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Abstract 
Wastewater from the textile industry is considered to be one of the most pollutant 
effluents due to its toxic organic colourants content being strongly resistant to oxidation. 
When these substances are directly discharged into rivers and sea they persist for long 
periods causing environmental and aesthetic problems together with high health risks to 
living organisms. The main goal of this research is to study the oxidation of different 
textile dyes and organic pollutants, in particular reactive black-5 (RB-5) and methylene 
blue (MB) dyes using different nano catalytic coatings. A 3D flexible titanium felt 
electrode was anodized for growing TiO2 nanotubes and further decorated with PbO2 
subsequently employed for anodic electrochemical and photochemical treatment of 
wastewater containing RB-5 dye.   

Similarly, reticulated vitreous carbon (RVC) surfaces were decorated with a layer of PbO2 
and titanate nanosheets by anodic electrophoretic deposition, with subsequent structural 
and morphological characterization using FESEM and Raman spectroscopy. The 
TiNS/PbO2/RVC electrode has titanium anatase phase which was obtained by annealing 
at 450°C for 60 min in air. The structure revealed a well-specified, microporous structure 
with hydrophilic properties along the length and thickness of the RVC struts. 
Electrochemical and photocatalytic behaviour of the composite assisted the 
decolourisation of organic RB-5 dye in aqueous solution; on one hand •OH radicals were 
electrochemically produced via TiNS/PbO2/RVC anode composite coating and the 
photocatalytic decolourisation use the synergetic photocatalytic activity associated with 
the holes and free electron acceptors generated during UV irradiation experiments. 

Another objective of this thesis is the synthesis of efficient nanotubular titanates (TiNTs) 
coatings over the surface of the RVC substrate to make the organic oxidation more 
efficient. Titanate nanotubes (TiNTs) were deposited over the surface of a 100 pores per 
inch (ppi) RVC by anodic electrophoresis. The photocatalytic characteristics of the 
coating were enhanced by annealing at 450 °C for 60 min in air.  A preliminary evaluation 
of novel TiNT/RVC coatings demonstrated to be useful for the photocatalytic colour 
removal of MB dye.  

In addition, a zinc metal plate was electrochemically anodised to produce ZnO nanowires. 
The selected operational conditions together a subsequent dip-coating process of the 
anodised ZnO surface in a TiO2 containing solution, produced a core-shell coating. A 
further electrochemical deposition of PbO2 over the core-shell produced a hybrid core 
(ZnO-TiO2)-shell (PbO2) coatings. The electrochemical and photocatalytic behaviour of 
the coatings were analysed by employing them to remove RB-5 dye (1 × 10-5 mol dm-3). 

The nano-coatings are low cost option for the oxidation of textile dyes and improved 
removal of RB-5 and MB dyes at a removal efficiency of ≈99 %. 
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 Introduction 

1.1 Background and motivation 

Industrial wastewater possess a mixture of dissolved organic and inorganic pollutants, in 

combination with suspended material, and not a single process is possible for the 

treatment of such wastewater, instead, an integral approach with different methods is 

necessary. As for the treatment of wastewater contaminated with dissolved organic 

compounds only, biological oxidation is the most affordable process, but the presence of 

toxic molecules or bio-refractory agents affects this process [1]. These problems have led 

to the development of treatment methods such as adsorption, coagulation, flocculation, 

filtration, ozone, hydrogen peroxide and electrochemical advanced oxidation processes 

(EAOPs) which are being putting in practice, depending on the needs and type of effluent. 

However, all the above mentioned processes have drawbacks. For instance, when the 

concentrations of the organic pollutants in the discharge wastewater are high, adsorption 

and filtration processes are obsolete, while coagulation produce sludge and 

electrochemical advanced oxidation processes (EAOPs) require high investment 

equipment cost with overheads [1]. The subject of the present research is the anodic 

oxidation of organic material contained in wastewater. This method is one of the AOP 

technologies that has attracted the attention of research groups over the last thirty years. 

Electrochemical oxidation processes provides an alternative method to environmental 

issues in the applied chemical enterprises, since the electrons and free radicals offers a 

safe, efficient, controllable, cost-effective, secure, clean and pure non pollutant reagent at 

the point of use [2, 3]. 



  Chapter 1 

 

2 

 

One of the problems with the EAOP’s is the use of expensive noble metals (platinum, 

ruthenium, and palladium) or special coatings BDD (boron doped diamond) and DSA 

(dimensional stable anodes), which make the process costly in particular when large 

volumes of water need to be treated. Therefore new and advanced low cost materials such 

as RVC and Ti felt substrates are the motivation for this research work. These materials 

were explored in combination with electrophoretic deposition of titania (nanotubes and 

nanosheets) and metal oxides deposited over their surfaces and used for the environmental 

oxidation of artificial water containing RB-5 dye. This compound is an anionic dye and 

can be adsorbed by the positively charged nanosheets during an anodic oxidation process.  

1.2 Electrochemical Advanced oxidation processes (EAOPs) 

Progress in chemical and wastewater remediation has led to the evolution of techniques 

called electrochemical advanced oxidation processes (EAOPs). EAOPs are liquid phase 

treatment methods mediated by powerful reactive species like •OH radicals which lead to 

the mineralisation of toxic dissolved organic matter [2, 4, 5]. With •OH radicals as the 

major oxidizing agent, the oxidation of pollutants to carbon dioxide, water and inorganic 

compounds can occur, or the transformation of organic substances into distinctly 

oxidized, lower molecular weight harmless compounds. 

 

EAOPs can be categorized into those with or without the consumption of electrical 

energy, as shown in figure 1.1.  
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Figure 1.1 Categorization for electrochemical advanced oxidation processes (EAOPs). 

 

Another mineralization process usually assessed as EAOP is WAO a homogenous 

process, where organic matter residue (OMR) is oxidized in a liquid medium with oxygen 

from the atmospheric air at higher temperature (250-300 °C) and pressure (1500 PSI) in 

the presence of  Cu2+ ions as catalyst. Water and waste water treatment are the most 

important domain in the joint research effort to develop EAOP, however the purification 

of groundwater, soil removal, urban waste water management and conditioning of the 

sludge, the production of ultrapure water, and the treatment of volatile organic 

compounds and odour control have also been discussed in the literature [2,4,5]. 

During the water treatment process, many types of industrial sewage waste are discharged, 

these include: distillery, agrochemical waste, pulp and paper industry waste, textile dye 

house, oilfields and refineries and metal-plating. In addition, there are hazardous waste 

waters that need to be treated, such as: residues from hospitals and slaughterhouses, 

removal of pathogens and persistent, endocrine disrupting pharmaceutical pollutants from 
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the municipality wastewater, oxidation of organics such as pesticides and heavy metals 

such as arsenic and chromium [2].  

 

Pollutant Concentration  

(mg dm-3) 

Electrochemical 
Reactor 

Conve
rsion / 

% 

EAOP 
method 

Refere
nce 

Remazol Black -B 159 Undivided reactor 99 Anodic 
oxidation 

[6] 

Pharmaceutical 
industry 
wastewater 

COD = 12000 Parallel plate flow 
reactor 

100 Anodic 
oxidation 

[7] 

Real textile 
wastewater 

COD = 1224 Undivided reactor 75 Electro 
Fenton 

[8] 

Orange II dye 50 Undivided reactor 100 Photoelectr
o Fenton 

[9] 

Perchloroethylene   57 Photocatalytic reactor 43 Photocataly
sis 

[10] 

Reactive orange 16 100 Dual Compartment 
divided reactor 

100 Photoelectr
ocatalysis 

[11] 

Table 1.1 Comparison of different pollutants with range of concentration treated by 

using EAOPs. 

 

Table 1.1 shows some examples of EAOP: industrial waste water from a textile industry 

containing 159mg dm-3 remazol black –B dye [6] treated with BDD electrodes in a single 

compartment cell, resulted in a complete decolourisation with mineralization of up to 85% 

by applying a current density of 50 mA cm-2 under acidic conditions (pH=1) in 180 min 

of electrolysis. Further, electrochemical degradation of wastewater (initial COD = 12000 

mg dm-3) obtained from pharmaceutical industry has been studied in bench scale plant 

flow cell having BDD electrode as an anode [7]. Under alkaline conditions (pH=8.5) at 
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current density of 179 mAcm-2, complete mineralization was obtained at a flowrate of 

0.56 dm3 min-1 [12]. Similarly, anodic oxidation of real landfill leachate has been studied 

in a 3D undivided granular carbon bed electrochemical reactor. The results reported the 

removal of COD to 60% and mineralization of 83% in 60 min by applying a constant 

current of 3A [13].Some studies revealed the superiority of one EAOP over another for 

example, Chou et al. found only 75% decay of wastewater containing textile dyes by 

using electroFenton EAOP [8] while in another study complete mineralization of dye was 

reported by using photo-electro Fenton method [9]. This superiority of photo-electro 

Fenton method, is reported due to the dual effect of hydroxyl radicals and free electron-

hole pair under UV light produced during photo-electro Fenton EAOP. 

 

Anodic oxidation is a method for partial or full mineralization of organic pollutants, it is 

considered to be very effective for the treatment of certain dilute wastewater with 

Chemical Oxygen Demand (COD) between 30-100 g dm-3 [14, 15]. The main benefit of 

anodic oxidation process is that it requires no chemicals. Only the electrical power is 

utilized while electrochemistry plays an environmentally feasible role, because the 

electron itself deemed to be a reactant that leaves no pollution and is clean at the point of 

use, it is a secure and active species during the process. The main advantages of the EAOP 

process discussed in literature are as follows [2, 3]: 

 

1. Versatility; anodic oxidation is particularly adaptable and can cope with different 

types of organic matter and treatments, from micro-litre to tons of litres of 

effluents. 
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2. Power requirements; since the oxidation process occurs at room temperature in 

comparison to other treatment processes (like thermal incineration method), the 

applied voltage can be regulated and the operating conditions can be optimized to 

reduce electrical energy requirements.  

3. Data automation; the parameters used in electrochemical processes are suitable 

for data management, process control and instrumentation. 

 

The electrode material plays an important role for water treatment. Many electrodes like 

BDD, DSA and metal oxides based electrodes have been used for the degradation of 

organic pollutants by anodic oxidation methods. Recently, increasing trends has been 

seen for the use of Titanium based nanomaterials for water treatment as these materials 

possess high surface area with reasonable chemical resistance. Ramirez et al. for example 

synthesized composite containing titanate nanotubes for the anodic oxidation of methyl 

orange dye obtaining 98% colour removal at 0.6 A in 45 min [3]. Based on this 

information and other literature findings it is reasonable to suggest that anodic oxidation 

and Ti based nanomaterials like Ti-nanosheets can also be used for oxidation of organic 

pollutants.  

1.3 Aims and Objectives 

The main aim of this thesis is to synthesis several coatings embedded with nanostructured 

titanate (nanotubes and nanosheets) with a metal oxide, such as lead dioxide, as a 

precursors for producing •OH free radicals during anodic oxidation. The study employs 

characterisation techniques such as FESEM, EDX and Raman analysis of the coatings on 

the low cost titanium and carbon based substrates. The investigation also include the 



  Chapter 1 

 

7 

 

effect of the operating conditions on the formation of nanostructured titanate nanotubes 

on the titanium felt substrate. This research pursues the following objectives: 

• Anodising titanium felt to grow arrays of titanium dioxide nanotubes decorated 

with PbO2: Characterisation and application  

•  Preparation of PbO2/TiO2 nanosheets at an RVC substrate by anodic 

electrophoretic deposition with subsequent use for electrochemical water 

treatment. 

•  Deposition of titanate nanotubes at an RVC substrate by anodic electrophoretic 

deposition with subsequent use for photocatalytic oxidation. 

• Development of ZnO2 nanowire arrays on Zn metal substrate by using 

electrochemical anodization. 

• Formation of a ZnO-TiO2 core-shell decorated by PbO2 on a Zn metal substrate 

with subsequent application for removal of RB-5 dye from aqueous solution.  

 

1.4 Thesis Outline 

This thesis is divided into literature review chapter 2, results and discussion and 

experimental details in chapters 3, 4, 5 and 6 for the objectives listed above, followed by 

conclusion and suggestions for future work in chapter 7. The experimental work 

emphasizes different approaches to synthesise titanate nanotubes on Ti felt by anodization 

and deposition of PbO2 characterised by SEM and Raman studies and utilized for 

electrochemical water treatment, discussed in chapter 3. Titanate nanosheets and PbO2 
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deposited by anodic electrophoretic deposition over RVC substrate and further 

characterized and applied for water treatment are presented in chapter 4. Titanate 

nanotubes anodically deposited on RVC by anodic electrophoretic deposition and further 

applied for photocatalytic oxidation of MB dye are shown in chapter 5. It is thought that 

since MB is cationic, it can be attracted by negatively charged nanotubes to improve its 

oxidation. Some of novel coatings involving ZnO-TiO2 core-shell decorated by PbO2 are 

synthesized and utilized for the electrochemical and photocatalytic oxidation of reactive 

black-5 dye in chapter 6. 
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 Literature Review 

The electro oxidation of organics have been a subject of study from mid 1970s [1]. Within 

last two decades different research groups have been working to improve the anodic 

oxidation to contribute with new technologies [2-4] to protect water reserves. The major 

contributors on the theoretical and experimental aspects of electrochemical methods are 

groups of F.C Walsh [5-7], C.Comninellis [8-10], M. Panizza [11-13], P. Cañizares [14-

16], E. Brillas [17-19] and A.M. Polcaro [20-22]. These groups have provided clear 

examples of electrochemical methods that follow different pathways for oxidation such 

as direct and indirect mechanisms that follow efficient removal of organics. This chapter 

will discuss the underlying principles of anodic oxidation mechanism and AOPs 

processes. 

 

2.1 Electrochemical Process 

In an electrochemical process, direct oxidation of organic compounds dissolved in an 

aqueous solution can be achieved by conducting an electrolysis at positive potentials at 

the anode electrode. This process might also involve water discharge and the participation 

of the hydroxyl radical formed before oxygen evolution reaction (OER) [22].  

This electrochemical reaction induces partial conversion or full mineralization of the 

pollutants, with the advantage of non-toxic by-products and does not require a catalyst in 

the solution. However, a particular disadvantage is the low current efficiency due to the 

secondary reactions associated with the OER during anodic oxidation, while oxidation. 

The current efficiency is also influenced by the electrode materials and solution 
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conditions (pH, temperature and conductivity). Comninellis et. al. suggested an 

underlying mechanism of anodic oxidation processes for water treatment highlighting the 

nature of the electrode material [24]. Some electrode materials have a strong influence 

over the conversion of pollutants (oxidation) due to their higher oxidation power 

producing full mineralization, while others electrodes with low oxidation power provide 

partial mineralization. 

 

2.2 Anodic oxidation 

Anodic oxidation is a well-known direct electrochemical advanced oxidation process. 

This method is widely used for waste water treatment and it works on the generation of 

•OH radical at the anode surface by water oxidation. The anodic oxidation process is 

usually a heterogeneous process that produce •OH radicals adsorbed or chemisorbed at 

the anode surface, depending on the type of electrode used. Anodic oxidation process has 

benefits like easier operation, complete and fast conversion, and improved efficiency. 

One major disadvantage is the low current efficiencies which is due to the secondary 

reaction of oxygen evolution which causes the wastage of electric current during the 

process. 
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2.3 The reaction scheme 

The initial step in the electrochemical water treatment is the discharge of water molecules 

at the electrode surface forming adsorbed •OH radicals, where M denotes the electrode 

surface.  

M +  H2O → M( OH● ) + H+ + e−       (2.1) 

The electrode materials generally characterized into two classes; ‘active and non-active’ 

electrodes. The active anodes possess greater oxidation states over the electrode surface 

and these linked strongly with the adsorbed ●OH by further conversion, producing higher 

oxides as shown in the following reaction; 

MOx( OH● ) → MO𝑥𝑥+1( OH● ) + H+ + e−      (2.2) 

MOx+1/MOx redox couple is often termed as chemisorbed oxygen and serves as a mediator 

for the removal of organics [24] which is represented by the following equations: 

R + MO𝑥𝑥+1( OH● ) → MO𝑥𝑥+1 + zH+ + ze− + CO2     (2.3) 

R + M𝑂𝑂𝑥𝑥+1 → MO𝑥𝑥 + ze− + CO2       (2.4) 

Where; 

R is the concentration of organics in aqueous solution 

MOx is the concentration of active sites 

ze- is the number of electrons 

Non-active electrodes have weak interaction with the adsorbed hydroxyl radical 

(physisorbed active oxygen). These hydroxyl radical favours complete oxidation of 

organics during the electrochemical process. Both active and non-active electrodes 
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produce oxygen as secondary reaction which cause energy loss with decrease in anodic 

efficiency. This can be represented by the following reactions: 

MO𝑥𝑥+1 → MO𝑥𝑥 + 1
2

O2         (2.5) 

MO𝑥𝑥+1( OH● ) → MO𝑥𝑥 + 1
2

O2 + 𝑧𝑧e− + H+      (2.6) 

 

2.4 Oxygen evolution overpotential and categories of anodes  

The overpotential is the difference between the actual required potential for electrolytic 

changes to occur during electrochemical process and the predicted value from the 

thermodynamics standard reduction potential. It has been reported that the active anodes 

have low overpotential for oxygen evolution which usually allow only partial conversion 

of organics into intermediates, while non-active electrodes favours complete conversion 

of organics into carbon dioxide, since these electrodes possess high oxygen evolution 

over potential. The examples of active electrodes are platinum, carbon and graphite 

whereas non active electrodes are lead dioxide, BDD and antimony doped tin oxide [24]. 

As an example the over potential values of Ti/Pt and Si/BDD for oxygen evolution are 

0.3V and 1.9 V respectively. Some values of the oxidation power for different active and 

non-active electrodes are shown in Table 2.1. The partial oxidation is related to the active 

anodes and these are typically denoted as low oxidation power anodes.  

 



  Chapter 2 

 

16 

 

Electrode Oxidation potential 

(V) 

Overpotential 

for O2 evolution 

(V) 

Adsorptio

n enthalpy 

of ●OH 

radical 

Anode 

oxidation 

power 

Electrod

e type 

RuO2/TiO2 1.4-1.7 0.18 
 

 
Active  

Ti/Pt 1.7-1.9 0.3 
 

 

Active  

Ti/PbO2 1.8-2.0 1.5 
  

Non-

Active 

Ti/SnO2-

Sb2O5 

1.9-2.2 1.7 
  

Non-

active 

p-Si/BDD 2.2-2.6 1.9   Non-

active 

      

Table 2.1 Categories of electrodes on the basis of electrode power for oxygen evolution 

reaction [24]. 

 

The non-active anodes have greater tendency for ●OH radical generation and these are 

considered to be ideal for waste water treatment. One of the most important non-active 

electrodes are the BDD with the highest anodic oxidation power. However, the main 

disadvantage of these electrodes is their cost and the required substrate material to deposit 

the boron doped diamond film. Typical substrate for the deposition of stable diamond 
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films are niobium, tungsten, tantalum and silicon but these remained unsuitable for 

commercial scale because of the higher cost of rare earth metals and poor conductivity of 

the silicon [26].    

 

2.5 Electrode Materials 

The electrodes play a critical role in the performance. In flow reactors where the 

electrolyte flows at certain flow velocity over the surface of the electrode, the electrodes 

be mechanically and chemically strong to withstand the friction of the electrolyte and the 

strong acid environment during oxygen reduction reaction. The reaction can create local 

high temperatures and at the extreme oxidizing conditions require special materials. In 

addition, the anodes have to operate under the oxidizing conditions. Naturally, plates and 

meshes of noble metals were the first choice of electrode materials during the early stages 

of development [24]. These electrodes are known as dimensionally stable anodes (DSA) 

and are a mixture of Ir, Ru, Sb, Sn and Ti oxides. DSA electrodes can withstand under 

strong acidic media. However, these electrodes only showed a limited conversion of the 

organic dye molecules during anodic oxidation process. For instance, Chen et al. 

employed Ti/Sb2O5–SnO2 anodes for the electrochemical oxidation of Orange II dye in 

Na2SO4 aqueous solution in an undivided cell. The COD removal was 27 % at constant 

current density of 20 mA cm2 with current efficiency of 16%. Similarly, Pt electrodes 

have been tested for the removal of different dyes and showed the ability of decolourize 

dyes. Lopez et al. reported colour removal of 90% using Ti/Pt anode in a batch reactor 

under basic conditions by applying a current density of 40 mA cm2 in 1h of electrolysis 

[28]. Some carbonaceous electrodes have been employed for the anodic removal of 
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organic dyes. Graphite has been reported effective for the decolourisation of Indigo dyes 

under neutral conditions. By applying cell voltage of 5V, the decolourisation efficiency 

of 98% was achieved with the energy consumption of 92 kWh m3 [29]. BDD electrodes 

are reported as a new class of electrode material with corrosion resistance, improved 

oxidation power, high oxygen evolution overpotential, inert to acidic conditions. These 

electrodes are classed as non-active electrodes which offered the advantage of complete 

mineralization of dyes at high efficiency. Ti/BDD electrodes have been found effective 

for the demineralization of Acid orange 7 dye at a current density of 20 mAcm-2 with an 

overall mineralization of 92% [27]. 

 

2.6  Electrochemical flow cells 

Different kind of flow systems have been tested for the electrochemical flow studies of 

the treatment of dyestuff. Single compartment two electrodes cell has been utilized and 

is shown in fig.2.1.  
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Figure 2.1 2 electrodes single compartment electrochemical flow reactor [30]. 

In this 2 electrode cell the electrochemical degradation studies of acid yellow dye in 

aqueous solution was studied. BDD was used as an anode while stainless steel was used 

as cathode. The geometrical area of both electrodes was 50 cm2. The electrolyte was 

circulated in an electrochemical flow cell by using centrifugal pump. By applying 

constant current of 1000 mA, the decolourisation of 99 % was achieved in 2.5 h of 

electrolysis at a flow rate of 300 dm3h-1 [30]. 

In another work carried out at University of Southampton, Ponce de León et al. described 

the operation of a filter press electrochemical divided cell (fig 2.2) in alkaline media [31]. 

This device consisted of four polymer rectangular section chambers provided with flow 

channels and separated by a Nafion® 115 proton exchange membrane. Silicone rubber 
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gaskets were used to seal the cell components. The positive and negative electrodes were 

placed in their corresponding half-cells with a membrane-electrode gap of 19 mm.  

 

Figure 2.2 Parallel plate electrochemical flow reactor where P.B (polymer block), G 

(gasket), RVC (reticulated vitreous carbon) [31]. 

The RVC cathode (60ppi) dimensions were 50 mm × 50 mm ×  12 mm, with the projected 

area of 25cm2 while the anode was a lead plate of 50 mm × 50 mm. It was found that the 

RVC yielded the best performance with a current efficiency up to 94%. Low potential 

values at the cathode were beneficial for the ORR. Under optimal conditions, the cell 

showed a current efficiency of 99.4% with hydrogen peroxide concentration of 10 × 10-3 

mol dm-3. Different grades of RVC were used as the cathode and promoted the ORR in 

the negative half-cell. The hydrogen peroxide generation combined with Fe2+ ions 

achieved the highest removal rate for the 60 ppi RVC cathode.    
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2.7 Photocatalytic water treatment 

Another well-known water treatment process is the photocatalytic method which utilize 

semiconductor photocatalyst like Ti-oxide, Zn oxide and Fe oxide. Photocatalytic water 

treatment is based on the in situ production of reactive species such as ●OH, O3, H2O2 and 

O2
●-. These radicals are transitory phase species which attack the organic compounds and 

lead to their mineralization. Titanium oxide catalyst has received an increasing attention 

from various research groups around the world. Compared to other semiconductor 

photocatalyst, TiO2 offers thermal stability, chemical resistance and high mechanical 

strength [32]. Ti based photocatalysis were first reported by Fujishima and Honda. They 

investigated the oxidation of reducing species like I-,Br-,Cl- in a photo-electrochemical 

cell having single crystal of TiO2 as an electrode and unfolded pioneering TiO2 based 

catalyst [33]. 

 

2.8 Mechanism of TiO2 photocatalysis   

The mechanism of TiO2 for photocatalytic water treatment has been extensively reported 

in the literature [32-35]. It has been widely accepted that photocatalyst TiO2 initiates a 

series of both reductive and oxidative reactions on its surface. This is promoted by the 

presence of lone electron pair in the outer orbital. The band gap of TiO2 photocatalyst for 

anatase phase is 3.2 eV while for rutile phase is about 3 eV. When UV light having photon 

energy greater than or equal to the band gap of the photocatalyst, the lone electron pair is 

photocatalytically excited to the conduction band. The wavelength of UV light 

illuminated over the substrate should be below 400 nm. This phenomenon creates an 
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electron hole pair as photoexcitation generates an empty valance band. The series of 

photocatalytic reaction producing electron hole pair and free radicals are given in 

equations (2.7-2.12) below: 

 

 Photoexcitation: TiO2  + 𝑈𝑈𝑈𝑈 →    eCB− +  hVB+              (2.7) 

  Oxidation of water:  H2O + hVB+  →  OH●  + H+     (2.8) 

 

As indicated in equation (2.7), the illumination of TiO2 by UV irradiation excites an 

electron from the valance band to the conductive band with the generation of holes at the 

valance band. The oxidation of water is initiated by these positive holes pairs, forming 

short lived and powerful oxidizing agents ●OH radicals, as indicated in equation (2.8), 

which are capable to degrade and mineralize the organic matter to carbon dioxide, water 

and low molecular weight compounds of low toxicity [34-36]. 

  Photoexcited electrons:  eCB− +  O2   → O2
− ● + H+     (2.9) 

   Superoxide protonation: O2
− ● + H+  →   HOO ●       (2.10) 

HOO ● + e−  →   HO2
−      (2.11) 

   Hydrogen peroxide generation:  HO2
− + H+ →  H2O2    (2.12) 

   Formation of Hydroxyl radical: H2O2  + O2
− ●   →  OH● + OH− +   O2    (2.13) 
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Equations (2.9), (2.10) and (2.11) indicate the formation of oxidative radicals formed by 

the reaction of valance band electrons with superoxide such as O2
●- and 

hydroperoxyradical. Equations (2.12) and (2.13) involve the production of hydrogen 

peroxide and subsequent formation of hydroxyl radicals, ●OH [35]. 

 

2.9 Kinetics of decolourisation of organic compounds 

The decolourisation kinetics of organic dyes usually follows the Langmuir-Hinshelwood 

scheme; 

𝑟𝑟 = −𝑑𝑑[𝑐𝑐]
𝑑𝑑𝑑𝑑

= 𝑘𝑘 [𝑐𝑐]                              (2.14) 

Where r denotes the rate of oxidation, c the initial concentration of the reactant, t the 

reaction time and k is the rate reaction constant.   

By rearranging; 

𝑑𝑑[𝑐𝑐]
[𝑐𝑐] = −𝑘𝑘 𝑑𝑑𝑑𝑑     (2.15) 

Integrating both sides; 

∫ 𝑑𝑑[𝑐𝑐]
[𝑐𝑐]

[𝑐𝑐]
[𝑐𝑐]𝑜𝑜

= −∫ 𝑘𝑘𝑑𝑑𝑑𝑑𝑜𝑜  𝑑𝑑𝑑𝑑    (2.16) 

Upon integration; 

ln[𝑐𝑐] − ln [𝑐𝑐]0 = −𝑘𝑘t     (2.17) 

Rearranging  
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ln[𝑐𝑐] = ln [𝑐𝑐]0 − 𝑘𝑘t     (2.18) 

ln[𝑐𝑐] = −𝑘𝑘t +  ln [𝑐𝑐]0    (2.19) 

ln � [𝑐𝑐]
[𝑐𝑐]0

� = −𝑘𝑘 𝑑𝑑             (2.20) 

where, c is the concentration at time t and c0 is the initial concentration k is the pseudo 

first order rate constant. 

It should be noted that the rate law for the decolourisation kinetics of organic dyes is a 

mathematical relationship between the reaction rate and the concentration of the organic 

dyes in solution as indicated by equation 2.14. Rate laws are usually expressed as a 

differential rate law i.e. by relating the change in dye concentration as a function of time, 

in comparison to initial concentration. The rate of reaction depends on the concentration 

of the dye while the rate constant (k) is proportionality constant between the dye 

concentration and the rate of reaction. The exponential value of the concentration 

indicates the order of the reaction [34].  

 

2.10 Conclusions 

This chapter provide an overview of the water treatment technologies for the removal of 

organic dyes with a specific significance on electrochemical anodic oxidation and 

photocatalytic treatment. A detailed analysis of the anodic oxidation method with reaction 

scheme was analysed with special emphasis on the categories of different electrodes e.g. 

active and non-active electrodes. Active and non-active electrodes explanation exhibited 

that oxidation power is an important aspect to define the categories of these electrodes. It 
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has been concluded from this discussion that active anodes like Pt, RuO2 permit only 

partial conversion of organics while non-active electrodes like PbO2, BDD and SnO2 have 

the potential for complete mineralization of the organic materials. This chapter also 

analysed the importance of photocatalytic water treatment with a brief discussion about 

different photocatalyst with particular emphasis on TiO2 as a photocatalyst. The 

mechanism of the TiO2 photocatalysis has also been presented. Finally an explanatory 

discussion about kinetics of decolourisation of organic dyes has also been derived using 

Langmuir-Hinshelwood equation. 
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 Anodising of titanium felt to grow 

titanium dioxide nanotube arrays decorated with 

PbO2: Characterization and Application  

 

 

This chapter will study TiO2 nanotube arrays formed on bendable, 3D fibrous network of 

titanium felt (Ti felt) substrate, using anodization at room temperature (25 ºC) in a 

fluoride and MSA based solution. In addition, PbO2 will be deposited over the nanotubes 

by immersion in a solution containing Pb (NO3)2 and (NH4)2S2O8 during a certain time 

(ti). The Ti felt/ TiO2 nanotube and the Ti felt/ TiO2 nanotube/PbO2 composites were 
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characterised using field emission scanning electron microscopy (FESEM), energy 

dispersive X-ray (EDX) and Raman spectroscopy. It was revealed that PbO2 deposited 

over the nanotubes was well-dispersed after 6 hours immersion, resembling cauliflower-

like clusters on the top of the TiO2 nanotube anodized on felt substrate. The coatings 

exhibited well defined morphology with anatase phase of TiO2. The electrochemical and 

photochemical performance of novel coatings were recorded in aqueous solutions at pH 

= 3 containing 2 × 10-5 mol dm-3 reactive black 5 (RB-5) azo dye. The electrochemical 

properties relate with the generation of ●OH free radical over the Ti felt/ TiO2 nanotube 

/PbO2 substrate while photocatalytic characteristics were related to the synergistic 

photocatalytic effect imparted by the photo-induced holes and free electron acceptors 

formed at high pH solutions. Discolouration of RB-5 dye achieved 99% (measured at 597 

nm visible absorption wavelength) after 60 min of electrochemical anodic oxidation using 

Ti felt/ TiO2 nanotube /PbO2 as anode. The calcination of coating Ti felt/ TiO2 nanotube 

/PbO2 coating at 450 °C for 60 min in air transformed the titania nanotubes into anatase 

phase, which showed 97% of RB-5 dye discolouration in 30 min during photocatalytic 

oxidation. 

 

3.1 Introduction 

In recent years, the oxidation of organic matter residue (OMR) by anodic oxidation 

treatment, has received attention as a way to purify and clean wastewater. New materials 

are needed in order to improve the process efficiency and develop effective coatings, 

which remain stable during the electrochemical wastewater oxidation treatment, at low 

cost [1]. Most of the research has centred on materials that are effective for the generation 
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of photo-induced active oxidising species on illumination with UV light and at the same 

time poses high conductivity and electrochemical characteristics like electro-activity 

regarding for anodic oxidation. A single material cannot exhibit the above mentioned 

properties. However, a composite of two or more materials with the two characteristics 

mentioned above, might accomplish this goal. These composite coatings for 

environmental oxidation are formed by anodization and deposition of photocatalytic 

active materials over conductive substrates that also provide electrocatalytic 

characteristics. 

The use of titanium as a substrate is useful because of its hardness, good conductivity and 

chemical stability [2, 3]. However, titanium generates oxide layer (TiO2) over the surface 

which ultimately alters many properties including charge propagation and the ability to 

attach precipitates on its surface. Under certain conditions, TiO2 may acts as a 

photocatalyst [4-6], gas sensor [7] or an electrode for dye-sensitized solar cells (DSCs) 

[8, 9]. In addition to the above properties, titanium can serve as a suitable material for 

deposition of non-active metal oxide like PbO2. Without PbO2, TiO2 as an electrode is 

inadequate due to its poor electrocatalytic activity as an anode for electro oxidation of 

organic compounds. By modifying the properties of TiO2, the oxide can acquire more 

mechanical strength, stability and unreactive characteristics to certain chemicals and 

increase charge propagation through the TiO2 layer. Over the past two decades, the 

improvement of TiO2 catalytic properties has been pursued by depositing active and 

unreactive metal oxides, e.g. as reported for TiO2/RuO2 composite system [10, 11, 12]. 

In this work, the composite of TiO2/PbO2 was manufactured on porous 3D electrode 

(titanium felt) for anodic oxidation of reactive black 5 (RB-5) dye. 
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Anodic oxidation is an electrochemical process widely utilized for water treatment which 

generates physisorbed ●OH radicals during water discharge at the anode electrode coating 

by the reaction indicated in equation 2.1[13]: 

PbO2 deposited over titanium dioxide nanoparticles (TiO2) is able to generate these 

radicals and it is a low cost material that can be used for the environmental oxidation of 

wastewater. The Ti based nanoparticles are well known for the photochemical and 

electrochemical treatment of wastewater [14, 15]. Contemporary research work shows 

that the synthesis of PbO2 and Sb-doped SnO2 decorated TiO2 nanotube arrays on flat 

titanium sheet proved useful for the entire mineralization (about 99%) of Reactive black-

194 by applying constant current at a density of 150 mA cm-2 [16]. 

Lead dioxide properties are very well known due to its use in lead acid battery and its 

current applications in environmental water treatment can take advantage of the 

knowledge already acquired. It exhibits greater overpotential for oxygen evolution 

reaction at 1.9 V vs. SHE [17], enabling an effective production of ●OH free radicals 

which are effective powerful oxidants of organic dyes. The PbO2 electrodes [18-22] 

exhibit enough mechanical resistance for different applications which involve anodic 

oxidation for water treatment and lead acid batteries. PbO2 modified TiO2 has been 

reported on a Ti plate [23, 24, 25, 26]. The TiO2, as a layer between titanium and PbO2, 

improved the photochemical properties of the substrate, while PbO2 enhanced the 

electrocatalytic nature of the electrode [25, 26].  

Since early 2000s, TiO2 nanotubes arrays have been grown by anodizing of titanium 

plates with focus on a planar surface, in aqueous hydrofluoric acid (HF), fluoride 

containing non-aqueous solution such as glycerol, ethylene glycol, diethylene glycol [27, 
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28, 29]. Herein, methanesulphonic acid (MSA) was used as an electrolyte which is a 

versatile, and environmental friendly electrolyte (decomposed into sulphate and carbon 

dioxide) with good electrolytic conductivity [30]. Anodising was performed on a 

compressed 3D fibrous network of titanium felt (Ti felt), which is capable of being bent 

or flexed without breaking. Such complex 3D structure provides more relevant base 

material to manufacture TiO2 nanotubes arrays with high integrity and adherence to the 

substrate surface. On the other hand, 3D porous structure of titanium felt has more surface 

area than planar structure providing more catalytic sites on the anode. The main challenge 

is to find out the suitable electrolyte and the applied anodic potential for the anodization 

of nanotubes. The TiO2 nanotubes can be used to realize photocatalytic activity [31] or to 

provide an active support for the deposition of electroactive species, such as PbO2 [32]. 

PbO2 is particularly attractive for electrochemical water treatment [33] having a 

conductivity of 2.5 × 103 Ω-1cm-1 [34].                          

 In this work, Ti-felt was anodized in aqueous methanesulfonic acid (MSA) and 

ammonium fluoride electrolyte under controlled operating conditions for the growth of 

TiO2 nanotubes and further decorated with PbO2 by hydrothermal treatment to produce a 

coating with combined photo and electrochemical characteristics. The results provide 

important information related to anodization of Ti felt with MSA, and interfacial surface 

deposition of PbO2 layers.               

3.2 Experimental Details  

Reagent grade 70% methanesulphonic acid (MSA) in aqueous solution, ammonium 

fluoride, ammoniumpersulhate, 99 % oxalic acid, polyvinylpyrrolidone (PVP) (MW = 

55000) and RB-5 dye were obtained from Sigma Aldrich, while lead nitrate, Pb(NO3)2, 
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sodium hydroxide, sulphuric acid, sodium hydroxide, ethanol (98 %) sodium sulphate, 

acetone were received from Fischer sci. and employed as obtained.  

3.2.1 Anodizing of Titanium felt  

The Ti felt (NV Bekaert SA, Belgium) was pre-treated in a 10 wt. % oxalic acid aqueous 

solution at 80 °C for 20 min. The Ti felt was washed with ethanol and then dried overnight 

at 90 °C in air.  

The anodizing experiments were carried out in an undivided glass cell (volume 100 cm3) 

mounted with water circulation jacket attached to a Grant water thermostat model LT 

D6G. The Ti felt anode with dimensions 2 cm × 2 cm × 0.15 cm was connected via a 

stainless steel alligator clip to a direct current power supply. A pure carbon plate of 1.5 

cm × 6 cm × 1.2 cm dimensions was used as cathode with 1 cm of inter-electrode gap 

from the anode. The electrolyte was magnetically stirred at 300 rev min-1 with a 0.06 cm 

diameter, 0.25 cm long PTFE-coated, cylindrical stirrer (Fischer scientific) to ensure 

constant concentration of the electrolyte i.e. efficient mass transport conditions across the 

Ti felt layers. The titanium felt was anodized in different ranges of MSA concentrations 

from 0.1 mol dm-3 to 5 mol dm-3 and ammonium fluoride 0.5 or 1 wt. % in aqueous 

solution. The constant potential applied between cathode and anode ranged from 5 to 30 

V for 1 hour to know the optimum conditions of anodization by using 300 W Aim-TTi 

model EX752M power supply. The experiments were carried out at 25 °C. The anodized 

samples are cleaned thoroughly by washing with D.I water and allowed to dry overnight.   
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3.2.2 Deposition of Lead dioxide 

The PbO2 was deposited by hydrothermal process in the presence of PVP as a structure 

directing agent [36]. First, 0.015 mol dm-3 Pb(NO3)2 and 1 mol dm-3 NaOH were mixed 

at room temperature (25 o C) and 0.1 g of PVP was added to 75 cm3 of the above mixture 

and allowed to stir overnight until complete dissolution. Further, 3 cm3 of 1.5 mol dm-3 

(NH4)2S2O8 as oxidizing agent was dissolved in the resultant solution for 30 min. Ti felt/ 

TiO2 nanotubes 3 different samples were immersed in the solution for 15 min, 6 h and 12 

h, taken out and heated at 60 oC for 3 h in air. The resultant samples were cooled down 

over night. Immersion time of Ti felt in the lead oxide solution denoted as ti. Finally, a 

PbO2 layer was achieved on the substrate as a result of the immersion.  

3.2.3 Heat treatment 

The resulting Ti felt/ TiO2 nanotubes /PbO2 composite samples were annealed at 450 °C 

for 1 hour in air using electric furnace to transform the phase of the nanostructures from 

titanium phase to anatase phase. The calcined samples were later used for photocatalytic 

experiments.  

3.2.4 Characterisation of the coated substrate 

A field emission scanning electron microscope (FESEM) was used to characterize the all 

samples obtained from anodization. A high resolution FESEM JEOL 6500F at an 

accelerating voltage of 20 kV was used while imaging was carried out at a working 

distance of 10 mm. Raman spectroscopy confocal microscope (Renishaw, RM 2000) was 

used to obtain Raman spectra employing light source of 632.8 nm wavelength with 10 % 

laser intensity. The exposure time was about 30 seconds. 
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3.2.5 Electrochemical Experiments 

The electrochemical experiments were accomplished by employing computer assisted 

potentiostat/galvanostat model number PGSTAT302 N from Autolab supplied by Eco 

Chemie, Netherlands controlled by a Nova 1.11 software The as synthesized coatings (Ti 

felt/ TiO2 nanotubes /PbO2, Ti felt/ TiO2 nanotubes and pre-treated Ti felt) were cleaned 

by using ultra-pure water and dried by flushing nitrogen gas. The coatings were used as 

anodes for electrochemical discolouration of RB-5 dye. A 100 cm3 electrolyte having 2 × 

10-5 mol dm-3 of reactive black 5 dye (shown in figure 3.1) in 0.5 mol dm-3 of sodium 

sulfate as a background electrolyte was electrolysed at constant potential of 1.4 V vs. 

Hg/HgO at pH 3 by addition of H2SO4 and measured by using waterproof Hanna pH meter 

model HI 98129 and 22.5 °C.  

 

Figure 3.1 Structure of RB-5 dye where, 

Carbon,      Sodium,      Hydrogen,             Nitrogen,            Sulphur,  

      Oxygen  [35] 

Molecular Formula; C26H21N5Na4O19S6, Molecular weight = 991.78 g mol-1. 
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The pH of the electrolyte was stable throughout the electrolysis at the constant potential. 

A platinum mesh (1.5 cm × 1.5 cm) and a mercury oxide (Hg/HgO, (NaOH sat.)) used as 

a counter and reference electrodes respectively.   

3.2.6 Photocatalytic Experiments 

The treatment of RB-5 dye contained in the above mentioned electrolyte was performed 

by photocatalytic experiments under UV irradiation. The 300 W Ceralux model 300 BUV 

10 F xenon UV lamp with intensity of 1.5mWcm-2. The calcined Ti felt/ TiO2 nanotubes 

/PbO2 (0.719 g) sample was added in 10 cm3 solution of 2 × 10-5 mol dm-3 RB-5 dye in 

0.5 mol dm-3 of sodium sulfate at pH = 3 (by addition of H2SO4 and measured by using 

waterproof Hanna pH meter model HI 98129). The solution was kept under the 

unilluminated environment for 90 min to check maximum adsorption of the dye by the 

electrodes calcined Ti felt/ TiO2 nanotubes /PbO2 and no significant adsorption was seen 

after measuring a solution in a Hitachi U3010 UV-Vis spectrophotometer at 597 nm 

wavelength. The RB-5 dye solution was exposed to the UV irradiation at pH = 3 and each 

sample was collected after 5 min of UV exposure. The absorbance of the RB-5 dye in an 

electrolyte was calculated in a UV-Vis spectrophotometer model number U3010 procured 

from Hitachi at a wavelength of 597 nm. A linear calibration curve obtained from plot 

between the absorbance vs. wavelengths at varying concentrations of RB-5 dye fulfilling 

the Beer-Lambert law was employed to evaluate the concentration of RB-5 dye from the 

solution.  

3.2.7 Ultrasonic stability of the Ti felt/nanotube/PbO2 calcined substrate 

The stability of the calcined Ti felt/ TiO2 nanotubes /PbO2 was assessed by means of 

sonication in an ultrasonic bath having a transducer, with perpendicular vibration to the 
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bottom side of the reactor. The calcined Ti felt/ TiO2 nanotubes /PbO2 coating was 

sonicated for 3 min in 1mol dm-3 of acetone and for 2 min in D.I water. The coating 

exhibited strong attachment with the base substrate Ti felt after sonication.  

 

3.3 Results and discussion  

3.3.1 Surface characterisation of TiO2 nanotubes  

The morphological and surface analysis of the Ti felt was observed by SEM. Figure 3.2a 

shows Ti felt which was previously treated with oxalic acid at 80 °C for 20 min. SEM 

images of pre-treated Ti felt and hierarchal nanotubes over anodized Ti felt (Fig. 3.2b) 

reveal that the nanotubes have a hexagonal pattern and their surface is smooth and 

accordingly reported in literature by Lu et. al (with diameter of 80-90nm) [37-38]. The 

average diameter of the nanotubes arranged vertically, is 50 nm. 
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Figure 3.2 FESEM Images of nanotubes on the Ti felt substrate obtained by anodization: 

(a) Pre-treated Ti felt substrate at 300 × magnification (b) TiO2 nanotubes on 

Ti felt at 15 V, 0.1 mol dm-3 MSA 0.5 wt. % NH4F at 7000 × magnification.  

The inset shows the nanotubes over Ti felt. 

 

The small diameter of the TiO2 nanotubes at the top surface over Ti felt makes possible 

to decorate with metal oxide like PbO2. This can be observed in the SEM images (Fig.3.2 

b). The images also showed the agglomerates of Ti oxides at some parts of Ti-felt. The 

anodized titanium felt at 20 V cell voltage appeared as a dark blue colour. This may be 

due to the oxidation of titanium felt which turns into powdered titanium dioxide particles 

during the anodization process [39]. The surface of anodized felt contain uniform films. 

The formation of ordered nanotubes is due to the presence of fluoride ions as reported in 

literature [39, 40]. The fluoride ion can be used in the form of sodium fluoride, 

ammonium fluoride or hydrofluoric acid.  

10 µm a) b) 1 µm 

Ti Felt 

100nm 

Nanotube

s 

TiO2 oxides 
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Figure 3.3  FESEM image of (a) TiO2 nanotubes on Ti felt at 20V, 1 mol dm-3 MSA, 1 

wt. % at 7000 × magnification (b) TiO2 nanotubes on Ti felt at 20V, 1 mol 

dm-3 MSA, 1 wt. % NH4F at 30000 × magnification (c) Bendable porous Ti 

felt electrode after anodization. 

 

Titanium felt was anodized in methanesulphonic acid at a range of concentrations from 

0.1 mol dm-3 to 5.0 mol dm-3. Figure 3.3 a) reveals a FESEM picture of titanium dioxide 

100 nm 1 µm a) b) 

100 nm 

 

1 cm 

c) 
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nanotubes synthesized at 20 V in 1 mol dm-3 MSA and 1 wt. % NH4F. The micrograph 

reveals that the nanotubes had an average diameter of approximately 100 nm and the 

distance between the nanotubes is in the range of 10-50 nm. The Figure 3.3 b) shows the 

hexagonal pattern of nanotubes. Figure 3.3 c) showed the compressed 3D fibrous network 

of titanium metal, felt (Ti felt), which is rigid while capable of being bent or flexed 

without breaking. 

 

The anodization scheme involves metal oxide formation as a first step as shown by the 

following reaction [29]; 

M + 𝑧𝑧H2O →   MOz + 𝑧𝑧H+ + 𝑧𝑧e−        (3.1) 

M is metal surface used as an anode 

z is stoichiometric number 

The electrochemical formation of the oxide layer in case of Ti felt substrate has the 

following mechanism: 

 

Oxide formation : Ti + 2H2O →   TiO2  + 4H+ + 4e−     (3.2) 

 

And chemical reaction with fluoride [42, 43]: 

 

Dissolution of oxide: TiO2  + 6F− + 4H+  →   TiF62− + 2H2O   (3.3) 
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Initially, the anodization forms a dense layer of TiO2 on the Ti felt substrate. In the 

presence of ammonium fluoride, the TiO2 film over the Ti felt can be dissolved into an 

anionic, fluorotitanate complex as depicted from equation 3.3. This dissolution of the 

oxide surface occurs randomly and produces dispersed pores across the substrate. The 

pores at the top constitute links with substrate due to the structural configuration of Ti 

felt. This continually improves the sequence of pores over the top surface producing 

uniform pores in every direction of the substrate leading to orderly distribution of 

nanotubes arrays with defined structure. The oxide layer dissolves at the mouth of the 

pore and oxide formation held at the bottom of the pores [45].  

 

Ordered arrangement and growth of nanotubes is influenced by the pre-treatment method 

for cleaning the Ti felt. The hexagonal structure depends upon anodization conditions, 

such as the potential and, the composition of the electrolyte. The use of an untreated Ti 

felt substrate causes irregularities with disordered structures. Initially, anodising formed 

a solid agglomerated layer of TiO2 on the titanium felt. This compact layer depends upon 

factors including acid concentration, fluoride intake and applied potential as concluded 

in literature [43]. 
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Volts  Concentration 
of NH4F and 

MSA 

FESEM image 

1 V 0.5wt. % NH4F 
0.1 mol dm-3 

 

5 V 0.3wt. % NH4F  
0.1 mol dm-3 

 

10 V 0.02wt. %NH4F 
0.1 mol dm-3 

 

 

 

 

 

  

100nm Image b) 

Image a) 1µm 

Image c) 1µm 
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Volts Concentration 
of NH4F and 

MSA 

  FESEM image 

10 V 0.5 wt. % NH4F 
0.1 mol dm-3 

 

20 V 0.5wt.% NH4F 
0.1mol dm-3 

 

25 V 1 wt. % NH4F  
1 mol dm-3 

 

Image e) 

1µm 

1µm 
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Table 3.1  Effect of operating conditions on Ti felt anodization (Ti felt anode with 

dimensions 2 cm × 2 cm × 0.15 cm,  graphite plate cathode with dimensions 

1.5 cm × 6 cm × 1.2 cm, stirring = 300 rev min-1, T = 25 °C, t = 1 hour). 

 

3.3.2 Effect of operating parameters on nanotube growth 

3.3.2.1 Effect of fluoride concentration on nanotube formation 

Seven different compositions containing different concentration of ammonium fluoride 

were investigated. The concentration of ammonium fluoride was 0.02, 0.1, 0.3, 0.5, 0.7 

or 1.0 wt. % fluoride ion in 0.1 mol dm-3 methanesulphonic acid. A cell potential of 20 V 

difference was applied by means of power supply while the solution was at room 

temperature (25 ºC) and the anodisation time was 1.0 h. The magnetic stirrer was used at 

a rotation speed of 300 rev min-1. 

Figure 3.3 a) and b) show the substrate morphology of anodized Ti felt with ordered TiO2 

nanotubes at a fluoride ion concentration of 1.0 wt. %. The nanotubes had an inner 

diameter of approximately 100 nm with a wall thickness of 20 nm and a hexagonal grid 

spacing.  

At low fluoride concentrations of 0.02-0.03 wt. % there is no formation of nanotubes. 

Table 3.1 Image f) depicts the morphology of the anodized Ti felt at a fluoride 

30 V 0.7wt.% NH4F 
0.5mol dm-3 

 

1µm Image g) 
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concentration of 0.02 wt. % fluoride ion which shows just oxide layer on the surface. At 

0.3 wt. % of fluoride ion, there is still has some oxide layer on the surface as shown in 

Table 3.1 Image g). The reason could be that the concentration of fluoride ions was too 

low to dissolve the oxide layer present on the substrate. The oxide dissolution to 

hexaflurotitanium is limited in comparison to the oxide formation on the substrate. 

 

The above findings showed that ordered and well defined TiO2 nanotubes were formed 

at fluoride concentration of 1.0 wt. %. The formation of hexaflurotitanium anion in the 

solution depends upon the fluoride ion which further promotes the dissolution of Ti oxide 

layer, as depicted in reaction (3.3). At low concentration fluoride ions are unable to 

dissolute oxide layer at the pore mouth and no nanotubes formed. However if the 

concentration of fluoride ions is too high, more hexaflurotitanium anion is form in the 

solution leading to the excessive dissolution of the oxide layer at the pore mouth ending 

up towards the destruction of nanotube arrays [42, 43, 45]. 

 

 

Figure 3.4 FESEM image of (a) TiO2 nanotubes on Ti felt at 5 V, 1mol dm-3 MSA, 1 wt. 

% NH4F at 13000 magnification (b) TiO2 nanotubes on Ti felt at 30 V               

1mol dm-3   MSA, 1 wt. % NH4F at 13000 magnification. 

100nm 100nm 

 

a) b) 

Oxide layer 
Agglomerates of oxide 

over nanotubes   
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3.3.2.2 Effect of methanesulphonic acid concentration on nanotubes formation 

Three different concentrations of methanesulphonic acid were studied, namely 0.1, 0.5 

and 1 mol dm-3 at a fluoride concentration of 1.0 wt. %. Other operating conditions 

involve constant stirring at 300 rev min-1, temperature 25 °C anodizing time 1 hour.  

Titanium dioxide nanotubes were formed in all concentration of MSA. The nanotubes 

have residual oxide precipitates at the top surface when MSA was 0.1 mol dm-3, as shown 

in figure 3.1b. The average diameter of nanotube was 50 nm with a wall thickness of 10 

nm. An organized nanotubes growth was seen at higher concentrations of MSA (1 mol 

dm-3) as shown in figure 3.3 a). However, on increasing the concentration of MSA, the 

nanotubes look clean and more confined with no traces of surface oxide. The dimensions 

of nanotubes were 100 nm with a wall thickness of 20 nm. This is in agreement with the 

previous investigations, which demonstrated that the pH of the electrolyte influences the 

rate of oxide formation at the bottom of the pore and the rate of oxide dissolution at the 

mouth of the pore [40, 49]. 

At higher acidic concentration at 1 mol dm-3, there is much easier formation of 

hexaflurotitanium anion which ultimately increase the dissolution of oxide layer. 

Consequently, more ordered nanotubes form on the Ti felt substrate.  

 

3.3.2.3 Effect of applied potential on nanotube growth 

Seven different cell voltages were applied i.e. 1, 5, 10, 15, 20, 25 and 30 V in an 

electrolyte 1 wt. % of fluoride ion with 1 mol dm-3 MSA. While other parameters were 

similar to that used in the section 3.2.1 i.e. (solution was at room temperature (25 ºC) and 
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the anodisation time was 1.0 h and magnetic stirrer was used at a rotation speed of 300 

rev min-1). 

Figure 3.3 b) shows that an applied cell potential of 20 V produced well defined and 

ordered TiO2 nanotubes. At a lower cell voltage, the tubes became less stable while more 

compact oxide layer was seen at lower voltages (1-10V). There is little or no 

electrochemical etching of the oxide layer at lower applied potentials. For instance, no 

nanotubes were seen at 1-10 V as can be seen from figure 3.4 a). At 15 V some nanotubes 

were observed with wall thickness of 10 nm with some oxides as shown in figure 3.2 b). 

By increasing potential to 20 V the wall thickness increased to about 20 nm as depicted 

in figure 3.3 b). It can be concluded that by anodising at this applied potential the oxide 

dissolution at the pore mouth decreased due to higher electrochemical etching of oxide 

layer over the Ti felt. At applied potential of 30 V, gas evolution was seen on both 

electrodes which ultimately enhanced the rate of oxide formation at the pore bottom and 

its dissolution at the pore mouth which generated agglomerates of oxides on nanotubes 

as can be seen in figure 3.4 b). 

 

3.3.3 Decoration of nanotubes with PbO2 

The nanotubular arrangement of TiO2 nanotubes is hydrophilic. Therefore, these 

structures are able to absorb the content of an aqueous phase on immersion into a solution. 

This wetting characteristics enable deposition of the nanotubes with electrolyte in the 

presence of PVP as a structure directing agent [36].  
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Figure 3.5 Arrangement for the synthesis of Ti felt/ TiO2 nanotubes /PbO2 composite.   

Figure 3.5 shows the stepwise arrangement for the synthesis of the composite electrodes 

where TiO2 nanotubes were obtained via anodization and further deposited with PbO2. 

The nanotubular arrangement at Ti felt substrate was immersed in a solution containing 

lead nitrate and ammonium sulphate. The lead ions are adsorbed over the surface of TiO2 

nanotubes and converted to PbO2 after heat treatment and accumulated over the surface 

of the Ti-felt on via following reactions  

   Pb(NO3)2  + 3OH−  →   Pb(OH)3 
−  + 2NO3     (3.4) 

Pb(OH)3 
− + 𝑆𝑆2O8

2− +  OH− →60° C   PbO2 + 2SO4
2− + 2H2O   (3.5) 

In reaction 3.4, lead nitrate was converted to Pb(OH)3 
−  and further it was oxidized by 

ammonium persulphate to lead dioxide as depicted in equation 3.5 at a temperature of 60 

ºC. The deposition of PbO2 on the nanotubular arrangement on Ti felt was proved by 

Raman and FESEM studies. Figure 3.6 a-b) reveals SEM images for a deposited lead 

dioxide over Ti felt during 15 min of immersion on the TiO2 nanotubes, which shows 

partial deposition of PbO2 on nanotubes. Some of the uncovered nanotubes can still be 

seen as immersion time is lower. The deposition of PbO2 over the nanotube arrays can be 
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increased by tuning the immersion time. In this case the immersion time was increased to 

6 h and 12 h. Figure 3.7 and Figure 3.8 represent the SEM images of these immersion 

time for deposited PbO2. 

 

 

 

Figure 3.6 FESEM Images of nanotubes decorated with PbO2 on the Ti felt substrate 

obtained by layer by layer immersion: (a) PbO2 covered TiO2 nanotubes on 

Ti felt at a cell potential of 20 V in 1 mol dm-3 MSA containing1 wt. % NH4F 

at 30000 × magnification (b) PbO2 covered TiO2 nanotubes (ti = 15 min) on 

Ti felt at 20 V in 1 mol dm-3 MSA + 1 wt. % NH4F at 60000 × magnification. 

 

FESEM images reveals a large amount of PbO2 on the surface of the nanotube layers as 

immersion time increases. In the first 15 min immersion, PbO2 deposited over the surface 

of the TiO2 nanotubes, without modifying the nanotubular arrangement. At ti = 6 h, the 

amount of PbO2 produced inside overflows and spills outside the nanotubular structures 

and develop PbO2 which after flashing with nitrogen  acquire a shape of spheroid like 

crystalline structure. At ti = 12 h, PbO2 homogenously covered the TiO2 nanotubes 

a) 100 nm 100 nm b) 

Nanotubes 

covered 

with PbO2 
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surfaces and form a cauliflower shape like structure. The equilibrium absorption of lead 

oxide precursor have been achieved at 12 hours immersion by TiO2, which is a known 

adsorbent of lead ions as reported in literature [50, 51].  The decoration of nanotubes with 

PbO2 on the nanotubular arrays over Ti felt substrate expected to increase the 

electrochemical properties of the coating. 

 

 

 

Figure 3.7 FESEM Images of nanotubes decorated with PbO2 particles on the Ti felt 

substrate obtained by layer by layer immersion (a) TiO2 nanotubes decorated 

with PbO2 (ti = 6 h) at 200 magnification (b) TiO2 nanotubes decorated with 

spheroid like PbO2 crystals(ti = 6 h) on Ti felt at 1500 × magnification. The 

inset shows the uncovered nanotubes at 35000 × magnification. 

 

100 µm 10 µm 

Nanotubes 

 

100 nm 

a) b) 
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Figure 3.8 (a) TiO2 nanotubes covered PbO2 (ti = 12 h) on Ti felt 200 × magnification (b) 

TiO2 nanotubes covered with cauliflower like PbO2 crystals (ti = 12 h) on Ti 

felt at 1500 × magnification, the inset shows the PbO2 covered nanotubes at 

35000 × magnification. 

 

EDX elemental analysis was revealed in figure 3.9 for this novel coating. It showed that 

as obtained coating contain lead in abundance with titanium and oxygen. This shows that 

PbO2 adhered uniformly over the Ti felt strands.  

 

 

Nanotubes 

covered 

with PbO2 

10 µm 100 µm 
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100 nm 
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Figure 3.9 EDX images for elemental analysis of calcined Ti felt / TiO2 nanotubes /PbO2 

obtained by anodization and layer by layer immersion: (a) calcined Ti felt / 

TiO2 nanotubes /PbO2 at 900 magnification (b) lead interpretation (c) titanium 

interpretation (d) oxygen interpretation (e) Sum spectrum for elemental plot 

interpretation. 

 

The Raman spectroscopy revealed the structural properties of the coatings related to the 

presence of α-PbO2 and formation of anatase phase after annealing as shown in figure 

3.10. The distinct peaks observed at 428, 285 and 152 cm-1 which exhibit the presence of 

α-PbO2 at calcined and non-calcined Ti felt / TiO2 nanotubes /PbO2 [52]. The effect of 

annealing transform the substrate from nanotubes amorphous phase to anatase phase 

which was indicated by the appearance of peaks observed at 517, 319 and 177 cm-1 as 

demonstrated in the literature [53].   

 

100 µm Pb Ma 1 a) b) Ti Ka 1 c) 

O Ka 1 d) e) 
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Figure 3.10 Raman spectra of calcined and non-calcined Ti felt / TiO2 nanotubes /PbO2 

(ti = 15 min) at 450 ºC and calcined non-calcined Ti felt / TiO2 nanotubes.  

 

3.3.4 Electrochemical studies of novel coatings containing PbO2 

These nanotubes coated with PbO2 nanoparticles on Ti felt substrate observed in Figure 

3.8 a), are likely to be utilized as an electrode for an electrochemical anodic oxidation of 

RB-5 dye. Therefore, to examine the electrochemical characteristics of Ti felt/ TiO2 

nanotubes and Ti felt/ TiO2 nanotubes /PbO2 electrodes towards RB-5 dye, linear scan 

voltammetric studies were used. The main goal of these studies is to detect the 

electrocatalytic performance towards oxidation of organic molecules and to know the 
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limiting current at which oxygen evolution started. Figure 3.11 represented the linear scan 

voltammograms from - 0.4V to 1.4V vs. Hg/HgO NaOH (sat.) at a sweep rate of 10 mV 

s-1, in 0.05 mol dm-3 H2SO4 in the working and counter electrode compartment. The scan 

towards positive potential depicts steep rise in the anodic current corresponding to the 

oxygen evolution reaction.  

 

Figure 3.11 Polarization curve by using the coatings a) Ti felt / TiO2 

nanotubes /PbO2 as positive electrode after annealing at 450 ºC in 

an electrolyte containing in 0.05 mol dm–3 H2SO4. b) Ti felt / 

TiO2 nanotubes in an electrolyte containing in 0.05 mol dm–3 

H2SO4 background electrolyte; potential scan rate of 10 mV s-1;  

T = 25 ºC. 

 

  

a) b) 
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According to figure 3.11, the overpotential of electrodes utilized in this work towards the 

oxygen evolution reaction is in the following order: Ti felt / TiO2 nanotubes /PbO2 > Ti 

felt / TiO2 nanotubes. The free radical (•OH) generated during electrochemical water 

discharge reaction is the result of an intermediate reaction that takes place just before the 

oxygen evolution reaction. Oxygen evolution started at higher potential (1.5 V vs. 

Hg/HgO) by using Ti felt / TiO2 nanotubes /PbO2 which shows the positive improvement 

of the substrate by the addition of PbO2. This represents the better capability of the 

substrate anodized with TiO2 nanotubes and decorated with PbO2 on pre-treated Ti felt. It 

was reported that TiO2 has been utilised as a base substrate for RuO2 and IrO2 anodes, 

where water discharge fosters ●OH free radical at the RuO2 and IrO2 anodes [1]. At the 

TiO2 layer, the ●OH free radical can be produced via two routes:  

 

i) Photocatalytic in the presence of UV light 

ii) Electrocatalytic of Nb- or Ta-doped TiO2 anode is employed [44].  

 

The improvement contributed due to the existence of TiO2 nanotubes on the substrate can 

be associated to the adsorption of positively charged RB-5 dye molecules to the 

negatively charged TiO2 nanotubes and subsequent oxidation of RB-5 dye by the free 

radical generated at non-active PbO2 present over nanotubes supported by Ti felt 

surface. It was explained that carbon based substrate like carbon foam coated with PbO2 

generates (●OH) hydroxyl radical due to water discharge reaction [52].  

It is well known that oxygen evolution reaction (OER) is an undesirable reaction during 

electro-oxidation activity. The water discharge is the first step during the course of 

intermediate reactions which ultimately generate mediated hydroxyl radicals (●OH) in 
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Eq. (2.1), at the anode surface during oxygen evolution reaction. The nature of electrode 

also plays a significant role on the impact of hydroxyl radicals over the positive electrode 

surface during anodic oxidation. Two kinds of electrode materials can be categorized for 

electrochemical oxidation: "active" and non-active electrode materials [56]. Active 

electrodes are strongly influenced by hydroxyl radicals [56]. The active anodes lead to 

the oxygen evolution reaction at lower potentials due to the generation of higher oxides 

[56, 57]. Pt is one of the active anode with high adsorption enthalpies which was 

extensively studied due to its attractive nature towards hydroxyl radicals. Hydroxyl 

radical is responsible for the oxidation of electroactive species for non-active electrodes.  

 

The decorated PbO2 over titanate nanotubes is a non-active electrode and there is a weak 

interaction of hydroxyl radicals. The anodic oxidation over a non-active anode (PbO2) is 

then known as (●OH) mediated oxidative oxidation of the dye. The interaction between 

the organic dye molecules with the physisorbed radical is intensified due to the applied 

potential on the anodic surface of Ti felt / TiO2 nanotubes /PbO2 and also by the greater 

surface area of Ti felt covered with anodized nanotubes which adsorb the dye molecule 

enhancing the oxidation process and hence ●OH radicals have tendency to react with the 

organic dye in the electrolyte [13] and degrade it. Tifelt/ TiO2 nanotubes /PbO2 and Tifelt/ 

TiO2 nanotubes were examined for electrocatalytic activity by using linear scan 

voltammetric studies. A solution containing 0.05 mol dm-3 H2SO4 was used as an 

electrolyte to study the oxygen evolution potential of both electrodes. The potential 

difference (1.5 V vs. Hg/HgO) in Figure 3.11 at which oxygen evolution reaction takes 

place is influenced by electrode material and formation of mediated ●OH radical due to 

water discharge. In case of Ti felt/ TiO2 nanotubes /PbO2 oxygen evolution started at 
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potential (1.5 V) vs. Hg/HgO (0.6 mol dm-3 NaOH) at a scan rate of 10 mV s-1. This 

corresponds to the maximum potential difference after the electrochemical reactions takes 

place at the anode surface as primary reactions with post-secondary oxygen evolution 

reaction in comparison to other electrodes used in this study. However for Ti felt/ TiO2 

nanotubes showed minimum potential for oxygen evolution reaction which corresponds 

its electro activity for oxygen evolution reaction while in case of Ti felt/ TiO2 nanotubes 

/PbO2 seems to be poor electroactive catalyst for the oxygen evolution reaction. Ti felt/ 

TiO2 nanotubes showed oxygen evolution > 1.0 V vs. Hg/HgO. Tifelt/ TiO2 nanotubes 

/PbO2 acquire electroactive catalytic properties for the electrochemical oxidation of RB-

5 dye before 1.5 V vs. Hg/HgO, as this has been presented in the previous reports that 

mediated ●OH radicals acts as an oxidizing species produced due to water discharge and 

negligible adsorption of these active mediators over the non-active anode [59, 60]. 

3.3.5   Electrochemical removal and discolouration of RB-5 dye 

The oxidation was studied by electrolysis of the electrolyte containing RB-5 dye using 

the coating described above as anode with an applied constant potential of 1.4 V vs. 

Hg/HgO. The volume of the electrolyte was 100 cm3 containing 2× 10-5 mol dm-3 of RB-

5 dye and 0.5 mol dm-3 of Na2SO4 by adjusting pH = 3 using H2SO4. The working 

electrode was (Ti felt/ TiO2 nanotubes /PbO2, Ti felt/ TiO2 nanotubes or Ti felt) while the 

counter and reference electrodes were platinum and Hg/HgO, respectively. A UV-vis 

spectra was used to measure the concentration of RB-5 dye in samples taken during 

constant potential electrolysis of the electrolyte at regular intervals of time, used the 

maximum absorbance band for RB-5 dye in the visible region (λmax = 597 nm). The 

calcined Ti felt/ TiO2 nanotubes /PbO2 as working electrode caused the intensity of visible 
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band continuously decreased during 60 min of electrolysis. There was no evidence of new 

bands in the absorbance data, denoting prompt transformation of the dye structure during 

the electrochemical treatment which may associate the formation of other complex dye 

structures that could be oxidised into elementary low molecular weight species such as 

CO2 and H2O [61]. Other different aliphatic and aromatic hydrocarbons may arise due to 

the oxidation of RB-5 dye, this results from the displacement of functional (chromophore 

group) present in azo dyes and ultimately removal of these groups to carbon dioxide and 

organic acids (carboxylic acid) [62, 63, 64]. The normalized concentration of the dye vs. 

time for during the electrolysis studies using Ti felt/ TiO2 nanotubes /PbO2, Ti felt/ TiO2 

nanotubes and Ti felt as anodes are represented in Figure 3.12. A pseudo- first order 

reaction kinetics related to the dye oxidation that fits the equation 2.20 reported in section 

2.9, is assumed.        
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Figure 3.12 Electrochemical oxidation of RB-5 dye in an electrolyte  having 2 × 10-5 

mol dm-3 R.B-5 dye in 0.5 mol dm-3 Na2SO4 (Experimental conditions:  

applied potential = 1.4 V vs. Hg/HgO pH = 3.0, T = 25 ºC)  by using ) 

Ti felt, ) Ti felt / TiO2 nanotubes, and ■) Ti felt / TiO2 nanotubes / PbO2. 

 

The different values of normalized concentration and pseudo first order removal kinetics 

constants are influenced by the electroactive nature of the different substrates used. The 

different performance arises due to the tendency of Ti felt/ TiO2 nanotubes /PbO2 to 

transform mediated ●OH radicals into dioxygen species or may be directly attack the azo 

dye as represented in equations (3.6) and (3.7). 
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M( OH● )  →  M + H+ +  1
2

O2  +  𝑒𝑒−        (3.6) 

RB − 5 +  OH●   → Intermediates →  H2 O +   CO2        (3.7) 

The generation of hydroxyl radicals over the active surface electrode i.e. Pt plays a critical 

role but it also promotes the oxygen evolution reaction rapidly, resulting in the 

consumption of free radical which ultimately affects the rate of organic removal [65]. 

Figure 3.12 showed the anodic oxidation of RB-5 dye comparing 3 electrodes i.e. Ti felt/ 

TiO2 nanotubes /PbO2, Ti felt / TiO2 nanotubes and Ti felt. The plots show that calcined 

Ti felt/ TiO2 nanotubes /PbO2 produces about 99% colour removal with a kinetic pseudo 

rate constant value of k = -0.0875 min-1 calculated from the linear pseudo first order 

oxidation shown in Figure 3.13, when applying constant potential value of  1.4 V vs. 

Hg/HgO.    
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Figure 3.13 Electrochemical oxidation kinetics of RB-5 dye in an electrolyte having   

2 × 10-5 mol dm-3 R.B-5 dye in 0.5 mol dm-3 Na2SO4 (Experimental 

conditions:  applied potential = 1.4 V vs. Hg/HgO pH = 3.0, T = 25 ºC)   

by using ) Ti felt,) Ti felt / TiO2 nanotubes, and ■) Ti felt / TiO2 

nanotubes /PbO2. 

 

The high colour removal efficiency, of 99% can be explained as water discharge and 

produces ●OH free radicals mediators which ultimately leads to the colour removal. Ti 

felt / TiO2 nanotubes caused almost negligible colour removal (10%) during the first 50 

min of electrolysis but increased to 40% at 60 min which might be due to the adsorption 

of dye on the nanotubes with pseudo rate constant k = -0.0058 min-1. However, lower 
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oxidation results for Ti felt alone were observed, with discolouration of dye of about 7% 

after 60 min which is quite low while comparing results with calcined Ti felt / TiO2 

nanotubes /PbO2 of about 99% oxidation in 60 min, this suggest that the application of 

positive potential might give rise to the oxidation of Ti felt and perhaps passivation. 

However for Ti felt / TiO2 nanotubes /PbO2 the non-active nature of PbO2 assisted the 

production of ●OH radical as described in equation (2.1) and nanotubes may promote the 

platform to adsorb the dye molecules inside the tubes on the Ti felt substrate.   

 

3.3.6 Reaction kinetics for electrooxidation of RB-5 dye 

Figure 3.12 represented normalized concentration profile of RB-5 dye against time during 

the electrolysis at 1.4 V vs. Hg/HgO, pH = 3.0 at different electrodes. The log of the 

normalized concentration decay vs. time is shown in figure 3.13. A linear relationship 

suggest that electrooxidation of reactive black 5 dye denotes a pseudo first order reaction 

kinetics for Ti felt / TiO2 nanotubes /PbO2 substrate. This showed steady removal of RB-

5 dye with rate of discolouration during electrochemical reaction time. Table.3.2 shows 

the comparison of different technologies for the removal of RB-5 dye. Kusvuran et.al. 

investigated the mineralization of RB-5 dye by using the electro Fenton reaction by 

applying -0.55 V vs. SCE. At the operating conditions in the performed experiments of 

the above studies, the mineralization was only 40% with an oxidation pseudo rate constant 

of 0.019 min-1 [66]. The Fenton process was studied for the removal of RB-5 dye, using 

FeSO4 which showed the removal of 99 % colouration under optimum conditions in 

nearly 4 hours with rate constant of 0.0363 min-1 [67].  Pseudo rate constant results of RB-

5 dye removal found to be the fastest by using Ti felt / TiO2 nanotubes /PbO2 substrate in 
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about 60 min at constant potential 1.4 V vs. Hg/HgO. The calculated pseudo rate constant 

at this constant potential is 0.0875 min-1 which is higher if compared with those listed in 

table 3.2. The lowest pseudo rate constant was obtained using Ti felt which was about 

0.0012 min-1. This seems to be 10 times lower in comparison to the anodic oxidation of 

RB-5 dye by using Ti felt / TiO2 nanotubes /PbO2 substrate. Actually, ●OH free radical 

produced for non-active electrode played a leading role for the oxidation of RB-5 dye. 

The pseudo rate constant for Ti felt / TiO2 nanotubes was found to be 0.0058 min-1 quite 

lower as no electrochemical oxidation took place and which may be due to dye molecules 

adsorbed over the surface site of positively charged nanotubes [68]. 

 

3.3.7 Current efficiency and energy consumption for oxidation of Reactive 

Black-5 

Total Organic Carbon (TOC) studies were carried out before and after the electrolysis of 

the solution containing RB-5 dye using calcined Ti felt / TiO2 nanotubes /PbO2. This data 

was then used to calculate the current efficiency and power consumption. 

The current efficiency (CE) values for the electrochemical process are calculated by using 

following relation [69]; 

CE =  2.67[TOC0−TOCf] 𝐹𝐹𝐹𝐹

8 ∫ 𝐼𝐼𝑑𝑑𝑑𝑑𝑡𝑡
0  𝑑𝑑

× 100         (3.8) 

Where 2.67 is the reported conversion factor of COD (Chemical Oxygen Demand) to 

TOC, (TOC0) and (TOCf) related to the TOC (g dm-3) values at initial and final time of 

electrolysis respectively, F is the Faraday constant (96,500 C mol−1), V is the volume of 

the solution (dm-3), 8 is the factor for oxygen equivalent mass (g eq-1),  ∫ 𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑
0  the overall 
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charge passed during the electrochemical reaction and t is the overall time interval (s) of 

electrolysis process. 

In this work, for 1h electrolysis operation, the TOC decrease from an initial value of 21.96 

mg dm-3 to 14.521 mg dm-3 which was about 7.439 mg dm-3 h with TOC removal 

efficiency of  33%. The current efficiency was calculated from equation 3.9 and found to 

be 10%. Steter et.al. studied the oxidation of amaranth dye and found that CE values 

decreased when they applied current density for the electrolysis process in the range of 

10 to 50 mAcm-2. At the end of 90 min of electrolysis, the CE of 17 % was achieved at 

optimum conditions [69]. Lower CE values are attributed to the secondary reactions like 

oxygen evolution and intermediate species transformation during the oxidation of the 

organic dyes.  

The proposed route is associated with the breaking of aromatic heterocyclic chain (azo 

bond) of reactive black 5 producing transitory intermediates. The intermediates further 

converted into benzene amino sulphonic acid in the presence of  ●OH radical by removing 

R = (CH2)2OSO3Na. The addition of ●OH radical to amino benzene sulphonic acid results 

in the generation of phenol molecule by removing NH2 group. Finally, reactive black 5 

dye transformed into aliphatic acidic compounds, water and carbon dioxide as shown in 

figure 3.14. 
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Figure 3.14 Degradation pathway for the oxidation RB-5 dye 

where, Carbon  Sodium,  Hydrogen,         Nitrogen,            Sulphur,  

      Oxygen  [35]. 

 

The energy consumption, EC, (kWh kg− 1) was calculated from following equation [70]; 

 

EC =  𝐸𝐸 𝐼𝐼𝑜𝑜 ∆𝑑𝑑
100 (TOC0−TOCf) 𝐹𝐹

        (3.9) 

 

where E (V) is the applied potential, Io (A) is the current passed during electrochemical 

reaction, ∆t (h) the electrolysis time, (TOC0) and (TOCf) related to the TOC (kg dm-3) 

values at initial and final time of electrolysis respectively and V (dm3) corresponds the 

electrolyte volume. 
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The energy consumption was calculated to be 1149 kWh kg− 1 by using calcined Ti felt / 

TiO2 nanotubes /PbO2 for the oxidation of 2 × 10-5 mol dm-3 of RB-5 dye. Current 

efficiency and energy consumption results obtained in this study are found to be 

comparable with the literature. Vasconcelos et.al. reported extremely higher energy 

consumption, using RVC electrode at a constant potential of −0.4 V vs. Ag/AgCl. Under 

optimum conditions the reported EC was 3471 kWh kg−1 [70]. 

 

3.3.8 Photocatalytic oxidation of Reactive Black-5 

The Raman studies revealed anatase phase for calcined Ti felt/ TiO2 nanotubes /PbO2 

substrate (ti = 15 min) (see figure 3.10). The activity of the anatase phase caused the 

photocatalytic behaviour of the coatings towards the photocatalytic oxidation of RB-5 

dye in Na2SO4 solution at pH 3.  
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Figure 3.15 Photocatalytic oxidation of 2 × 10-5 mol dm-3 RB-5 dye in 0.5 mol dm-3 of 

sodium sulfate by ) calcined Ti felt / TiO2 nanotubes /PbO2 (ti =15 min), 

) uncalcined Ti felt / TiO2 nanotubes  Inset shows ■) oxidation kinetics by 

using calcined Ti felt /nanotubes /PbO2 (ti = 15 min) ○) uncalcined Ti felt / 

TiO2 nanotubes  (Experimental conditions:  UV lamp intensity = 1.5 mW    

cm-2 , pH = 3.0, T = 25 ºC). 

 

Figure 3.15 shows decay of RB-5 dye due to the photocatalytic mechanism displayed by 

the coating under acidic environment at pH = 3 (by addition of H2SO4). The protonation 

of TiO2 (anatase) on the coating [71, 72] due to the UV radiation creates holes and 

electrons over the surface [73, 74]; as shown in equation (3.10), the TiO2 which was 

present over the coating reacts with H+ ions to become positively charged, resulting in the 
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attraction of negatively charged RB-5 dye molecules, following discolouration of RB-5 

dye [68]: 

 TiO2  + H+ →   TiO2H+          (3.10) 

The illumination of the coating (anatase) in the solution of water with RB-5 dye produce 

electrons (e-) and holes (h+) in the conduction and valance bands of the coating 

respectively, as represented by equation (2.7). The oxidative nature of holes promote the 

direct or indirect oxidation of dye. The production of ●OH free radicals by the reaction 

between the water molecules and valance band holes as depicted in equation (2.8) leads 

to the oxidation of RB-5 dye. Similarly, oxidizing radicals O2
●- can be generated by the 

reaction between electron and electron acceptor like O2 [72, 73]. Overall, the 

photocatalytic activity is ultimately influenced by the holes and radicals produced over 

the anatase phase of the coating as represented in equation (2.9) to (2.13). The time 

dependent normalized concentration of RB-5 dye by using calcined Ti felt/TiO2 

nanotubes /PbO2 for photocatalytic oxidation (20 min) is shown in figure 3.15. The data 

shown in the inset of figure 3.15 indicates a pseudo-first order reaction kinetics for the 

discolouration of reactive black-5 dye on the calcined Ti felt/ TiO2 nanotubes /PbO2 

coating according to equation 2.20.  

A pseudo first order rate constant k for photochemical oxidation was found to be 0.1244 

min-1. Jafari et.al. studied the Candida tropicalis (JKS2) –TiO2 as a photocatalyst for the 

treatment of RB-5 dye, the colour removal of 90% was achieved with oxidation pseudo 

rate constant of 0.038 min-1 [75] . The improved results by using calcined Ti felt/ TiO2 

nanotubes /PbO2 coating could be due to heat treatment (calcination) of the coating which 

converts nanotubes to the individual crystal phase known as anatase which makes these 
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coatings photocatalytic active when exposed to UV irradiation which ultimately leads to 

the 97% colour removal of dye in 30 min. The pseudo first order rate constant was found 

to be 0.1244 min-1 which seems to be faster than the electrochemical oxidation of the dye. 

This behaviour is imparted with the generation of free electron hole pair which may 

directly attacks the dye or by indirectly producing hydroxyl radical to decompose the dye 

quicker than electrochemical oxidation.  The photocatalytic behaviour of the calcined Ti 

felt/ TiO2 nanotubes /PbO2 (ti = 15 min) is attributed to the photo-induced holes and 

indirect oxidation by the free radicals produced [73].  

 

Method Optimum conditions -k / 
min-1 

Conve
rsion / 

% 

Time Reference 

Electro Fenton Fe(NH4)(SO4)2· 6H2O/RB-5 dye 
=3 mol/dm-3 , pH = 3, Applied 

potential = −0.55V vs. SCE, 30 °C 

0.019 40 30 min [73] 

Fenton 100 mg dm−3 FeSO4 , 400 mg dm−3 

H2O2, 40 °C, pH = 3 
0.0363 99 4 h [74] 

Photoassisted 
Fenton 

5g/L  iron oxide 
dm−3 FeSO4 ,29.4 × 10-3 mol dm-3 

H2O2, pH = 7, UVA= 15W 

0.0434 70 480 
min 

[76] 

Anodic 
oxidation 

Ti felt,  E= 1.4 V vs. Hg/HgO                 
pH = 3, T = 25 °C 

0.0012 7 60 
mins 

This study 

Anodic 
oxidation 

Ti felt / TiO2 nanotubes, E= 1.4 V 
vs. Hg/HgO, pH = 3, T = 25 °C 

0.0058 36 60 
mins 

This study 

Anodic 
oxidation 

Calcined Ti felt / TiO2 nanotubes 
/PbO2 (ti = 12 h) E= 1.4 V vs. 
Hg/HgO, pH = 3, T = 25 °C 

0.0875 99 60 
mins 

This study 
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Method Optimum conditions -k / 
min-1 

Conve
rsion / 

% 

Time Reference 

Photocatalysis Calcined Ti felt / TiO2 nanotubes 
/PbO2 (ti = 15 min) pH = 3,           

T = 25 °C, UV intensity = 20 mW 
cm-2 

0.1244 97 30 min Photochemi
cal rate in 
this study 

Table 3.2 Comparison of different parameters including pseudo rate constant, % 

conversion and reaction time for oxidation of RB-5 dye by Ti felt, Ti felt / 

TiO2 nanotubes and Calcined Ti felt / TiO2 nanotubes /PbO2 and other related 

values from selected literature. 

 

3.4 Conclusions 

In conclusion, TiO2 nanotubes can be formed on the top surface of Ti felt with 

nanotubular arrangements using MSA (1 mol dm-3) containing ammonium fluoride about 

1.0 wt-% by anodization. The nanotubes can be formed at an applied cell potential of 10 

V for small nanotubes (diameter ≈50 nm) and 20 V for large nanotubes (diameter ≈100 

nm). The PbO2 can be deposited on the nanotubes by immersion of anodized Ti felt in a 

solution containing Pb (NO3)2 and structure directing agent polyvinylpyrrolidone (PVP). 

The immersion time (ti) plays an important role for the deposition of PbO2 over 

nanotubular structures further application of these coatings showed that Ti felt/ TiO2 

nanotubes /PbO2 exhibits the electrochemical dye discolouration of about 99 % in 60 min 

at more positive potential (1.5 V vs. Hg/HgO). This electrochemical performance of 

coating is imparted with the presence of PbO2. Further the samples produced by 15 min 

immersion time of Ti felt/ TiO2 nanotubes /PbO2 and after calcination were effective for 

the photochemical discolouration of the RB-5 dye (97 %). This photochemical activity 
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may be imparted due to the generation of photo induced-holes, oxidative radicals evolved 

from reaction of electrons in conduction band and electron acceptors(O2
− •). The results 

revealed a favourable approach in decorating metal oxide structures on TiO2 nanotubes 

over bendable porous Ti-felt substrate, for utilization in environmental oxidation of 

wastewater. 
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 Decolourisation of Reactive Black-5 at 

an RVC substrate decorated with PbO2/ TiO2 

nanosheets prepared by anodic electrodeposition 

 

 In this chapter reticulated vitreous carbon (RVC) surfaces were deposited with a 

composite consisted of PbO2 and TiNS, using TiNS/PbO2/RVC anodic electrophoretic 

deposition. The structure and morphological properties of the composite were analysed 

by FESEM and Raman spectroscopy. The composite coating having an anatase structural 

phase and revealed a well-defined, microporous structure with hydrophilic nature along 

the length and thickness of the RVC strands. Electrochemical and photocatalytic 

behaviour of the composite improved organic RB-5 dye oxidation as a pollutant in 

wastewater. The electrochemical decolourisation associated with the synthesis of 

hydroxyl free radicals at the TiNS/PbO2/RVC composite however, photocatalytic 

decolourisation was driven by the synergetic photocatalytic effect imparted by the 

photoinduced holes and the free electron acceptors. The photocatalytic properties of the 

TiNS/PbO2 coating were achieved by calcination at 450 °C for 60 min in air which 
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converted the titanate phase to anatase and modified its surface area. This enabled 98 % 

decolourisation of the RB-5 dye solution (measured by visible absorption at 597 nm) in a 

time of 60 min.  

 

4.1 Introduction 

The anodic oxidation of organic compounds contained in wastewater has attracted great 

interest due to its ability to purify and clean effluents in a rapid and controlled manner. 

The methodology has demonstrated high efficiency, especially in research works for 

pollutant decolourisation and chemical oxygen demand (COD) that utilize boron doped 

diamond (BDD) electrodes in filter press flow cells [1, 2]. In many cases, however, the 

application of BDD is limited to laboratory scale since BDD electrodes are expensive and 

considerable effort is required to set up a treatment plant. Therefore, there is a need to 

develop cost effective coatings, which operate in a similar fashion to BDD, and remain 

stable in a filter press flow cell during the mineralization, decolourisation and removal of 

organic compounds. Over the last decade, TiO2 based materials and coatings have been 

adopted as photocatalytic materials with the aid of ultraviolet (UV) light to degrade 

organic compounds. The increasing interest in electrochemical methods [2] such as 

electro-Fenton [3], anodic oxidation [4], electrocoagulation [5], solar photoelectro-

Fenton [6] and photoassisted electrochemical methods [2] have attracted the attention of 

researchers in the field of water treatment as efficient, cost effective and environmental 

friendly technologies.  

Anodic oxidation has been reported to be effective for partial and complete  

mineralization with colour removal of organic compounds by using mixed metal oxides 
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of Ru, Ti, Sb, Sn or Ir and PbO2 [7]. Anodic oxidation is widely employed and recognized 

as much easier in comparison to other electrochemical technologies such as 

electrochemical reduction (e.g. direct electrochemical reduction of Amaranth azo dye) 

[2]. Anodic oxidation produces physisorbed hydroxyl radicals (●OH) that discharge over 

the anode surface (M) during the electrolysis of water as depicted in equation 2.1. The 

species M (●OH) react with organic material until mineralization and produce low 

molecular weight organic compounds [4]. Metal oxide electrodes material play an 

important role during the anodic oxidation reaction since both chemical reactivity and 

ability to electrogenerate M (●OH) are related to the characteristics of the electrode. 

Different anode materials have been investigated to observe the stability and efficiency 

in batch as well as flow studies [8, 9, 10, 11]. The anode materials should be selected on 

their high over potential for the oxygen evolution reaction (OER) as well as for their large 

surface area. On BDD electrodes for example, (OER) occurs at ca. + 2.3 V vs. SCE and 

it is more suitable for the production of M(●OH) species than other materials [12, 13, 14].  

Titanate nanotubes coating have recently emerged as an attractive alternative for 

wastewater oxidation due to their stability at high temperature, ease of preparation, low 

price and relatively high oxygen evolution potential of 1.8 V vs. SCE in 0.1 M Na2SO4 

solution. For example, titanate nanotubes/Sb-doped SnO2 electrodes showed complete 

mineralization and decolourisation during the anodic oxidation of benzoic acid at 20 mA 

cm-2 [15]. Other nanomaterials such as nano PbO2/TiO2 and TiO2 nanosheets have been 

used for decolourisation and demineralization of methyl orange and chloroethene [16, 

17]. Recent research has shown that the preparation of PbO2 anodes decorated with TiO2 

nanotubes was found effective for the complete mineralization and decolourisation of 

reactive blue-194 at a current density of 150 mA cm-2 [18]. A modified Ti/SnO2-
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Sb/PbO2electrode has also being utilized for the removal of the azo dye acid black-194 at 

a current density of 30 mA cm-2 [19]. 

Other approaches, proposed to replace expensive metals, such as platinum [20], involve 

the formation of PbO2 inside the TiO2 nanotubes formed on a titanium substrate [21], 

which show high catalytic activity and large surface areas for electrooxidation. PbO2 acts 

as a conductive bridge during the anodic oxidation [22] demonstrating their suitability as 

electrodes for wastewater treatment [23, 24].  

PbO2 coatings on RVC or a carbon-polymer substrate obtained by electrodeposition in 

methanesulfonic acid electrolytes have been found effective for electrochemical water 

treatment [25]. The inclusion of titanate nanotube (TiNT) films has been claimed to be 

100 % efficient for the mineralization and removal of benzoic acid from wastewater [15]. 

The anatase phase of titanate nanotubes (TiNT) provides active surface area of 20 m2 g-1, 

larger than the traditional Degussa P25 TiO2 particles that have a 7 m2 g-1 surface area 

and are 20 % more efficient for the photo decolourisation of rhodamine–B dye [26]. The 

potential advantage of using a substrate with defined regular structure such as RVC 

provides efficient mass transport of the effluent over the surface, which ultimately provide 

efficient oxidation [27]. RVC possesses a honeycomb structure [28] and has been 

employed for the electro Fenton oxidation of azo dyes [1].  

Polypyrrole/anthroquinone disulphonate composite film modified graphite cathodes were 

used for the oxidation of azo dyes and achieved up to 80 % mineralization by 

electroFenton [29]. RVC was also employed to produce hydrogen peroxide to form the 

Fenton reagent and oxidase formic acid [30] and for removing metal ions [31, 32]. RVC 

substrate coated with TiNT produced inexpensive novel electrodes for advanced 
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processes, such as anodic oxidation and photocatalytic oxidation. In another example, 

TiO2 nanotubular arrays and titanium based electrodes have showed considerable 

electrocatalytic behaviour of organic compounds like ascorbic acid, glucose, dopamine 

and alcohols [33, 34]. The use of lower cost carbonaceous alternatives, such as carbon 

foam PbO2 composite coatings with titanate nanotubes, is worth study due to their 

morphology and porosity, which increase the stability of TiNT during anodic oxidation 

[35]. 

The inclusion of photocatalytically active titanium dioxide produces electron-hole pairs, 

as depicted in reaction (2.7), under UV light. The adsorbed photons over the titanium 

dioxide nanoparticulate photocatalyst are initiated at an energy greater than 3.2 eV, which 

corresponds to the energy necessary to excite an electron from the valance to the 

conductive band with the formation of positive hole at the valance band [36]. This creates 

electron-hole pairs, and the active electrons can form superoxide ions (O2
− •) and peroxide 

radicals by reacting with O2 as shown in reactions (2.10) and (2.11) [37] [38]. Similarly, 

reaction (2.12) involves production of hydrogen peroxide while reactions (2.13) represent 

the formation of ●OH radicals. The oxidation of a water molecule forms the short lived 

and powerful oxidant ●OH radical (redox potential = 2.7 V vs. SCE) [40]. This oxidant is 

capable of decolourisation and mineralizing organic matter residue to lower molecular 

weight compounds and ultimately to carbon dioxide and water [41].  

The aim of this study is to investigate the electrochemical and photochemical 

performance of TiNS/PbO2 coating on RVC for the decolouration of reactive black-5 

(RB-5) dye and characterize the structural and morphological properties of the coatings. 
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The decolouration of this dye is important due to its widely commercial usage in the 

leather, wool, polymer, rubber and silk industries. 

4.2 Experimental Details 

Reagent grade 50 % Pb (II) methanesulfonate (Pb(CH3SO3)2, 70 % Methanesulfonic acid 

(MSA), tetrabutylammonium hydroxide (TBAOH), cesium carbonate (Cs2CO3), Degussa 

TiO2 (P25), and reactive black-5 (RB-5) dye were purchased from Sigma Aldrich, while 

hydrochloric acid, sulphuric acid, sodium hydroxide, sodium sulphate and acetone 

obtained from Fischer scientific and used as received.     

4.2.1 Synthesis of titanate nanosheets 

A single-layer of titanate nanosheets (TiNS) was developed using an adapted 

methodology from Sasaki et.al [42]. TiNS were prepared by the solid reaction between 

the Cs2CO3 and P25 at molar ratio 1:5.3 and 800 °C for 90 min. Once cool down the 

resultant mixture was crush into finely grounded powder using an Agate hand mortar. 

The powder was reheated at 800 °C for two cycles of 20 hrs each, after each interval of 

high temperature treatment the resulting mixture was cooled overnight and ground to fine 

powder. The resulting white powder was lepidocrocite-like cesium titanate, 

Cs0.7Ti1.82□0.175 O4 where □ represents a vacancy [43]. 

Ion exchange method was used to produce smectite-like acid titanate from a mixture that 

contained 2 g of lepidocrocite-like cesium titanate and 80 cm3 of 1 mol dm-3 HCl. The 

solution was stirred with a magnetic follower over 4 days at 700 rpm. The solution was 

replaced with a fresh acid solution every day to maintain the amount of H+ ions at 1 mol 

dm-3 for acid leaching of Cs+ ions. The remaining solution was vacuum filtered by 
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employing a nylon membrane and ultimately cleaned with distilled water until the 

conductivity reached around 10 µS cm-1. The resulting smectite-like acid titanate was 

recovered and used to produce exfoliated single layer titanate nanosheets. This was 

achieved by stirring 0.4 g of smectite-like acid titanate with 100 cm3 of aqueous solution 

of 0.0165 mol dm-3 tetrabutylammonium hydroxide (TBAOH) at 200 rpm at room 

temperature (25 oC) for 2 weeks. This process replaced the protons (H+) present in the 

titanate nanosheets with bulky molecule (TBA+) ions. The exfoliated nanosheets were 

obtained as a suspension in an aqueous solution [44].  

 

4.2.2 Electrodeposition of PbO2 on RVC 

A piece of RVC substrate  from ERG materials of 100 pores per linear inch (ppi, porosity 

grade of RVC)  of 2 cm × 2 cm × 0.15 cm  dimensions was treated with 70 % nitric acid 

(Fisher scientific) at 110 °C for 1 hour and thoroughly rinsed and left in deionized water 

overnight, then dried at 90 °C overnight. A Cu wire was glued with Leit-C, Agar scientific 

to the RVC to provide electrical connection. The RVC electrode was placed in an 

undivided electrochemical glass cell fitted with a water jacket connected to a water 

thermostat, Grant LT D6G model (Figure 4.1) and was surrounded by a cylindrical mesh 

of stainless steel to provide uniform potential distribution. The cell was filled with an 

electrolyte solution containing 1 mol dm-3  Pb(CH3SO3)2 and 0.2 mol dm-3  MSA 100 cm3 

in aqueous solution. The electrodeposition of PbO2 on the RVC anode was carried out at 

2.5 A at 60 °C for 30 min with a constant stirring of electrolyte at 700 rpm with a 0.25 

cm long PTFE-coated magnetic stirrer [44][ 45].  
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Figure 4.1 Schematic view for electroplating of PbO2, solution containing 1 mol dm-3 

Pb(CH3SO3)2 and 0.2 mol dm-3 MSA at 2.5 A and 60°C for 30 min in a 

small undivided glass cell containing 100 cm3 of electrolyte. 

 

4.2.3 Anodic electrophoretic Deposition 

The RVC substrate coated with PbO2 was used as an anode for the electrophoretic 

deposition of TiNS from a solution containing exfoliated TiNS (0.4g) with TBAOH. The 

cathode was graphite plate of 1.5 cm × 6 cm × 1.2 cm dimensions in a parallel plate 

configuration with an inter electrode gap, d, of 1 cm. A cell potential difference of 15 V 
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was applied between the electrodes which created a potential gradient of 15 V cm-1 (the 

current was noted in the range of (0.002-0.003A) by using 300 W Aim-TTi model 

EX752M power supply for a 10 min. The electrolyte (100 cm3 aqueous solution 

containing exfoliated TiNS (0.4g) with TBAOH (0.0165 mol dm3)) was vigorously stirred 

at 700 rpm with a magnetic stirrer as shown in figure 4.2. 

 

Figure 4.2 Schematic view for deposition of TiNS, suspension containing 100 cm3 of 

TiNS exfoliated with tetrabutylammonium hydroxide (TBAOH) for 15min of 

electrophoretic deposition. 

4.2.4 Heat treatment 

The TiNS/PbO2/RVC samples obtained from electrophoretic deposition were calcined at 

450 °C for 1 hour. The sections of RVC that were not coated with TiNS/PbO2 film due to 
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the fact that they were outside the electrolyte, disintegrated at such a high temperature 

whereas those coated with the film resisted the calcination process. The TiNS film 

calcined after the heat treatment exhibited uniform coating over the RVC substrate. 

4.2.5 Characterisation of the coated substrate 

The surface morphology of the TiNS/PbO2/RVC samples were characterized by field 

emission scanning electron microscope (FESEM), using a JEOL 6500F at an accelerating 

voltage of 20 kV. Raman spectra were obtained using a confocal microscope (Renishaw, 

RM 2000) fitted with a light source of 632.8 nm wavelength to measure the peaks for the 

presence of deposited species. The exposure time was 30 seconds with a 10 % intensity 

of laser radiation.  

4.2.6 Electrochemical Experiments 

The electrochemical experiments were performed by means of a computer aided 

PGSTAT302 N potentiostat/galvanostat from Autolab (EcoChemie, Netherlands) by 

using Nova 1.11 software. The obtained coatings including calcined TiNS/PbO2/RVC, 

PbO2/RVC and acid treated RVC were washed with ultra-pure water and dried. Each 

electrode was used to electrolyze a solution of 100 cm3 containing 1 × 10-5 mol dm-3  of 

RB-5 dye in 0.5 mol dm-3 of sodium sulphate at pH = 3 and 25 °C at 2 mA cm-2. The 

electrolyte was stirred and maintained a stable pH throughout the electrochemical studies. 

Platinum mesh and Hg/HgO (NaOH sat.) were used as a counter and reference electrodes 

respectively.  



  Chapter 4 

 

93 

 

4.2.7 Photocatalytic experiments 

The calcined TiNS/PbO2/RVC sample was cut into circular patterns of 4 mm diameter 

and 2 mm thickness (0.919 g) and was fitted in a glass tube holder which was immersed 

in a 10 cm3 solution containing 1 × 10-5 mol dm-3 of RB-5 dye in 0.5 mol dm-3 of sodium 

sulphate at pH 3. The 300 W Ceralux model 300 BUV 10 F xenon UV lamp with intensity 

of 1.5mWcm-2. Prior to the photocatalytic experiments, the solution with tube holder was 

kept in the dark for 30 mins in order to achieve maximum adsorption of RB-5 dye on the 

calcined TiNS/PbO2/RVC, This ensured that the decolourisation measurements in 

solution were due to the UV irradiation and not to the adsorption of the dye on the 

composite . Following this, the UV irradiation was provided every 1 min to the solution. 

The absorbance of the RB-5 in solution was measured in a Hitachi U3010 UV-vis 

spectrophotometer at a wavelength of 597 nm. A calibration curve was used to evaluate 

the concentration of RB-5 dye in the solution. 

4.2.8 Ultrasonic stability of the TiNS/ PbO2/RVC calcined substrate 

The stability of the calcined TiNS/PbO2/RVC was evaluated by sonication in an 

ultrasonic bath equipped with a transducer, which vibrates perpendicularly to the bottom 

of the reactor. The calcined coating was sonicated for 3 min in 1 mol dm-3 acetone. 

4.3  Results and discussion 

4.3.1  Surface characterisation of TiNS/PbO2 coated RVC 

Figure 4.3(a) shows PbO2 layer coated over the strut of the 100 ppi RVC after 

electrodeposition at 2.5 A, whereas, Figure 4.3(b) shows the micrograph image of the 

PbO2 agglomerates covering the surface of RVC at larger magnification.  
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Figure 4.3 FESEM Images of TiNS/PbO2 coatings on the RVC substrate obtained by 

anodic electrophoresis: (a) PbO2/RVC substrate after anodic EPD with inset 

at 7000 magnification, (b) Layer thickness of PbO2/RVC substrate. 

 

TiNS films were anodically deposited on the PbO2/RVC surface by electrophoretic 

deposition as seen in Figure 4.4 (a), which provides more uniform morphology than the 

PbO2/RVC film. The more magnified SEM image as seen in Figure 4.4 (b) revealed the 

presence of smooth and elongated strands of TiNS on the top of the PbO2/RVC. The 

TiNS/PbO2/RVC coating covers the typical tetrahedron structure of the RVC (100 ppi) 

substrate.  
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Figure 4.4 (a) TiNS/PbO2 /RVC layer showing fully covered layer of TiNS film over                        

PbO2 / RVC (b) TiNS/PbO2/RVC layer at higher magnification. 

After calcination at 450ºC the TiNS/PbO2/RVC coatings, engulfed the surface of RVC as 

shown in Figure 4.5 (a) which appeared to be stable a stable composite even after 

calcination. The high temperature of the calcination creates surface defects over the 

TiNS/PbO2/RVC coatings. The image also shows that the nanosheets are still attached to 

the PbO2/RVC coating even after the calcination at 450 °C. 

Figure 4.5 (b) is an image obtained for similar coating which denotes a rough surface with 

ridges and valleys on the TiNS/PbO2/RVC coating after the transformation of the TiNS 

from the titanate to the anatase phase, which imparts the photocatalytic active nature to 

the film and can be used to degrade reactive black-5 dye.  
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Figure 4.5  (a) TiNS/ PbO2/RVC after calcination at 450 oC, (b) calcined TiNS/PbO2/RVC 

layer having undulated surfaces at higher magnification. 

The uncoated RVC used to connect with power supply during electrodeposition was 

oxidized at high temperature while the carbon on the coated areas remained intact. This 

suggests that the TiNS/PbO2 coating preserve the mechanical integrity of the RVC 

structure.   

The elemental analysis of the coating was determined by EDX from the micrograph 

shown in Figure 4.6 (a). It confirmed that the TiNS/PbO2/RVC coating contained, 

titanium, lead, carbon and oxygen elements.  
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Figures 4.6 (b) – (e) show the elemental maps of titanium (b), carbon (c) and lead (e), 

respectively, revealing particles uniformly distributed over the substrate.  

 

Figure 4.6 EDX images for elemental analysis of TiNS/PbO2/RVC (calcined) obtained 

by anodic electrophoretic deposition: (a) calcined TiNS/PbO2/RVC at 900 

magnification (b) titanium elemental analysis (c) carbon (RVC) elemental 

analysis (d) lead elemental analysis. 

The structural characteristics related to the transformation of the TiNS after the heat 

treatment were seen by Raman spectroscopy as shown in Figure 4.7.  
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Figure-4.7 Raman spectra of the TiNS/PbO2/RVC obtained by anodic                          

electrophoretic deposition a) calcined and b) non-calcined at 450 ºC, where 

A denotes anatase, T denotes Titanate. 

 

The peaks seen at 177, 200, 397, 517 639 and 767 cm-1 in the curve (a) indicate that heat 

treatment converted the film from titanate to anatase phase which have been previously 

reported in the literature [46] [47] [48]. No peak for PbO2, observed this may be due to 

the fact that layer is covered with TiNS. The peaks observed at 279 and 464 cm-1 in curve 

(b) are related with titanate phase for the non-calcined coatings, which are disappeared 

after calcination in curve a. 
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4.3.2 Electrochemical studies of TiNS/PbO2/RVC coatings 

The oxygen evolution (OER) is an unwanted reaction during the direct electrochemical 

anodic oxidation of organic compounds. The first step is the formation of hydroxyl radical 

from the water oxidation at the anode substrate as indicated by equation (2.1). The 

following steps depend upon the nature of electrode substrate. Two types of substrates 

can be classified for direct anodic oxidation: “active” and “non-active” electrodes [4]. In 

active anodes, strong interaction of the hydroxyl radicals over electrodes takes place due 

to oxides generation [2] which leads to the oxygen evolution reaction [4]. Platinum is as 

an active anode, as it is capable of attracting hydroxyl radicals over its surface, due to its 

greater adsorption enthalpy. In the case of non- active electrodes like PbO2, there is weak 

interaction of the electrodes with hydroxyl radicals which are more prone to react in the 

electrolyte and oxidize organic compounds dissolved in solution [8]. 

Cyclic voltammetry studies using calcined TiNS/PbO2/RVC and PbO2/RVC electrodes 

in 0.5 mol dm-3   Na2SO4 at a scan rate of 10 mV s-1 are shown in Figure 4.8. The electrode 

potential at which the OER starts to be significant (> 1 mA cm-2) on the calcined 

TiNS/PbO2/RVC, (curve 1) was 2.2 V vs. Hg/HgO whereas in the case of PbO2/RVC, 

curve 2, the oxygen evolution started at > 1.8 V vs. Hg/HgO. The higher overpotential for 

the oxygen evolution reaction observed in calcined TiNS/PbO2/RVC suggests that this 

coating can potentially be a better catalyst for the production of hydroxyl radicals. 
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Figure 4.8 Polarization curve by using coating 1) (TiNS /PbO2 / RVC) as anode after 

calcination at 450 ºC in 0.5 mol dm-3 Na2SO4, pH=3.0. 2) (PbO2 / RVC) as 

anode in 0.5 mol dm-3 Na2SO4, Experimental conditions: Potential sweep rate 

= 10 mV s-1, temperature: 25 ºC. 

 

When 1 × 10-5 mol dm-3 of RB-5 dye was added to the solution of 0.5 mol dm-3  Na2SO4, 

the oxidation process on the calcined TiNS/ PbO2/RVC started earlier at around 0.5 V vs. 

Hg/HgO but the current was around 1mA cm-2 at 1.4 V vs. Hg/HgO. This suggest that the 

oxidation of the dye on this catalyst started before the OER as can be seen in Figure 4.9 

(curve a). In the case of PbO2/RVC electrode (curve b), no significant oxidation of the 

dye was observed in comparison to curve a at 0.5 V vs. Hg/HgO  and the current density 
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observed is higher than the calcined TiNS/ PbO2/RVC after 2.5 V vs. Hg/HgO. This might 

be due to the fact that by increasing the potential, the formation of the hydroxyl radical 

competes with the direct oxidation of the dye. [10, 44]. 

 

 

Figure 4.9 Polarization curve by using 1) TiNS /PbO2 / RVC coating as anode in an 

electrolyte 1× 10-5 mol dm-3 R.B-5 dye in 0.5 mol dm-3 Na2SO4, pH=3.0. 2) 

(PbO2 / RVC) as anode after calcination at 450 ºC in an electrolyte 1× 10-5 

mol dm-3, R.B-5 dye in 0.5 mol dm-3 Na2SO4, pH=3.0, Experimental 

conditions: Potential sweep rate = 10 mV s-1, Temperature: 25 ºC. 
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4.3.3 Electrochemical decolourisation of RB-5 dye 

Electrolysis of RB-5 dye at 1 × 10-5 mol dm-3 concentration in 80 cm3 of electrolyte 

containing 0.5 mol dm-3 Na2SO4 at pH = 3 was carried out at a current density of 2 mA 

cm-2 in order to investigate the oxidation kinetics, colour removal on different coatings. 

 

 Figure 4.10  Electrochemical oxidation of RB-5 dye in a solution containing 1× 10-5 

mol dm-3 of RB-5 dye and 0.5 mol dm-3 Na2SO4 by ■) RVC, □) 

Photoassisted Fenton using Iron oxide on activated alumina support 

[49],) RVC/PbO2, and ○) calcined TiNS/PbO2/RVC (Experimental 

conditions: applied current density = 2 mA cm-2, pH = 3.0, T = 25 ºC). 
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The electrolyte consisted of 80 cm3 of solution containing 1× 10-5 mol dm-3 of RB-5 dye 

and 0.5 mol dm-3 Na2SO4 at pH 3 (adjusted by H2SO4). UV-vis spectra was used to follow 

the colour removal of RB-5 dye which shows a maximum absorption band in the visible 

light region at λ max = 597 nm. The oxidation of the azo dye complex molecule lead to 

low molecular weight intermediates such as aliphatic and aromatic organic molecules [4]. 

The formation of these compounds is due to the displacement of the chromophore 

functional group and followed by the oxidation of the organics to carbon dioxide and 

organic acids (carboxylic acids) [19-21]. 

The time dependent profiles of the normalized concentration c/co, for the electrochemical 

decolourisation of the dye using RVC, PbO2/RVC and calcined TiNS/PbO2/RVC anode 

electrodes are shown in Figure 4.10. The data of the concentration decay for the 

decolourisation of RB-5 dye on different electrodes can be fitted into the logarithmic 

relationship derived from equation 2.20. The fitting suggest a pseudo- first order reaction 

kinetics for the decolourisation. The comparison of pseudo rate constant (k) is presented 

in Table 4.1.  

Substrate -k / min-1 % 
Decolourisation 

Time / 
min 

Reference 

RVC by using anodic 
oxidation 

0.0064 36 60 This study 

PbO2/RVC by using 
anodic oxidation 

0.050 97 60 This study 

Calcined 
TiNS(TiO2)/PbO2/RVC 

by using anodic 
oxidation 

0.060 98 60 This study 

Calcined 
TiNS(TiO2)/PbO2/RVC 

0.383 85 5 Photocatalytic 
rate 
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Substrate -k / min-1 % 
Decolourisation 

Time / 
min 

Reference 

by using photocatalytic 
decolourisation 

in this study 

TiO2 (P25) by using 
photocatalytic 

oxidation 

0.038 ≈90 60 [55] 

TiO2 nanofiber-
nanoparticle composite 
by using photocatalytic 

oxidation 

0.039 94.4 60 [53] 

TiO2 nanofiber 
composite by using 

photocatalytic 
oxidation 

0.026 75.5 60 [56] 

Photoassisted Fenton 
by using iron oxide on 

activated alumina 
support 

N.G 70 480 [49] 

TiO2-P25 by 
using  photocatalytic 

oxidation  

N.G 98 150 [57] 

UV/H2O2 by using Iron 
salt 

N.G 99.3 180 [58] 

Table 4.1  Comparison of pseudo rate constants for oxidation of RB-5 dye by RVC, 

calcined TiNS (TiO2)/PbO2/RVC and PbO2/RVC and other related values 

from selected literature. 

 

It can be seen that the  pseudo first order rate constant decolourisation kinetics obtained 

using different anodes and from the data from the literature depends upon the nature of 

the electrocatalytic activity of the coating [40]. The anode electrodes are able to 

decolorize the solution to < 99 % except for RVC electrode. This may be due to the 

tendency of PbO2/RVC and calcined TiNS/PbO2/RVC anodes to generate the hydroxyl 
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radicals produced from water discharge reaction and employ them to oxidize the organic 

dye as shown in equation (3.8). The generation of hydroxyl radicals for the 

decolourisation of dyes over active electrodes plays an important part however, they are 

also part of the mechanism to generate oxygen. If the oxygen evolution reaction (OER) 

is favoured the decolourisation of organics will be compromised [5]. In order to avoid 

this competition, the electrodes with large overpotential for oxygen evolution like TiNS 

/PbO2/RVC and PbO2/RVC are preferred. As can be seen in figure 4.10, the RB-5 removal 

results are similar as both electrodes are non-active. The logarithm of the normalized 

concentration of RB-5 decay vs. time when a current density of 2 mA cm-2 was applied 

on the anodes is shown in Figure 4.11. The comparison of these electrodes shows that 

using TiNS /PbO2/RVC, removes 98 % of the colour with linear pseudo first order 

decolourisation and pseudo rate constant k = - 0.060 min-1. 
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Figure 4.11  Electrochemical oxidation kinetics of RB-5 dye in a solution containing 

1× 10-5 mol dm-3 of RB-5 dye and 0.5 mol dm-3 Na2SO4 by ■) RVC, □) 

Photoassisted Fenton using Iron oxide on activated alumina support [49], 

) RVC/PbO2, and ○) calcined TiNS/PbO2/RVC (Experimental 

conditions: applied current density = 2 mA cm-2, pH = 3.0, T = 25 ºC).    

  

Colour removal is also substantial when using PbO2/RVC electrode as shown by the 

normalized concentration data in Figure 4.11 which is around 98 %. This behaviour is 

due to the production of Pb (●OH) as explained in equation (3.1) [41]. Negligible 

decolourisation results were obtained in case of RVC alone; which were about 36 % 

colour removal after 60 min which is lower compared to the previously mentioned 

electrodes. Some reported works showed only 70 % conversion of RB-5 dye by using 
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photo assisted Fenton, which is about 28 % lower than the values reported here [49]. This 

revealed that the ●OH radical is weakly adsorbed over the surface of non-active electrode 

(PbO2) [8] and ultimately favours the production of ●OH radical as indicated in equation 

(3.7) and also subsequent adsorption of the dye molecules over the active sites provided 

by positively charged TiNS under acidic conditions over the PbO2/RVC substrate. 

 

4.3.4   Photocatalytic oxidation of Reactive black-5 dye  

In order to evaluate the photocatalytic activity of the anatase phase of the calcined TiNS 

(TiO2)/PbO2/RVC coating characterized  by Raman studies (Figure 4.7), photocatalytic 

studies of the decolourisation of  RB -5 dye in Na2SO4 and pH = 3 were carried out. The 

coating showed noticeable photocatalytic activity towards decolourisation of RB-5 dye.  
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Figure 4.12 Photocatalytic oxidation of RB-5 dye in a solution containing 1× 10-5 mol 

dm-3 of RB-5 dye and 0.5 mol dm-3 Na2SO4 by ▼) RVC , ) calcined  

TiNS/PbO2/RVC (Experimental conditions:  UV lamp intensity = 1.5 mW 

cm-2 , pH = 3.0, T = 25 ºC). 

 

The activity of the  coating depends on factors like protonation of TiO2 nanosheets in 

acidic media [50], the generation of holes and electrons over the nanosheets surface in 

the presence of UV-irradiation [51] [52]. In acidic solutions, the TiO2 nanosheets become 

positively charged as indicated by equation (3.10), and attract the negatively charged RB-

5 dye [53]. Under UV-light there is the formation of electrons (e-) in the conduction band 

and holes (h+) in the valance band of the TiO2 nanosheets anatase as seen in equation 

(2.7). The photo induced holes possess oxidative properties which can attack the dye 
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molecule directly leading to its decolourisation, or indirectly forming hydroxyl radicals 

by promoting the reaction between the hydroxyl anions and water as shown by equation 

(2.8). The hydroxyl radicals reacts with the organic matter. However, the electrons can 

also react with an electron acceptor like O2 to produce oxidizing radicals O2
− •  as shown 

by equation (2.9) [53]. Overall the holes and radicals are responsible for the 

photocatalytic activity and decolourisation of RB-5 dye as indicated by equations (2.9), 

(2.10),(2.11),(2.12) and (2.13) producing ●OH radical which ultimately decompose the 

dye as shown in equation (3.8). In this case, PbO2 dominates the base of the conduction 

band of TiNS (anatase TiO2) while the valance band belongs to the TiNS (anatase TiO2) 

nanoparticle states [54]. The formation of the new band gap will intensify the electron 

hole pair transfer upon photoexcitation.  

 The photocatalytic decolourisation is shown in Figure 4.12, and indicates that the RB-5 

dye follows a pseudo- first order reaction kinetics on the calcined TiNS/PbO2/RVC 

coating as revealed in Figure 4.13. 
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Figure 4.13 Photocatalytic oxidation kinetics of RB-5 dye in a solution containing 1× 

10-5 mol dm-3 of RB-5 dye and 0.5 mol dm-3 Na2SO4 by ▼) RVC, ) 

calcined  TiNS/PbO2/RVC (Experimental conditions:  UV lamp intensity 

= 1.5 mW cm-2 , pH = 3.0, T = 25 ºC). 

 

The comparison of the pseudo rate constant k calculated using equation (2.20) for the 

photocatalytic decolourisation (-0.383 min-1) with the pseudo rate constant obtained from 

the electrochemical decolourisation (-0.060 min-1) reveals that the photocatalytic activity 

is higher by 84 %. The annealing converts TiNS to the single crystal anatase phase which 

improves the photocatalytic activity when irradiated with UV light. The calcined 

TiNS/PbO2/RVC decolourised reactive black-5 solution in 15 min. The improved 

photocatalytic activity of a coating i.e. TiNS/PbO2/RVC is due to the formation of holes 
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and radicals by the incident UV light and ultimately participates in the photocatalytic 

decolourisation of the dye. In a recent study it was reported that Ti/Pt/PbO2 electrodes did 

not exhibit photocatalytic activity for the degradation of DR-80 dye. This behaviour was 

associated with the limited or no dispersion of UV irradiation by PbO2 particles in the 

solution and therefore these electrodes are not found effective for photocatalytic activity 

[59]. 

4.4 Conclusion 

In this chapter, lead dioxide was electrodeposited on RVC and the resulting coating was 

decorated with TiNS prepared via anodic electrophoretic deposition followed by 

calcination.  

The main findings are: 

 Compared with RVC alone and PbO2/RVC electrodes, the calcined TiNS 

/PbO2/RVC coatings was able to decolourate RB-5 dye from wastewater more 

effectively.  

 The calcined TiNS/PbO2/RVC was also found effective for the photocatalytic 

decolourisation of the dye.  

 The nature of electrode plays an important part in the decolourisation and colour 

removal of organic chromophore dye. The hydroxyl free radical generated on the 

electrode surface provides an efficient and clean method for the decolourisation 

of RB-5 dye. Using calcined TiNS/PbO2/RVC electrodes by applying a current 

density of 2 mAcm-2, a first order decolourisation rate kinetics has been 

determined with higher rate of reaction in comparison with some reported values 

in the literature.  



  Chapter 4 

 

112 

 

 Raman results indicated the transformation of the titanate phase of 

TiNS/PbO2/RVC to the anatase structure after calcination at 450 °C.  

 The anatase phase imparted with the coating also found effective in photocatalytic 

studies and removal results revealed a first order kinetics decolourisation of RB-

5 dye in acidic conditions. 

  The photocatalytic effect resulted from three mechanisms which involve photo 

induce holes in valance band, the protonation of TiNS in acidic solutions and the 

formation of oxidative radicals evolved from the reaction between the electrons 

from the conduction band and the electron acceptor (•O2) due to these factors the 

photocatalytic activity of the coating seems to be faster than the electrochemical 

colour removal.  

This study will open a promising approach for the development of metal oxide structures 

decorated with TiO2 nanosheets over inexpensive carbon based substrate, for their 

applications in wastewater treatment. TiNS coating on RVC also improved thermal 

resistance of RVC. Therefore, these coatings could potentially serve the purpose of 

decontamination of wastewater by using cheaper and flow-through electrodes such as 

RVC with the combination of PbO2 and TiNS, as a promising coating. 
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 Photocatalytic oxidation of dye using 

titanate nanotubes anodically deposited on RVC by 

anodic electrophoretic deposition 

Titanate nanotube (TiNT) were deposited over the surface of 100 pores per inch (ppi) 

reticulated vitreous carbon (RVC) by anodic electrophoresis at a potential of 15 V in a 

two electrode cell, from an ethanol/water suspension containing 0.25 g of TiNT and 0.2 

mol dm-3 of tetrabutylammonium hydroxide (TBAOH) surfactant. The TiNT/RVC 

coating structural morphology was analysed by field emission scanning electron 

microscopy (FESEM), revealing a homogenous and uniform layer of TiNT of ca, 30 µm 

thickness. The photocatalytic properties of the coating were enhanced by calcination at 

450 °C for 60 min in air. The electrode material was used as a photocatalyst for the 

discolouration of organic methylene blue dye in water. The 97 % volumetric porosity of 

the RVC substrate provided a large surface area for deposition TiNT enabling 33 % higher 

discolouration rate compared to RVC alone and achieving a percentage of 91 % using 

calcined TiNT/RVC substrate. 

5.1 Introduction 

Water demand has increased drastically for industrial, commercial and domestic activities 

during the last decade. These activities ultimately could lead towards a water scare in 

different regions of the world [1]. In order to prevent low water supply, efficient and 

economical effluent water treatment technologies, that can be readily scaled-up, are vital 

for continuing the development of the communities. These technologies allow the 

removal of toxic organics (dyes, pesticides, pharmaceuticals) and dissolved metallic ions 

from waste water [2]. There are many technologies available for organic matter residue 



  Chapter 5 

 

124 

 

(OMR) oxidation and metal ion removal: these include physical [3], electrochemical [4], 

biological [5] and their combinations [6].  

Water treatment technologies have been successfully employed for the oxidation of dyes 

[7, 8], pesticides and pharmaceuticals [9]. Among such OMR, azo dyes are of particular 

importance as they are intensively used in the textile, leather and paper industries. The 

colour and odour of azo dyes are strong and pose serious environmental and health issues 

for living communities [10]. Several methods have been employed to degrade azo dyes 

such as anodic oxidation, electro Fenton combined with anodic oxidation [11], photo 

Fenton [12], adsorption over a novel graphite intercalation material known as Nyex® 

1000 [13] and coagulation using refined laterite soil [14]. However, these processes have 

many disadvantages, which include complexity of scale-up and sometimes expensive 

electrodes materials. The selection of low cost, long life electrode materials, which can 

achieve the complete mineralization of organics, is challenging, since many 

investigations have utilised expensive boron doped diamond (BDD) and dimensional 

stable anodes DSA coated materials. The development of simple and efficient 

electrochemical technologies is important in the realisation of efficient OMR oxidation 

issues on the industrial scale. 

Photocatalytic oxidation of OMR using titanium dioxide has been reported as an effective 

process due to its high efficiency, low cost and lower toxicity [15]. Considerable research 

has been conducted onto TiO2 nanoparticles as a photocatalyst for the oxidation of OMR 

such as phenol with oxidation efficiency of 51% [16] and RB-5 dye with removal 

efficiency of up to 95% [17]. Titanium dioxide has a band gap of 3.0-3.2 eV and has been 

synthesized by thermo-hydrolysis process in acidic conditions and has provided 
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substantial results with reported conversion of 95% for the photocatalytic oxidation of 4-

methoxybenzyl alcohol [18]. 

Similarly, nanotubes derived from TiO2 are of particular interest because they have the 

same photocatalytic activity as titanium dioxide but can provide greater surface area and 

under UV light they lead to the oxidation of OMR [19]. The self-ordered titanium dioxide 

nanotubes produced by anodization of Ti foil, provide the ability to conduct photocurrent 

with greater efficiency due to their larger surface area and structure [20]. The TiO2 

nanotubes attached to the titanium foil substrate, enhance the movement of the photo-

illuminated electrons that benefit the photocatalytic oxidation process of 4-chlorophenol 

as the organic oxidation increased under acidic conditions (pH = 3.25) and activated the 

TiO2 nanotubes photocatalyst. It has been reported that 95 % of 4-chlorophenol was 

efficiently degraded in a highly acidic (H2SO4) medium [21, 22]. 

Nanoparticulate titanium dioxide (Degussa P25) has been electrophoretically deposited 

on a fluoride-doped tin oxide substrate to create dye-sensitized solar cells, followed by 

post thermal treatment at 450°C to improve the stability of  the coating [23]. In the 

nanoparticulate titanium dioxide photocatalyst, photons adsorbed at energy greater than 

3.2 eV, which corresponds to the energy to excite an electron to the conductive band, 

promote the formation of positive hole at the valance band as shown in equation (2.7) in 

section 2.8. The oxidation of water is initiated by means of positive hole pairs at the 

valance band, forming short lived and powerful oxidizing agent ●OH radicals as indicated 

in equation (2.8) [24], which are capable to degrade and mineralize the organic matter 

residue to carbon dioxide and water [25]. Further, equations (2.9), (2.10) and (2.11) 

indicates the formation of oxidative radicals formed by the reaction of valance band 
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electrons with the superoxide such as O2-•. Equations (2.12) and (2.13) involve the 

production of hydrogen peroxide and subsequent formation of hydroxyl radicals, •OH  

[25]. 

Since more advanced films are required for an effective and larger surface area for 

photocatalytic oxidation, it is proposed that TiNTs are deposited by anodic 

electrophoretic deposition (EPD) over the substrate. In previous studies the preparation 

of high purity nanotubes revealed that TiNT have multi layered structure [26] and 

electrodeposited polypyrrole coated TiNT composite shows an increase in hardness 

structure of 53 % as compared to the polypyrrole film only [27]. 

Another study, reports that TiNTs are suitable coatings for the photooxidation of 

rhodamine–B dye due to their large surface area, and found to be 20 % more efficient 

than the traditional Degussa P25 TiO2 particles [28]. The selection of the substrate to 

deposit the TiNT should aim to high space-time and space-velocity which can be achieved 

by a substrate with a defined morphology and efficient mass transport of the effluent over 

its surface which ultimately provide efficient oxidation. RVC is a good candidate because 

of its honeycombed structure with high corrosion resistance under certain circumstances, 

thermal and electrical conductivities and lower thermal expansion [29]. The void volume 

(97%) and surface area (65cm2 cm-3) of RVC are high with low resistance to fluid flow 

in a closed loop reactors and filter press flow cells [29] and has already been employed 

for the electro Fenton oxidation of azo dyes [11]. Other materials such as boron doped 

diamond (BDD) electrodes and perforated dimensional stable anodes (DSA) metal mesh 

are commercially available but are substantially more expensive than RVC and carbon 

felt. The use of lower cost carbonaceous alternatives like carbon foam and felt is worth 
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highlighting due to their high morphology and porosity [30]. Another low cost material 

incorporated into the TiNT is PbO2. There are very few studies of the anodic deposition 

of TiNT over the PbO2/RVC substrate with subsequent electrochemical oxidation of azo 

dyes. Some reports showed decolourisation of methyl orange to 98 % by using composite 

coatings containing RVC (45 ppi)/PbO2/TiNT anodes [30]. TiO2 influencing the 

electrodeposition of PbO2  and improved the formation of PbO2 layer due to the extra 

nucleation surfaces produced by Ti–O● radicals formed due to reaction between the TiO2 

and ●OH radical [31]. RVC is employed to produce hydrogen peroxide by the reduction 

of oxygen and produce the Fenton reactant which is used to oxidase formic acid [32]. 

RVC is also used for removing metal ions such as Cr (VI) [34] and Zn(II) in a parallel 

plate reactor with flow recirculation [33] and the removal of copper and nickel ions 

however, hydrogen evolution is a secondary unwanted reaction [34, 35]. The proposed 

methodology for the deposition of TiNT over the RVC substrate produces an inexpensive 

novel coating that can be used for advanced processes, such as anodic oxidation, as TiO2 

nanotubular arrays and titanium based electrodes have been successfully utilized for the 

anodic oxidation of organic compounds [36]. Similarly, carbon based modified graphite 

cathodes were used in previous studies for the advanced oxidation processes to degrade 

azo dyes and achieved a mineralization of up to 80 % [37]. 

In this work, the focus is on the anodic electrophoretic deposition of TiNT on RVC 

substrate that are subsequently used for the photocatalytic oxidation of RB-5 dye 

contained in alkaline electrolytes.  The deposition of TiNT was favoured by the porosity 

and morphology of RVC. SEM imaging was used to study the morphology of the 

deposited, while the oxidation kinetics of methylene blue dye during the photocatalysis 

was evaluated.  
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5.2 Experimental details 

Tetrabutylammonium hydroxide (TBAOH), acetone and methylene blue dye reagent 

grade were purchased from Sigma Aldrich, while ethanol 99.86 % (v/v) was obtained 

from Fischer Scientific and used as received. TiNT preparation included an alkaline 

hydrothermal treatment of TiO2 in NaOH, in which 9 g TiO2 was added in a solution 

containing 10 mol dm-3 NaOH (300 cm3) was stirred at 700 rpm. After dissolution, the 

solution was treated in an autoclave for about 22 h at a temperature of 140 °C. The 

obtained white powder containing titanates was washed with deionised water until a pH 

7 was achieved and finally washed with 0.1 mol dm-3 H2SO4 on a glass filter for 30 min 

following by a wash with deionised water until pH 7. The resultant sample was vacuum 

dried at 80 °C [38]. 

5.2.1 Anodic electrophoretic deposition 

The RVC substrate was immersed in 70 % nitric acid (Fisher Scientific) at 110 °C for 1 

hour followed by thoroughly rinse and left in deionized water for 12 h and then dried at 

90 °C overnight in an oven. The anodic electrophoretic deposition was carried out using 

a solution prepared as follows: a mixture that contained 0.25 g of TiNT and 25 cm3 of 0.2 

mol dm-3 TBAOH was stirred continuously over 2 days at 700 rpm. The resulted TBAOH-

coated TiNT were separated by vacuum filtration and 0.1 g of was transferred to a solution 

containing 60 cm3 of ethanol (99.86 % v/v) and stirred with PTFE magnetic stirrer for 2 

weeks at 300 rpm. The solution was immediately used for EPD in a 60 cm3 cell that 

contained a 100 ppi RVC (1.5 cm × 2 cm × 0.13 cm) anode and a graphite cathode (1.5 

cm × 6 cm × 1.2 cm). The interelectrode gap, d, was 1 cm and the applied cell potential 

difference was 15 V (the current was in the range of 0.001-0.003 A). The RVC was 



  Chapter 5 

 

129 

 

connected using stainless steel alligator clip through pure copper plate in order to ensure 

electrical conductivity within the circuit.  

5.2.2 Heat treatment 

Following the EPD process, the TiNT/RVC samples were calcined at 450 °C for 2 hours 

in air. RVC without TiNT coatings disintegrated at such a high temperature whereas the 

presence of the TiNT film prevented its oxidation. The TiNT exhibited a more uniform 

coating over the RVC substrate which has been shown in SEM images in results and 

discussion.  

5.2.3 Characterization of the coated substrate 

The TiNT/RVC samples were characterized by field emission scanning electron 

microscope (SEM), using a JEOL 6500F at an accelerating voltage of 20 kV to observe 

the surface morphology. Raman spectroscopy confocal microscope (Renishaw, RM 

2000) using a light source of 632.8 nm wavelength was used to obtain the spectra. The 

exposure time was 30 seconds with a 10 % intensity of laser radiation.  

5.2.4 Photocatalytic Experiments 

The oxidation of 10 × 10-5 mol dm-3 methylene blue (MB) dye in 0.5 mol dm-3 Na2SO4  

under 300 W Ceralux model 300 BUV 10 F xenon UV lamp with intensity of 1.5mWcm-

2 was carried out using 0.001 g of TiNT/RVC and TiNT/RVC calcined cut into circular 

patterns of 4 mm diameter and 2 mm thickness. The samples were immersed in 10 cm3 

deionized water containing MB in order to attain the equilibrium conditions for dye 

adsorption as a separate experiments. Prior to the photocatalytic experiments, the solution 
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was kept in the dark for 90 min to allow the adsorption of the dye on TiNT/RVC calcined 

to determine the final adsorption ability of the composite coating.  

 

Figure 5.1 Structure of Methylene blue dye where, 

Carbon,      Sodium,      Hydrogen,             Nitrogen,            Sulphur,  

Chlorine  

Molecular formula; C16H18ClN3S, Molecular weight = 319.58 g mol-1.  

 

The concentration of the dye was evaluated by UV vis spectra and was 1.29 × 10-6 mol 

dm-3 after adsorption. The UV irradiation was provided every 5 min to each solution and 

the absorbance was measured at a Hitachi U3010 UV-Vis spectrophotometer at a 

wavelength of 667 nm. A linear calibration curve was used to calculate the concentration 

of MB. Figure 5.1 shows the typical structure of MB dye. 
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5.2.5 Ultrasonic stability for TiNT/RVC calcined substrate 

The stability of the calcined TiNT/RVC substrate was evaluated by sonication in an 

ultrasonic bath. The calcined substrate was sonicated for 1 minute in 1 mol dm-3 acetone 

and physically no change in the coating was observed by naked eye. 

 

5.3 Results and Discussion 

5.3.1 Surface characterization of TiNT coated RVC 

Detailed image of the morphology of TiNT coated RVC structures is shown in Figure 5.2 

(a-e). Figure 5.2(a) shows the characteristic rigid honeycomb structure of the RVC coated 

with TiNT (non-calcined) with a uniform layer covering the front strands on the surface 

of the substrate. The strands of the RVC that are further deep into the RVC structure are 

also uniformly coated but the back surface behind the front of the strands might receive 

less amount of TiNT. Figure 5.2 (b) shows agglomerated electrodeposited TiNT over 

front strand of RVC and found completely covered.  
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Figure 5.2 SEM images of TiNT coatings over the RVC substrate obtained by anodic 

electrophoretic deposition (a) TiNT/RVC layers at 30 × magnification, (b) 

TiNT/RVC at 15000 × magnification (c) TiNT/RVC at 17,000 × 

magnification (d) TiNT/RVC at 18,000 × magnification (e) TiNT/RVC at 

20,000 × magnification. 
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Figure 5.2 (c) shows a deeper inside of the RVC structure (20,000 magnification), where 

TiNT agglomerates, of around 100 nm, are scatter on the RVC surface. Figures 5.2 (d) 

and 5.2 (e) show deeper layers inside the RVC that contain fewer TiNT covering the RVC 

surface. The porosity of RVC helps to improve the amount of deposited of TiNT and 

obtain uniform and homogenous coating over the its surface substrate however deep 

inside the RVC the coating is less uniform due to the fact that the strand in the front 

physically obstruct those at the inside. The sharp boundaries of agglomerates is an 

evidence of the presence of TiNT with regular structures of 30 µm in length. The images 

of TiNT over RVC resembles with studies from literature where TiNT were synthesized 

by using layer by layer immersion technique and hydrothermal synthesis method using 

TiO2 (P25) [40] [41].  Due to reasonable bulk thermal conductivity of RVC (0.033 - 

0.050 W m-1 °C) [42], the deposited TiNT coatings are consistent and stable against high 

temperature calcination treatment.  

 

Figure 5.3 (a-b) show images of the RVC coated substrates after 1 hour calcination at 450 

ºC that converts the TiNT from the titanate to the anatase phase, which is 

photocatalytically active for the oxidation of methylene blue dye. Figure 5.3 a is a general 

overview of the TiNT coated RVC after calcination while Figure 5.3 b shows the layer of 

TiNT in more detail. The delaminated part appeared due to heat treatment as thermal 

expansion coefficient tends to reduce the compact nature of RVC. Despite the 

delamination, the figure shows that the layer of TiNT is uniform over the strands at the 

front of the RVC structure and they remained strongly attached to the surface even after 

the heat treatment. The uncoated areas of RVC oxidase at high temperatures and the 

carbon disintegrates whereas the coated areas remained intact due to the protection of the 
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mechanical integrity of the RVC structure provided by the TiNT coating. Surface defects 

also appeared over the substrate, which happened due to the nitric acid heat treatment 

producing breathing mode for disorder band over RVC surface and finally assists the 

attachment of TiNT coatings over the RVC surface due to the presence of functional 

groups. Due to these surface changes in RVC after heat treatment, the nanotubes strongly 

connected with the substrate even after the calcination at 450°C.   

It can be possible to improve the porosity of the RVC surface by nitric acid treatment and 

forming more carboxylic group [41], which in turn enhances the amount of 

electrodeposited TiNT over the RVC substrate.  

 

 

 

Figure 5.3 SEM images of calcined TiNT/RVC substrate obtained by anodic 

electrophoretic deposition (a) TiNT/RVC layers at 30 × Magnification (b) 

TiNT/RVC inside layer 2 at 160 × Magnification. 

 

Figure 5.4 a shows a closer detail of an RVC strand coated with TiNT before the 

calcination. The cross-sectional view of the modified RVC surface allows to calculate the 

100 µm 100 µm 

 

 

TiNT after calcination 
Cracks 

(b) (a) 

Delaminated 

RVC 
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thickness of TiNT, which appeared to be ca. 30 µm. The film thickness is uniform due to 

the use of the surfactant TBAOH which improves the wettability and reduce the surface 

tension, increases the electron transfer and the electrical conductivity of the electrolyte 

[42]. 

  

 

 

Figure 5.4  SEM images of TiNT coatings over the RVC substrate obtained by anodic 

electrophoretic deposition (a) TiNT/RVC (non-calcined) layer thickness 

(b) TiNT/RVC (calcined) layer thickness. 

 

Figure 5.4 b shows a view of the calcined coating on the RVC with a thickness layer of 

approximately ca. 7 µm. The TiNT seems to have a compact layer even after calcination.   

Raman spectroscopy was used to observe the phase changes associated with TiNT 

deposition over RVC substrate and the effects of calcination over the substrate. The 

Raman spectra of TiNT/RVC substrate before and after calcination are presented in 

Figure 5.5. The spectrum that corresponds to the non-calcined TiNT/RVC shows a large 

(a) (b) 

10 µm 10 µm 

30 µm 
7 µm 
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peak at 145 cm-1 and smaller peaks at 278 and 447 cm-1, the former correspond to the 

presence of the titanate phase of TiNT.  

                 

Figure 5.5 Raman spectra of the TiNT/RVC obtained by anodic electrophoretic 

deposition non-calcined and calcined at 450 ºC. 

 

After calcination the anatase phase gives rise to Raman bands at 151, 185 cm-1, 390 cm-1 

450 cm-1 and 629 cm-1 indicating that the heat treatment converted the substrate from 

titanate to anatase phase as reported in the literature [43-46]. Figure 5.5 also shows peaks 
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at 278 cm-1 and 447 cm-1 for non-calcined coating which disappeared after calcination 

indicating a phase transformation of the titanate to the anatase phase.  

 

5.3.2 Photocatalytic oxidation of methylene blue 

Figure 5.6 shows the normalized concentration of methylene blue dye after 20 min of 

photocatalytic oxidation with RVC, RVC/TiNT and calcined RVC/TiNT. The initial 

concentration of methylene blue dye was 1.29 × 10-6 mol dm-3. The electrophoretically 

deposited TiNT coating on the RVC substrate improves the oxidation of MB dye by about 

20 % after 20 min of UV radiation treatment in comparison to pre-treated RVC alone. 

Similar experiments performed by Lin et al. for decolourisation of methylene blue for 

open-ended TiNT films under UV irradiation resulted in 100 % color removal in addition 

to water splitting [47].  

 

In the case of calcined TiNT/RVC, the percentage of dye discolouration was about 91 % 

in 20 min (Figure.5.6). This is due to the synergetic photocatalytic effect similar to the 

results reported in the literature for graphene/TiO2 (P25) under UV light irradiation for 

oxidation of methylene blue dye [48]. The synergetic effect produce charge separation 

which reduce the expected re-combination of holes and electrons thereby producing 

active photo induced charge separation which enhances the number of holes taking part 

in the active photo oxidation process [49]. In another example the discolouration and 

mineralization of Blue V dye, TiO2 based photo-catalyst deposited with gold metal 

particles a mineralization of 67 % and discolouration of 93 % was reported [50]. 
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The time dependent profiles of the normalised concentration c/co for the photocatalytic 

oxidation of the dye using RVC, RVC/TiNT and RVC/TiNT (calcined) are shown as a 

semi logarithmic plot in Figure 5.7.  

 

Figure 5.6 Photocatalytic oxidation of 1.29 × 10-6 mol dm-3 methylene blue dye and 0.5 

mol dm-3 Na2SO4  illuminated by UV radiation by using ) RVC acid treated, 

) TiNT/RVC and ) TiNT/RVC calcined (Experimental conditions:  UV 

lamp intensity = 1.5 mW cm-2 , T = 25 °C). 

 

The linear data for the oxidation on different electrodes suggests a pseudo- first order 

reaction kinetics for the oxidation of methylene blue dye according to the equation 2.20 

in section 2.9. The comparison of the pseudo rate constant k presented in Table 5.1 shows 
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that values are -0.0894 min-1, -0.0879 min-1, -0.1185 min-1, for the RVC, TiNT/RVC and 

calcined TiNT/RVC, respectively.  

 

These values are found to be higher (95%) than the values reported for open ended TiNT 

and closed ended TiNT with constant rate values of 0.0035 min-1 and 0.0046 min-1 

respectively [47]. These results also compare favourably with study regarding the 

photocatalytic oxidation using TiO2/Carbon felt substrate which reported oxidation rate 

values of 0.044 min-1 for volatile organic compounds [51]. The faster rate of 

discolouration is due to the better support provided by the RVC to TiNT. 
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Figure 5.7  Photocatalytic pseudo oxidation kinetics of 1.29 × 10-6 mol dm-3 

methylene blue dye and 0.5 mol dm-3 Na2SO4 methylene blue dye 

illuminated by UV radiation by using ) RVC acid treated, ) 

TiNT/RVC and ) TiNT/RVC calcined (Experimental conditions:  UV 

lamp intensity = 1.5 mW cm-2 , T =25 °C). 

 

The calcination of nanotubes increases the rate of photocatalytic activity by around 26 % 

in comparison to the non-calcined TiNT/RVC as seen in Figure 5.7. This increase can be 

observed from the values of the pseudo rate constant k. The annealing converted TiNT to 

the anatase phase which improved the photocatalytic activity. In case of TiNT/RVC, the 

methylene blue discolouration was 82 % and found lower as compared with calcined 

substrate which was 91% in 20 min. This is due to the absence of anatase phase in the 
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photocatalyst (TiNT) on the substrate; the TiNT photocatalyst loading over the surface of 

RVC was 0.103 mg cm-2.  The difference in the photocatalytic activity of both substrates 

i.e. TiNT/RVC calcined and TiNT/RVC non-calcined ascribed due to the combination of 

electron hole pairs, which scatter the incident UV irradiation at an intensity of 10 mW 

cm-2 and allow less number of holes to participate in the photocatalysis [47]. The crystal 

structure of TiNT without calcination is less photocatalytic in comparison with calcined 

samples, as shown from the photocatalysis results. 

 

 

Substrate Optimum 

conditions 

-k / min-1 Reference 

RVC pH = 3, 25 °C, 

UV intensity 

1.5 mW cm-2 

0.0894 In this study 

TiNT/RVC pH = 3, 25 °C, 

UV intensity 

1.5 mW cm-2 

0.0879 In this study 

TiNT/RVC 

(Calcined) 

pH = 3, 25 °C, 

UV intensity 

1.5 mW cm-2 

0.1185 In this study 

TiNT/FTO UV intensity 10 

mW cm-2 

0.0035 [47] 
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Substrate Optimum 

conditions 

-k / min-1 Reference 

TiO2 / CF 300W mercury 

lamp, pH = 3 to 

9 

0.044 [51] 

TiNT / O2 UV intensity 12 

mW cm-2 

0.0040 [52] 

Table 5.1  Comparison of pseudo rate constants for photocatalytic oxidation of 

methylene blue dye by RVC, TiNT/RVC and calcined TiNT/RVC and 

other related values from selected literature. 

 

5.4 Conclusions 

This work demonstrates the deposition of TiNT coatings over RVC substrates by anodic 

electrophoresis. After the acid treatment the RVC substrate showed more active 

functional groups over its surface. These functional groups assisted the deposition of 

TiNT and improved homogeneity. Raman studies revealed that upon calcination of 

TiNT/RVC coating up to 450 ᴼC the anatase phase was formed. These TiNT/RVC 

composites have been used to study the oxidation kinetics of methylene blue solution. 

The calcined TiNT/RVC substrate showed a pseudo first order decontamination kinetics 

and 91 % of photocatalytic discolouration of the dye was achieved, which arises due to 

the anatase phase of TiNT enhanced by the calcination process. The rate of 

decolourisation due to anatase phase was 32.5 % greater than the RVC alone in 20 min. 

Thermal resistance of RVC is also improved by TiNT coating deposition. Therefore, these 

electrodes could potentially benefit the motive of environmental remediation of 
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wastewater by employing low cost efficient electrodes like RVC in combination with 

TiNT as an advanced coating material. 
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  Chapter 6 

 Grass inspired anodised ZnO-TiO2 core-

shell decorated by PbO2 for the oxidation of 

reactive black-5 dye 

In this chapter, zinc oxide structures are deployed for important applications in photocatalytic 

waste water treatment. The operational conditions to produce ZnO nanowires by electrochemical 

anodisation over Zn metal plate were determined. The surface of the anodised nanowires were 

dip-coated with TiO2 in order to produce a core-shell coating of ZnO-TiO2. PbO2 was 

subsequently electrodeposited over the coating producing hybrid core (ZnO-TiO2)-shell (PbO2) 

coating. The structural and morphological characteristics of this hybrid coating were examined 

by field emission scanning electron microscopy (FESEM) and Raman spectroscopy which 

provided information on the chemical composition. The electrochemical and photocatalytic 

behaviour of the coatings were tested for the removal of RB-5 dye. The electrochemical oxidation 

involved the formation of free radicals over the hybrid core (ZnO-TiO2)-shell (PbO2) surface and 

assisted in the decomposition of RB-5 dye. The photocatalytic characteristics of the coating were 

improved by calcination at 400 °C for 60 min in air, creating the photocatalytically active anatase 

TiO2 and wurtzite ZnO phases. The removal mechanism was driven by the synergetic 

photocatalytic effect imparted by the photo-induced holes and the free electron acceptors 

produced under UV light illumination. 

6.1 Introduction 

ZnO has been shown to offer a flexible coating having significant applications in many 

scientific areas including photocatalysis [1], piezoelectrics [2], photovoltaics [3], gas 

chemical sensing [4] and water splitting [5]. Its useful characteristics that include versatile 

electron mobility and its band gap of 3.37 eV permits absorption in the zone of UV 
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irradiation [6]. One of the most attractive characteristics is its structural morphology 

which can range from micron to nanometre features, after anodizing Zn-based materials. 

Nanostructures obtained from ZnO can be classified as Zn nanowires. However, these 

nanowires can be generated on different substrates by adopting techniques such as atomic 

layer deposition [7], chemical vapour deposition [8], hydrothermal growth [9] and sol gel 

deposition [10]. Ordered growth of nanowires produced by these techniques encounters 

a lower growth rate, which increases reaction time to obtain a required length of the 

nanowires. Another issue is the requirement of high temperatures (> 900°C) [7] which 

requires expensive setups and limits the choice of substrate to one that can withstand such 

high temperatures. 

Electrodeposition resolved these potential problems at room temperature and has been 

employed extensively to grow ZnO nanowires [11, 12]. Another technique employed by 

Hu. et al. for ZnO nanowires over Zn foil was anodising [13]. Nanodots, nanoflowers, 

nanostripes and nanowires have all been synthesised by using solutions with basic 

electrolytes, e.g. NaOH or acidic solutions containing hydrofluoric acid [14, 15, 16, 17, 

18]. 

ZnO nanoarrays can be improved by controlled synthesis of ZnO-TiO2 core-shell 

structures, which can enhance the photocatalytic properties of the composite [19].  

Nanowires are contributing to synthesize advanced materials with improved 

photocatalytic and electrocatalytic characteristics that yield robust and unusual substitute 

that contribute towards water splitting [5] and photoelectrochemical removal of organic 

materials [20].  

The efficiency of PbO2 in anodic oxidation process has been verified by many authors 

[21, 22, 23]. Recent studies have also evidenced the synthesis of  more efficient electrode 
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materials such as PbO2 or or titanium dioxide nanotubes produced with different materials 

that contribute to the improvement for the decolourisation of Reactive Blue 194 [21], 

Acid Black 194 [22] and Reactive Red 195 [23] dyes with enhanced current efficiencies. 

Some Studies have reported that PbO2 coatings can be preserved from corrosion by 

applying anodic potential for its potential application, while at cathodic potential the 

dissolution of coatings may occur [24].  

More durable PbO2 coatings are required for advanced economic treatments systems to 

highlight the commercial significance of PbO2 electrode for environmental oxidation of 

organic compounds. Having this in mind, the goal of this study is to synthesize Zn 

nanowires by using Zn metal (99.99 %) in neutral bicarbonate solutions over Zn plates 

and further produce ZnO-TiO2 core-shell was prepared by dip coating which can serve as 

a support for electrodeposited PbO2, forming a hybrid ZnO-TiO2 core-shell PbO2. These 

core shell formed fascinating nanoflower-like nanostructures that can be used for 

electrochemical and photocatalytic oxidation of RB-5 dye.   . 

6.2 Experimental Details 

Reagent grade lead nitrate, sodium bicarbonate, sodium sulphate, ethanol (98 %) and 

acetone obtained from Fischer scientific and titanium (IV) butoxide and reactive black-5 

(RB-5) dye were purchased from Sigma Aldrich, while Boric acid was purchased from 

Riedel-de Haen and all reagents were used as received.  

 

6.2.1 Synthesis of Zn nanoforest, grass-like nanowires by anodising  

Zinc plates samples were pre-treated in an ultrasonic bath using acetone for 5 min to 

separate of any accumulated dirt and grease. After the pre-treatment the samples were 
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polished with sand paper (2000 grit) and washed with ethyl alcohol and ultrapure water 

to detach any remaining dust. Anodizing experiments were performed in an undivided 

100 cm3 glass cell. The polished Zn plates of 2 cm × 3 cm × 0.20 cm dimensions were 

employed as anodes and linked to a power supply via a stainless steel alligator clip. A 

graphite plate of dimensions 1.5 cm × 6 cm × 1.2 cm was employed as cathode with an 

interelectrode gap ≈ 1 cm. The solution was magnetically stirred with a 0.06 cm diameter, 

0.25 cm long PTFE laminated, cylindrical stirrer (Fischer Scientific) at 200 rev min-1 to 

ensure constant concentration of the electrolyte and good mass transport to the Zn plate. 

The Zn plates were anodised at various concentrations of NaHCO3, from 6.8 × 10-3 mol 

dm-3 to 100 × 10-3 mol dm-3. A potential gradient of 5-10 V cm-1 was provided by imposed 

a cell potential difference of 5-10 V for 10 min at 25 °C by using 300 W Aim-TTi model 

EX752M power supply. After the anodization the plates were rinsed thoroughly with 

deionised water and finally dried with nitrogen for 5 min.    

6.2.2 Preparation of ZnO-TiO2 core-shell nanorods structures by dip coating  

The film of Zn nanowires on the Zn plate obtained as mentioned in the previous section 

were coated with a layer of TiO2 to synthesize the ZnO-TiO2 core-shell nanorods 

structures. A dip coating process was employed for deposition and titanium (IV) butoxide 

was used as a precursor for the preparation ZnO-TiO2 core-shell nanorods. 300 µL 

titanium (IV) butoxide into 10 cm3 of ethanol were stirred until a clear solution was 

achieved [25]. The films of Zn nanowires were immersed in this solution for 10 s followed 

by drying the Zn nanowires were dried and rinsed with D.I water. The films were calcined 

at 400 °C to obtain ZnO-TiO2 core-shell nanorods, the samples were left to cool down 

overnight and washed again with D.I water and dried by stream of nitrogen gas. In order 
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to obtain a uniform coating, a 2 stage deposition was performed with subsequent 

calcination. Finally the obtained samples were washed with D.I water. 

6.2.3 Heat treatment 

After dip coating, the Zn nanowires samples were calcined at 400 °C for 60 min in air. 

Annealing yield wurtzite phase of ZnO and anatase phase of TiO2 without affecting the 

mechanical characteristics of the substrate at such a higher temperature, whereas the 

presence of the TiO2 prevented the oxidation of the coating. The ZnO-TiO2 core-shell 

nanorod substrate was obtained after heat treatment and showed a more uniform core-

shell coating. 

6.2.4 Anodic electrodeposition 

The electrodeposition of Pb(II) on the ZnO-TiO2 core-shell nanorods substrate was 

performed in a bath containing 0.1 mol dm-3 boric acid (to deposit α-PbO2) with 0.01 mol 

dm-3 Pb(NO3)2 under galvanostatic conditions at a current density of 5 mA cm-2 for 30 

min to synthesize hybrid ZnO-TiO2 core-shell PbO2 coatings. The ZnO-TiO2 core-shell 

nanorod substrate, with dimensions 2 cm × 3 cm × 0.20 cm, was used as an anode. A Cu 

wire was connected using a Zn plated stainless steel alligator clip, to a direct current 

power supply. A graphite plate with dimensions 1.5 cm × 6 cm × 1.2 cm was employed 

as a cathode with an interelectrode gap of 1 cm. The electrolyte was magnetically 

stirred  with a 0.06 cm diameter, 0.25 cm long PTFE-coated, cylindrical steel bar at 700 

rev min-1 to ensure constant concentration of the electrolyte.  

6.2.5 Characterization of coated substrate 

The samples obtained after anodization, dip coating and electrodeposition were 

characterized by field emission scanning electron microscope (FESEM), using a JEOL 
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6500F at an accelerating voltage of 20 kV to characterise its surface morphology. Raman 

spectra were obtained using a confocal microscope (Renishaw, RM 2000) fitted with a 

light source of 632.8 nm wavelength to evaluate the presence of different phases for ZnO-

TiO2 core-shell nanorods and hybrid ZnO-TiO2 core-shell PbO2 coatings. The exposure 

time was 30 seconds with a 10 % intensity of laser radiation. 

6.2.6 Electrochemical Experiments 

The electrochemical studies were conducted by using computer aided PGSTAT302 N 

potentiostat/galvanostat from Autolab (EcoChemie, Netherlands) by means of Nova 1.11 

software. The coatings including ZnO-TiO2 core-shell nanorods and hybrid ZnO-TiO2 

core-shell PbO2 coatings mentioned in the previous section were thoroughly washed by 

using D.I water and cleaned. A solution of 100 cm3 of 2 × 10-5 mol dm-3 of RB-5 dye in 

0.6 mol dm-3 of sodium sulphate (background electrolyte) was electrolyzed at 1.0 V vs. 

[Hg/HgO] NaOH (sat.), pH 3 by addition of H2SO4 and 25 °C. The pH of the electrolyte 

was very stable during the stirring throughout the electrochemical experiments. Hg/HgO 

and Pt mesh were employed as a reference and a counter electrode, respectively.  

6.2.7 Photocatalytic Experiments 

The photocatalytic experiments were performed by evaluating the oxidation of 2 × 10-5 

mol dm-3 of RB-5 dye contained in 10 cm3 of 0.6 mol dm-3 of sodium sulphate solution at 

pH 3 under UV irradiation. The 300 W Ceralux model 300 BUV 10 F xenon UV lamp 

with intensity of 1.5mWcm-2. The two catalysts which were produced as ZnO-TiO2 core-

shell nanorods and hybrid ZnO-TiO2 core-shell PbO2 coatings were added to the solution. 

Prior to the photocatalytic experiments, the solution was kept in the dark for 90 min to 

achieve maximum adsorption of RB-5 dye by both coatings and no significant change in 

the concentration of the dye was observed after the adsorption studies. The UV irradiation 



  Chapter 6 

 157 
  

was provided at 5 min intervals to each RB-5 dye sample at pH 3 containing ZnO-TiO2 

core-shell nanorods and hybrid ZnO-TiO2 core-shell PbO2 coatings. The absorbance of 

the RB-5 in an electrolyte was measured in a Hitachi U3010 UV-vis spectrophotometer 

at a wavelength of 597 nm. A linear calibration curve fulfilling the Beer-Lambert law was 

used to determine the concentration of RB-5 from the solutions after oxidation. 

6.2.8 Ultrasonic stability for coatings 

The stability of the ZnO-TiO2 core-shell nanorods and hybrid ZnO-TiO2 core-shell PbO2 

coatings were estimated by sonication in an ultrasonic bath equipped with a transducer, 

which vibrates perpendicularly to the bottom of the container. The calcined coating was 

sonicated for 2 min in 0.5 mol dm-3 acetone.  

6.3 Results and discussion 

6.3.1 Surface characterization of Zn nano forest grass like nanowires  

Figure 6.1a) shows an SEM image of distinctive anodised zinc metal plate of 2 cm × 3 

cm × 0.20 cm dimensions. The anodising was conducted in a bicarbonate solution at a 

cell voltage of 5 V for 10 min. The foil was rinsed with DI water and dried with nitrogen 

for 10 min. The figure shows that the zinc metal plate was blanketed with a white oxide 

layer. Further characterization of the samples was carried out to study the morphology of 

the anodised surface. The cross-sectional view of anodized Zn plate showed in Figure 

6.1b). Zn based nanowires (NWs) exhibited forest grass-like structure emerged from the 

base of surface, as shown in Figure 6.1c).  
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Figure 6.1  FESEM (a) surface morphology (b) cross-sectional view of anodised Zn 

plate complete film layer over zinc surface with forest grass like structure 

(c) more magnified image of (a),in an electrolyte containing 30 × 10-3 mol 

dm-3  NaHCO3 at 5 V for 10 min. 

 

Higher magnification images of the anodized Zn plate displayed that the film is comprised 

of NWs as shown in Figure 6.2 a), having a diameter in the range 70 to 100 nm as seen 

in Figure 6.2 b). All NWs had a thin needle like structure as shown in Figure 6.2c).  

 

Figure 6.2  FESEM (a)magnified surface morphology of  anodized Zn plate (b) the 

evolution of a layered pattern with regular hexagonal wires complete film 

layer over zinc surface with forest grass like structure (c) surface 

morphologies and cross-sections demonstrating the primary development 

of scattered nanowires in an electrolyte containing 30 × 10-3 mol dm-3 

NaHCO3 at 5 V for 10 min. 
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Zn is a reactive metal and the anodising conditions depend on the applied voltage and the 

type and concentration of the solution which can modify the anodising, via chemical and 

electrochemical etching causing, dissolution of the zinc substrate. In order to find the 

optimum conditions, various potential difference were applied together with varying 

concentrations of the electrolyte.  

SEM analysis was used to understand the generation and formation of the Zn NWs, on 

samples anodized at 5 V and 10 V. The results are shown in Table.6.1 (Images 1-7). 

 

Concentration 
of NaHCO3 
/ × 10-3 mol 

dm-3 

Volts 
/ V 

FESEM image 

6.8 10  

 

6.8 5  

 

1 µm 

10 µm 

10 µm 

1 µm 
Image 1 a)  

Image 2 a)  b) 

b) 
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Concentration 
of NaHCO3 
/ × 10-3 mol 

dm-3 

Volts 
/ V 

FESEM image 

13.6 10  

 

13.6 5  

 

30  5  

 

50  5  

 

1 µm 

1 µm 100 µm 

1 µm 

10 µm 

100 µm 1 µm 

100 µm 

Image 3 a) 

Image 4 a) 

Image 5 a) 

Image 6 a) 

b) 

b) 

b) 

b) 
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Concentration 
of NaHCO3 
/ × 10-3 mol 

dm-3 

Volts 
/ V 

FESEM image 

100  5  

 

Table 6.1  Morphological evolution of anodized Zn plate at different conditions for 

finding the optimum conditions for Zn forest grass like nanowires Image 

1 a) 10 V and 6.8 × 10-3 mol dm-3,  2 a) 5 V and 6.8 × 10-3 mol dm-3,  

Image 3 a) 10 V and 13.6 × 10-3 mol dm-3,  Image 4 a) 5 V and 13.6 × 10-

3 mol dm-3,  Image 5 a) 5 V and 30 × 10-3 mol dm-3  Image, 6 a) 5 V and 

50 × 10-3 mol dm-3,  Image 7a) 5 V and 100 × 10-3 mol dm-3 where 

images 1-7 b) are FESEM morphologies of the image represented in 

images 1-7 a)  at higher magnification. 

 

In the anodising experiments at 10 V in 6.8 × 10-3 mol dm-3 NaHCO3 (Image 1 a table 

6.1) carried out for 10 min, inconsistent marks were seen due to the etching of the anode. 

The magnified image of the mark can be seen in image 1 b of table 6.1.  By changing the 

cell voltage to 5 V under the above conditions, several pits were seen on the zinc plate as 

shown in image 2a and b of table 6.1. When anodisation was carried out at 10 V in 13.6 

× 10-3 mol dm-3 NaHCO3, needle-like structures emerged from the pits with defined roots 

(image 3 a and b, Table 6.1). The nanoforest of grass-like structures appeared at this point 

after anodising. After this stage the experiments were further performed to seek the 

optimum conditions to obtain a uniform grass nanoforest. Anodising was conducted at 5 

V in 13.6 × 10-3 mol dm-3 NaHCO3 and the anodising time was restricted to 5 min, which 

1 µm 100 µm 
Image 7 a) b) 
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form more discrete sites creating nanoforest grass but this is still non-uniform as seen in 

image 4 a and b of Table 6.1. By changing the concentration to 30 × 10-3 mol dm-3 and at 

above conditions, the nano grass turn longer and expanded uniformly over the whole 

surface. It was judged from the image 5 b Table 6.1 that the nanograss fibres were about 

5 µm. However, at 50 × 10-3 mol dm-3 concentration of NaHCO3, the structure grown 

radially outwards from the base of Zn foil resembling forest grass, as revealed in image 

6 b of Table 6.1. The length of the NW arrays was up to 100 µm with diameter varying 

from 30 to 70 nm. The uniform and consistent films grown by anodization at 5 V shown 

in image 5 and 6 at concentration of NaHCO3 30 × 10-3 mol dm-3 and 50 × 10-3 mol dm-3 

respectively. The pits appeared due to physical and chemical instabilities of the electrolyte 

and fluctuations of the Zn metal surface, due to local changes in the concentration of the 

solution. For example, at a concentration of 100 × 10-3 mol dm-3 NaHCO3, the Zn plate 

was dissolved during the anodising (see image 7 of Table 6.1).  

 

6.3.2 Mechanism of nanowire growth 

We now inspect the electrochemical activity implicated during anodization of Zn plate. 

In order to rationalize the mechanism of unique instant formation of Zn NWs arrays, it is 

essential to determine the chemical composition of Zn NWs arrays and establish a 

possible growth mechanism. The chemistry of Zn anodising depends on factors such as 

electrode potential (potential of the Zn surface) and concentration of the electrolyte. The 

formation of zinc hydroxyl carbonate in the aqueous solution has been mentioned by 

Bitenc et al [26].  Stable hydrated ions, such as [Zn(OH2)6]2+ and [Zn(OH)(OH2)5] + can 

be formed in aqueous solutions. These ions may be converted into [Zn(OH)2(OH2)4] by 

olation (which is the synthesis of metal ion hydroxide complexes by connecting metal ion 
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with hydroxyl groups as a bridge). In the case of bicarbonate solution, two water 

molecules can be eliminated or substituted to form a [Zn(OH)(HCO3)(OH2)3] complex. 

The above anodising mechanism may be initiated by the following electrochemical 

reactions [27].  

 

At the anode  

Zn + H2 O → [Zn (OH2)6]2+ + 2𝑒𝑒−       (6.1) 

[Zn (OH2)6]2+  ↔ [Zn(OH)(OH2)5]+   +  H+     (6.2) 

[Zn (OH)(OH2)5]+ + HCO3
−  ↔  [Zn (OH)(HCO3)(OH2)3]  +  2H2O   (6.3) 

[Zn (OH)(OH2)5]+  ↔  [Zn (OH)2(OH2)4]  +  H+                        (6.4) 

 [𝑎𝑎[Zn (OH)2(OH2)4] + 𝑏𝑏[Zn ( OH)(HCO3)(OH2)3]  →  [(𝑍𝑍𝑍𝑍𝑎𝑎+𝑏𝑏)(OH)2𝑎𝑎(CO3)𝑏𝑏]  +

 4(𝑎𝑎 + 𝑏𝑏)H2O          (6.5) 

At the cathode 

2H+  +  2𝑒𝑒− →  H2          (6.6) 

The hydrogen evolution (reduction of H+ ions) at negative electrode as depicted in 

reaction (6.6), speeds up reaction (6.2) and ultimately improved the complex formation 

by condensation via olation mechanism as shown in reaction (6.3). The condensation of 

the complex may be effected by the diffusion of metal oxides during anodising. In this 

case, due to the stirring of the electrolyte, anodising is uniform and NWs eventually grow 

without any mass transport. The bicarbonate ions in the electrolyte will further speed up 

reaction (6.3), by substitution of water molecules [27]. 
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6.3.3 Effect of cell potential difference on film growth 

Effect of changing the applied potential difference between 1-5 V in 30× 10-3 mol dm-3 

of NaHCO3 for a 10 min anodising was meaningful. Under these conditions, resulting 

samples generates considerable impact on nanowire growth rates. In the case of 

anodization experiments at 5 V uniform nanowire films were grown, whereas when the 

volts were changed to 1 V no nanowires were observed as shown in Figure 6.3.  

 

Figure 6.3 FESEM Images of a) Anodization of Zn plate at 1V and 30 × 10-3 mol 

dm-3   b) magnified image of a). 

 

However, extreme flaking and peeling of the treated surface was obtained at 10 V with 

the same conditions as mentioned above (see Figure 6.4). The main justification for the 

flaking and peeling of the film is the effect of higher potential difference, which ultimately 

break the coating due to the oxygen evolution reaction at the anode surface. At higher 

potential difference (40 V), peeling was also seen by Hu et al. during anodization in 

KHCO3 solution [13]. This was caused by oxygen evolution underneath the film, which 

in turn releases entrapped gas bubbles from the surface, produced cracking of the film.  
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Figure 6.4 FESEM Images of a) Anodising of Zn plate at 10 V b) magnified image of 

a). 

 

It is important to mention that the film rupturing via oxygen evolution in these 

experiments was observed at much lower voltage (10 V) in comparison to higher voltage 

(40 V) applied by Hu et al [13]. For uniform nanowire films it is strongly recommended 

to apply a cell voltage of 5V in a suitable concentration of electrolyte (30-50 × 10-3 mol 

dm-3 NaHCO3). 

 

6.3.4 Effect of NaHCO3 concentration on evolution of nanowires 

In order to analyse the influence of bicarbonate concentration on forest grass like 

nanowire evolution by anodisation, the cell voltage, temperature and anodising time were 

set to 5 V, 25 oC and 10 min, respectively and varying NaHCO3 concentration from 6.8 

× 10-3 mol dm-3 to 100 × 10-3 mol dm-3.  SEM images of the anodised specimen showed 

that the NaHCO3 concentration had a particular outcome on the rate of nanowire evolution 

(Table 6.1). At concentration of 100 × 10-3 mol dm-3 NaHCO3, the Zn plate was dissolved 

during the anodization with no evidence of nanowires. At a concentration of 50 × 10-3 
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mol dm-3 (table 6.1 Image 6 a) and b)) and 30 × 10-3 mol dm-3 NaHCO3, uniform NW 

films were observed with no cracks. At a lower concentration 13.6 × 10-3 mol dm-3, some 

spots of nanowires were observed with some oxide layers. However, at 6.8 × 10-3 mol 

dm-3 NaHCO3, some pits of nanowires can be observed due to slight dissolution of Zn 

metal during anodising. The stages of change in electrolyte concentration can be seen in 

the table 6.1. This expresses that controlling the concentration of the NaHCO3 electrolyte, 

enhances the growth of NWs without damaging the integrity of the film. In conclusion 

from the above observations, the concentration of the electrolyte used during experiments 

is also an influencing factor for the growth of ZnO nanowires during anodization process.  

6.3.5 ZnO/ TiO2 core-shell surface characterization 

The ZnO-TiO2 core-shell were successfully synthesized via a dip coating method by with 

a TiO2 film over the Zn NWs. The FESEM images show uniform deposition, as seen in 

Figure 6.5a), and at higher resolution in Figure 6.5b) indicates consistent morphology of 

the developed TiO2 coating over the ZnO nanowires.  

The inset indicates high resolution image, which exhibits clear and smooth interior 

morphology of the TiO2 shell layer, deposited over the ZnO nanorods core after two 

cycles of dip coating and subsequent calcination at 400 ºC.  
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Figure 6.5 FESEM Images of a) dip coating and calcination (400 ºC) of anodized zinc 

plate at optimum conditions (5 V and 30 × 10-3 mol dm-3 NaHCO3 at 10 

min anodising time) (b) magnified image of a) with inset showing up the 

ZnO/ TiO2 core-shell, c) EDX elemental analysis of ZnO/ TiO2 core-shell 

coating d) Zn elemental analysis e) Ti elemental analysis. 

 

6.3.6 PbO2 multi core shell over the ZnO-TiO2 core shell characterization 

The images of the structural characteristics of the hybrid core ZnO-TiO2 core-shell PbO2   

coatings, analysed by FESEM, are shown in Figure 6.6 (a-b). During the following 

electrodeposition of PbO2, the Pb2+ ions in the boric acid solution transformed into solid 

lead dioxide [28]. Considerable variation exist between Figure 6.6a) and Figure 6.5a) as 

ZnO-TiO2 core-shell (fig 6.5 a) now covered with PbO2 (fig 6.5 a) coating, which suggest 
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the deposition of agglomerates of PbO2, developing hybrid ZnO-TiO2 core-shell PbO2 

coating. 

 

 

Figure 6.6 FESEM images of a) electrodeposition of PbO2 using ZnO/ TiO2 core-shell 

in a bath containing 80 cm3 of 0.1 mol dm-3 boric acid with 0.01 mol dm-3 

Pb(NO3)2 at a current density of 5 mA cm-2 under galvanostatic conditions 

for 30 min, b) magnified image of a) with inset showing up the hybrid core 

(ZnO-TiO2)-shell (PbO2), c) coating hybrid core (ZnO-TiO2)-shell (PbO2) at 

30000 magnification (d) lead elemental analysis. 

 

On increasing the magnification of the same image of the confined region, PbO2 particles 

were deposited over the ZnO-TiO2 core-shell as shown in Figure 6.6 b). The elemental 

analysis of the coating was determined by EDX from the micrograph shown in Figure 6.6 
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c-e). It confirmed that the coating contained lead, carbon and oxygen elements.  The PbO2 

particles were tightly attached over the core shell forming a multicore shell by 

electrodeposition. Each nanoforest grass-like ZnO-TiO2 core-shell covered with PbO2 

expected to be an electrochemically active by nature and can be used to decolourize 

Reactive Black-5 dye.  

The structural characteristics related to the formation of anatase phase of TiO2 and the 

wurtzite phase of ZnO were seen by Raman spectroscopy in Figure 6.7. No peaks were 

observed for the non-calcined substrate after anodization of Zn plate and dip coating with 

titanium (IV) butoxide as seen in Figure 6.7 a) due to the absence of phases in the 

substrate.  
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Figure 6.7 Raman spectra of a) non calcined substrate after anodization of Zn plate 

and dip coating with titanium (IV) butoxide (ZnO-TiO2 core-shell coating) 

and b) calcined ZnO-TiO2 core-shell coating calcined at 400 ºC. 

 

The distinct peaks seen at 47 cm-1, 167 cm-1, 319 cm-1, 427 cm-1 corresponds to anatase 

phase (A) of TiO2 and peak at 605 cm-1 relates to the wurtzite phase (W) of ZnO as seen 

in Figure 6.7 b), indicating that heat treatment converted the substrate to the anatase and 

wurtzite phases in a calcined ZnO-TiO2 core-shell coating at 400 ºC. 
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6.3.7 Electrochemical measurements on the coatings 

The oxygen evolution reaction (OER) is the result of intermediate reactions in which the 

hydroxyl radicals are produced. The first step is the water discharge which produce •OH 

radical as shown in Eq. (2.1) reported in section 2.2. The subsequent reactions depend 

upon the interaction of the •OH radical and the electrode surface. Two classes of the 

electrode material have been generally reported in the literature: “active” and “non-active” 

electrodes [29]. Active electrodes have a strong relationship with the hydroxyl radical and 

the oxygen evolution reaction takes place after the formation of relevant oxides during 

the electrochemical process [30]. In the case of non-active electrodes, the hydroxyl 

radicals are weakly adsorbed over the substrate and instead they tend to initiate the 

oxidation of the electroactive species leading to carbon dioxide production. For example, 

Pt is said to be an active anode as it has strong interaction with hydroxyl radical and tends 

to attract hydroxyl radicals. While adsorption enthalpies in case of PbO2 are lower 

towards hydroxyl radicals and hence PbO2 weakly attracts the •OH radicals on its surface. 

The polarization curves of   ZnO-TiO2 core-shell coating, hybrid ZnO-TiO2 core-shell 

PbO2 coating obtained in 0.05 mol dm–3 H2SO4 at a potential sweep rate of 5 mV s-1 are 

shown in figure 6.8. 
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Figure 6.8 Polarization curves by using coatings a) ZnO-TiO2 core-shell coating as 

anode in an electrolyte containing 0.05 mol dm–3 H2SO4. b) hybrid core 

(ZnO-TiO2)-shell (PbO2) coating as an anode after calcination at 400ºC in 

an electrolyte containing 0.05 mol dm–3 H2SO4, Experimental conditions: 

Potential sweep rate 5 mV s-1, temperature: 25 ºC. 

 

The onset of the evolution of oxygen on each coating exhibit different potential which 

relies on the electrocatalytic substrate. Oxygen evolution starts from around 0.25 V vs. 

Hg/HgO (NaOH sat.) for ZnO-TiO2 core-shell coating (curve a) and at 0.75 V vs. Hg/ 

HgO for hybrid ZnO-TiO2 core-shell PbO2 coating. Oxygen evolution reaction kept 

increasing in both coatings and for ZnO-TiO2 electrode, the current slightly increased (> 

5 m A cm-2) followed by massive O2 evolution reaching up to 15 mA cm-2. This lower 

potential makes ZnO-TiO2 core-shell coating  to be a good electrocatalyst for the oxygen 

evolution reaction, while hybrid ZnO-TiO2 core-shell PbO2 coating has high massive 
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oxygen evolution only after 1.2 V vs. Hg/ HgO (curve 2) [30] and consequently is a poor 

electrocatalyst for the OER [30]. The potential of OER was evident at more positive 

potentials when a hybrid ZnO-TiO2 core-shell PbO2 coating was utilized. In this case the 

massive oxygen evolution seems to occur at 1.3 V vs. Hg/ HgO (NaOH sat.) and rising to 

1.7 V vs. Hg/ HgO (NaOH sat.) (curve b), reaching almost 25 mA cm-2 (Figure 6.8) which 

evidenced oxygen evolution at higher potential, this behaviour shows that oxygen 

evolution seemed unfavourable for hybrid ZnO-TiO2 core-shell PbO2 coating and the 

electrode tends to possess electrocatalytic nature for electrochemical removal of organic 

species in solution which is due to smaller adsorption of oxidizing species •OH radicals 

over the anode surface [31]. In this context, an organic compound (RB-5 dye) was opted 

as a model organic pollutant in order to verify the oxidising properties of the anodes. 

 

6.3.8 Electrochemical discolouration of RB-5 dye 

Anodic oxidation studies were conducted in order to evaluate discolouration of model 

pollutant in waste water by using ZnO-TiO2 core-shell and hybrid ZnO-TiO2 core-shell 

PbO2 coatings as anodes by applying constant potential of 1.0 V vs. Hg/HgO (NaOH sat.). 

100 cm3 of electrolyte comprised of 20 mg dm-3 of RB-5 dye and 0.6 mol dm-3 of Na2SO4 

at pH 3 (adjusted by using H2SO4) was employed for the electrolysis experiments with 

ZnO-TiO2 core-shell coating or hybrid ZnO-TiO2 core-shell PbO2 coating, as working as 

working electrodes while platinum and Hg/HgO (NaOH sat.) were the counter and 

reference electrodes, respectively. During the anodic oxidation studies of the waste water, 

samples of 2cm3 were extracted every 15 min during the electrolysis. The samples were 

assessed by UV-vis spectra in the range of visible light (λmax = 597 nm) of RB-5 dye. The 

intensity of the visible light band dropped continuously, until total discolouration of the 
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solution was obtained after 120 min as shown in Figure 6.9. The absorbance values 

decreased at a reasonable rate, indicating that dye oxidation involve formation of simple 

organics [31]. The oxidation of RB -5 dye involves removal of the chromophore (azo) 

group (-N=N-) which imparts the colour to RB-5 dye. The displacement of chromophore 

group (-N=N-) of complex RB-5 dye can result in the generation of aromatic and aliphatic 

intermediates, which ultimately might degrade to into basic inorganic CO2 molecules or 

low molecular weight compounds. The normalised concentration against time during the 

anodic oxidation electrolysis experiments of the RB-5 dye using ZnO nanoflowers, ZnO-

TiO2 core-shell coating and hybrid ZnO-TiO2 core-shell PbO2 coatings as an anode 

electrodes is shown in Figure 6.9.  
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Figure 6.9 Electrochemical oxidation of 20 mg dm-3 RB-5 dye and 0.6 mol dm-3 

Na2SO4 (Experimental conditions:  applied potential = 1.0 V vs. Hg/HgO 

pH = 3.0, T = 25 ºC) by using ▲) ZnO nanoflower coating, ) ZnO-TiO2 

core-shell coating and ■) hybrid core (ZnO-TiO2)-shell (PbO2) coating. 

 

Assuming that the oxidation rate follows a first order constants kinetics, the pseudo-first 

order reaction kinetics constant, which quantifies the rate of dye oxidation were 

calculated via equation 2.20. A comparison of k values is given in Table 6.2. 

 

Substrate -k / min-1 % 
Decolourisation 

Time / 
min 

Reference 

ZnO-TiO2 core-shell 
coating 

0.0005 6 120 This study 

ZnO nanoflower 
coating 

0.0004 4.96 120 This study 
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Substrate -k / min-1 % 
Decolourisation 

Time / 
min 

Reference 

Hybrid core (ZnO-
TiO2 )-shell (PbO2) 

coating 

0.034 98 120 This study 

ZnO-TiO2 core-shell 
coating 

0.1476 98.77 25 Photochemical 
rate 

in this study 

ZnO nanoflower 
coating 

0.0872 93.37 25 Photochemical 
rate 

in this study 

Hybrid core (ZnO-

(TiO2 )-shell (PbO2) 

coating 

0.0159 35 25 Photochemical 
rate 

in this study 

Table 6.2  Comparison of pseudo rate constants for oxidation of RB-5 dye by using ZnO 

nanoflower coating ZnO-TiO2 core-shell  coating and  hybrid core (ZnO-

TiO2)-shell (PbO2) coating by electrochemical and photocatalytic treatment. 

 

The mechanism of dye oxidation can be explained via the interaction with hybrid ZnO-

TiO2 core-shell PbO2 coating anode, the •OH free radical is produced by water discharge. 

This mediated •OH free radical transformed into dioxygen species as indicated by 

equation 3.7 or it can directly attack the azo dye towards complete oxidation eliminating 

chromophore group of RB-5 dye  in reaction 3.8. However, for ZnO-TiO2 core-shell 

coating the generation of •OH free radical may be classified as unfavourable due to 

oxygen evolution reaction found to be more significant at reduced potential (0.6 V vs. 

Hg/HgO), which might be inefficient for the decolouration of organic dye. The 

exponential oxidation curves showed in Figure 6.9 for anodic oxidation collating the two 

electrodes, i.e. ZnO-TiO2 core-shell coating and hybrid ZnO-TiO2 core-shell PbO2 anodes 
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demonstrated that hybrid ZnO-TiO2 core-shell PbO2 coating exhibits about 98 % of 

decolouration.   

The pseudo rate constant, k equals to 0.034 min -1 was calculated from the linear pseudo 

first order oxidation curves (shown in Figure 6.10) at a constant potential of 1 V vs. 

Hg/HgO to a hybrid ZnO-TiO2 core-shell PbO2 coating as a working electrode (anode). 

 

 

Figure 6.10 Electrochemical oxidation kinetics of RB-5 dye of 20 mg dm-3 RB-5 dye 

and 0.6 mol dm-3 Na2SO4 (Experimental conditions:  applied potential = 

1.0 V vs. Hg/HgO pH = 3.0, T = 25 ºC) by using ▲) ZnO nanoflower 

coating, ) ZnO-TiO2 core-shell coating and ■) hybrid core (ZnO-TiO2)-

shell (PbO2) coating. 
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6.3.9 Photocatalytic discolouration of RB-5 dye 

The Raman spectroscopy studies revealed the presence of anatase phase for TiO2 and 

wurtzite ZnO phase in figure 6.7. The active nature of anatase and wurtzite ZnO phase 

was tested through photocatalytic studies of ZnO-TiO2 core-shell nanorods and ZnO 

nanoflowers coatings ZnO-TiO2 core-shell PbO2 coatings for the discolouration of 

solution containing RB-5 dye as pollutant in Na2SO4 at pH 3. The photocatalytic 

behaviour of  the  coatings relates to the features such as protonation of  anatase TiO2 

under acidic conditions [32], the origination of holes and electrons over the anatase TiO2 

under illuminated UV-irradiation [33, 34]. The anatase TiO2 acts as a positively charged 

specie under acidic pH as indicated by equation (6.7), in turn it tends to attract the 

negatively charged RB 5 dye, following oxidation of RB 5 dye [35].  

 

TiOH + H+ →   TiOH2
+

  (acidic solution)      (6.7) 

 

Under UV-light illumination, there is the formation of electrons in the conduction band 

and holes (h+) in the valance band of the anatase TiO2 and the wurtzite ZnO phase [36] 

as seen in equation (6.8).The electron produced interacts with dioxygen molecule to 

generate active oxidizing radicals (shown in equation 6.9) [35].  

 

ZnO + h𝑣𝑣 →    eCB− +  hVB+         (6.8) 

eCB− +  O2   → O2
− ●            (6.9) 

O2
− ●    + H+  →  HO2

−                 (6.10) 
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2HO2
−  →  H2O2 +  O2              (6.11) 

H2O2  +  O2
− •    →  OH●  + OH− +  O2            (6.12) 

RB − 5 +  OH● → Decomposition products       (6.13) 

The overall performance of  the anatase TiO2 and the wurtzite ZnO phase depends upon 

the created holes and radicals which play a decisive role in the photocatalytic performance 

and oxidation of RB-5 dye as indicated by equations (6.10), (6.11), (6.12) producing            

•OH radicals which ultimately decompose the dye as shown in reaction (6.13). However, 

for hybrid ZnO-TiO2 core-shell PbO2 coating, PbO2 dominate and absorb the UV light at 

the top surface of conduction band of TiO2 and ZnO. UV light may excite the hole pair 

of valance band related to the anatase TiO2 and nanoparticle states of wurtzite ZnO phase 

for ZnO-TiO2 core-shell nanorods and ZnO coatings. The formation of the hole pair 

relates to the oxidation of dye with ZnO-TiO2 core-shell nanorods and ZnO nanorod 

coatings upon photoexcitation. The photocatalytic oxidation is represented in Figure 6.11, 

the time dependent concentration of reactive black-5 dye after 25 min of photocatalytic 

oxidation by ZnO nanorod coatings, ZnO-TiO2 core-shell nanorods and hybrid ZnO-TiO2 

core-shell PbO2 coatings are shown. 
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Figure 6.11 Photocatalytic oxidation of 20 mg dm-3 RB-5 dye and 0.6 mol dm-3 

Na2SO4 (Experimental conditions:  UV lamp intensity = 1.5 mW cm-2, pH 

= 3.0, T = 25 ºC) in 0.6 mol dm-3 of sodium sulphate by using ) hybrid 

core (ZnO-TiO2 core-shell coating )-shell (PbO2) coating, ▲) ZnO 

nanorods coating, and ■) ZnO-TiO2 core-shell coating. 

 

The logarithmic of the normalised concentration decay c/co,  data in Figure 6.12 for the 

removal of RB-5 dye by using ZnO-TiO2 core-shell nanorods and ZnO nanoflowers 

coatings indicates that the reaction follows a pseudo-first order reaction kinetics for the 

oxidation of reactive black-5 dye. The photocatalytic reaction kinetics for the oxidation 

of dyes were calculated by employing pseudo first order reaction as indicated by equation 

(2.20).  
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Figure 6.12 Photocatalytic oxidation kinetics of 20 mg dm-3 RB-5 dye and 0.6 mol   

dm-3 Na2SO4 (Experimental conditions:  UV lamp intensity = 20 mW cm-

2, pH = 3.0, T = 25 ºC) in 0.6 mol dm-3 of sodium sulphate by using ) 

hybrid core (ZnO-TiO2 core-shell coating)-shell (PbO2) coating, ▲) ZnO 

nanoflower coating and ■) ZnO-TiO2 core-shell coating. 

 

The comparison of pseudo rate constant (k) for photochemical colour removal (-0.1476 

min-1) with electrochemical removal (-0.034 min-1) shows that photocatalytic activity 

increased by 77 %. The annealing activates anatase (TiO2) and wurtzite ZnO which 

improved the photocatalytic activity when irradiated to UV light. In case of ZnO-TiO2 

core-shell nanorods, the reactive black-5 was removed in 25 min.  
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6.4 Conclusion 

The results show that it is possible to growth of Zn nanowires over Zn plate surface via 

effective anodization method in an electrolyte containing bicarbonate salt. The best 

conditions for Zn nanowire growth have been identified by changing the parameters of 

cell voltage and concentration of the electrolyte. Furthermore, ZnO-TiO2 core-shell 

nanorods produced by dip coating technique and employed the coating as a photocatalyst 

for the environmental oxidation of organic dye. Electrodeposition of PbO2 created a 

hybrid ZnO-TiO2 core-shell PbO2 coating and used that for electrochemical oxidation of 

the dye. Electrochemical oxidation and photocatalytic colour removal of RB-5 dye found 

to be favourable by using hybrid ZnO-TiO2 core-shell PbO2 coating ZnO-TiO2 core-shell 

nanorod coating, respectively.  This study will open an important area to the researchers 

in developing metal oxide shell (PbO2) over anodized ZnO-TiO2 core-shell over an 

inexpensive zinc substrate, for applications in wastewater treatment. 
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Conclusion and Suggestions for Future Work 

7.1 Conclusions 

The work presented in this thesis highlighted the effect of incorporation of titanate 

nanostructures, namely titanate nanosheets, titanate nanotubes over cheap substrate like 

titanium felt and RVC, with metal oxides deposited over these surfaces. After reviewing 

the performance of these novel and low cost coatings it has become clear that new 

electrode materials can improve the performance and decrease the cost of anodic 

oxidation process for the oxidation of organic compounds by using this advanced 

oxidation process (AOP). 

In the first part of this thesis, titanium nanotubes were synthesized over titanium felt 

substrate by anodization method. Further, PbO2 was successfully inserted in nanotubes 

by layer immersion techniques.  Anodic oxidation has been evaluated as a powerful 

technology for the oxidation of toxic and perverse organic pollutant such as RB-5 dye. 

The oxidation of this RB-5 dye through the hydroxyl radical produced over the non-active 

PbO2 over nanotubes on Ti felt anode substrate, after annealing coating was employed for 

photocatalytic oxidation and found capable of oxidation and colour removal. Instead, the 

carbon based substrate, such as RVC has demonstrated strengths for use in the anodic 

oxidation process by coating it with PbO2 and titanate nanosheets by electrophoretic 

deposition and applied the coating for electrochemical and photochemical water 

treatment. Further, TiNTs were deposited over RVC by electrophoretic deposition and 

found effective at 91% colour removal for photochemical decolourisation of methylene 

blue dye. The electrodes presented are novel and low cost to invest in the technology. 
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The important conclusions from the research presented in this thesis are: 

  Chapter 3, the Ti based substrate was anodized in an electrolyte containing MSA (up 

to 1 mol dm-3) with ammonium fluoride (1.0 wt. %) to produce titanate nanotubes at 

an applied cell potential of 15 V (graphite as cathode) for small nanotubes (wall 

thickness =10 nm) and 20 V for large nanotubes (wall thickness = 20 nm) are 

discussed.   

 The PbO2 has been deposited inside the nanotubes by immersion of anodized Ti felt 

in a solution containing Pb(NO3)2 and structure directing agent (PVP) at immersion 

time =15 min, 6 h and 12 h and further oxidized by ammonium persulphate. The PbO2 

growth acquire a shape from lemon to cauliflower like structure depending upon the 

immersion time. 

 The application of these coatings showed that Ti felt/ TiO2 nanotubes /PbO2 exhibits 

the electrochemical dye discolouration of about 99 % in 60 min at more positive 

potential (1.5 V vs. Hg/HgO). 

 The samples produced by 15 min immersion time of Ti felt/ TiO2 nanotubes /PbO2 

and after calcination, found effective for the photochemical oxidation of the RB-5 dye 

(97 %) oxidation as indicated in chapter 3. 

 The RVC, a high porosity carbon based substrate after acid treatment showed active 

functional groups appeared over its surface as shown in chapter 3. 

 Electrophoretic deposition experiment revealed the formation of stable PbO2 and 

Titanate nanosheets (TiNS) coating over the RVC substrate. 

 Using calcined TiNS/PbO2/RVC electrodes, the pseudo first order oxidation reaction 

of RB-5 dye has been accomplished at pH 3. 
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 Raman results indicated the transformation of titanate phase of TiNS/PbO2/RVC to 

the anatase structure after calcination at 450 °C. 

 Photocatalytic studies revealed the complete first order decolourisation of RB-5 dye 

under acidic conditions in 20 min as indicated in chapter 3. 

 In chapter 5, RVC substrates coated with TiNT coatings by using anodic 

electrophoretic deposition were prepared and photocatalytic activity of these 

electrodes are discussed. 

 Raman studies revealed that upon calcination of TiNT/RVC coating the formation of 

anatase phase was observed up to 450 ᴼC. 

 The calcined TiNT/RVC substrate showed higher pseudo first order decontamination 

kinetics for the photocatalytic oxidation of the dye with 91 % dye degraded in 20 min 

as reported in chapter 5. 

 In chapter 6, ZnO2 nanoflowers have been prepared on a Zn plate substrate by 

employing anodization technique in bicarbonates solutions. 

 The best conditions for Zn nanowire growth have been identified by changing the 

parameters of cell voltage and concentration of the electrolyte and it was revealed that 

the best conditions for anodization Zn nanowire synthesis were obtained at an applied 

cell voltage of 5 V in an electrolyte containing 30 × 10-3 mol dm-3 NaHCO3 for an 

electrochemical reaction time of 10 min. 

 ZnO-TiO2 core-shell nanorods produced by dip coating technique and employed the 

coating as a photocatalyst for the environmental oxidation (98.8%) of organic dye. 

 Electrodeposition of PbO2 created a hybrid ZnO-TiO2 core-shell PbO2 coating and 

used that for electrochemical oxidation of the dye. 

 Raman studies showed the presence of anatase phase and wurtzite phases over the 

hybrid ZnO-TiO2 core-shell PbO2 coating. 
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 Electrochemical oxidation by using hybrid core (ZnO-TiO2)-shell (PbO2) coating   

and photocatalytic oxidation by using ZnO-TiO2 core-shell coating and ZnO 

nanoflower coating of RB-5 dye was about 98.8 % and 98 % and 93 % respectively. 

The aims and objectives which were: 1) anodising titanium felt to grow arrays of titanium 

dioxide nanotubes decorated with PbO2: characterisation and application, 2) preparation 

of PbO2/TiO2 nanosheets at an RVC substrate by anodic electrophoretic deposition for 

electrochemical waste water treatment, 3) deposition of titanate nanotubes at an RVC 

substrate by anodic electrophoretic deposition with for photocatalytic oxidation of 

organic material in waste water, 4) development of ZnO2 nanowire arrays on Zn metal 

substrate by using electrochemical anodization, formation of a ZnO-TiO2 core-shell 

decorated by PbO2 on a Zn metal substrate for removal of RB-5 dye from aqueous 

solution. All these aims have been accomplished by the development and characterization 

of innovative coatings and further application of those coatings for effective 

electrochemical and photochemical removal of RB-5 and MB dye. 

Anodic oxidation is an important and efficient technique for the oxidation of organics in 

electrochemical advanced waste water treatment. This has the potential for industrial use 

and should be disseminate as one of the preferable technologies, when facing issues with 

toxic, refractory, non-biodegradable pollutant in waste water. The demand is to develop 

low cost and reliable electrodes to decrease the cost of the process. Improved methods 

need to be investigated aimed at rendering a full understanding of the mechanism and the 

generation of by-products and the derived outcome. In this way the electrochemical water 

treatment method is still just on the edge of outreach for necessary level of perfection. 

It can be concluded from the above points, the use of 3D Ti-felt and carbon foam materials 

found to be effective for the anodic waste water treatment. The reason might be their 
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improved surface area, durability, low ohmic losses and conductivity in aqueous solutions 

[1]. These materials are found to be low cost than the expensive rare earth materials like 

platinum, ruthenium, gold or boron doped diamond (BDD) electrodes. The price of 

titanium is £20 per pound [1] whereas carbon foam is £15 per pound [3], considerable 

lower than the rare earth rare earth metals and BDD. 
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7.3 Future Work 

7.3.1 DSA electrodes over Ti felt substrate for anodic oxidation of Azo dyes 

Preliminary experiments have been performed by using IL and Pechni methods over Ti 

felt substrate for dimensional stable electrodes (DSA electrodes. Uniform DSA electrodes 

over Ti felt substrate has been achieved. The same substrate will be utilized for anodic 

oxidation in order to acquire experience with its operation and monitoring for electro-

oxidation of organic matter residue. The cell will use a DSA electrodes over Ti felt 

https://www.bekaert.com/en/products/basic-materials/filtration/sintered-metal-fiber-filtration-media
https://www.bekaert.com/en/products/basic-materials/filtration/sintered-metal-fiber-filtration-media
https://agmetalminer.com/metal-prices/titanium/
https://www.alibaba.com/showroom/carbon-foam.html


  Chapter 7 

 194 
  

substrate as an anode and Platinum metal as cathode. The analysis will comprise of 

following important aspects: 

 Characterization of DSA electrodes by FESEM and XRD. 

 Evaluation of flow through cell, percentage of removal kinetics of organics. 

 Total organic carbon (TOC) and colour removal evaluation of the textile dyes before 

and after the electrochemical anodic oxidation. 

7.3.2 Evaluation of new electrode materials 

Subsequent experiments will focus on testing different novel coatings electrode materials 

prepared by the electrophoretic deposition method. 

 Electrochemical preparation of TiNS and PbO2 coated over the C felt substrate. 

 Modification of C felt by the addition of surfactants (Tetrabutylammonium 

hydroxide) followed by EPD. 

 Characterization of the C felt using SEM. 

 Possible evaluation of TiNS / PbO2 / C felt in electrochemical flow cell. 

 Photocatalytic activity of TiNS / PbO2 / C felt for the discolouration of RB-5 dye. 

 Stability test at different current densities and potentials. 

 

7.3.3 Planned Publications 

Proposed and published publications from this research project are shown in the table 7.1



         

Table 7.1  List of planned publications. 
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Appendix 
 

 

Figure A 1 UV-vis spectra for the oxidation of RB-5 dye by using Ti-felt as an anode. 
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Figure A 2 UV-vis spectra for the oxidation of RB-5 dye by using Ti-felt/nanotube as an 

anode. 
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Figure A 3 UV-vis spectra for the oxidation of RB-5 dye by using Ti-

felt/nanotube/PbO2 as an anode. 

 

 



  Appendix
   

 201 
  

 

Figure A 4 UV-vis spectra for the oxidation of RB-5 dye by using calcined Ti-felt 

/nanotubes/PbO2 as a photocatalyst. 
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Figure A 5 UV-vis spectra for the oxidation of RB-5 dye by using RVC as a anode. 
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Figure A 6 UV-vis spectra for the oxidation of RB-5 dye by using RVC/PbO2 as an 

anode. 



  Appendix
   

 204 
  

 

Figure A 7 UV-vis spectra for the oxidation of RB-5 dye by using RVC/PbO2/TiNS as 

an anode. 
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Figure A 8. UV-vis spectra for the oxidation of RB-5 dye by using calcined 

RVC/PbO2/TiNS as a photocatalyst. 
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Figure A 9. Calibration curve for the RB-5 dye. 
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