(III) has been emphasized. 10 mM of Bi(III) was 

added into a solution containing 500 mM Pb(II) + 1 M HN03. The electrodeposition 

of Bi-doped Pb02 was carried out using similar preparation conditions as for other 

doped Pb02 (as discussed earlier in section 4.1). It was found that Bi-doped Pb02 

deposit was dark grey in colour when deposited at 298 K but it became more greyish 

when higher temperature (ie: 333 K) was used for the deposition. It is believed that 

the change in colour of the deposit is strongly dependent on the content of bismuth 

present in the deposits. More bismuth was detected on Bi-doped Pb02 prepared at 333 

K than 298 K as determined by EDAX (as shown in table 4.2). This shows that 

deposition temperature has a significant effect on bismuth content incorporated within 

the Pb02 deposits. 

Bi-Doped Pb02 Average of Bil Pb ratio 
Deposited at 298 K 0.10 
Deposited at 333 K 0.19 

Table 4.2: Bi(lI!) content of Pb02 deposits prepared at different temperatures, determined by 
EDAX. Deposition solutions: 10 mM Bi(III) + 500 mM Pb(II) + 1 M HN03. Deposited using 
a current density of 5 mA cm-2 for 300 s. 

Figure 4.4 shows a SEM image of Bi-doped Pb02 deposited using the same 

deposition conditions as the preparation of other doped Pb02 as discussed earlier in 

section 4.1. Comparison of SEM images of all doped deposits (as in figure 4.1 b for 

Ag-doped, 4.1c for Fe-doped, 4.1d for Ni-doped and 4.4 for Bi-doped Pb02) shows 

that the presence of bismuth in the deposition solution has more significantly changed 

the structure of the Pb02 deposits from hemispherical centers with small crystallites 

to more obvious hemispherical structure with more closely packed deposits as in 
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figure 4.4 than other dopant ions with the same concentration of added ions (ie: 10 

mM). 

Figure 4.4: SEM image ofBi-doped Pb02 prepared from 10 mM Bi(III) + 500 mM Pb(U) in 
1 M HN03 at 298 K. 

The electrodeposition of Bi-doped Pb02 at an elevated temperature (ie: 333 

K) is particularly interesting. It can be seen in figure 4.5 to consist of closely packed 

and rather uniform sized hemispheres completely different from angular structure 

observed for the undoped Pb02 deposited under the same conditions, see figure 4.2a. 

There are also fewer voids between the centers compared with the structures shown in 

figure 4.1 (deposited at 298 K for undoped and doped Pb02). 

This deposit showed good adhesion and some resistance to abrasion. It is 

more adherent on gold substrate than Bi-doped Pb02 or other Pb02 deposits deposited 

at 298 K but less adherent than pure Pb02 deposited at 333 K. 
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Figure 4.5: SEM image ofBi-doped Pb02 prepared from 10 mM Bi(UI) + 500 mM Pb(U) in 
1 M lIN03 at 333 K. 

The electrocatalytic activity of Bi-doped Pb02 electrodes deposited from 10 

mM Bi(III) + 500 mM Pb(II) in 1 M HN03 using a current density of 5 mA cm-2 at 

298K and 333 K was investigated and compared for the oxidation of DMSO. Figure 

4.6A and 4.6B show the voltammograms for Bi-doped Pb02 prepared at 298 K and 

333 K, respectively in 1 M H2S04 and 50 mM DMSO + 1 M H2S04. The 

voltammograms were both recorded at 298 K. 

It was found that the catalytic activity of the Bi-doped Pb02 prepared at 

higher temperature is greater than at the deposit prepared at room temperature. EII2 for 

the oxidation of DMSO at Bi-doped Pb02 prepared at 333 K occurred at + 1.62 V but 

at Bi-doped Pb02 deposit prepared at 298 K occurred at more positive potential (ie : 

+ 1.66 V). It is believed that the presence of different content of bismuth on the 

surface of the Pb02 electrodes has led to the difference in the activity of the deposits 

for the oxidation of DMSO. The more active Pb02 deposit corresponds to the higher 

content of bismuth present. The content of bismuth for both deposits was determined 

by EDAX and shown earlier in table 4.2. It is believed that Bi(III) could be possibly 

co-deposited as Bi(V) in the slightly defect structure of the ~-Pb02 . It is speculated 

that the Bi(V) sites in the Bi-doped Pb02 surface can absorb OR- generated by anodic 

discharge of H20 and then used for the O-transfer reactions, in this case DMSO to 

DMS02. 
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Figure 4.6: Voltammograms for Bi-doped Pb02 electrodes prepared at (A) 298 K and (B) 333 
K in (a) 1 M H2S04 and (b) 50 mM DMSO + 1 M H2S04. Potential scan rate: 50 mV S·I. Bi
doped Pb02 deposited from 10 mM Bi(III) + 500 mM Pb(II) + 1 M HNO) using a current 
density of 5 rnA cm·2 for 300 s. 

Comparison with vohammograms recorded for other dopant ions (ie: 

transition metal ions) as shown in figure 4.3 reveals that bismuth is the best catalyst 

candidate to be incorporated within the Pb02 deposits for the oxidation of DMSO. 

This is consistent with the earlier study done by especially Johnson et al 
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[80,139,155,165]; that Bi(III) in the Pb02 deposits was an effective catalyst for 

oxidations of organic and inorganic compounds such as DMSO and Mn(II). 

4.2.1 Influence of Bi(III) Concentration 

The influence of added Bi(III) concentration on the electrodeposition of Bi

doped Pb02 was investigated. Various concentrations of Bi(III) in the range of 1 -

100 mM were added into the deposition solutions containing 500 mM Pb(II) + 1 M 

HN03. Results of Bi:Pb ratio at the center of Bi-doped Pb02 deposits determined by 

ED AX are summarized in table 4.3. The results show that the amounts of Bi 

incorporated with Pb02 deposits are increased with the increase in Bi(III) 

concentration in the deposition solutions. 

Concentration of Bi(III) added Average of BilPb ratio 
1mM 0.06 
10mM 0.19 
30mM 0.36 
100mM 0.47 

Table 4.3: BI/Pb ratio analysed by EDAX for BI-doped Pb02 depOSits prepared from different 
concentration of added BiCIII) into solution containing 500 mM Pb(II) + 1 M 
HN03.Deposition conditions: 5 mA cm-2

, 300 s, 333 K. 

The morphology of the Bi-doped Pb02 has changed from angular crystals to 

hemispherical crystals with increasing Bi(III) concentration in the deposition 

solutions. The addition of 1 mM Bi(III) did not substantially change the morphology 

of Pb02 from that in the absence of dopant as shown in figure 4.2a. The morphology 

has remained angular as shown in figure 4.7a; similar to the morphology of pure 

Pb02 deposited under the same conditions (ie: 5 rnA cm-2, 333 K). The colour of the 

deposit was also black similar to the pure Pb02. 

However, the addition of a higher Bi(III) concentration (ie: 10 mM) has 

drastically changed the structure of the Pb02 deposits from angular to hemispherical 

crystals as shown in figure 4.7b. The colour of the deposit was dark grey. But, the 

increase of Bi(III) to > 30 mM has produced a lighter coloured deposit. Also, the 

deposit with a ratio Bi:Pb of 0.36 - 0.47 (as determined by EDAX) had lost its 

physical integrity; it was easily removed from the gold substrate and the SEM showed 

both cracking and lifting of the hemispherical deposit from the gold substrate as in 
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figure 4.7c and 4.7d when 30 mM Bi(III) and 100 mM Bi(III), respectively added in 

the deposition solutions. With high content of Bi in the deposits, there are 

possibilities of the formation of another phase such as Pb-Bb03. Hence, the addition 

of 10 mM Bi(III) is considered an appropriate amount for the production of a 

physically stable Bi-doped Pb02 deposit. 

(b) 
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(d) 
Figure 4.7: SEM images ofBi-doped Pb02 prepared from solution containing 500 mM Pb(II) 
+ 1 M HN03 with the addition of (a) 1 mM Bi(lII) (b) 10 mM Bi(IU) (c) 30 mM Bi(III) and 
(d) 100 mM Bi(lII). Deposition conditions: 5 rnA cm-2

, 300 s, 333 K. 

4.2.2 Voltammograms with Bi-doped Pb02 Prepared from Different Bi(III) 
Concentration. 

A series of experiments on the oxidation of DMSO was carried out to study 

the influence of added Bi(III) into the deposition solutions on the catalytic activity of 
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Pb02 electrodes. The catalytic activity for the DMSO oxidation was assessed by 

recording voltammogram from +1.40 Y to +1.90 Y. Figure 4.8 compares current

potential curves for the oxidation of 50 mM DMSO in 1 M H2S04 at 298 K on three 

different Pb02 deposits with 50 mY S·1 scan rate. They are an undoped Pb02 

electrode prepared from 500 mM Pb(II) + 1 M HN03, a Bi-doped Pb02 electrode 

prepared from 2 mM Bi(III) + 500 mM Pb(II) + 1 M HN03 and a Bi-doped Pb02 

electrode prepared from solution containing 10 mM Bi(III) + 500 mM Pb(II) in 1 M 

HN0 3. 
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Figure 4.8: Yoltammograms of Pb02 deposits prepared from 500 mM Pb(II) + 1 M HN03 

containing (a) 0 mM (b) 2 mM and (c) 10 mM Bi(lII) in 50 mM DMSO + 1 M H2S04. 

Deposition conditions: 5 rnA cm-2
, 300s, 333 K. Scan rate: 50 mY S-I. 

It is clearly shown that the anodic wave for the oxidation ofDMSO to DMS02 

at both Bi-doped Pb02 electrodes occurred at less positive potentials if compared to 

undoped Pb02 which occurred at ca. +1.75 Y. It was also found that the catalytic 

activity of the Pb02 electrodes increases with increasing Bi(III) added into the 

deposition solution. E1/2 for the oxidation DMSO at Bi-doped Pb02 prepared from 

lower Bi(III) concentration (ie: 2 mM) occurred at +1.70 Y; however, when the 

addition of Bi(III) was increased to 10 mM in the deposition solution; the resulting 

Pb02 electrode gave higher activity for DMSO oxidation with E1I2 at + 1.62 Y. This 

indicates that the amount of bismuth incorporated into the Pb02 deposits played a 

major role in the activity of the electrodes. 
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Overall, the results show that the Bi-doped Pb02 electrodes prepared by 

electrodeposition from 10 mM Bi(III) + 500 mM Pb(II) in 1 M HN03 using a current 

density of 5 rnA cm-2 and a temperature of 333 K represented the best compromise 

between physical integrity and activity and gave consistent results over a period of 

hours. 

4.2.3 Anodic Oxidations of Selected Organic Compounds at Bi-doped Pb02 

Figure 4.9 shows voltammograms recorded from +1.40 V to +1.90 V for 3 

selected organic compounds; dimethylsulfoxide (DMSO), 3-thiophenecarboxylic acid 

(3-TCA) and 3-picoline at Bi-doped Pb02 electrodes. All the organic solutions were 

prepared at concentration of 50 mM in 1 M H2S04. The Bi-doped Pb02 electrodes 

were prepared from solution containing 10 mM Bi(III) + 500 mM Pb(II) in 1 M 

HN03 using a current density of 5 rnA cm-2 at 333 K. 
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Figure 4.9: Voltammetric response for (A) dimethyl sulfoxide (B) 3- thiophene 
carboxylic acid; and (C) 3-picoline at Bi-doped Pb02 in 1 M H2S04. Scan rate: 50 
mV S-I; concentration of reactant: (a) 0 mM and (b) 50 mM. 

It can clearly be seen from figure 4.9A and 4.9B that both organic sulphur

containing compounds (ie: DMSO and 3-TCA) were oxidized to their products (ie; 

DMS02 and 3-TCA sulfone) at the Bi-doped Pb02 electrodes. El/2 values for both 

oxidation waves occurred at about the same potential (ie: + 1.62 V). However, 

limiting current densities recorded for both voltammograms are different; ca. 18 rnA 

cm-2 for solution containing DMSO and ca. 36 rnA cm-2 for 3-TCA. It is believed to 
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be due to the number of electron involved for the oxidation reactions for each organic 

compound; 2 electrons for DMSO and 4 electrons for 3-TCA according to equation 

1.13 (ie: jL=nFkmc). 

But, the oxidation of 3-picoline to its products either pyridine-3-carbaldehyde 

or nicotinic acid as shown in scheme 3 (see page 75), does not occur at the Bi-doped 

Pb02 electrodes as no oxidation wave was recorded as shown in figure 4.9C. It was 

reported earlier [80] that some organic compounds such as formaldehyde and cyanide 

(CN-) are not oxidized at a substantial rate at Bi-doped Pb02 . These results show that 

organic sulphur-containing compounds are more readily oxidized at Bi-doped Pb02 

than other organic compounds. 

4.2.4 Bi-doped Pb02 Electrodes Prepared from Low Concentration of Pb(II) 

An investigation into the catalytic activity of the Bi-doped Pb02 deposits 

prepared from low concentration of Pb(II) in 1 M HN03 was also carried out. Figure 

4.10 compares the SEM images of undoped and Bi-doped Pb02 deposits which have 

been prepared from low concentration of Pb(II) (ie: 30 mM) at 298 K. With the 

presence of 10 mM Bi(III) in the deposition solution, the resulting oxide has bigger 

hemispherical crystals and more dense deposit (as shown in figure 4.1 Ob) as 

compared to undoped Pb02 deposits (as shown in figure 4.10a) which have been 

prepared under the same conditions except no addition of Bi(III). A difference was 

also observed in their colours; undoped was dark brown while Bi-doped Pb02 was 

very black in colour. Basically, the adhesion for both deposits on gold substrates is 

only moderate. They are quite easily removed by alumina slurries but not by wiping 

with tissues. 
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(a) 

(b) 
Figure 4.10: SEM images of (a) undoped Pb02 and (b) Bi-doped Pb02 prepared from low 
concentration ofPb(II) in 1 M HN03. Preparation conditions: 5 rnA cm-2

, 300 s, 298 K 

The catalytic activity for both deposits was tested and compared for the 

oxidation of DMSO. Voltammetric responses for the oxidation of DMSO at both 

deposits were recorded from +1.40 to +1.90 V as shown in figure 4.11 for the 

undoped and in figure 4.12 for the Bi-doped Pb02 . It is apparent that half wave 

potential (E I12) for the oxidation of DMSO at undoped Pb02 occurred at higher 
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potential (ie: +1.72 V) while at Bi-doped Pb02, the E1I2 value appeared at +1.57 V. 

This indicates that the Pb02 deposits incorporated with bismuth has greater catalytic 

performance than the undoped Pb02. The presence of bismuth has a significant effect 

on the catalytic activity ofPb02 electrodes. 
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Figure 4.11: Voltammograms of (a) 1 M H2S04 and (b) 50 mM DMSO + 1 M H2S04 at 
undoped Pb02 corresponding to SEM image in figure 4.1 Oa. Scan rate: 50 m V S·l 
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Figure 4.12: Voltammograms of (a) 1 M H2S04 and (b) 50 mM DMSO + 1 M H2S04 at Bi
doped Pb02 electrodes corresponding to SEM image in figure 4.1 Ob. Scan rate: 50 m V S·l 
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Comparison of E1/2 values for the oxidation of DMSO at different Bi-doped 

Pb02 electrodes was also carried out and the results are shown in table 4.4. The 

results reveal that the Bi-doped Pb02 electrodes prepared from low concentration of 

Pb(II) (ie: 30 mM) has greater activity for the anodic oxidation reaction of DMSO 

than other Bi-doped Pb02 electrodes prepared from high concentration of Pb(II). This 

effect is believed to be attributed to the increase in density of bismuth incorporated 

within the Pb02 matrix and these sites acted as the adsorption sites for the oxidation 

to take place. The average ratio of Bi:Pb of each deposit as determined by EDAX is 

shown in the table. With decreasing Pb(II) concentration in the deposition solution, 

more bismuth (believed to be Bi(V)) was incorporated within the Pb02 matrix. It has 

been reported that the increase in the doping level of Bi-doped Pb02 electrodes to 

Bi(V):Pb(lV) = 0.40 result in a decrease of the E1/2 for the oxidation of DMSO to 

DMS02 to minimum of + 1.57 V (vs SCE) [166]. 

Deposition Deposition SEM image Average E1/2 (V) for 
Solution Conditions ofBi:Pb DMSO -+ 

ratio DMS02 

10 mM Bi(IIl) + 5 mA cm-L as in figure 0.35 +1.57 
30 mM Pb(II) 300 s 4.9b (as in figure 4.11) 

298 K 
10 mM Bi(lII) + 5 mA cm-L as in figure 0.19 +1.66 
500 mM Pb(II) 300 s 4.4 (as in figure 4.6A) 

298K 
10 mM Bi(III) + 5 mA cm-L as in figure 0.10 +1.62 
500 mM Pb(II) 300 s 4.5 (as in figure 4.6B) 

333 K 
Table 4.4: Results of catalytiC performance and BI:Pb ratIO 111 average of BI-doped Pb02 

electrodes prepared from 1 M HN03 under different conditions. (Bi:Pb ratio determined by 
EDAX) 

The higher catalytic activity is also associated with the morphology of the Bi

doped Pb02 deposits. The electrodeposition of Bi-doped Pb02 from a low 

concentration of Pb(II) has produced more loose structure of hemispherical crystals 

with significant voids as shown in figure 4.1 Ob than Bi-doped Pb02 deposits prepared 

from high concentration of Pb(II) which more dense and closely packed as shown in 

figure 4.4 (deposited at 298 K) and in figure 4.5 (deposited at 333 K). The loose 

structure of the deposits has offered more adsorption sites for the adsorption of the 

reactant (ie: DMSO) than the dense deposits. 
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Even though the Bi-doped Pb02 electrodes prepared from 30 mM Pb(II) has 

greater catalytic activity, the adhesion of the Bi-doped Pb02 deposits on gold 

substrates is not as good as compared to the deposits prepared from high 

concentration of Pb(II) containing the same amount of Bi(III) (ie: 10 mM) either at 

298 K or at 333 K. 

4.2.5 Stability of Bi-doped Pb02 Electrodes 

An investigation into the stability of Bi-doped Pb02 on open circuit in 

sulphuric acid was carried out. In this study deposits prepared from low concentration 

of Pb(II) (ie: 30 mM) in 1 M HN03 with the presence of 10 mM Bi(III) were used as 

the electrodes. 

Figure 4.13 shows SEM images of Bi-doped Pb02 deposits before and after 

immersion in sulphuric acid containing DMSO on open circuit. The morphology of a 

freshly prepared Bi-doped Pb02; deposited from low concentration of Pb(II) in 1 M 

HN03 containing 10 mM Bi(III) using a current density of 5 rnA cm-2 at 298 K, is 

very dense with hemispherical crystals as shown in figure 4.13a. But, after immersion 

for 30 min in 50 mM DMSO + 1 M H2S04 for 30 min on open circuit, the 

morphology has changed to less dense hemispherical crystals with the presence of a 

few cubic crystals believed to be lead sulphate as seen in figure 4.13b. The change of 

morphology is due to the dissolution process of the deposit when immersed in the 

acidic solution on open circuit and also the reduction of Pb02 to PbS04 as shown in 

scheme 1. On the other hand, the rate of reduction is substantially slower than with 

the undoped Pb02. 
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(b) 
Figure 4.13: SEM images of Bi-doped Pb02 deposits prepared from 10 mM Bi(III) + 30 mM 
Pb(II) in 1 M HN03 (a) before and (b) after immersion in 50 mM DMSO + 1 M H2S04 for 30 
min. Preparation conditions: 5 mA cm'2, 300 s, 298 K 

Meanwhile, as reported earlier for the undoped, the catalytic activity of the Bi

doped Pb02 for the oxidation of DMSO also changes with time after immersion in the 

sulphuric acid on open circuit. The development of oxidation waves before and after 

immersion on open circuit is shown in figure 4.14. El/2 value for the oxidation of 

DMSO is shifted from + 1.57 V (before immersion) to + 1.54 V (after immersion). The 
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increase in activity appeared to be associated with an increase in the surface area of 

the Bi-doped Pb02 as the layer corrodes. But the limiting current is unchanged as 

expected for a mass transfer controlled reaction. 

However, the Bi-doped Pb02 electrodes are again much more stable in the 

sulphuric acid solution containing DMSO if the voltammetric experiments or 

electrolyses are carried out at potentials positive to the formal potential of the 

Pb021Pb2
+ couple (ie: E ~ + 1.40 V) and the electrodes must not be left in the solution 

at any time on open circuit. 
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Figure 4.14: Voltammetric responses for 50 mM DMSO + 1 M H2S04 at Bi-doped Pb02 

electrodes after immersion in 50 mM DMSO + 1 M H2S04 for (a) 0 min (b) 30 min. Scan 
rate: 50 mV S·1 

Figure 4.15 shows the reproducibility of the oxidation waves of DMSO for 1 st 

and 10th scans at Bi-doped Pb02 electrodes which recorded from +1.40 to + 1.90 V 

without any period on open circuit but with a wash between scans. Reproducible 

results can be easily obtained if the electrodes were immediately washed with 

deionised water after each scan and there is no period on open circuit. 
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Figure 4.15: Current-potential curves of (a) 1st scan and (b) loth scan for 50 mM DMSO + 1 
M H2S04 at Bi-doped Pb02 electrodes. Scan rate: 50 mV s-' 

Nonetheless, if the scanning is continuously done from + 1.40 to + 1.90 V and 

back to + 1.40 V and scan again for a few times without taking the electrodes off the 

solution, limiting currents for the second and consecutive oxidation waves are 

reduced below the value of the first scan but E1/2 values for the oxidation do not 

change. These observations are shown in figure 4.16. The reduction of the limiting 

current is believed to be attributed to the present of O2 bubbles on the electrode 

surface. The existing of the bubbles has reduced the surface sites for the adsorption of 

reactant (ie: DMSO) and at the same time for the oxidation of the reactant to take 

place. Prior to each experiment, the electrodes must be shaken or rotated to remove 

the bubbles from the electrode surface in order to produce the same limiting current 

as the first wave. The morphology remained the same as before scanning (as shown in 

figure 4. 13a), as the presence of the bubbles did not affect the structure of the 

electrodes_ 
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Figure 4.16: Current-potential curves of continuous scanning for 50 mM DMSO + 1 M 
H2S04 at Bi-doped Pb02 electrodes. (a) 1st scan (b) 2nd scan and (c) 3rd scan .Scan rate: 50 
mVs· j 

Further investigation on the stability of the Bi-doped Pb02 electrodes used 

electrodes that appeared more stable. These were prepared from high concentration of 

Pb(II) (ie: 500 mM) in 1 M RN03 containing 10 mM Bi(III) using a current density 

of 5 mA cm-2 at 333 K. Sulfuric acid and sodium sulphate were employed as the 

electrolytes. 

Table 4.5 compares half wave potentials (E II2) for the oxidation of DMSO in 1 

M H2S04 of the electrodes after immersion for a period of times in 50 mM DMSO + 

1 M H2S04 solution and in 50 mM DMSO + 1 M Na2S04 solution on open circuit. 

Soaking solution Duration EI/2 (V) for DMSO -+ 

DMS02 

50 mM DMSO + 1 M Na2S04 o min + 1.62 
50 mM DMSO + 1 M Na2S04 15 min + 1.62 
50 mM DMSO + 1 M Na2S04 60 min + 1.62 
50 mM DMSO + 1 M Na2S04 24 hours + 1.54 
50 mM DMSO + 1 M H2SO4 o min + 1.62 
50 mM DMSO + 1 M H2SO4 60 min + 1.58 
50 mM DMSO + 1 M H2SO4 24 hours NR 

Table 4.5: Half wave potentIals for 50 mM DMSO 111 1 M H2S04 at BI-doped electrodes 
before and after immersion in different electrolytes containing 50 mM DMSO. Bi-doped 
Pb02 electrodes prepared from 10 mM Bi(III) + 500 mM Pb(II) in 1 M HN03 using a current 
density of 5 rnA cm-2 for 300s at 333 K. (NR: Not Recorded). 
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After immersion for 1 hour on open circuit in 1 M Na2S04 containing 50 mM 

DMSO, the EI/2 values recorded were reproducible and still the same (ie: + 1.62 V) as 

before immersion. However, after immersion for 1 day in the same solution on open 

circuit, the EI/2 for the oxidation of DMSO is shifted to more negative value (ie: + 

1.54 V). It is believed that the Bi-doped Pb02 deposits dissolved slowly in the 

solution; this process led to the increase of the surface area of the electrodes. The 

catalytic activity is believed to be increased with increasing surface area which more 

sites available for oxidation reactions to take place. 

But, the Bi-doped Pb02 electrodes were more vulnerable after standing in 50 

mM DMSO + 1 M H2S04 on open circuit. As can be seen in the table, the ElI2 value 

for the oxidation of DMSO is shifted to less positive potential after the electrodes 

were left in the solution for 1 hour. After immersion for 1 day, no oxidation wave was 

recorded as all the Bi-doped Pb02 deposits dissolved completely as observed by the 

naked eye. These changes were considered to result from corrosion of the Bi-doped 

Pb02 deposits. It is shown that the corrosion of the electrodes is faster in sulphuric 

acid than in sodium sulphate solutions. The same phenomena also OCCUlTed on 

undoped Pb02 as discussed earlier in chapter 3. 

In view of these observations, the Bi-doped deposits are much more stable on 

open circuit in sodium sulphate than in sulphuric acid solutions. The deposits easily 

corrode when left in the sulphuric acid solution containing DMSO on open circuit. 

However, the Bi-doped Pb02 electrodes are more stable when on load or operating at 

E> + 1.40 V vs SCE in the sulphuric acid solution. The electrochemical properties of 

the Bi-doped Pb02 deposits on gold are expected to be unchanged as a consequence 

of lengthy applications to anodic electrolysis of DMSO solutions when operating at 

constant potential which above the potential of the reduction of Pb02 (eg: + 1. 70 V) 

and without being left on open circuit in acidic solutions. It should be noted that the 

voltammograms for DMSO oxidation at all undoped and doped Pb02 deposits in this 

study were reproducible. 

Conclusions 

Bi-Pb02 deposits prepared from solution containing Bi(IH) in nitric acid 

solution leads to substantial doping of the deposits by bismuth (believed to be Bi(V)) 
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with consequent changes to the structure and an increase in the usefulness of the 

electrodes as anodes for the oxidation of organic compounds especially sulphur

containing compounds (ie: DMSO, 3-TCA). The best compromise between stability 

and catalytic activity for the anodic oxidation of DMSO was found for Bi-doped 

Pb02 electrodes prepared form 10 mM Bi(III) + 500 mM Pb(II) in 1 M HN03 using a 

current density of 5 rnA cm-2 at a temperature of 333 K. Other dopants tested (ie: Ag +, 

Fe3+ and Ni2+) had insignificant effect on the structure or catalytic performance of the 

Pb02 electrodes. 

The conclusion of the catalytic activity of bismuth incorporated into Pb02 by 

previous workers, especially Johnson et al [17,76,81,83,121,137,155,156,160,167], 

was confirmed. But they appear to overestimate the stability of their pure and doped 

Pb02 deposits and do not recognize the spontaneous chemistry between 

reactant/electrolyte and electrodes that can occur at open circuit. Their researches, 

however, were largely related to the application of the Pb02 deposits in analytical 

chemistry. Generally, they always prepare very thin Pb02 deposits from dilute 

solutions of Pb(II) for their analytical studies using conditions far from those 

recommended for the fabrication of stable Pb02 anodes and used for shorter periods 

of time. They are also concerned with the voltammetry of much more dilute solutions 

of the organic compounds, typically < 10 mM; the same changes to the Pb02 deposits 

could occur but the reduction reactions of the deposits are occurring more slowly than 

in solutions containing higher concentration of organic compounds (in this case 50 

mM DMSO). In addition, it may be that they prepare a fresh deposit for every 

experiment. 

It was also found that the Bi-doped Pb02 electrodes were more stable on open 

circuit in sulphuric acid solution containing DMSO than the pure Pb02 electrodes. 

The Bi-doped Pb02 electrodes also are much more stable when standing in sodium 

sulphate solution than in sulphuric acid solution. 
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5.0 Introduction 

Chapter 5: Electrodeposition of Pb02 on Titanium 

Electrodeposition of Pb02 on 
Titanium 

In Chapter 3 and 4, all the data were for the electrodeposition of pure and 

doped Pb02 on gold substrates. It was demonstrated that the Pb02 electrodes can be 

easily deposited anodically on the gold substrates but the structure of the deposit 

depended strongly on the deposition conditions. Gold is clearly not a practical and an 

economical substrate for industrial applications although it may be used as an 

undercoat on cheaper materials. Titanium (Ti) is the preferred material for industrial 

electrodes since it is more economical and more complex cell can be easily designed 

for the industrial applications. 

The disadvantage of Ti is the presence of a passive oxide layer (ie: Ti02) on 

the Ti surface which makes the deposition of Pb02 more difficult to achieve. A Ti 

disk is naturally covered with the Ti02 layer which forms spontaneously in air on 

bare Ti. Ti02 has a high electrical resistivity and therefore creates a high potential 

barrier to electron transfer. Therefore, the voltage loss within the electrode is high and 

its practical application is not good. Hence, some pre-treatments on the Ti surface 

must be done prior to Pb02 deposition to control the Ti02 in order to make the Ti 

conducting and useful as the substrate. 

Preliminary experiments were carried out using Ti disc substrates (area: 0.20 

cm2
) as shown in figure 2.7b. All experiments were carried out with two samples 

simultaneously, so that the reproducibility within one batch could be verified. 

5.1 Pre-treatments of Ti Surface 

Pre-treatment of the Ti surface is the critical step prior to Pb02 deposition 

because it is essential to remove the insulating layer (ie: Ti02) as mentioned above 

and also to produce a uniform rough surface. The latter is important for the 

production of an adherent and a stable deposit. 

Figure 5.1 shows a SEM image of Ti disc substrate before undergoing any 

pre-treatments. The surface is clearly smooth although with a few imperfections. The 

Ti disc was first roughly abraded using silicon carbide paper P 1200 and followed by 
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polishing the disc by alumina slurries and then rinsing with deionised water as 

described in Chapter 2. This removes some of the imperfections, see figure 5.2. 

Figure 5.1: SEM image of untreated Ti disc surface. 

Although, the surface seemed to be flat with a mirror finish after polished as 

observed by the naked eye, several stripes and scratches were still present as shown 

by SEM image in figure 5.2. 

Figure 5.2: SEM image ofTi disc surface after abraded with silicon carbide paper P1200 and 
polished by alumina slurries. 

125 



Chapter 5: Electrodeposition of Pb02 on Titanium 

In general, the Ti discs were chemically etched to make them rougher and 

more conductive. There are two types of etching solutions used in this study (ie: 

oxalic acid and hydrochloric acid) which they were mostly used by earlier workers 

for the treatment of Ti surface. Table 5.1 shows a number of titanium pre-treatments 

used by the earlier workers prior to oxide coating (usually precious metal eg: DSA). 

Most authors first treated their Ti substrates by sandblasting. With sandblasting, the 

etching process could be done in a shorter time. 

Sandblasting Etching Solution Etching Etching Time Ref. 

Temperature (K) (min) 

Yes 0.8 M oxalic acid 373 10 168 

Yes 1.1 M oxalic acid 373 5 169 

Yes 0.8 M oxalic acid 358 15 - 60 110 

Yes 11.5 M HCI > 367 5 170 

Yes 10 M HCI 333 - 373 15 - 90 110 

Yes 11.5 M HCI 373 0.5 - 3 171 

No 1.6 M oxalic acid 373 120 171 

No 8MHCl 333 120 - 240 171 

No 11.5 M HCI 363 60 111 
.. 

Table 5.1: VarIous pre-treatments of tItanIUm substrates prIor to depOSItIOn found 111 the 
literature. 

In this study the pre-treatments of the Ti disc were carried out without 

sandblasting and using etching baths recommended by Lipp [171]. Both etching 

solutions (ie: oxalic acid and HCI) were used and tested for the treatment of the Ti 

disc surface. 

It was found that the etching process of the Ti disc substrate using 1.6 M 

oxalic acid at boiling point for 2 hours has significantly produced a very rough 

surface or so called 'stormy-sea' surface with many small craters as seen in figure 

5.3. The resulting Ti surface was very similar to the treated Ti wire produced by Lipp 

using the same technique. The colourless etching solution turned to brown solution 

indicating the formation of titanium CIV) oxalate. 
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Figure 5.3: SEM image ofTi disc surface after etching treatment in 1.6 M oxalic acid at 373 
K for 2 hours. 

The same surface was also analysed by EDAX. The only peaks appeared are 

those for Ti as seen in figure 5.4, indicating that the only metal present on the surface 

is titanium. The absence of oxygen cannot be confirmed since the sensitivity of the 

EDAX to oxygen is very low. 
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Figure 5.4: Spectrum of the treated Ti disc surface corresponding to SEM image of figure 5.3 
as determined by EDAX. 
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It was also found that the etching rate of the Ti surface in 1.6 M oxalic acid is 

strongly dependent on the etching temperature and etching time. The resulting Ti 

surface was found to be smoother when treated in the same etching solution and for 

the same etching time but at lower etching temperature (ie: 353 K) as shown in figure 

5.5. A less rough Ti surface would also be produced when etching time is shortened 

to less than 30 minutes if etched in the same solution (ie: 1.6 M oxalic acid) at 373 K. 

Figure 5.5: SEM image of Ti disc surface after etched in l.6 M oxalic acid at 353 K for 2 
hours . 

The use of hydrochloric acid as the etching agent for the treatment as 

recommended by Lipp, however, did not produce 'stormy-sea' surface. The treatment 

with 8 M HCl for 3 hours at 333 K produced a less smooth surface with 'scratch-like' 

features as shown in figure 5.6. This result is not in a good agreement with Lipp. 

Even though the etching temperature was increased to 373 K, a quite similar surface 

structure has been produced for the treatment with 8 M HCl for 30 min. These 

observations show that 8 M HCl is not strong enough to etch the Ti surface at 333 K 

and if higher temperature was used with 8 M HCl, the etching time must be prolonged 

in order to produce high surface roughness. The colourless HCl solution has changed 

to yellowish solution during the etching process indicating the formation of TiC14. 
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Figure 5.6: SEM image ofTi disc surface after etched in 8 M He! at 333 K for 3 hours. 

As a result of these experiments, oxalic acid was chosen as the preferred 

etching agent for this study. Even though, in practice the oxalic acid is not as easy as 

HCl to be handled since it does precipitate when cool or at low temperature, but it has 

produced a good and uniform rough surface of Ti substrate for the deposition of Pb02 

deposits when used at 373 K for 1 - 2 hours. 

5.2 Deposition of P-Pb02 on Ti 

As discussed in Chapter 3, high concentration of Pb(II) (ie: 500 mM) in 1 M 

HN03 was a more favourable condition for the deposition of Pb02 onto gold substrate 

than low concentration of Pb(II) (ie: 30 mM or 100 mM). A fast deposition and > 

90% of current efficiency were demonstrated with the use of 500 mM Pb(II) for the 

deposition of Pb02 on gold. Therefore, the same concentration of Pb(II) was used in 

the preparation of Pb02 on Ti substrates (designated as Pb02/Ti) 

5.2.1 Deposition from 1 M HN03 

Prior to deposition, a cyclic voltammetry experiment was carried out in order 

to investigate the behaviour of Ti substrate in 1 M nitric acid solution containing 500 

mM Pb(II). The cyclic voltammetry experiment was done on clean and rough Ti 

surfaces as shown in figure 5.3. 
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Figure 5.7 shows a cyclic voltammogram for lead dioxide 

deposition/dissolution from solution containing 500 mM Pb(II) + 1 M HN03 onto the 

Ti substrates. On the positive going scan, an increase in current is observed 

immediately after E > 0.0 V; this is attributed to the formation of oxide layer ofTi (ie: 

Ti02). The Ti02 is constantly formed on the Ti surface up to ca E = +2.0 V (as seen 

in the figure). The fast increase in current after E = +2.0 V is due to the deposition of 

Pb02; and the deposition is observed until ca + 1.60 V on the negative going scan. 

This indicates that the Pb02 is deposited onto a layer of Ti02 and the kinetics of 

nucleation and deposition are slower on Ti dioxide than Au. 

Meanwhile, the dissolution of Pb02 back to Pb(II) is seen slowly occurring at 

ca + 1.00 V on the reverse scan; and the reduction peak appears at ca +0.30 V. Again 

Pb02 dissolution is inhibited by the Ti02 underlayer. These observations are in good 

agreement with earlier works in the literature [87] for the deposition of Pb02 on Ti 

surface but using 1 M HCI04 instead of 1 M HN03. The charge balance calculated 

from the figure for the deposition and reduction of Pb02 in 1 M HN03 is < 70 %. A 

probable explanation for this is the incomplete conversion of Pb02 to Pb(II) during 

the timescale of the voltammetric experiment. 
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Figure 5.7: Cyclic voltammogram at a Ti surface during a cyclic potential scan in 500 mM 
Pb(II) + 1 M HN03. Scan rate: 50 mV S-1 

A different cyclic voltammogram was recorded for the deposition and 

dissolution of Pb02 on/from on gold substrate using the same deposition solutions as 

shown earlier in Chapter 3 (see figure 3 .3b). With gold electrodes, the deposition 

occurred at less positive potential (ie: E ~ + 1. 70 V) while the reduction peak of Pb02 
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was sharp and well defined appearing at ca + 1.11 V. However, with Ti electrodes the 

separation of deposition and dissolution peaks is much higher. It also observed from 

the cyclic voltammetry profiles that the rate of Pb02 deposition on gold is higher than 

on Ti substrates. This is due to the formation of the passive oxide layer, Ti02. The 

Ti02 produced on the Ti substrate behaves as a poor conductor and can disturb the 

electrodeposition of Pb02 [17,133]. It has been reported [87] that the charge for the 

Ti02 formation is greater than the charge for Au oxidation and the charge for the 

formation of Pb02 on gold is always higher than on Ti with an equivalent positive 

limit. 

Besides the formation of oxide layers on the substrates, the topography of the 

substrates is also believed to be significantly contributing to the different behaviour 

for the deposition and dissolution of Pb02 . The situation when the deposition of Pb02 

taking place on a rough surface (in this case on treated Ti) is very different from the 

deposition on well defined smooth substrate such as gold. 

Several Pb02 depositions on the Ti substrates were then carried out using 500 

mM Pb(II) in 1 M HN03 using different deposition conditions. The aim of this study 

was to investigate the appearance, morphology and adhesion of the produced Pb02 

deposits on Ti substrates. 

Deposition Conditions Appearance and Comments 
5 rnA cm-L 

, 10 min, 298 K Not all surface covered, very dark brown 
5 rnA cm-L 

, 30 min, 298 K All surface covered with rice-like crystals, not 
smooth. Medium adhesion 

10 rnA cm-L 
, 10 min, 298 K All surface covered, smooth, shiny, uniform, 

dense and compact with small crystallites. Very 
good adhesion. 

10 rnA cm-L ,30 min, 298 K All surface covered, black, uniform across the 
surface with angular crystals structure. Very good 
adhesion. 

10 rnA cm-L ,30 min, 333 K A few craters on the surface, black, not shiny, not 
homogeneous. Medium Adhesion. 

20 rnA cm-L 
, 5 min, 298 K All surface covered, very smooth, black, uniform 

across the surface, shiny, dense and close packed 
small angular crystals. Very good adhesion. 

20 rnA cm-L ,5 min, 313 K A few craters and lumps across the surface, less 
shiny than at 298 K. Medium adhesion. 

20 rnA cm-L 
, 5 min, 333 K All surface covered, black, not smooth, not shiny, 

a lot of craters and lumps across the surface. 
Medium adhesion. 

Table 5.2: CharactenstIcs of Pb02 film depOSits on treated TI substrates prepared USll1g 
various deposition conditions. Deposition solution: 500 mM Pb(II) + 1 M HN03. 
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Table 5.2 summarizes the characteristics of Pb02 film deposits prepared from 

1 M HN03 containing 500 mM Pb(II) using various deposition conditions. From the 

table, it can be seen that the deposition of Pb02 on Ti substrates is strongly dependent 

on the current density and temperature employed. 

At low current density (ie: 5 rnA cm-\ the deposition occurs at a slow rate 

partly because of the contribution to the charge passed from the oxidation of the Ti 

surface. It produces the surface shown in figure 5.8a. 

(b) 
Figure 5.8: SEM images of Pb02 deposits prepared using a current density of 5 mA cm-2 for 
(a) 10 min and (b) 30 min at 298 K. Deposition solution: 500 mM Pb(II) + 1 M HN03. 
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Comparing this SEM with figure 5.3 (surface before deposition), it appears 

that the Ti surface is covered by Pb02 hemispheres but the size is very non-unifonn 

and EDAX in figure 5.9 clearly shows the presence of Ti suggesting that in some 

areas the Pb02 layer is very thin. Non-uniform deposition is occurring. It seems that 

the deposition of Pb02 was not unifonn throughout the surface since the Ti surface 

has many imperfections (see figure 5.3). A longer deposition time was required in 

order to cover all Ti surface as shown in figure 5.8b after deposition process at 5 mA 

cm-2 for 30 minutes. Even though the whole surface was covered by Pb02, the deposit 

was not smooth and the adhesion on the substrate was not good. 

Label A: 

Ti 

o 

6.00 

C :'pd\U S R\Pi ctu re s\yu s .. i ri e\O 6 0 5 0 5 Sfe dx. s p c 

Pb 

, 
8 . 00 14 . 00 16_00 

, 

Energy / 
keY 

18 _00 

Figure 5.9: ED AX spectrum of Pb02 deposit prepared using a current density of 5 mA cm-2 

for 10 min at 298 K on Ti substrate. 

However, if the current density is increased to > lOrnA cm-2 so that the 

deposition rate is also increased and the deposits improve in appearance. The 

deposition at 20 mA cm-2 needs less than 5 minutes to cover the whole surface of the 

Ti. The resulting deposit was shiny, unifonn and very smooth with small crystallites 

as shown in figure 5.10. The adhesion of the deposit on Ti substrate was also very 

good. 
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Figure 5.10: SEM image ofPb02 deposit prepared from 500 mM Pb(II) in 1 M HN03 using a 
current density of 20 mA cm-2 for 5 min at 298 K. 

The influence of temperature on the deposition of Pb02 was also investigated. 

A nice and very smooth appearance of Pb02 on Ti was observed when the deposition 

process was carried out at room temperature as shown in figure 5.11a. 

(a) 
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(c) 
Figure 5.11: SEM images ofPb02 on Ti substrates deposited at (a) 298 K (b) 313 K and (c) 
333 K us ing a current density of 20 rnA cm-2 for 5 min . Deposition solutions: 500 mM Pb(II) 
+ 1 MHN03• 

At elevated temperature (either 313 K or 333 K), although all Ti surface was 

covered by the Pb02, the deposits had some craters and lumps presence on the 

surface. These defects are believed to be attributed to the presence of O2 bubbles 

during deposition at these elevated temperatures. More craters and lumps present 

across the surface when deposited at 333 K as shown in figure 5.11 c than at 313 K as 
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in figure 5.11 b. This shows that increasing the temperature is not beneficial to the 

production of a good Pb02 on Ti. 

Unfortunately, even though the Pb02 deposits prepared from 1 M HN03 

especially at 298 K were very smooth and very good adhesion on Ti substrate their 

conductivity was poor. The electrical response during scanning for the oxidation of 

DMSO at all the produced Pb02 was low and poor with erratic readings. It is believed 

that the low response due to the formation of a thick layer of Ti02 during anodic 

deposition in 1 M HN03. 

5.2.2 Deposition from 0.1 M HN03 

Again, prior to Pb02 deposition from this low concentration of nitric acid, a 

cyclic voltammogram scanning from +0.0 to +2.0 V and then back to +0.0 V was 

recorded to study the behaviour of Ti electrode in 0.1 M HN03 containing 500 mM 

Pb(II). Figure 5.12 shows the cyclic voltammogram of Ti electrode for the deposition 

and dissolution of Pb02 . It was observed that in 0.1 M HN03, the deposition initiated 

at less positive potential (ie: ca. +1.60 V) and the reduction peak appeared at more 

positive potential (ie: +0.90 V) than that in 1 M HN03. A higher current was also 

observed for the deposition of Pb02 as shown in the figure than the deposition charge 

ofPb02 in 1 M HN03 as shown in figure 5.7. 
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Figure 5.12: Cyclic voltammogram at a Ti surface during a cyclic potential scan in 500 mM 
Pb(II) + 0.1 M HN03. Scan rate: 50 mY sol 
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The increase in current is associated with the increasing of the Pb02 thickness. 

This shows that more Pb02 was deposited from 0.1 M HN03 solution than 1 M 

HN03 Therefore, 0.1 M HN03 is more favourable solution for the deposition ofPb02 

on Ti substrates as indicated by a negative shift in the deposition potential as 

compared to 1 M HN03. Furthermore, high current was recorded for the deposition in 

0.1 M HN03 and this is evidence for less formation ofTi02 . There are two competing 

processes occur during anodic scan on Ti surface especially at high potential (ie: E > 

+ 1. 70 V); the oxidation of Pb(II) to Pb02 and the formation of Ti02. The dissolution 

of the Pb02 remains slow and the reduction peak is still broad with reduction 

continuing throughout the sweep. The charge balance is also poor. The 

voltammograms were very reproducible. 

The deposition of Pb02 from 0.1 M HN03 on Ti substrates was carried out 

usmg two different current densities (ie: 5 rnA cm-2 and 20 rnA cm-2) at room 

temperature. It was found that at low CUlTent density the deposition process was slow 

which all Ti surface was covered by Pb02 in more than 30 minutes . The resulting 

deposit was inhomogeneous, not shiny and lumpy as shown in figure 5.13. The 

deposition at 20 rnA cm-2 has also produced the same morphology but the deposition 

rate was fast at this current density which all the Ti surface was covered in less than 

10 minutes. 

Figure 5.13: SEM image of Pb02 deposit prepared from 0.1 M HN03 using a current density 
of 5 mA cm-2 for 30 min at 298 K. 
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The Pb02/Ti electrodes prepared from 0.1 M HN03 had an acceptable 

resistance. But the adhesion of the deposit on the Ti substrate was not good. It has 

been reported [17] the addition of fluoride ions in the bath solution has improved the 

adhesion of Pb02 on Ti. Therefore, in this study, sodium flouride was added in the 

bath solution containing 500 mM Pb(II) + 0.1 M HN03 to investigate the influence of 

F ions. The resulting Pb02 deposit containing fluoride is designated as F-Pb02. 

Cyclic voltammetry experiment was carried out to study the behaviour of Ti 

electrode in 500 mM Pb(II) + 0.1 M HN03 solution containing 40 mM F ions. Figure 

5.14 shows a cyclic voltammogram of Ti for the deposition and dissolution of F

doped Pb02 . Comparing this figure with figure 5.12 (without F in the bath solution) 

shows that the presence of F ions in the bath solution has shifted the deposition 

potential to more positive (ie: +1.70 V) while the reduction peak appeared at more 

negative potential (ie: +0.80 V). Comparison of both figures, the current efficiency is 

higher for figure 5.14 (for the deposition of Pb02 with the presence of fluoride ions) 

than figure 5.12 for Pb02 without F ions. It is believed that less O2 evolves during the 

deposition ofF-doped Pb02 than Pb02. Amadelli and Velichenko [172] observed the 

decrease of surface oxygen using X-Ray photoelectron spectroscopy (XPS) for the 

deposition ofPb02 which the decrease was attributable to the effect ofF. 
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Figure 5.14: Cyclic voltammogram at a Ti surface during a cyclic potential scan in 40 mM 
NaF + 500 mM Pb(II) + 0.1 M HN03. Scan rate: 50 mV S·l 
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The deposition of Pb02 with the presence of fluoride in 0.1 M HN03 on Ti 

substrates was carried out using a current density of 5 rnA cm,2 for 30 min at 298 K. 

Figure 5.15a shows a SEM image of the F-Pb02 deposit. The deposit was found to be 

more uniform and smoother than without P- as shown earlier in figure 5.13. 

(b) 
Figure 5.l5 : SEM images of F-doped Pb02 prepared onto Ti substrate by applying constant 
current density of 5 rnA cm·2 for 30 min at 298 K. 

As can be seen at larger magnitude as the SEM image in figure 5.15b, the 

deposit consists of dense and close packed angular crystals . Comparison with Pb02 
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deposit prepared without F under the same conditions as shown in figure 5.13 reveals 

that the presence of F ions in the bath solution has modified and improved the 

morphology of the Pb02 deposits. With the addition of F in the bath solution, more 

uniform and homogeneous deposit was produced and this is probably due to less O2 

was formed during deposition as compared to without F in the bath solution. 

It was found that the produced F-Pb02 deposit was good in adhesion on Ti 

and the deposit had high electrical response. Indeed, the F -doped Pb02 electrode is 

more active than Pb02 electrode for the oxidation of DMSO which will be discussed 

in section 5.4. 

5.2.3 Studies of Ti Surface Oxidation. 

This study was carried out in order to confirm the difference oxidation process 

of Ti surface in 1 M HN03, in 0.1 M HN03 and in 0.1 M HN03 with the presence of 

F Figure 5.16 shows the current - potential responses of Ti surface oxidation process 

in the three different nitric acid solutions. The readings were taken from figure 5.7 for 

Ti oxidation in 1 M HN03 and figure 5.12 for Ti oxidation in 0.1 M HN03 and figure 

5.14 for Ti oxidation in 0.1 M HN03 solution containing F ions; starting from 0.0 V 

and up to potential prior to Pb02 deposition occurs (ie: ~ + 1.60 V) 
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Figure 5.16: Comparison of voltammograms of Ti substrate in different concentration of 
nitric acid (a) 1 M (b) 0.1 M and (c) 0.1 M + 40 mM F . Scan rate: 50 mY S·l. 
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It shows that more Ti oxidation occurs in 1 M HN03 than in 0.1 M HN03 

This confirms that more Ti02 was formed on the Ti surface in 1 M HN03 prior to 

Pb02 deposition than in 0.1 M HN03. This means that in 1 M HN03, the Pb02 is 

deposited on a thicker layer ofTi02 than if the deposition ofPb02 is carried out in 0.1 

M HN03. The thicker layer of Ti02 formed on the Ti surface leads to a decrease in 

conductivity. 

Meanwhile the presence of P- ions in 0.1 M HN03 has reduced the formation 

of Ti02 layer further as shown by curve c (below ca. +1.0 V). This indicates that in 

0.1 M HN03 solution with the presence of P-, the Pb02 coating is deposited on a very 

thin layer of Ti02. It is believed that the Ti02 layer formed is thinner than the Ti02 

layer formed in 0.1 M HN03 solution without P- ions present. Therefore, the 

deposition of Pb02 coatings on Ti substrate from 0.1 M HN03 solution containing p

ions tends to produce more conducting deposits than without P- in the deposition 

solution. The voltammograms plotted for figure 5.16 were noisy because their 

readings were taken from expanded scales of figure 5.7, figure 5.12 and figure 5.14. 

5.3 Doped Pb02 on Ti 

In chapter 4, the preparation and characteristics of doped Pb02 deposits on 

gold substrates were discussed. It was demonstrated that bismuth was the best dopant 

for the incorporation with Pb02 electrodes as assessed by the voltammetry for the 

oxidation of DMSO. The Bi-doped Pb02/Au electrodes were prepared from 1 M 

HN03 solution containing 500 mM Pb(II) + 10 mM Bi(III). 

Unfortunately, in this case the deposition of Pb02 on Ti substrates from 1 M 

HN03 solution is most likely to produce a high electrical resistance deposit due to the 

formation of thick layer of Ti02 in between Ti substrate and Pb02 as discussed in 

section 5.2. Some depositions using a solution of 10 mM Bi(III) + 500 mM Pb(II) in 

1 M HN03 were carried out using a current density of 5 rnA cm-2 at 298 K. It was 

found that the resulting Bi-Pb02 deposit was not well adhered on the Ti substrates 

with some cracks and lumps as shown in figure 5.17. Furthermore, its electrical 

response was very low, consistent with pure Pb02/Ti prepared from the same 

concentration of nitric acid (ie: 1 M HN03). The low electrical response is believed to 

be due to the formation of a thick layer of Ti02 during the deposition of the Bi-Pb02 

layer on the Ti surface. 
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Figure 5.17: SEM image ofBi-Pb02 on Ti substrate prepared from 1 M HN03 using a current 
density of 5 rnA cm-2 at 298 K. 

Nevertheless, the preparation of Bi-Pb02/Ti was not feasible from 0.1 M 

HN03 containing 500 mM Pb(II) + 10 mM Bi(III). This is because Bi3+ is hydrolysed 

in this lower acidity solution. 

Hence, another potential dopant ion (ie : Fe3+) was incorporated into Pb02 

deposit. The deposition solution containing Fe(III) was easily prepared in either 0.1 

M HN03 or 1 M HN03. But, again the deposition from high concentration of nitric 

acid is not a favourable condition. Therefore, the doping of Pb02 with Fe was carried 

out from 0.1 M HN03 solution. As mentioned earlier in section 5.2, the addition of p

ions has improved the morphology and adhesion of Pb02 onto Ti substrates. Thus, 

sodium flouride was also added in the deposition solution together with 10 mM 

Fe(III) + 500 mM Pb(II) in 0.1 M HN03. The resulting deposit is designated as Fe-F

Pb02/Ti . 

Figure 5.18 shows the SEM image of Fe-F-Pb02/Ti deposit prepared from 0.1 

M HN03 solution containing 10 mM Fe(III) + 40 mM NaF + 500 mM Pb(II) using a 

current density of 10 mA cm-2 for 15 min at 298 K. The deposit was very smooth with 

dense angular crystals. It is apparent that the morphology of the deposit is quite 

similar to the F-Pb02 deposit prepared at 5 mA cm-2 for 30 min at 298 K as shown in 

figure 5.15 . The F-Pb02 deposit produced at higher current density (ie: 10 mA cm-2
) 

at 298 K was not smooth as shown in figure 5.19a. But with the addition of Fe in the 
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deposition solution, the deposition at lOrnA cm-2 led to the production of a uniform 

and smooth deposit as shown in figure 5.19b. 

. ';& 

Figure 5.18: SEM image of Fe-F-Pb02 on Ti substrate prepared using a current density of 10 
rnA cm-2 for 15 min at 298 K. 

The use of higher current density for the deposition leads to fast coverage of 

Ti surface by Pb02 deposit. At 10 rnA cm-2 the deposition of Fe-F-Pb02 was fast with 

all Ti surface covered in less than 10 minutes. Meanwhile, if low current density (ie: 

5 rnA cm-2) is used for the, deposition of Fe-F-Pb02, a longer time (~ 30 min) is 

required to cover the whole Ti surface. The presence of Fe on the deposit was 

detected by EDAX as shown in table 5.3. The adhesion of the Fe-F-Pb02 onto Ti 

substrates was very good. 
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(b) 
Figure 5.19: SEM image of (a) F-Pb02 and (b) Fe-F-Pb02 prepared from 0.1 M HN03 using 
a current density of 10 mA cm-2 for 15 min at 298 K onto Ti substrates. 

Nonetheless, the preparation of Bi-Pb02 electrodes onto Ti substrates become 

possible if a conducting interlayer or underlayer is deposited earlier on the Ti 

substrates before Bi-Pb02 . It has been reported [17] that F-Pb02 prepared from 0.1 M 

HN03 (image as shown in figure 5.16) could be used as the interlayer before the 

deposition of Bi-Pb02. Therefore, the Bi-Pb02 is deposited onto F-Pb02/Ti which 
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acts as the new substrate for Bi-Pb02. The resulting deposit is designated as Bi-Pb02/ 

F-Pb02/Ti. 

Element Average in Atomic percent 

Oxygen ,0 38.9 

Fluorine, F 4.4 

Iron, Fe 4.3 

Lead,Pb 52.4 

Table 5.3: Elemental analysIs of Fe-F-Pb02 deposit determmed by EDAX. 

In this study it was found that the Fe-F-Pb02 prepared from 0.1 M HN03 can 

also be used as the interlayer for the deposition of Bi-Pb02 deposit on Ti substrates. 

As mentioned earlier, the Fe-F-Pb02 was successfully prepared at 10 rnA cm-2 with 

smooth and uniform distribution of angular crystals across the Ti surface. Once the 

interlayer (ie: Fe-F-Pb02) covered the whole Ti surface, the deposition of Bi-Pb02 

can be carried out from solution of 1 M HN03 containing Pb(II) and 10 mM Bi(III). 

There were two different concentrations of Pb(II) containing 10 mM Bi(III) tested in 

this study; 30 mM and 500 mM. The resulting deposits are designated as Bi-Pb02/ 

Fe-F-Pb02/Ti. 

A successful deposition of Bi-Pb02 on Fe-F-Pb02/Ti from solution containing 

500 mM Pb(II) was carried out using a low current density (ie: 0.5 rnA cm-2) at 298 

K. The deposit produced was very smooth and uniform across the surface (as in 

figure 5.20a) with less angular crystals as clearly shown at higher magnification as in 

figure 5.20b. 
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(b) 
Figure 5.20: SEM images of Bi-Pb02 on Fe-F-Pb02/Ti deposited from 10 mM Bi(llI) + 500 
mM Pb(II) in 1 M HN03 using a current density of 0.5 rnA cm-2 for 30 min at 298 K. 

At higher current density employed (ie: > 1 rnA cm-2) the resulting deposits 

tend to crack and were not smooth as shown in figure 5.21 . It is believed that a slow 

deposition of Bi-Pb02 onto a rough surface of Fe-F-Pb02 substrate is required in 

order to produce a smooth deposit by using a very low current density. This shows 
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that current density has a significant effect in the formation of a smooth and well

adhered Bi-Pb02 onto Fe-F-Pb02/Ti. 

Figure 5.21: SEM image ofBi-Pb02 electrode on Fe-F-Pb02/Ti prepared from 10 mM Bi(HI) 
+ 500 mM Pb(II) in 1 M HN03 using a current density of2.5 rnA cm·2 at 298 K. 

The deposition of Bi-Pb02 on Fe-F-Pb02/Ti from low concentration of Pb(II) 

(ie: 30 mM) in 1 M RN03 containing 10 mM Bi(IIl) was also investigated. The 

deposition was carried out using a very low current density (ie: 0.5 rnA cm-2
) for 30 

min at 298 K. The resulting deposit is shown in figure 5.22. It was found that the 

morphology of the deposit is different than the Bi-Pb02 deposit prepared from high 

concentration ofPb(II) as shown in figure 5.20. The Bi-Pb02 deposit in figure 5.22 is 

uniform across the surface with 'snail-like' crystals but not close-packed deposit. The 

deposit was moderately adhered on the Fe-F-Pb02 substrate. 
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Figure 5.22: SEM image ofBi-Pb02 electrode on Fe-F-Pb02/Ti prepared from 10 mM Bi(III) 
+ 30 mM Pb(II) in 1 M HN03 using a current density of 0.5 mA cm-2 at 298 K. 

The content of bismuth incorporated into Pb02 deposit prepared from low 

concentration of Pb(II) was found to be higher than Bi-Pb02 deposit prepared from 

500 mM Pb(II). Table 5.4 compares the Bi:Pb ratio of Bi-Pb02 deposits prepared 

from different concentrations ofPb(II) as determined by EDAX. 

Deposition solution Average of Bi:Pb 

10 mM Bi(III) + 30 mM Pb(II) + 1 M HN03 0.35 

10 mM Bi(III) + 500 mM Pb(II) + 1 M HN03 0.14 

Table 5.4: Bl:Pb ratio of BI-Pb02 electrodes prepared on Fe-F-Pb02/Ti from different Pb(II) 
concentration at 298 K using a current density of 0.5 mA cm-2 for 30 min. 

It was demonstrated in chapter 4 that the amount of bismuth incorporated with 

Pb02 deposited onto gold substrates had a significant effect on the oxidation of 

organic compounds especially sulphur-containing compounds. The catalytic activity 

of the produced Bi-Pb02IFe-F-Pb02/Ti electrodes prepared from different 

concentrations of Pb(II) will be discussed later in section 5.4. 

148 



Chapter 5: Electrodeposition ofPb02 on Titanium 

5.4 Catalytic Activity of Pb021 Ti Electrodes 

The catalytic activity of the prepared Pb02 (doped and undoped) electrodes 

for O2 evolution and oxidation of DMSO was investigated. 

5.4.1 Anodic Evolution of 02 

Figure 5.23 shows a comparison of the residual voltammetric responses for 

several Pb02 electrodes deposited on Ti substrate in 1 M H2S04. The Pb02 electrodes 

were prepared from 0.1 M HN03 solution containing 500 mM Pb(II) + 40 mM NaF 

for F-Pb02 electrode on Ti; from 0.1 M HN03 solution containing 500 mM Pb(II) + 

40 mM NaF + 10 mM Fe(III) for Fe-F-Pb02 electrode on Ti and from 1 M HN03 

solution containing 500 mM Pb(II) + 10 mM Bi(III) for Bi-Pb02 electrode on Fe-F

Pb02 substrate. It is quite apparent in the figure that smaller background currents are 

obtained in the region E > 1.8 V for F-Pb02/Ti (curve a) and Fe-F-Pb02/Ti (curve b) 

in comparison to curve c of Bi-Pb02/Fe-F-Pb02/Ti electrode. 
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Figure 5.23: Voltammetric response for O2 evolution at various electrodes in 1 M H2S04. 

Scan rate: 50 mV S-I; positive scan. Electrode: (a) F-Pb0 2/Ti (b) Fe-F-Pb02/Ti and (c) Bi
Pb02/Fe-F-PbOiTi 

It has been reported [173] that the O2 evolution is always inhibited at fluoride 

modified lead dioxide electrode. The presence of Fe in the Pb02 deposits can be seen 

to show similar properties to F. Meanwhile the incorporation of bismuth into Pb02 

deposits has a great effect on the evolution of O2. It is believed that the incorporation 

of active sites (ie: Bi) into the Pb02 electrode has increased the rate of anodic 
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discharge of H20. The same observation was observed for the O2 evolution at Bi

Pb02 on gold as shown earlier in chapter 4 (see figure 4.6A). Indeed the Bi-Pb02 

coatings show a significant current positive to + 1. 40 V. 

5.4.2 VoItammetric Response of Dimethyl Sulfoxide (DMSO) 

Anodic oxidation of dimethyl sulfoxide to dimethyl sulfone (DMS02) was 

again used for comparison of Pb02 electrodes activities. The voltammetric response 

of (CH3)2S0 in 1 M H2S04 is shown in figure 5.24 for pure Pb02/Ti, F-Pb02/Ti, Fe

F-Pb02/Ti and Bi-Pb02IFe-F-Pb02/Ti respectively. It was found that the presence of 

flouride in the oxide film has substantially increased the activity for DMSO oxidation 

(see curve b in the figure) besides its beneficial adhesion effect. It is believed that a 

very thin layer of Ti02 was formed on the Ti substrate if F ions present in the 

deposition solutions as demonstrated earlier in figure 5.16. But without F ions in the 

deposition solution, a thicker layer of Ti02 was formed and this Ti02 leads to low 

electrical response for pure Pb02 as shown by curve a. 
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Figure 5.24: Voltammetric response of 50 mM DMSO at various Pb02 electrodes in 1 M 
H2S04. Scan rate: 50 mV S·I. Electrode: (a) pure Pb02/Ti (b) F-Pb02/Ti (c) Fe-F-Pb02/Ti 
and (d) Bi-Pb02/Fe-F-Pb02/Ti 

The addition of 10 mM Fe(III) in the deposition solution together with F ions 

has slightly increased the activity of Pb02 electrodes as shown by curve c. The 

presence of Fe was confirmed by EDAX and shown in table 5.3. It is believed that 
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more active sites are available on Fe-F-Pb02 electrode for the oxidation of DMSO 

than the F-Pb02 electrode. It was demonstrated earlier in chapter 4 that the 

incorporation of Fe into Pb02 deposits prepared onto gold substrate has greater 

catalytic activity than pure Pb02 on gold. This indicates that Fe has a significant 

effect on increasing the catalytic activity of Pb02 electrodes. 

Curve d in the figure represents the voltammetric response for DMSO at Bi

Pb02 electrodes prepared on Fe-F-Pb02/Ti substrate. The Bi-Pb02 electrode was 

prepared from 1 M HN03 solution containing 10 mM Bi(III) + 500 mM Pb(II). It is 

readily apparent that the activity of Bi-Pb02 is somewhat greater than Fe-F-Pb02 and 

F-Pb02 electrodes and significantly greater than that of pure Pb02 electrode. Bi-Pb02 

electrode on gold substrate also has been reported to be more active than other doped 

Pb02 electrodes (ie: Ag-Pb02, Fe-Pb02, Ni-Pb02 and Cu-Pb02) towards DMSO 

oxidation [174]. This means that the response of DMSO at Pb02 electrodes is 

independent on the substrate materials used. 

The catalytic activity of Bi-Pb02 electrodes prepared from low concentration 

of Pb(II) was also investigated. The electrode was prepared from 1 M HN03 solution 

containing 10 mM Bi(III) + 30 mM Pb(II) on Fe-F-Pb02ITi substrate. Figure 5.25 

shows the voltammetric responses of the Bi-Pb02 in 1 M H2S04 and 50 mM DMSO 

+ 1 M H2S04. 
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Figure 5.25: Voltammetric response of (a) 1 M H2S04 and (b) 50 mM DMSO + 1 M H2S04 

at Bi-Pb02 prepared from 10 mM Bi(I1I) + 30 mM Pb(II) in 1 M HN03 on Fe-F-Pb02/Ti. 
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It is clearly seen that the Bi-Pb02 electrode prepared from low concentration 

of Pb(II) is active for the oxidation of DMSO as well the O2 evolution. Comparing 

curve b of this figure with curve d in figure 5.24 (DMSO oxidation at Bi-Pb02 

electrode prepared from 500 mM Pb(II)) reveals that the Bi-Pb02 electrode prepared 

from 10 mM Bi(III) + 30 mM Pb(II) in 1 M HN03 has greater catalytic activity for 

the oxidation of DMSO than the Bi-Pb02 electrode prepared from 10 mM Bi(III) + 

500 mM Pb(II) in 1 M HN03. The O2 evolution is also higher at Bi-Pb02 electrode 

prepared from low concentration of Pb(II) as shown by curve a in figure 5.25 than at 

Bi-Pb02 electrode prepared from high concentration of Pb(II) as seen in figure 5.23 

(curve c). It is believed that the amount of bismuth in the Pb02 deposits has a 

significant effect on the activity of the prepared Bi-Pb02 electrodes. As shown earlier 

in table 5.4, the ratio of Bi:Pb detected by EDAX for Bi-Pb02 electrode prepared 

from 30 mM Pb(II) is higher than for Bi-Pb02 electrode prepared from 500 mM 

Pb(II) with the same amount of Bi(III) present in both deposition solutions. 

Therefore, the incorporation of bismuth into Pb02 deposits plays a major role in 

enhancing the catalytic activity of Pb02 deposits. 

Voltammetric data for DMSO oxidation at vanous film electrodes are 

summarized in table 5.5. It shows that the O2 was evolved most rapidly at the Bi

Pb02 electrode prepared from 30 mM Pb(II) which contains high amount of bismuth. 

The potential where the difference of current density between DMSO oxidation and 

background is 5 mA cm"2 or E j=5mA cm"2 occurred at less positive potential at the same 

Bi-Pb02 electrode as compared to other electrodes. Although the electrode is more 

active for the oxidation of DMSO than other electrodes but the competing reaction 

(ie: O2 evolution) is also increased at this electrode. Hence, a major challenge is the 

optimization of electrode activity for the oxidation reactions without undue increases 

in the simultaneous background signal for O2 evolution. It is apparent that the Bi

Pb02 electrode prepared from 10 mM Bi(III) + 500 mM Pb(II) in 1 M HN03 has a 

good activity for the oxidation ofDMSO and a reasonable current for O2 evolution. 
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Surface (Substrate) I bkd E j=5mAcm 
-2 

_(rnA crn-J (Vvs SeE) 
Pure Pb02 (Ti) 0.1 NR 

F-Pb02 (Ti) 0.2 1.75 

Fe-F-Pb02 (Ti) 0.4 1.72 

Bi-Pb02 (Fe-F-Pb02/Ti) 6.5 1.66 
prepared from 10 mM Bi(III) + 
30 mM Pb(II) + 1 M HN03 

Bi-Pb02 (Fe-F-Pb02/Ti) 2.8 1.68 
prepared from 10 mM Bi(III) + 
500 mM Pb(II) + 1 M HN03 

Table 5.5: Summary ofvoltammetnc response data for oXIdatIon of 50 mM DMSO at vanous 
film electrodes on Ti substrates in 1 M H2S04• Ibkd : background current density measured at 
1.70 V; NR: negligible reactivity 

5.5 Stability of Pb021 Ti Deposits 

The stability of Pb02 deposits on open circuit was investigated by immersing 

them in a solution of 1 M sulfuric acid containing DMSO. The F-Pb02 deposits with 

very good adherent on Ti substrates were used as the sample electrodes in 

investigating the stability on open circuit. The electrodes were prepared from 40 mM 

NaF + 500 mM Pb(II) in 0.1 M HN03 using 5 rnA cm-2 for 30 min at 298 K. 

Figure 5.26a shows the morphology of the deposits before immersion. The 

deposits consist of dense angular crystals and uniform across the surface. After 1 day 

in the solution on open circuit, the morphology of the whole deposits was totally 

changed to cubic crystals as shown in figure 5.26b. It is believed that the F-Pb02 

deposits were completely reduced to PbS04 . High amount of Sulfur (ie: 22 in Atomic 

%) was present on the image in figure 5.26b as detected by ED AX. 
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(b) 
Figure 5.26: SEM images ofF-Pb02 deposits (a) before and (b) after immersion for 1 day in 
50 mM DMSO + 1 M H2S04. 

The same phenomena have occurred on Pb02 electrodes deposited on gold 

substrates after left standing in the same solution on open circuit. This indicates that 

the stability of the produced Pb02 deposits in aqueous solution on open circuit does 

not dependent on the substrate materials used. This is because the spontaneous 

chemical reaction occurs between the electrode surface and the solution. The 

chemical reaction taking place between the electrode and solution is shown below. 
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Nevertheless, the Pb02 electrodes on Ti substrates were much more stable 

when operating at potentials positive to the formal potential of the Pb02IPb(II) 

couple. The morphology has remained the same as shown in figure 5.26a after 

electrolysis at E + 1.70 V for a few hours. Therefore, the active Pb02 electrodes on Ti 

substrates such as Fe-F-Pb02 or Bi-Pb02IFe-F-Pb02 can be successfully used as 

anode materials for the oxidation of organic compounds especially sulphur-containing 

compounds provided that the electrodes must not be left standing for a long time on 

open circuit in the electrolytic solution. 

5.6 Deposition of Pb02 on Expanded Ti Mesh 

The electrodeposition of Pb02 onto expanded Ti mesh was also carried out. 

The Ti mesh as shown in figure 2.4 was a gift from Dexmet Corporation with product 

code 5.4 Ti 5-031. Meshes with dimensions of3 cm x 5 cm x 0.0118 cm were firstly 

treated in a boiling solution of 1.6 M (or 20 % w/v) oxalic acid for 2 hours. This 

etching process was carried out in order to remove Ti02 from the Ti mesh and also to 

make the mesh surface rough. 

Figure 5.27a and 5.27b show SEM images of the Ti mesh before and after 

etched in the oxalic acid solution. It is clearly seen that the Ti mesh was totally 

changed from smooth surface to very rough or 'stormy-sea' surface. 
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(b) 
Figure 5.27: SEM images ofTi mesh (a) before and (b) after treated in 1.6 M oxalic acid for 2 
hours at 373. 

The difference is more clearly seen at higher magnitude as shown by SEM 

images in figure 5.28a for the Ti mesh before pre-treatment and figure 5.28b for after 

pre-treatment in the etching solution. The resulting ' stonny-sea' surface is uniform 

across the whole Ti surface (ie: both sides). The resulting Ti mesh surface after the 

etching treatment is similar to the Ti disc surface (see figure 5.3) treated under the 

same conditions. 
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(b) 
Figure 5.28: SEM images ofTi mesh (a) before and (b) after etched in 1.6 M oxalic acid for 2 
hours at 373 K. 

The deposition of the most active and stable Pb02 electrode (ie: Bi-Pb02 on 

Fe-F-Pb02/Ti substrate) was carried out on the treated Ti mesh. The preparation of 

the Bi-Pb02 electrode is based on the experiment carried out earlier on the treated Ti 

disk substrate. The treated Ti mesh was firstly deposited by an interlayer or Fe-F

Pb02 layer. The interlayer was prepared from 0.1 M HN03 solution containing 10 

157 



Chapter 5: Electrodeposition ofPb02 on Titaniwn 

mM Fe(II) + 40 mM NaF + 500 mM Pb(II) and using a current density of 5 rnA cm-2 

for 30 min at 298 K. The electrodeposition was carried out in a beaker cell as shown 

in figure 2.9. Figure 5.29 shows the SEM images of the resulting interlayer deposit on 

Ti mesh substrate at low magnitude (figure 5.29a) and high magnitude (figure 5.29b). 

(b) 
Figure 5.29: SEM images of Fe-F-Pb02 deposit on treated Ti mesh prepared from 0.1 M 
HN03 solution containing 10 mM Fe(II) + 40 mM NaF + 500 mM Pb(II) using a current 
density of 5 mA cm-2 for 30 min at 298 K. 
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As clearly seen almost all the Ti mesh surface was covered by the interlayer deposit. 

The deposit consists of dense angular crystals which is similar to Fe-F-Pb02 deposit 

on Ti disc substrate prepared under the same conditions. 

A thick layer of Bi-Pb02 was then deposited on top of the Fe-F-Pb02 layer 

from 1 M HN03 solution containing 10 mM Bi(IIl) + 500 mM Pb(II) using a current 

density of 1 rnA cm-2 for 240 min at 298 K. Figure 5.30 shows the SEM image of the 

Bi-Pb02 deposit on Fe-F-Pb02/Ti substrate. The Bi-Pb02 morphology consists of 

dense and close-packed of less angular crystals . The resulting deposit was uniform at 

both sides of the Ti mesh and the adhesion was very good. The Bi:Pb ratio was in the 

range of 0.1 1 - 0.15 on both sides of the mesh deposit as determined by EDAX. 

Figure 5.30: SEM images of Bi-Pb02 on Fe-F-Pb02/Ti mesh substrate prepared from I M 
HN03 solution containing 10 mM Bi(IU) + 500 mM Pb(U) using a current density of 1 mA 
cm·2 for 240 min at 298 K. 

5.6.1 Voltammetric Response of DMSO at Bi-Pb02IFe-F-Pb02/Ti Mesh 
Electrode 

Figure 5.31 shows the voltammetric response of 50 mM DMSO in 1 M H2S04 

at Bi-Pb02 electrode prepared on Fe-F-Pb02/Ti mesh from 1 M HN03 solution 

containing 10 mM Bi(III) + 500 mM Pb(II) using a current density of 1 rnA cm-2 for 

240 min at 298 K (morphology as shown in figure 5.30). The oxidation was carried 

out in a small beaker cell as shown earlier in figure 2.9. The mesh Pb02/Ti electrodes 
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(Ageo: 1.6 cm2) have an approximately 8 times larger total surface area than the disk 

electrode (A: 0.2 cm2). It was found that the voltammetric response was basically the 

same as on the disk electrode. This shows that the deposition of a conducting Bi-Pb02 

electrode from 1 M HN03 onto Ti mesh substrate can be carried out with the 

assistance of an interlayer coating (ie Fe-F-Pb02). The deposition of Bi-Pb02 onto 

three dimensional substrate (ie: mesh) has produced a quite similar characteristics as 

on two dimensional substrate (ie: disc) if deposited under the same preparation 

conditions. 
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Figure 5.31: Voltammetric response of 50 mM DMSO at Bi-Pb02IFe-F-Pb02/Ti mesh 
electrode in 1 M H2S04. Scan rate: 50 mV S'l. Ageo: 1.6 cm2 

5.6.2 Decolouration of Dyes at Bi-Pb02IFe-F-Pb02/Ti Mesh Electrode 

A preliminary study of the decolouration of various dyes at the fabricated 

Pb02 on Ti mesh was carried out. The anode used was Bi-Pb02/Fe-F-Pb02/Ti mesh 

with total surface area ~ 25 cm2 as discussed in section 5.6. The decolouration 

experiments were carried out in a beaker cell as shown in figure 2.9. There were four 

dye samples tested; reactive blue 4 (RB4), methyl orange, bromothymol blue and 

cresol red. Figure 5.32 shows the molecule structure of each dye. Each dye solution 

was prepared at 1 x 10'4 M in 100 mL of 0.5 M H2S04. 
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reactive blue 4 methyl orange 

OH OH 

bromothymol blue cresol red 

Figure 5.32: Structure of dyes used in this study. 

Table 5.6 shows initial current density of each dye solution at Bi-Pb02IFe-F

Pb02/Ti mesh electrode in 0.5 M H2S04 at four different potentials (ie: +1.70 V, 

+ 1.80 V, + 1.90 V and +2.40 V). It was found that the current density increases with 

increasing potential for each dye. It is believed that the increase in current density 

partly results from an increase in rate or number of electrons involved in the oxidation 

of reactant but more importantly the evolution of O2 at the electrode. It has been 

suggested that more active oxidizing radical species are formed at higher potential 

which promote faster dye decomposition [175]. But, at a very high potential (ie: E = + 

2.40 V), most of the current passed was used for the O2 evolution. A vigorous 

evolution of O2 at Bi-Pb02 electrode was seen when the potential was + 2.40 V and 

this led to the high increase in current density recorded. The current efficiency for the 

oxidation of reactant at this high potential is then very low but probably rapid 

oxidation could occur due to the efficient mass transport produced by the 02 

evolution. Further study on the degradation of the dyes at different potentials could be 

carried out and monitored. 
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Initial current density, j (rnA crn-2
) 

Potential applied, RB4 Methyl Brornothyrnol Cresol 

E (V) Orange Blue Red 

+ 1.70 0.6 0.7 0.4 0.3 

+ 1.80 1.6 1.5 1.5 1.0 

+ 1.90 3.0* 2.7* 2.8* 2.8* 

+ 2.40 33.20 15.60 19.20 14.40 

Table 5.6: Initial current density vs potential of Bi-Pb02 electrode in 0.5 M H2S04 solution 
containing different dyes. (*) slow O2 evolution observed, (0) vigorous O2 evolution 
observed. 

Complete oxidation of the dyes is complex reactions involving many electrons 

as shown in equation 5.1, 5.2, 5.3 and 5.4 for reactive blue 4, methyl orange, 

bromothymol blue and cresol red respectively. 

Decolouration, however, only requires cleavage of the conjugated system in 

the molecule and this is often achieved at an early stage of the oxidation process. 

Hence, it may only involve a few electrons. 

With the cell and anodes employed, the time for 99% completion of a mass 

transport controlled reaction may be estimated from the equation: 

= exp - km A t 
V 

(5.5) 

where c(O) is the initial concentration of reactant, C(l) the concentration after time t, km 

the mass transport coefficient, A the total surface area of the anode, t the electrolysis 

time and V the volume of the solution. 
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Assuming a value of km = 10-3 cm S-I, the time calculated for 99% completion is 

approximately one hour. In reality, km may be lower and hence electrolysis times of a 

few hours may be expected. Also assuming mass transport control and complete 

oxidation, the limiting current density CiL) for the oxidation of the dyes (1 x 10-4 M) is 

ofthe order. 

jL = nFkmc (5.6) 

= ~ 1 rnA cm-2 

Hence, even at + 1.90 V, oxygen evolution contributes substantially to the 

current. The decolouration of all dyes was carried out using a constant potential at E = 

+ 1.90 V. Table S.7 shows the results of the decolouration process of each dye in O.S 

M H2S04 at Bi-Pb02IFe-F-Pb02/Ti mesh electrode prepared from 1 M HN03 

solution containing 10 mM Bi(III) + SOO mM Pb(II) on Fe-F-Pb02/Ti mesh substrate 

(as SEM image shown earlier in figure S.30) using a current density of 1 rnA cm-2 for 

240 min at 298 K. 

Electrolysis time, t Current density, j (rnA cm-:.!) 

(min) Reactive Methyl Bromothymol Cresol 
Blue 4 Orange Blue Red 

(dark blue) (orange) (dark orange) (red orange) 

0 3.0 2.7 2.8 2.8 

IS 2.9 1.4 2.8 2.7 

30 2.9 l.1 2.6 2.7 

60 2.8* 0.8 2.6 2.7 

120 0.6 2.4 2.7 

180 O.S 2.4* 2.6* 

240 O.S 

300 O.S* 

Time to decolourize ~ 1 hour ~ S hours ~ 3 hours ~ 3 hours 

Table 5.7: Current denSIty vs tIme of electrolysIs of four dIfferent dyes at BI-Pb02/Fe-F
Pb02/Ti mesh using constant potential (E =+ 1.90 V). (*) completely decolourised 
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The decolouration of reactive blue 4 dye occurred within 1 hour while the 

other dyes took more than 3 hours to be decolourised. The current densities recorded 

throughout the decolouration of all dyes except methyl orange were quite constant 

during the whole electrolysis as shown in the table. This indicates that some of the 

current were used for O2 evolution. However, for methyl orange, the current densities 

have greatly reduced with respect to electrolysis time. It is believed that more 

oxidation of this dye occur at the Bi-Pb02 electrode as a slower production of O2 was 

seen during the decolouration process of this dye as compared to other dyes. But, the 

time to be decolourised was longer than other dyes and this is probably the molecule 

of methyl orange adsorbed longer on the electrode before being oxidised or 

decolourised than other dye samples. 

Table 5.8 compares the charge passed during the electrolyses with the 

theoretical charge for complete oxidation of the dyes (assuming no O2 evolution). It 

can be seen that although decolouration is complete, total oxidation cannot have 

occurred. Studies of the products at this stage of oxidation as well as monitoring of 

TOC would be interesting but was not attempted. Likewise more complete 

electrolysis could be considered. At this stage in the project, the main issue was the 

stability of the Pb02 coatings. 

Reactive Methyl Bromothymol Cresol 

Blue 4 Orange Blue Red 

Charge Required for 99 65 99 74 

Complete Oxidation (C) 

Total Charge Passed, Q (C) 10 14 27 29 

Table 5.8: Comparison of theoretical charge for complete oxidation with charge passed 
during electrolysis for the decolouration of each dye at Bi-Pb02/Fe-F-Pb02/Ti mesh electrode 
applied at constant potential of E = + 1.90 V. 

An investigation on the chemical stability of the Bi-Pb02/Fe-F-Pb02/Ti mesh 

electrode during the electrolysis was also carried out. Figure 5.32a shows a SEM 

image of the electrode before electrolysis and figure 5.32b represents the image after 

electrolysis of reactive blue dye in 0.5 M H2S04 for 1 hour at constant potential of E 

= + 1. 90 v. It is clearly seen that there is no change in the morphology of the electrode 

and no cubic crystals of PbS04 is seen on the image. The same morphology was 

observed by the SEM after electrolysis in 0.5 M H2S04 for a few hours containing 
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other tested dyes. These observations show that the electrode was stable towards 

chemical reaction in sulphuric acid solution during the electrolysis process. 

(b) 
Figure 5.32: SEM images of Bi-Pb02 electrode on Fe-F-Pb02/Ti mesh substrate (a) before 
and (b) after electrolysis at constant potential E = + 1.90 V for the decolouration of 1 x 10.4 M 
reactive blue (RB4) dye in 0.5 M H2S04 for 1 hOLlr. 

Nevertheless, the electrode was found to be reduced or corroded if left 

standing on open circuit in sulphuric acid solution. Figure 5.33 shows the SEM image 
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of the Bi-Pb02IFe-F-Pb02/Ti mesh after 1 hour immersion on open circuit in 0.5 M 

H2S04 solution containing reactive blue dye. The image shows that the morphology 

of the electrode has changed from close-packed of angular crystals (see figure 5.32a) 

to more loose structure with the presence of cubic crystals believed to be PbS04. This 

indicates that the Pb02 dissolves in the sulphuric acid as Pb(II) and forming PbS04 

with sulphate ions as shown earlier in Scheme 1. 

Figure 5.33 : SEM image of Bi-Pb02/Fe-F-Pb02/Ti mesh electrode after immersion for I hour 
on open circuit in 0.5 M H2S04 solution containing reactive blue dye. 

Conclusions 

It is concluded that the deposition of Pb02 deposits onto Ti substrates was not 

as easily carried out as on gold substrate due to the formation of Ti02 layer on Ti 

surface during the deposition process. It is shown that the pre-treatment of the Ti 

surface by chemical etching process prior to Pb02 deposition is crucial in order to 

remove the passive layer of Ti02 from the surface and to make the surface rough for 

good adherence of the Pb02 deposit. The addition of F ions has also improved the 

adhesion quality of the Pb02 deposits onto Ti substrate. 
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Cyclic voltammetry studies of the Ti surface oxidation revealed that more 

Ti02 was formed during anodic polarization in 1 M HN03 than in 0.1 M HN03 

solution. The presence of F ions in 0.1 M HN03 solution has reduced further the 

fonnation of the Ti02 layer. A thick layer of Ti02 on Ti surface led to the decrease in 

conductivity of the produced Pb02 deposits. 

It is concluded that physically stable, conducting and active Pb02 electrodes 

can be electrodeposited on Ti substrates from low concentration of nitric acid of high 

concentration of Pb2
+ containing either only NaF or NaF + Fe (III) (ie: F-Pb02 or Fe

F-Pb02 electrodes). They also appear ideal as substrates for further electrodeposition 

of active Bi-Pb02 electrodes prepared from 1 M HN03. 

The use of interlayer (ie: Fe-F-Pb02) between Ti substrates and Bi-Pb02 

electrodes is a successful method in order to make the deposition of conducting and 

active Bi-Pb02 electrodes onto Ti possible. The catalytic activity for the oxidation of 

DMSO increases with increasing Bi content in the Pb02 deposits, but also for 02 

evolution. Bi-Pb02 electrode on Fe-F-Pb02/Ti prepared from 10 mM Bi(III) + 500 

mM Pb(II) in 1 M HN03 was an adherent and a good deposit with high activity for 

DMSO oxidation and a low current for 02 evolution. 

The Bi-Pb02 electrode can also be prepared on three dimensional substrate 

(ie: Ti mesh) and the interlayer (ie: Fe-F-Pb02) is required prior to Bi-Pb02 

deposition to make the electrode conducting. The same morphology and 

electrochemical behaviour were observed for Bi-Pb02 on Ti mesh as compared to Bi

Pb02 on Ti disc. The Bi-Pb02IFe-F-Pb02/Ti mesh can also be used for dyes 

decolouration. It was found that all tested dyes were decolourised at this electrode but 

at different rates. However, the electrode was not chemically stable after left standing 

on open circuit in sulphuric acid solution containing dye. 

Good adhesion and active Pb02 films electrodeposited on Ti substrates, as 

compared to Au, are significant advantages for applications to large-scale electrolytic 

processes in tenns of cost. Even though the produced Pb02 deposits on Ti substrate 

was good in adhesion but their stability in aqueous solution on open circuit is not very 

good and a problem during applications. Hence, the active Pb02 can be useful as 

anode materials for the oxidation of organic compounds if they are used at potentials 

positive to the formal potential of the Pb02IPb(II) couple and immediately washed 

after use and never left standing for a long time on open circuit. 

167 



Chapter 6: Conclusions and Further Work 

Chapter 6: Conclusions and Further Work 

Studies of the electrodeposition of pure and doped Pb02 from acidic nitrate 

baths onto both gold and titanium substrates have been extended. It has been shown 

that the morphology of the Pb02 deposits depends strongly on the composition of the 

electroplating bath (concentrations of lead (II) and acid, presence of cationic and 

anionic dopants) and other deposition parameters such as temperature, current density 

and deposition time. Properties such as adhesion also depend strongly on the 

substrate. In fact, good quality Pb02 deposits were easily achieved on gold but not on 

titanium. The presence of a pre-existing Ti02 layer and/or the further formation of a 

passive layer of Ti02 at positive potentials leads to Pb02 coated anodes with a high 

resistance and poor adhesion. The fabrication of satisfactory Pb02/Ti anodes required 

(a) initial etching the Ti substrate in boiling oxalic acid (b) use of a bath with a low 

nitric acid concentration and addition of F ions to minimise anodic formation of Ti02 

during the deposition (c) selection of appropriate additives (F, Fe3+), at least for an 

underlayer in contact with the titanium substrate. 

Scanning electron microscopy shows remarkable differences in the 

morphology of the Pb02 deposits - uniform angular crystallites, uniform overlapping 

hemispheres and less ordered morphologies were all observed depending on the 

conditions. The most stable and adherent Pb02 deposits on smooth gold substrates 

were prepared from high concentration of Pb (II) (ie: 500 mM Pb (II)) using a low 

current density (ie: < 5 rnA cm-2
) at an elevated temperature (ie: 333 K). However, on 

Ti substrate, where a rough surface of the substrate is required to produce a good 

adhesion and long-lasting Pb02 electrodes, higher charges were essential for uniform 

layers and a higher current density at room temperature was found to be beneficial. 

As noted above, etching and the addition of F ions in the plating solution also helped 

in improving the adhesion quality of the Pb02 on the Ti substrate. 

It was confirmed that, in general, the electrocatalytic activity of the Pb02 

electrodes for the oxidation of organic compounds is significantly enhanced with the 

incorporation of dopant cations and bismuth was found to be the preferred metal. The 

addition of Bi (III) in the deposition solution has greatly increased the catalytic 

activity of Pb02 electrodes for organic oxidations especially sulphur-containing 

compounds. Bi-Pb02 on gold was easily produced on gold substrate. The production 
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of Bi-Pb02 on gold with optimum activity and stability were prepared from 1 M 

HN03 solution containing 10 mM Bi(III) + 500 mM Pb(II) using a current density of 

5 rnA cm-2 at 333 K. On Ti substrate, an underlayer (either F-Pb02 or Fe-F-Pb02) 

prepared from 0.1 M HN03 was necessary before the Bi-Pb02 coating was plated 

from 1 M HN03. A high resistance Bi-Pb02/Ti electrode was produced if no 

underlayer was coated earlier due to a thick layer of Ti02 formed during the 

deposition of Bi-Pb02 from 1 M HN03 (bismuth (III) is hydrolysed in 0.1 M HN03). 

With all Pb02 coatings, it was found that decomposition occurred when such 

electrodes were left in an electrolyte solution on open circuit. Decomposition was 

particularly rapid when the electrolyte contained a species subject to chemical 

oxidation by Pb02. The spontaneous decomposition appeared to occur either by very 

slow dissolution as Pb (IV) or more rapid reduction to Pb (II). The latter was most 

obvious in sulphuric acid media when cubic PbS04 crystals were observed by 

scanning electron microscopy. The rate of decomposition of the Pb02 layers 

depended on the electrolyte, morphology of the Pb02 layer and the additives present. 

In contrast, the Pb02 layers were stable when used as anodes or simply when the 

potential was held at a potential above formal potential of Pb2+ IPb02 couple. When 

used as anodes, the Pb02 coated materials must be removed from the electrolyte, 

washed with water and dried as soon as the current is interrupted. This is not a 

convenient strategy in industrial practice; approaches akin to trickle charging could, 

however, be investigated. 

Highly ordered, high porosity and high surface area Pb02 deposits were 

successfully produced on gold by deposition into self assembled layers of polystyrene 

microspheres. It was found that this porous Pb02 layer led to a high rate for the 

oxidation of DMSO. This high activity was attributed to more active sites available 

on the porous structure for the adsorption of reactant and the oxidation to take place. 

This approach was, however, discontinued because it was considered unlikely that the 

polystyrene micro spheres would form ordered structures on the etched titanium and 

because the Pb02 layers rapidly disintegrated on open circuit. 

As a first stage to the fabrication of three dimensional Pb02 anodes, extended 

area materials were prepared by deposition onto fine Ti meshes. Stacks of such 

meshes in a flow cell could then form a genuine three dimensional electrode that 

could find application in effluent treatment. The preferred conditions concluded from 

the experiments with Ti discs were found to produce satisfactory coated meshes 
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although it was advantageous to use lower current densities at the meshes (to improve 

current distribution); uniform coatings with good adhesion and stability could be 

fabricated. Again, a double coating with an Fe-F-Pb02 underlayer and Bi-Pb02 top 

layer was the preferred approach. 

A preliminary study to assess the suitability of these coated mesh electrodes 

for effluent treatment revealed significant activity for the decolouration of dyes. The 

decolouration of all four tested dyes was successfully achieved by the direct oxidation 

at the fabricated Bi-Pb02/Fe-F-Pb02/Ti mesh electrodes. Although TOC, COD and 

intermediate oxidation products was not monitored, preliminary evidence is presented 

that the oxidation of reactive blue 4 underwent mass transport controlled 

decolouration with parallel oxygen evolution. In the cases of the other three dyes, 

there appears to be slow chemical steps in the sequence leading to decolouration. 

Moreover, the electrodes were stable if handled carefully. Several electrolyses 

without change to the coating were possible if they were removed and washed 

immediately each electrolysis was terminated. 

The next stage in the development of three dimensional electrodes would be 

the construction of stacked meshes and an appropriate flow cell. This would permit 

more rapid electrolysis and allow trials of complete oxidation to be calTied out. It 

would also allow more reliable assessment of the stability of the Pb02 coated titanium 

anodes on load by carrying out extended electrolysis runs with monitoring of both the 

electrolyte for lead (II) and the surface by electron microscopy. 

Overall, the goal of stable but active Pb02 coatings on titanium has been 

partially achieved but industrially useful anodes will require further development. 
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Appendix A 

Estimation of charge required to deposit a Pb02 film of half a sphere layer thick on 
0.008 cm2 gold substrate: 

Diameter of polystyrene sphere: 500 nm 

Volume of unstructured Pb02 = electrode surface area x film thickness 
1.e. = nr2 x r (where r = the radius of the template spheres) 

0.008 cm2 x (2.5 x 10-5 cm) 
= 2x10-7 cm3 

Number of spheres at the electrode surface 
= (electrode surface area! cross-sectional area of a sphere) x O. 9i 

= (0.008 cm2 
/ 1.963 x 10-9 cm2

) x 0.9 
= 3,667,855 

Volume of a sphere = 4/3 n r3 6.54 x 10-14 cm3 

Volume ofPb02 deposit occupied by spheres (Total spheres volume) 
= (number of spheres x volume of sphere) / 2 
= (3,667,855 x 6.54 x 10-14

) / 2 
= 1.19x10-7 cm3 

Total volume ofPb02 = unstructured Pb02 volume - total sphere volume 
= 2 x 10-7 cm3 

- 1.19 x 10-7 cm3 

= 8.1 x 10-8 cm3 

Moles ofPb02 = (total volume of gold x density) / molecular weight 
= (8.1 X 10-8 cm3 x 9.3 g cm-3

) / 240 g mor l 

= 3.14 x 10-9 moles 

Deposition Q = mnF (where m = moles, n= number of electrons and F = Faraday 
constant) 

3.14 X 10-9 mol x 2 x 96485 C mor l 

6.06 x 10 -4 C 

Therefore, 6.06 x 10 -4 C deposition charge is required to deposit half a sphere 
layer thick ( ~ 250 nm) ofPb02 on 0.008 cm2 gold substrate. 

i2D hexagonal packing efficiency = 90% 
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