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ABSTRACT 

 

Anti-androgens (AAs) are a class of pharmaceutical drugs used to treat prostate 

cancer. Over the years, prostate cancer has been reported as the most frequent 

cancer diagnosis in men and the leading cause of mortality worldwide. However, 

recent studies show that deaths related to prostate cancer have reduced due to new 

cancer therapies, including AAs. Consequently, the number of patients using AAs is 

increasing exponentially. The unremitting use of these AAs may lead to regular 

excretion in the urine and faeces, thus entering wastewater treatment plants 

(WWTPs). Since some of these compounds are not entirely eliminated by wastewater 

treatment plant processes, trace levels remain in inadequately treated sewage 

effluents and are discharged into surface waters. The discharge might cause 

continued consumption by people who use surface water for survival, thus causing 

problems such as drug resistance. 

Consequently, there is a need to develop methods to determine and control AAs in 

water. Several analytical methods have been employed. However, the employed 

methods suffer drawbacks such as high-cost, time consumption and tedious protocols. 

It is, therefore, of uttermost importance to develop alternative methods to monitor and 

quantify AAs in water bodies. The AAs of interest in this study are flutamide (FLU), 

bicalutamide (BIC) and hydroxyflutamide (OHF). In this work, I have developed five 

electrochemical sensors based on manganese oxide (MnO) and cobalt oxide (CoO) 

nanostructures (NSs); ytterbium nanorods (YbNRs); as well as YbNRs decorated with 

MnONSs and CoONSs (YbNRs/MnONSs and YbNRs/CoONSs) as electrocatalysts. 

This study was conducted in compliance with the University’s Policy on Research 

Ethics and within the confines of the conditions stipulated in the acquired ethical 

clearance certificate. The electrocatalysts were synthesised using the hydrothermal 

and precipitation methods. The as-prepared materials were characterised using 

Scanning Electron Microscopy (SEM), Fourier Transform Infrared (FTIR) 

spectroscopy, Ultraviolet-Visible spectroscopy (UV-Vis), Transmission Electron 

microscopy (TEM), Energy-dispersive X-ray spectroscopy (EDX), and X-ray powder 

diffraction (XRD). The electrochemical techniques employed in this study are Cyclic 

Voltammetry (CV) and Square Wave Voltammetry (SWV). The electrochemical 

responses of the fabricated sensors were examined at a linear range from 32.01 – 
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50.00 µM. The limit of detections (LODs) and quantifications (LOQs) of the fabricated 

sensors were comparable to the literature. Both fabricated sensors showed good 

percentage recoveries. The fabricated electrochemical sensors showed good 

selectivity, stability, reliability, repeatability and reproducibility. Thus, it can be 

concluded that the fabricated sensors may represent a simple, low-cost and 

comfortable electrochemical tool for routine analysis in pharmaceutical and 

environmental monitoring of contaminants. 

 

A: Graphical abstract 

 

KEY TERMS: Anti-androgens, Electrochemical sensor, Metal oxide nanostructures, 

Manganese oxide, Cobalt oxide, Ytterbium nanorods, Nanocomposite, 

Electrocatalysts, Detection, Flutamide, Bicalutamide, Hydroxyflutamide, Glassy 

carbon electrode, Pharmaceuticals.
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CHAPTER 1 

INTRODUCTION 

 

1.1 Background  

Water contamination by pharmaceuticals (PCs) is a significant concern that has 

attracted a large amount of attention from researchers globally 1,2. PCs have, as a 

consequence, been characterised as emerging contaminants, now defined as new 

chemicals without regulatory status whose effect on the environment and human 

health is inadequately understood 3,4. PCs are characterised as emerging pollutants 

because they cause severe health effects on humans, cause deterioration of water 

quality and threaten terrestrial life 5. Despite their adverse side effects, PCs have 

immense benefits to humanity, including healthier and longer lives. Consequently, they 

are continuously prescribed in increasing amounts daily. This is another reason they 

are considered environmental contaminants of emerging concern 6. 

As a result of the daily and continuous prescription of PCs, portions of PCs are 

excreted into sewage treatment plants (STPs) and wastewater treatment plants 

(WWTPs) by their intended consumers either as metabolites, unmetabolized or as 

conjugates that may be reactivated 7. As it has been scientifically proven that some, if 

not all WWTPs are unable to completely degrade PCs during treatment, these 

compounds end up in surface water 8,9.  

Other factors, such as lack of sewage treatment in rural areas, contribute to water 

contamination by PCs. For example, the direct disposal of human waste into the 

ground and surface water also contributes to water contamination. Another factor 

contributing to water contamination is the direct discharge of untreated wastewater to 

the environment caused by the leakages of septic tanks, landfill leachates, animal 

waste and treatment drugs, and the application of manure or WWTP sludge as 

fertilizer in agricultural fields8,10. 

Environmental pollution, which includes water and soil pollution, is among the 

significant causes of the increase in the incidence of human cancers worldwide. Even 

though cancer is the world’s biggest problem, with an estimated 29.5 million new 

cancer cases anticipated by 2040 globally11, there is still significantly less attention 

paid to cytostatic drugs. The anticipated number might be due to common factors 
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increasing cancer. The factors include unhealthy lifestyles, tobacco and alcohol 

consumption, nutritional habits and increasing longevity in humans12,13. Among the 

different types of cancer, prostate cancer is said to be the second most common 

cancer worldwide and the fifth principal cause of death in men14. The unceasing 

incidence of prostate cancer results in the continuous consumption of AAs. AAs are a 

class of cytostatic drugs used therapeutically in treating prostate cancer patients 15. 

Antiandrogen drugs approved by the Food and Drug Administration (FDA) include BIC, 

enzalutamide, and FLU16. 

Flutamide (FLU) and bicalutamide (BIC) work by blocking testosterone (a male 

hormone that stimulates the growth of prostate cancer cells) from mediating its 

biological effects in the body. They do so by competing with testosterone for binding 

to androgen receptors in the prostate gland, thereby decreasing the growth of the 

tumour17. Hydroxyflutamide (OHF), an active metabolite of FLU, also works by 

competing with testosterone to bind to androgen receptors and results in the 

impairment of testosterone signalling18. Although AAs cannot cure prostate cancer, 

they can extend the lifetime of patients for many months or years 19. However, the 

efficacy of these AAs seems to be overshadowed by their adverse side effects.  

These side effects, resulting from continuous consumption of FLU and OHF, include 

inflamed prostate, blood in urine, rectal bleeding, hot flashes, loss of sexual 

interest/ability, diarrhoea, nausea, and vomiting, enlarged growth of male breasts, 

drowsiness, liver malfunction and methemoglobinemia20,21. The most frequent side 

effect of BIC is acute kidney injury22. Consequently, there is a need for new, advanced 

and perspective analytical methods with high sensitivity and selectivity for the 

continual control of antiandrogen drugs in water samples.  

To date, several methods have been reported in the literature, including 

spectrophotometry23,24, high-performance liquid chromatography25,26, mass 

spectrometry 27, liquid chromatography28, spectrofluorometry29, photochemistry30 and 

electrochemistry31. Most of these methods are sensitive, offer good selectivity and 

have the possibility for the simultaneous determination of several drugs. However, 

these methods have limitations such as the high price of the equipment, complicated 

sample preparation, laboratory based and not portable, requires skilled analyst to 

handle, use of toxic precursors or materials, and are tedious and time-consuming 32–
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34. Electrochemistry is the most reliable method among the aforementioned methods 

because of its speed, high sensitivity, good precision, good selectivity, and 

uncomplicated instruments 35,36.  

As a result, this study explored electrochemical means by developing separate 

electrochemical sensors based on ytterbium nanorods (YbNRs), manganese oxide 

nanostructures (MnONSs) and cobalt oxide nanostructures CoONSs and YbNRs 

decorated with metal (manganese and cobalt) oxide nanostructures MONSs as 

electrocatalysts. These electrochemical sensors were used to determine FLU and its 

derivatives in water for control of associated side effects. To our knowledge, YbNRs 

decorated with MONSs have not been used to monitor FLU, BIC or OHF in water 

electrochemically. Thus, such nanohybrids will be used in this study for the first time.  

1.2 Anti-androgens as water contaminants 

PCs, including AAs, are among the primary contaminants of water, with up to 90% of 

oral drugs ingested by humans ending up in water systems. These compounds, 

therefore, pose a global water quality challenge and may cause severe effects on 

human health and ecosystems37. Although AAs are associated with acute side effects 

such as pulmonary, renal, hair follicle, oral and bone marrow toxicity 38, there is still 

little research for the determination and quantification of AAs carried out in African 

countries. Consequently, there is a strong need to monitor and control the occurrence 

of AAs in African water bodies. Although electrochemistry has been widely explored 

for the detection of AAs, there are limitations associated with some of the materials 

that have been used as electrocatalysts. Some limitations include low sensitivity, high-

cost of precursor, and complicated synthesis39. As a result, electrocatalysts still need 

to be explored to detect AAs. 

1.3 Materials used in the study and their advantages 

Several studies highlight that the continuous consumption of FLU, BIC and OHF may 

result in severe side effects on human health. Therefore, the increasing cancer 

incidence and continuous use of these AAs are cause for concern. Although 

electrochemistry is considered the most reliable method among all the analytical 

methods employed to detect AAs, some drawbacks are associated with the materials 

used. The drawbacks include expensive precursor, complicated synthesis methods, 

the toxicity of precursors, and the use of toxic electrodes (e.g. dropping mercury 
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electrode) 40. Subsequently, there is still a need for materials with fewer to no 

drawbacks to be employed as electrocatalysts. 

This study does not focus on toxicity experiments but on simple, one-step preparation 

of YbNRs, MnONSs and CoONSs, as well as the development of sensing platforms. 

Ytterbium has advantages such as good thermal and electrical conductivity, which are 

advantageous over transition metals for stable electrochemical sensors, and excellent 

electrical, mechanical, and chemical stability41,42. Hence the fabrication of ytterbium-

based NRs and the corresponding electrochemical sensors.   

Manganese and cobalt oxide nanomaterials have advantages such as low-cost, 

environmental benignity, excellent conductivity, chemical stability, high specific 

surface area, good electrocatalytic activity, good stability, and excellent catalytic and 

selective ability43,44. As a result, MnONSs and CoONSs were employed in the study 

to decorate NRs to enhance their electrocatalytic activity for determining FLU and its 

derivatives in water samples. 

1.3.1 Novelty of the study 

To the best of my knowledge: 

(i) Ytterbium-based NRs on their own have not been used in electrochemical sensing 

to detect FLU or its derivatives. 

(ii) MnONSs and CoONSs have not been used in electrochemical sensors to detect 

FLU and its derivatives. 

(iii) Nanostructure-decorated ytterbium-based electrochemical sensors for monitoring 

FLU and its derivatives are developed for the first time in this study. 

1.4 Aim and objectives  

1.4.1 Aim 

This study aims to develop simple, electrocatalytically active, highly stable and 

reusable ytterbium-based NRs decorated with MnONSs and CoONSs to detect and 

quantify FLU, BIC and OHF in water samples. 

1.4.2 Objectives 

To achieve the aim of the study, the following objectives were pursued: 

 To synthesise new ytterbium-based NRs. 
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 To synthesise MnONSs and CoONSs. 

 To coat ytterbium-based NRs with MnONSs and CoONSs to form efficient 

electrocatalysts. 

 To perform extensive characterisation of the synthesised nanomaterials as 

electrocatalysts. 

 To apply the synthesised electrocatalysts as sensors in aqueous media to 

determine the amounts of FLU, BIC and OHF. 

1.5 Key research questions 

While looking at the quality control of FLU and its derivatives, as broadly alluded to in 

sections 1.1 and 1.2, the study sought to answer the following research questions: 

 If proved viable for identifying and quantifying FLU in water, will the fabricated 

NRs be reusable as electrocatalysts in sensor systems?  

 How does the efficiency of NRs in electrocatalysis compare to that of other 

electrocatalysts? 

 How do MONSs manipulate and influence the chemical and electrochemical 

properties of NRs for enhanced electrochemical detection of FLU, BIC and 

OHF? 

1.6 Thesis outline 

A summary of each chapter discussed in this dissertation is as follows: 
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Chapter 1 introduces the purpose of the study 

by stressing the problems associated with 

pharmaceutical, in particular antiandrogens in 

water. The problem, justifications, aims, 

objectives, novelty, and research questions are 

also discussed.  

 

Chapter 2 gives a comprehensive literature review on the 

mechanistic pathways of antiandrogens in water and the effects of 

antiandrogens on human health and aquatic ecosystem. The 

methods previously employed to detect antiandrogens and their 

drawbacks are also discussed, with electrochemistry being a 

reliable method. Furthermore, the electrocatalyts that have been 

used as electrocatalyts in the electrochemical detection of 

antiandrogens have been explored with their disadvantages. 

Metal oxide and rare-earth nanostructures as advantageous 

electrocatalyts have also been disussed together with their 

synthesis methods. Lastly, flutamide, bicalutamide and 

hydroxyflutamide as antiandrogens of choice have also been 

discussed.  

 

Chapter 3 focuses on the methodologies that 

were used in the study. The materials, equations 

and equipments used in the study are detailed. 

Methods used in the preparation, decoration and 

characterization of the as-prepared materials are 

provided in detail. In addition to this, preparation 

of solution and detection procedures are outlined 

in detail. 

 

Chapter 4 presents the data obtained on the characterisation of 

as-prepared materials using Scanning Electron Microscopy 

(SEM), Fourier Transform Infrared (FTIR) spectroscopy, 

Ultraviolet-Visible spectroscopy (UV-Vis), Transmission Electron 

microscopy (TEM), Energy-dispersive X-ray spectroscopy (EDX), 

and X-ray powder diffraction (XRD). 

 

Chapter 5 reports on results on the 

electrochemical detection of flutamide, 

bicalutamide and hydroxyflutamide. 

 

Chapter 6 outlines a comprehensive conclusion of the results 

produced in the study. The implications of the results are 

discussed and recommendations for future studies are put 

forward. 
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CHAPTER 2 

LITERATURE REVIEW 

 

2.1 Introduction 

The presence of anti-androgens (AAs) in the aquatic environment has stimulated much 

interest due to their potential adverse effects on human health and the aquatic ecosystem. 

Although the amounts detected in water systems are too low to cause an immediate threat, 

AA residues can potentially cause long-term effects on aquatic organisms if they interfere 

with DNA1. AAs may also cause severe effects on humans upon continuous consumption. 

Despite the wide use of AAs, very few studies have been conducted to investigate these 

compounds' behaviour, fate and effects in African water bodies, including South Africa. 

Herein, I discuss the pathways of AAs in water and their effects on human health and the 

aquatic ecosystem. 

2.2 Mechanistic pathways of anti-androgens in water 

Prostate cancer, acne, seborrhoea, hirsutism, and androgenic alopecia are all treated by 

AAs2. These illnesses are common and may result in the continuous consumption of AAs. 

After human administration, AAs are excreted mainly in urine and in low amounts in faeces 

(4.2%) as unchanged drugs and hydroxylated metabolites3. After excretion, these 

compounds end up in sewage and septic systems due to household use. Consequently, 

AAs are detected in wastewater treatment plants (WWTPs). Due to incomplete degradation 

during treatment, AAs may be released into the aquatic environment. AAs can also come 

into the environment through sewage leakages, pharmaceutical industry leakages and 

effluents or the disposal of unused or unfinished medication 4,5. Fig. 2.1 shows the AA 

mechanistic pathways into the aquatic environment cycle. 
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Fig. 2.1: Mechanistic pathways of anti-androgens into the aquatic environment. 

 

2.3 Human health risks associated with the presence of anti-androgens in water 

AAs are highly effective in treating cancer and other hyperandrogenism conditions and, 

thus, are crucial for saving lives.  However, their efficacy is overshadowed by their many 

adverse side effects, such as alopecia, anaemia, nausea and vomiting. Moreover, their 

efficacy is also eclipsed by the fact that they are not cancer-specific and can be harmful to 

other rapidly dividing cells, such as hair and mucous membranes or bone marrow. AAs are 

more dangerous to foetuses than adults. The latter is because almost, if not all, cells of 

foetuses grow faster, and there are only a few rapidly growing cells in adults. As a result, 

unborn babies and children are the most affected individuals by these compounds6. 

Despite being micropollutants, AAs are naturally toxic. Their poor environmental 

biodegradability generally classifies them as a consequence of them not being completely 

degraded by conventional WWTPs 7.  Humans not diagnosed with cancer can be exposed 

to AAs via drinking water, consumption of aquatic organisms and food pyramid (after the 

soil has been exposed to AAs). This leads to human exposure to these AAs being a subject 

of concern, especially in countries such as South Africa and other African countries that still 
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use surface water as their primary source of drinking water 8. Some of the significant 

toxicities associated with AAs on human health are discussed in Table 2.1.  

Table 2.1. Major toxicities associated with anti-androgens on human health and their effects 

and symptoms. 

Major toxicities of anti-

androgens on human 

Symptoms and effects Reference 

Pulmonary toxicity: used to 

describe side effects on the 

lungs 

Acute lung injury 9 

Pulmonary hypertension 10 

Alveolar haemorrhage 11 

Bronchospasm 12 

Capillary leak syndrome 13 

Eosinophilic pneumonia 14 

Renal toxicity:  used to 

describe side effects on the 

kidney 

Acute renal failure 15 

Chronic renal failure 16 

Glomerulone phritis 17 

Tubulopathies  18 

Hair follicle toxicity: used to 

describe the effect on hair 

Alopecia  19 

Pigmentary hair changes 20 

Textual hair changes 21 

Eyelash hair changes 22 

Oral toxicity: used to describe 

the oral complication 

Mucositis  23 

Saliva changes 24 

Taste alterations 25 

Infection and bleeding  26 

Mucosal atrophy 27 

Xerostomia 28 

Bone marrow depression: 

used to describe effects on 

blood cell count 

 

Blood in urine 29 

Diarrhoea 30 

Bleeding 31 

Pale Skin 32 
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 Easy tiring with exertion 33 

Mouth sores 34 

Easy bruising 35 

 

2.4 Effects of anti-androgens in water on the aquatic ecosystem 

The continuous release of pharmaceuticals PCs) into aquatic environments has led to the 

assessment of the environmental risks caused by these PCs and their metabolites being a 

major focus recently. Because South Africa is categorized as a water-scarce country, it is 

even more critical to assess the risks as there are few water resources. Although it is 

reported that PCs are present in relatively low concentrations in the aquatic environment, 

their wide use, high reactivity with biological systems, incessant release and relatively low 

degradation make them pseudo-persistent in aquatic environments 36,37. 

In terms of numbers, prostate cancer is the sixth most common cancer worldwide. Its 

occurrence is increasing steadily in almost all countries. Since AAs play a vital role in 

developing a healthy prostate and treating prostate cancer, this implies that even the 

number of AA consumption is steadily increasing 38. Consequently, even the rate of 

discharge of these AAs in aquatic ecosystems is increasing.  

The frequent use and eventual discharge of AAs lead to their presence in pharmaceutical 

factory wastewater, hospital wastewater, domestic wastewater, and surface waters. Some 

of these AAs and their metabolites from wastewater end up in the aquatic ecosystem. Li et 

al. 39 detected 58% of these AAs in hospital wastewater, 52% in wastewater treatment plant 

effluents (78% in influents) and 59% in surface water. The occurrence of AAs in aquatic 

ecosystems results in unpleasant effects on aquatic organisms. They affect the reproductive 

function of Murray rainbowfish, medaka, guppies, and stickleback. The presence of anti-

androgens in aquatic ecosystems also affects numerous processes and traits in these 

different fish species, as shown in Table 2.2. 

 Table 2.2. Effects of anti-androgens in water on various species of fish 

Fish type  Antiandrogen 

affecting fish 

Effects done by 

androgens on fish 

Reference 
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Murray rainbowfish -FLU  -Affect 

spermatogenesis in 

males 

- Affect oogenesis in 

females  

- Causes intersex 

-Impair  the 

reproductive 

endocrine system                                                  

39–41  

Male medaka -Cyproterone 

acetate  

-FLU 

-Affect gonadal 

development 

-Causes testicular 

fibroids 

-Affect 

spermatogenesis                                                                                                                                                                                                            

39,42,43  

Guppies -FLU 

 

-Impair normal 

development of male 

guppy’s sexual 

phenotype 

-Disrupt the 

development of 

secondary sex 

characters 

-Affect 

spermatogenesis 

-Causes 

demasculinization                      

39,44,45  

Male stickleback -FLU 

-Cyproterone 

acetate 

-Affects nest building 

-Affects courtship 

behaviour 

-Affects displacement 

fanning 

                                      

39,46  
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In light of the above sections (2.1 – 2.4), the presence, persistence and toxicity of FLU and 

other AAs in the aquatic environment is an important subject that requires extensive 

investigation to help prevent the effects of these AAs on the environment and human health. 

The high burden of a high cancer diagnosis challenges the world. This points to a high use 

of anti-androgenic drugs, which results in relatively high concentrations of these AAs being 

released into aquatic environments. Consequently, there is a requirement to quantify and 

determine the fate of these AAs. There is also a need to extrapolate the possible long-term 

effects of these AAs on the environment and public health. There are only a few studies 

piloted on anti-androgenic drugs in water and their biodegradation profile.  Due to the world 

having a lot of cancer diagnoses and more people surviving with treatment, it is anticipated 

that the concentration of anti-androgenic drugs will be significantly high in wastewater and 

surface water. This can be resolved by inclusive quantitative AA risk assessments that are 

unique. These analyses will assist in analysing different aspects of AA exposure to the 

environment and humans (the toxicity and associated health risks).  

Removal of PCs such as AAs by WWTPs significantly reduces disposal to the aquatic 

environment. However, the treatment processes available in South Africa currently 

cannot completely remove PCs. This is because they are not designed to treat PCs. 

Consequently, this results in the discharge of these PCs into water bodies. The latter 

results in the need for constant monitoring of the concentrations of AAs as water 

contaminants. The continual monitoring will be essential in protecting public health, 

aquatic biodiversity and the quality of river water, wastewater and drinking water. 

However, as discussed in this thesis, a simple, selective, low-cost and rapid method is 

needed to develop a simple, selective, and rapid method for detecting these AAs in 

water. Structures of some non-steroidal anti-androgens (NAAs) are depicted in Fig. 2.2. 

FLU and BIC were chosen in this study because they are the most prescribed for cancer 

patients in South Africa, hence they may be present in water bodies. OHF was chosen 

because it is an active metabolite of FLU that is mostly excreted after consumption of 

FLU, hence it might also be available in water bodies.
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Fig. 2.2: Structural representation of non-steroidal anti-androgens. 

2.5 Drawbacks of methods that have been used to detect anti-androgens 

Various methods for detecting and quantifying anti-androgens, including FLU and its 

derivatives, are present in the literature. Methods such as spectrophotometry47, 

chromatography48 , polarography49, mass spectroscopy50, electrochemistry51. Most of 

the aforementioned and discussed methods are very powerful and accurate. In fact, 

some of these methods are considered standard techniques for determining a single 

drug molecule. However, they have some serious drawbacks associated with them. 

The detailed drawbacks are discussed below.  

Even though spectrophotometry is still a sensitive, low-cost and rapid analysis method, 

it is highly susceptible to several parameters. The technique is restricted to a specific 

system and has limited applications due to its less reproducibility. The method is less 

accurate in measuring zero-crossing spectra.  As a result of the likeness in the shape 

of derivative spectra and zero-order spectra, using this method results in small 

variations in a basic spectrum that can strongly modify the derivative spectrum. Poor 

reproducibility may alter results when different spectrophotometers used for zero-

order spectra give similar results, but derivatization displays different results. This 

technique often does not allow the analysis of related substances, which makes it 

disadvantageous 52,53. 
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Photochemistry is mostly studied because the required energy in this technique is not 

as expensive as the energy required for methods using high-temperature and 

pressures or radiolytic processes. However, in this method, there may be rapid 

termination of photoreactions if products with competing absorptions are formed.  In 

industry, photochemical production plants may acquire high unit capital costs. 

Photochemistry is a high-cost technique because the light is more expensive than 

heat. Due to the use of light, considerable losses occur during the electrical energy 

production process and the conversion thereof into usable light energy 54,55. 

Spectrofluorimetry is known for its high sensitivity advantage compared to 

spectrophotometric methods and chromatographic techniques. Additionally, this 

method allows quantitation of some drugs in biological matrices because only a few 

molecules present luminescence native. However, spectrofluorimetry also has 

drawbacks, such as the likelihood of only analysing luminescent compounds. Not all 

compounds can be converted to fluorescent. The requirement of derivatization 

reactions that results in the more complex and time-consuming analysis is another 

drawback of the method. Spectrofluorimetry usually does not allow the analysis of 

related substances, limiting this technique in quality control applications 52. 

Different chromatographic techniques have different advantages associated with 

them. Some of the advantages are simplicity, sensitivity, accuracy, and reproducibility. 

However, they also have drawbacks. Some chromatographic techniques require high-

cost equipment, and highly trained technicians and must be handled with care and 

generate a lot of waste 52,56.   

Despite its advantages, mass spectrometry has various side effects. The main 

advantage of this technique is that it is costly. Mass spectrometry also requires a highly 

trained technician, and it is not portable. While using this technique, it is difficult to 

differentiate among isomers of the molecule with the same charge-to-mass ratio. Also, 

chiral columns may be required to separate enantiomers 57. Methods that have been 

used to detect and quantify FLU, BIC and OHF are summarised in Table 2.3. 

Table 2.3. Summary of various techniques used to detect different anti-androgens. 

Antiandrogen 

detected 

Technique Reference 
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FLU Spectrophotometry 58–60 

FLU Photochemistry 61–63 

FLU Electrochemistry 64–66 

FLU Polarography 67,68 

BIC Spectrofluorimetry 69,70 

BIC Photochemistry 71 

BIC Chromatography  72 

BIC Electrochemistry 51,73 

OHF Chromatography  74,75 

OHF Mass spectrometry 76 

 

2.6 Electrochemistry as a method for detection of anti-androgens 

Electrochemical methods have shown great effectiveness in the detection and 

quantification of anti-androgens. However, despite their advantages and interesting 

properties, there is still a lack of information concerning the use of electrochemical 

sensors for quantifying AAs in WWTPs and STPs. The effectiveness of 

electrochemical sensors makes them promising candidates for use in WWTPs and 

STPs.   

According to the literature, there are various electrochemical methods for the 

determination of AAs that have been reported and are effective. Methods such as 

LNW/CPE77, CuO/GO/PANI78, ZnO-Co3O4@C3N4 NC79, ZnMn2O4-PGO 

nanocomposite80 and sCu2V2O7/S-rGO nanocomposite81. However, the materials 

used in these methods have some limitations.  The limitations include low sensitivity, 

high-cost of the precursor, as well as the use of separate instruments for synthesis 82. 

This may be the reason for the lack of use of electrochemical sensors in WWTPs. 

Consequently, there is still a need for suitable materials to use as electrocatalysts for 

the detection of AAs. Metal oxide (MO) and rare-earth-based nanomaterials (NMs) 

have interesting properties that might come in handy if they are used as 

electrocatalysts. 
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2.7 Metal oxide nanomaterials (MONMs) 

Recently, metal oxide nanomaterials (MONMs) have gained a lot of interest in 

research due to their distinctive properties. Properties include electrical, magnetic, 

mechanical, optical and chemical properties. Their properties are a result of their 

structural diversity. As a result, they have properties that are way better than those of 

their bulk materials83–85. Consequently, MONMs have been employed in a wide range 

of applications in various fields as catalysts 86,87, energy storage 88,89, water treatment 

90,91, food packaging 92,93, wettability 94,95, optoelectronic devices 96,97, Li-ion batteries 

98,99, semiconductor devices 100,101 and sensing 102. 

Among (MOs), manganese oxide nanostructures (MnONSs) are loved for their low-

cost, environmental benignity, high specific surface area, good electrocatalytic activity, 

good stability, excellent catalytic as well as selective ability103,104. Another interesting 

property of MNOs is their existence in different forms of stable oxide and crystal 

structures such as MnO, MnO2, Mn2O3, and Mn3O4. MnOs also display a wide range 

of electrochemical properties along with the crystal structure, defect chemistry, 

morphology, and textures 82.   

On the other hand, cobalt oxide nanostructures (CoONSs) are gaining attention 

because of their electrocatalytic properties, low-cost, environmental friendliness, 

excellent conductivity and chemical stability 105–108. The transformation of Co2+ or Co3+ 

brings about high absorption of oxygen contents as well as distinctive surface reactivity 

on the surface of the material. Consequently, CoONSs provide excellent performance 

in many fields, such as pigments, electrochemistry and catalysis109 . Various methods 

for the synthesis of MONMs have been reported in literature. These methods include 

co-precipitation110, sol–gel111, reverse micelle112, thermal decomposition113, 

hydrothermal synthesis 114 and microwave-assiste 115. The various synthesis methods 

are discussed below. 

2.7.1 Methods reported for the synthesis of MONMs 

2.7.1.1 Precipitation method 

Precipitation is a chemical method used in the synthesis of MONMs. According to 

literature, precipitation method is used because it does not require high-pressure and 

temperature116. In this method, impurities are eliminated during the filtration and 
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washing processes. This method is considered efficient and economical because it is 

simple, requires low-costs and is non-toxic 117,118.  

Various metal oxide nanoparticles (MONPs) have been synthesised using the 

precipitation method. For instance, Zinc oxide NSs were synthesised by co-

precipitation method by Hussain et al 119. In a typical procedure, a zinc precursor was 

dissolved in distilled water. The solution was then added to a base solution drop by 

drop under stirring. Then the resultant solution was transferred into a beaker and 

maintained at room temperature for hours. A cleaned piece of Zn substrate was then 

immersed into the beaker to get the product. After the completion of the reaction, the 

substrate was washed and dried for several hours. 

Kandpal et al120  reported a co-precipitation method for synthesising iron-oxide NPs. 

In this method, a round bottom flask on a heating mantle set up was used in connection 

with a burette fitted on a burette stand. Firstly, deionised water was heated until 

equilibrium temperature was reached. Thereafter, the intended mass of the iron 

precursor was added to the water and stirred. A drop-wise addition of a weak base to 

the solution via a burette followed under stirring. After the system reached the 

precipitation stage, the precipitate was filtered, centrifuged, washed and dried. 

Luna and Bangladesh Atomic Energy Commission 121 also reported a method for 

precipitation of copper oxide NPs. In this method, a copper precursor was dissolved 

in ethanol followed by a drop-wise addition of a base under stirring in room 

temperature. After precipitation, the precipitate was centrifuged, washed, dried and 

annealed.  
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Fig. 2.3: Reaction scheme of the preparation of MONPs (adapted from ref 122). 

2.7.1.2 Sol-gel method 

According to literature, the sol-gel method is the most promising method for the 

synthesis of NPs of controlled size and morphology123. Literature also credits the 

development of sol-gel synthesis methods for transition of metal oxides for a growing 

interest in the use of MONMs as catalysts for alcohol and sugar oxidation, medical 

applications, wastewater treatment and food industry 124. According to literature125, the 

Sol-gel method is advantageous because it offers homogenous, high purity, and high 

quality nanomaterials. One of the sol-gel synthesis was reported by Wahab et al 126. 

Here, magnesium oxide NPs were synthesised by dissolving a magnesium precursor 

in deionised water followed by the drop-wise addition of a base under continuous 

stirring. After which the solution of the solution was measured while still stirring.  The 

resulting precipitate was then filtered, washed, centrifuged and dried.  

Kayani et al 127 also synthesised an iron-oxide sol. In this method, an iron precursor 

was gelated by adding its solution to a mixed solvent of acid and water under stirring. 

The sol was then heated under stirring and the water was evaporated. The resulting 

gel was then dried and annealed. Zinc Oxide NPs sol-gel synthesis method was 

reported by Alwan et al 128. The zinc precursor was dissolved in double distilled water 

under continuous stirring until the precursor fully dissolved. Alcohol was then added 

to the solution under heating while still stirring. Under continuous stirring, a drop-wise 

addition of weak acid was performed. The solution was then incubated and dried. After 

drying, the product was washed and dried in a hot air oven.  

Mousavi et al 129 also synthesised metal oxide NSs using the sol-gel method. In this 

method, a zinc precursor and a surfactant were dissolved in distilled water. An acid in 

different volumes was also dissolved in distilled water and added into the solution 

under magnetic stirring. The mixed solution stirred with a magnetic stirrer at a 

particular temperature for 1 h to obtain the gel. The as-obtained gel was dried and 

ground into a fine powder. 
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Fig. 2.4: The fluorolytic sol-gel synthesis scheme (adapted from ref. 130). 

 

2.7.1.3 Reverse micelle method 

According to Noh et al 131, a reverse micelle method provides a simple route for 

producing various MONPs. The authors reported that a typical reverse micelle 

synthesis for MONPs involves the three steps. The first one being dissolving 

surfactants in an organic solvent. Followed by adding an aqueous solution containing 

metal precursor to the surfactant solution to produce reverse micelles acting as 

nanoreactors. The third one is the growth of NPs inside the micelles through the 

reaction of the metal precursor through the addition of a reactant. 

Copper oxide NPs were synthesised by reverse micelle method by Rani et al 132. In 

this method, a stable reverse micelle microemulsion was prepared by mixing a non-

ionic surfactant, a polymer and a 1:9 ratio of an organic solvent and triple distilled 

water. The microemulsion was stirred rapidly in order to obtain a nice mixture. A 

copper solution was added to the microemulsion drop by drop with continuous stirring. 

A hydrazine hydrate solution was also added drop by drop to the microemulsion 

solution with continuous stirring at room temperature. The products were then washed 

and dried. Another reverse micelle method for metal oxide synthesis was reported by 

Lida et al 133. In this method, iron-oxide NPs were synthesised using two reverse 

micelle solutions. The first one contained an iron aqueous solution, while the other 

contained that of a mixed solvent of two organic compound and an acid as a reducing 

agent. A surfactant was dissolved in heptane as an organic solvent under stirring. The 
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reverse micellar solution was allowed to stir for 24 hrs under ambient atmosphere. A 

chemical oxidant was then added to control the oxidation process. Furthermore, the 

resultant NPs were stabilized by the addition of a modifier molecule. Finally, iron-oxide 

NPs were filtered and washed. 

Nickel oxide NPs were reported by Ahmad et al 134. The micelle reaction was carried 

out by first synthesising nickel oxalate NPs from two micro-emulsions. Followed by 

subjecting the nickel oxalate NPs to a careful thermal decomposition to yield 

nanoparticulate nickel oxide. The micro-emulsions were composed of a surfactant, a 

co-surfactant, an organic compound, a nickel solution as the aqueous phase for the 

first microemulsion and ammonium oxalate as the aqueous phase for the second 

microemulsion. The two micro-emulsions were mixed slowly and stirred overnight. The 

resulting precipitate was separated from the apolar solvent and surfactant by 

centrifuging and washing. Finally, the precipitate was dried. 

 

Fig. 2.5: Synthesis and formation scheme of MONPs by reverse micelle assisted 

hydrothermal route (Adapted from ref 135). 

2.7.1.4 Thermal decomposition method 

Daengsakul et al 136 reported that thermal decomposition method is fast, simple, and 

cost-effective. According to the authors, thermal decomposition is a promising 

synthesis method for preparing MONPs.  Salavati-Niasari et al 137 also agree that 

thermal decomposition is a simple process, requires low-costs and makes obtaining 

high purity products simple. Furthermore, the authors reported that this method is 

promising and a simplistic route for industrial applications. A method for synthesis of 

mercury oxide NPs has been reported by Mohadesi et al 138. In this method, the NPs 
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were synthesised by transferring a mercury precursor to an external pipe in a vacuum 

set. The system was then vacuumed by a pump. Later, water entered the inner pipe 

from one side and exited from the other side. The water circulation was done in order 

to solidify the product vapours. The resulting product was then heated. After heating, 

the precipitations were collected. The as-obtained Hg(OAc)2 nanostructures was 

loaded into a silicon boat. The boat was then put in a high-temperature tube furnace. 

After the thermal treatment of the sample, the system was cooled to room temperature 

naturally, followed by the collection of the obtained precipitates.  

Hosseinpour-Mashkani and Ramezani 139 reported a thermal decomposition method 

for synthesising silver oxide NPs. Here, a silver precursor was dissolved in distilled 

water. An acid was then added to the solution drop by drop while stirring. Finally, the 

resulting precipitate was obtained, washed and then dried in vacuum.  The as-

obtained [Ag(Hsal)] was then loaded into a silicon boat and put in a high-temperature 

tube furnace in an argon and air atmosphere to synthesise. The set was heated and 

the products were collected after hours.  

Salavati-Niasari and Davar 140 also synthesised copper oxide NPs using a thermal 

decomposition method. In this method, a solution containing a copper precursor and 

a surfactant was slowly heated under nitrogen. The solution was continuously heated 

slow for 45 min and then quickly heated to a higher temperature. The high heating was 

carried out for an hour before it could be cooled to room temperature. After 

precipitation, the synthesised Cu NPs were exposed to air.  

 



28 
 

Fig. 2.6: Synthesis scheme of thermal decomposition method (adapted from ref 141). 

2.7.1.5 Hydrothermal synthesis method 

According to Zulkifli et al 142, the hydrothermal synthesis method is a powerful method 

for the synthesis of MONPs at a considerably low temperature, energy saving and 

cost-effective benefits. Furthermore, the authors reported that the method is 

advantageous because it brings about controllable particle size, morphology and a 

good degree of crystallinity. In addition, Sundrarajan et al143 reported that 

hydrothermal synthesis method is green, environmentally friendly, and cost-effective. 

They also reported that the method promotes self-aggregation, well-defined 

morphology as well as controlled shape and size of the NPs. Babu and Narayanan144 

reported a hydrothermal synthesis method of zinc oxide NPs. Here, a zinc precursor 

and a base salt were dissolved in distilled water. Thereafter, the mixture was 

magnetically stirred, and the obtained solution was transferred into a 50 mL Teflon-

lined stainless-steel autoclave. The mixture was then heated at a regulated 

temperature. After cooling, the obtained powders were collected, centrifuged, and 

washed. The powders were then dried. 

Another hydrothermal synthesis method was reported by Arun et al 145. Copper oxide 

NPs were prepared dissolving a copper precursor in double distilled water. This was 

followed by an addition of a base under continuous stirring in order to get the desired 

pH value. The solution was then transferred into a Teflon-lined sealed stainless-steel 

autoclaves and heated in an oven for several hours at a regulated temperature. After 

cooling, the precipitate obtained was annealed in air. Tin oxide NPs were synthesised 

hydrothermally by Viet et al146. The tin NPs were prepared by dissolving a tin precursor 

in a mixed solution of deionised water and hydrazine hydrate. After that, solution was 

adjusted to the desired pH by adding a base. The solution was then transferred into a 

stainless autoclave and heated at a regulated temperature for hours. After cooling, the 

product was centrifuged, filtered out, rinsed and dried. 

Zinc oxide NSs, consisting of nanopencils were synthesised by Akhoon et al 147 using 

hydrothermal synthesis.  In this method, a zinc powder was dissolved in distilled water 

in a stainless-steel chamber with 60 ml capacity. The stainless-steel chamber was 

then heated in an oven at a high-temperature for hours. After reaction, the system was 
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allowed to cool down under normal conditions. The products were retrieved and 

centrifuged twice before drying in open air conditions at a certain temperature. 

Ohara et al 148 also used hydrothermal synthesis to synthesisze zinc oxide nanorods 

(NRs). Here, a zinc precursor was dissolved in DI water. The resultant solution was 

then transferred into a reactor using a high-pressure pump at a certain flow rate and 

mixed with supercritical water at a certain temperature and flow rate. At the exit end 

of the reactor, the solution was quickly quenched by addition of a base solution by an 

external water jacket. Then, the resultant particles were collected using an upstream 

in-line filter.  The pressure of the experiment was controlled by using a back pressure. 

Several organic reagents were used to modify the surface of the particles under 

supercritical conditions for the in-situ surface treatment experiments. 

 

Fig. 2.7: Schematic diagram of the hydrothermal synthesis of nanoclusters (adapted 

from ref 149). 

2.7.1.6 Microwave-assisted method 

Hasanpoor et al 150 reported that microwave-assisted synthesis methods have been 

used and explored widely to synthesise oxide, hydroxide and sulfide NPs. 

Furthermore, the report specified that the method is simple, clean, and does not have 

thermal gradient effects problems. The authors reported the advantages of the 

method, as compared to convenient hydrothermal methods, are quick reaction, short 

period of suitable temperature reach, simple medium and morphology particle control. 

According to Palchik et al 151, the microwave-assisted method has been employed for 

the acceleration of organic chemical reactions for a long time due to its speed, 

simplicity and high energy efficiency. Even though the exact nature of the interaction 

of the microwaves with the reactants during the synthesis of materials is somewhat 
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unclear and speculative, the authors say that it is well known that the interaction of 

microwaves with dielectric materials, solids or liquids lead to dielectric heating.  Tin 

oxide NPs have been synthesised via the microwave, assisted by Krishnakumar et al 

152. A tin precursor was dissolved in deionised water. Then pH adjusted to the desired 

value using liquid ammonia diluted with water. The resulting precipitate was washed 

until no chlorine ions were detected. The precipitate was further washed with ethanol 

to remove NH4
+ ions. The resulting precipitate was irradiated with a household 

microwave oven at the radiation frequency of 2.45 GHz and its power up to 1 kW. 

Bhatt et al 153 synthesised cobalt oxide NPs using a microwave-assisted method. 

Typically, a cobalt precursor was dissolved in ethylene glycol. A surfactant was added 

to the solution and sonicated to attain homogeneity. The solution was then transferred 

to a Teflon-lined vessel and subjected to microwave irradiation (QWave 1000) at high 

power. The obtained solution was centrifuged and washed. The precursor was finally 

dried.  

Mohammadyan et al. 154 also synthesised nickel oxide NPs using the microwave 

synthesis method. The synthesis was conducted in three stages: (i) formation of 

Ni(OH)2 precursor, (ii) microwave irradiation of the precursor and (iii) heat treatment of 

the precursor to convert it into nickel oxide. The first stage was done by the drop-wise 

slow addition of a base to a nickel precursor while stirring until the desired pH was 

reached. The mixture was then irradiated by a microwave (2.45GHz, 900W, 

SAMSUNG). Simultaneous thermal analysis was conducted to determine the 

precursor to nickel oxide conversion temperature under air. Thermal analysis 

measurement followed according to the following procedure: (i) holding the material at 

30°C for 1min, (ii) heating up from 30 to 600°C at a temperature rate of 10°C min, and 

(iii) holding the product at 600°C for 10min. After determining the temperature of nickel 

hydroxide to nickel oxide conversion by thermal analysis, the oven-dried cake was 

heated. The powder was finally washed and filtered. 

Lin and Yeh 155 used the microwave-assisted method to synthesise zinc oxide NRs. In 

this method, the NRs were prepared from solutions of two zinc precursors on the 

Whatman No. 93 chromatography paper with a seed layer prepared from immersed-

in-zinc solution followed by heating at a certain temperature for an hour. The 

chromatography paper with a seeding layer was immersed in the solution containing 
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a base, a zinc precursor, a hardening component, and a polymer. Synthesis was 

performed using conventional and microwave-assisted hydrothermal methods. For the 

hydrothermal synthesis, the resultant solution was transferred into a teflon-lined 

stainless-steel autoclave and heated in a furnace for hours. The resulting solution was 

heated using a microwave digesting system for the microwave-assisted hydrothermal 

synthesis. 

 

Fig. 2.8: Schematic diagram of the microwave-assisted hydro-distillation apparatus 

(adapted from ref 156). 

2.7.1.7 Electrodeposition method 

Electrodeposition has been reported as a unique, simple, fast, inexpensive, and 

binder-free technique that produces nanoparticles with controlled characteristics. The 

characteristics include size, the composition and morphology. The method has 

advantages which include the nanoparticle being directly attached to the substrate. 

Furthermore, in comparison to other techniques, the crystallographic orientation, 

particle size, thickness, mass, and morphology of the nanostructured materials can be 

controlled by adjusting the operating conditions and bath chemistry157. 

Babaei-Sati et al 158 synthesised Pure PPy and PPy/ metal oxide nanocomposites 

electrochemically by the potentiostatic method with an electrochemical workstation 

(electroanalyzer system SAMA 500, Iran) in a conventional three-electrode undivided 
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cell. Here metal oxide NPs were dispersed in an acid by using ultrasonic bath for 60 

min. A monomer was dissolved in electrolyte solution under stirring. The prepared 

solutions were deaerated by bubbling purified nitrogen prior to electrodeposition. The 

working electrode in this case was Mild steel (St37) electrode. The rod form of MS 

electrode was then insulated with polyester resin and thus only its cross section (1 

cm2) was allowed to contact the electrolyte. A graphite rod and saturated calomel 

electrode (SCE) were used as counter and reference electrodes, respectively. The 

working electrode was polished and then washed before electrodeposition. For 

electrodeposition, a cyclic potential from –0.5 to 1.2 V vs. SCE at a scan rate of 10 

mVs−1 was applied. Thereafter, electropolymerization was continued at a constant 

potential of +0.95 V vs. SCE for 200 s. During the polymerization, the electrolyte 

solution was kept under slow speed magnetic stirring. 

Chou et al159 synthesised γ-MnO2 nanostructured thin films via electrodeposition 

under room temperature with three electrode system. Before to electrodeposition, the 

nickel sheets as working electrodes were polished to a smooth surface finish. The 

reference electrode was a saturated calomel electrode (SCE), and the counter 

electrode was a graphite rod with high density and high surface area. The electrolyte 

was composed of 0.1 M Na2SO4 and 0.1 M Mn(CH3COO)2 at pH 6.0. The use of a 

potentiostatic method under 0.6 V (SCE) resulted in the preparation of MnO2 thin films. 

The MnO2 nanoflakes were synthesized by cycling for 15 min in combination of cyclic 

voltammetric technique in the potential range +0.60 V and +0.30 V (SCE) under the 

speed of 250 mV s−1 for 30 s and PS technique in the potential of 0.6 V (SCE) for 1.5 

min. The MnO2 naoflakes were obtained through combination of CV and PS 

techniques for 5 min, 15 min, 30 min, respectively. 

In light of the above, all these have been used due to certain advantages related to 

them. For some, it is because they require low-costs and are non-toxic; for some it is 

because they offer high purity results and promote energy saving. However. Some of 

these methods have drawbacks despite their advantages. 

2.7.2 Disadvantages of the synthesis methods for MONMs 

Some of the aforementioned methods for the synthesis of MONPs are very good. 

Moreover, some of these methods are considered standard synthesis methods. 

However, they have some serious drawbacks associated with them. The precipitation 
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has the main disadvantage of generating unwanted by-products and waste disposal 

issues 160. The sol-gel method has a variety of severe disadvantages. Some of them 

include a large shrinkage caused by the gelation process and the drying of gels; huge 

concentrations of pores; high-cost of raw materials; long processing times; lack of 

scientific understanding of the many complexities associated with the process; 

moisture sensitivity that causes short shelf life of the solutions 161,162. 

The disadvantages of reverse micelle methods are the generation of widely 

agglomerated NPs, poor crystallinity because of the relatively low temperature, and 

very low yield of NPs from a large amount of solvent 163. The disadvantages of the 

microwave-assisted method are briefer crystallization time and homogeneous 

nucleation due to the microwave oven uniform heat. The disadvantages of 

hydrothermal synthesis methods are challenges to control and limitations of reliability 

and reproducibility 164. 

Among all the methods, hydrothermal synthesis methods are the most reliable 

because their drawbacks are not related to environmental toxicity, high-costs or lack 

of good crystallinity. Hydrothermal synthesis methods are further advantageous 

because they produce size-controlled nanomaterials with defined structural properties, 

desired size and shape nanoparticles, well-crystallized powder, and nanocrystals with 

high crystallinity165. Using a hydrothermal method to synthesise metal oxide 

electrocatalysts will be an advantage.  

2.8 Advantages of nanomaterials as electrocatalysts 

Nanomaterials are impactful in every sphere of human life. They are employed in as 

little as cosmetics to drug research. The use of nanosized materials is thought to be a 

factor that could benefit the performance of sensors. Nanomaterials have a variety of 

innovative and remarkable physical and chemical properties. Low-dimensional 

nanomaterials and structures have defined new scientific research areas within the 

past decades 166.  

2.8.1 Nanostructures (NSs) 

NSs have attracted quite a lot of attention from scientists. The larger surface area in a 

small structure of these materials is beneficial when it comes to enhancing the efficacy 

of surface reactions together with strong adsorption capacity, efficient loading 

capability and excellent catalytic ability167. Consequently, many NSs have mainly been 
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developed and employed in many fields such as sensors168, catalysis169, energy 

storage170, cancer therapy171, and healthcare172. The use of NSs as electrocatalysts 

will increase the sensor's surface area, increase the sensor's porosity and accelerate 

electron transfer between the electrode and the detection species. 

2.8.2 Nanorods (NRs) 

NRs structures have drawn a lot of interest in solar energy conversion. Among the 

different geometries of NRs, radial p-n junction geometry is said to have the potential 

to enhance cell efficiency due to the normality between carrier transport and light 

absorption directions. Furthermore, NRs are said to be more advantageous than other 

NPs. This is because NRs have the capability of making charge carrier transfer to the 

electrodes through their optimal arrangement without loss. NRs also have large inner 

surface areas that can easily be filled with liquid, allowing intimate contact with 

electrolyte 173. NRs have been used in various applications such as biomedicine 174, 

Lithium-ion batteries 175, biosensors 176, drug delivery 177, and cancer therapies 178. 

Using NRs as electrocatalysts is an advantage because they will bring about 

enhanced efficiency, good charge carrier transfer and large surface area. However, 

the NRs will be decorated with NSs to enhance their electrocatalytic behaviour towards 

detecting FLU and its derivatives, BIC and OHF. 

2.8.3 Advantages of decorating NRs with NSs 

Decorating NRs with NSs will be advantageous because it will bring about extremely 

large surface area, high porosity, improved reactivity and good mechanical properties 

179. Using NRs and NSs in sensors has advantages such as increased sensor surface 

area, chemical accessibility, electrocatalysis, electrical conductivity, and 

connectivity180. These nanomaterials enlarge the electrochemically active areas, 

accelerate electron transfer amongst electrodes and detection species and behave as 

biocompatible frameworks for biomolecule control in electrochemical biosensors 181.  

Using NRs and NSs as electrocatalysts will be advantageous because it will result in 

excellent catalytic ability towards detecting FLU, BIC and OHF. These remarkable 

advantages will lead to a novel electrochemical sensor with better performance, 

stability, selectivity and sensitivity. This study will allow the detection and quantification 

of the amounts of FLU and its derivatives in actual samples. Using a glassy carbon 
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electrode modified with NRs and nanostructures as electrocatalysts will be 

advantageous as the nanomaterials have interesting advantages. 

2.9 Anti-androgens  

The study focused on the AAs FLU (1), BIC (2) and OHF (3), as shown in Fig. 2. FLU 

and its derivatives were chosen in this study to develop a model that covers a wide 

scope for the detection of AAs. All the AAs in the study have FLU as a parent 

compound, as depicted in structures 1-3 in Fig. 2. 

 

 

Fig. 2.9: Chemical structures of FLU (1), BIC (2) and OHF (3) to be employed as 

analytes in this study 

Flutamide 

FLU is defined as a synthetic, non-steroidal, pure antiandrogen drug.  It is a widely 

used drug for the treatment of men who are diagnosed with prostate cancer. FLU also 

treats excess androgen levels in women with polycystic ovarian syndrome 182. It has 

a wide application in the treatment of hirsutism and acne 183. Its mechanism of action 

involves blocking the effect of testosterone (a natural hormone responsible for the 

growth and spread of prostate cancer cells in humans) from mediating its biological 

effects 184. After human consumption, FLU is mainly excreted in urine and in low 

amounts in faeces as an unchanged drug and hydroxylated metabolites, mainly OHF 
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185. When overdosed, FLU may cause some severe side effects such as inflamed 

prostate, blood in urine, rectal bleeding, hot flashes, loss of sexual interest/ability, 

diarrhoea, nausea, vomiting, enlarged growth of male breasts, drowsiness, liver 

malfunction as well as methemoglobinemia 186,187.  

Bicalutamide 

BIC (also known as Casodex®) is a non-steroidal pure antiandrogen drug used for the 

early treatment of nonmetastatic prostate cancer. Its anti-androgenic activity dwells 

almost exclusively in the (R) - enantiomer, with very little activity dwelling in the (S)- 

enantiomer. BIC works by binding to cytosolic androgen receptors in prostate cells. It 

inactivates androgen-regulated prostate cell growth and function. Consequently, this 

results in cell apoptosis and inhibition of prostate cancer growth. Contrasting steroidal 

AAOs, BIC does not have progestogenic activity and does not suppress gonadotropin 

secretion or sex hormone production. When consumed by humans, BIC metabolites 

are excreted more or less equally in urine and faeces with little or no unchanged drug 

excreted in the urine. Contrariwise, unchanged drug predominates in plasma 188,189.  

The continuous consumption and overdose of BIC may cause some severe side 

effects such as a change in weight (loss or gain), loss of appetite, dizziness, pain, 

burning, or tingling in the hands or feet, difficulty sleeping, the feeling of uneasiness 

or dread, rash, sweating, inability to get or keep an erection, need to urinate frequently 

during the night, bloody urine, painful or difficult urination, frequent and urgent need to 

urinate, difficulty emptying the bladder as well as sore or swollen breasts 190,191. 

Hydroxyflutamide  

OHF is an active metabolite of FLU. When FLU is consumed, it is then excreted either 

as an unchanged compound or as its metabolite, OHF. OHF works by binding to the 

androgen receptor, inhibiting androgen receptor-mediated transcriptional activity.  

Consequently, causing a disturbance to the actions of endogenous androgens, thus 

blocking them from mediating their biological effects 192,193. Table 2.4 shows AAs of 

interest, their band names, and the manufacturers. 

Table 2.4. AAs of interest and their brand names 

Non-steroidal AAs 
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Genetic name  Brand name Manufacturer 

BIC Ablu Neon laboratories limited 

Caludec Samarth Pharma Pvt. Ltd. 

Caluran Ranboxy Laboratories Ltd. 

Casodex   AstraZeneca  

FLU Proscan Renata limited 

Eulixin Schering 

Cytomid  Cipla limited. 

Flutacare  Criticare Labotories Pvt. 

Ltd. 

OHF  OHF Fox Chemicals GmbH 

OHF CM Fine Chemicals 

OHF Xingrui Industry Co., 

Limited 

OHF Ambeed, Inc. 

 

In light of the above, the AAs in the study are necessary and effective in treating 

prostate cancer. However, they have severe effects when continuously consumed and 

are not cancer specific. In that, they can affect organs which are not their target. Which 

is why it is essential to detect, quantify and control them. Hence this study detects and 

quantifies these AAs in actual samples.  
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CHAPTER 3 

METHODOLOGY 

 

3. Experimental  

3.1. Materials 

3.1.1. Solvents and chemicals 

Phosphate buffer solution (PBS) was prepared using sodium phosphate dibasic 

(Na2HPO4) and sodium phosphate monobasic (NaH2PO4) solutions and was used as 

a pH buffering agent. Sodium hydroxide and hydrochloric acid were purchased from 

Merck. Milli-Q water was obtained from Milli-Q® Reference Water Purification System 

from Merck.Manganese(II) chloride, cobaltous chloride anhydrous, aluminium 

dihydrogen phosphate, ytterbium(III) nitrate hydrate, and  6-aminocaproic acid were 

purchased from Merck. FLU, OHF and BIC were purchased from Sigma-Aldrich. 

Potassium ferricyanide(III) (K3Fe3(CN)6), potassium hexacyanoferrate(II) (K4Fe(CN)6) 

and potassium chloride boixtra (KCl) were purchased from Merck. 

All chemicals used in this study were of analytical grade, and all solutions were 

prepared with milliQ Water. 

3.2. Equipment  

3.2.1. Ultraviolet-Visible absorption spectrometer 

The optical properties of the as-prepared nanomaterials were studied using Ultraviolet-

Visible absorption (UV-Vis) spectroscopy. The properties were determined using a 

PerkinElmer Lambda 650 UV-Vis spectrophotometer. For analysis, 1 mg of the as-

prepared powders were dissolved in 2000 µL DMF to form solutions. The solutions 

were then transferred to a quartz cuvette and analysed at a wavelength range of 250 

to 800 nm starting with the background run. The samples were analysed at room 

temperature. The setup used for these experiments is shown in Fig. 3.1. 
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Fig. 3.1: Set up scheme of UV-Vis measurement 

3.2.2. Fourier transform infrared spectrometer 

The functional groups of the bonding entities on the as-prepared materials were 

determined in powder form using a Perkin Elmer Fourier transform infrared (FTIR) 

spectrometer frontier equipped with a universal attenuated total reflectance (ATR) 

accessory. At room temperature, the spectra were acquired at a wavelength range 

between 500 to 4000 cm-1. During analysis, the background scan was performed first, 

followed by placing the dry samples on the instrument. The samples were then 

scanned 500 to 4000 cm-1 wavenumbers at a resolution of 4 cm-1. The layout used for 

these experiments is shown in Fig. 3.2. 

 

Fig. 3.2: FTIR spectrometer schematic diagram (adapted from ref 1) 

3.2.3. X-Ray Diffraction (XRD) 

The phases present in the crystalline composition of the as-prepared materials were 

established on a Rigaku SmartLab X-ray diffractometer with Cu Kα (λ = 0.154059 nm) 

radiation at 2°/min. A glass substrate sample holder was filled with powders of the as-

prepared materials to analyse the samples and placed in the instrument. The samples 
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were then analysed from 10 - 80 2Ѳ. The set up used for these experiments is depicted 

in Fig. 3.3 

 

Fig. 3.3: XRD analysis schematic diagram 

3.2.4. Scanning electron microscope 

The surface morphologies of the synthesised materials were examined using SEM-

JEOL (Japan) equipped with Oxford (UK) EDS. To analyse the samples, portions of 

the as-prepared powders were dissolved in DMF and dropped on a glass substrate. 

The glass substrate was then coated with gold and placed in the sample holder. The 

sample holder was then placed in the instrument, and the samples were analysed. 

The setup used for these experiments is shown in Fig. 3.4. 
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Fig. 3.4: SEM analysis schematic diagram (adapted from ref 2) 

3.2.6 Energy-Dispersive X-Ray Analysis 

The samples used to analyse the surface morphologies with SEM were used for 

elemental analysis on the surface of the as-prepared nanomaterials to acquire Energy-

dispersive X-ray spectra (EDX) using a SEM-JOEL (Japan) equipped with Oxford (UK) 

EDS. Here, the SEM images are analysed using EDS to study the chemical 

compositions of the materials with the setup shown in Fig. 3.5. 

 

 

Fig. 3.5: EDX schematic diagram  

3.2.7. Transmission electron microscope 

The surface morphologies of the as-prepared materials were analysed using a 

transmission electron microscope (TEM). Portions of the materials were dissolved in 

DMF. The solutions were then dropped on a copper grid and left to dry for some time. 

The samples were then analysed after drying. The setup used for these experiments 

is shown in Fig. 3.6. 
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Fig. 3.6: TEM analysis schematic diagrams (adapted from ref 3) 

3.2.8. Electrochemical equipment 

Electrochemical methods are a class of analytical methods that detect analytes based 

on the current, potential, or resistance measurement in an electrochemical cell 

consisting of a reference electrode, a working electrode, and counter electrode. These 

methods are widely explored because they are fast, precise, and affordable detection 

methods. Furthermore, electrochemical methods can obtain a large number of 

experimental parameters that are useful in the quantification of target analytes4. In 

addition, electrochemical methods offer a variety of methods for the analysis of 

analytes. The methods include coulometry, amperometry, cyclic voltammetry (CV), 

linear sweep voltammetry (LSV), differential pulse voltammetry (DPV), 

anodic/cathodic stripping voltammetry (ASV/CSV), square wave voltammetry (SWV), 

chronoamperometry, and electrochemical impedance spectroscopy (EIS)5,6. Among 

the electrochemical methods, CV is a multipurpose technique used in the analysis of 

redox status in different industrial and research settings. The technique measures the 

current response to sweeping voltage potential applied to the sample through the 

working electrode. Besides being used in the determination of the analyte 

concentration, CV is widely used to characterize the electrochemical processes7,8. In 

addition, SWV is the most widely used electrochemical method along with SWV 

because they the most sensitive among all the voltammetric techniques. SWV is 

performed by pulsing the potential of the working electrode between two selected 

values instead of sweeping the potentials as is the case of CV4. In this study CV was 
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chosen because it is good for characterization of electrochemical processes and that 

it gives two processes (reduction and oxidation) on one scan. SWV was chosen 

because of its properties such as current sampling, significant time evolution between 

potential reversal as well as high sensitivity screening. These properties make SW 

advantageous over other techniques because they enable it to work at nanomolar 

analyte concentrations9. 

The voltammetric measurements were performed using PalmSens EmStat4M 

potentiostat using PSTrace software for windows. A conventional three-electrode 

system employing a glassy carbon electrode (GCE) (unmodified and modified) as a 

working electrode, platinum plate as a counter electrode and Ag|AgCl (saturated KCL) 

as a reference electrode was used. The setup used for these experiments is shown in 

Fig. 3.7. 

 

Fig. 3.7: Typical employment of nanostructure-decorated nanorods for GCE surface 

modification followed by drying to achieve an electrochemically active and stable 

platform  

3.3. Synthesis of nanostructures and nanorods 

3.3.1. Cobalt oxide nanostructures (CoONSs) 

CoONSs were synthesised according to literature10 with some modifications. 

Cobaltous chloride anhydrous (1 g; 7.70 mmol) was dissolved in milli-Q water (30 ml). 

Drops of sodium hydroxide solution (2M) were added to the solution to adjust the pH 
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to 9. The mixture was then sonicated, transferred to a stainless-steel autoclave (50 

ml), and heated in an oven at 160 ˚C for 18 hours. The reaction mixture was then 

cooled to room temperature, centrifuged, and washed with methanol twice. The 

obtained product was dried in an oven at 60 ˚C and stored until further analysis.  IR: 

[vmax/cm-1]: 650, 750, 840 (M-O). 

3.3.2. Manganese oxide nanostructures (MnONSs) 

MnONSs were prepared according to literature10 with some modifications. Briefly, 

Manganese (II) chloride (1 g, 8.0 mmol) was dissolved in milli-Q water (30 ml) and 

ultra-sonicated for 20 min. To adjust the pH, drops of sodium hydroxide (2M) were 

added to the solution until the pH value was 9. The mixture was ultra-sonicated, 

transferred to a stainless-steel autoclave (50 ml), and placed in an oven at 160 ˚C for 

18 hours. The reaction mixture was cooled to room temperature before being 

centrifuged and washed two times with methanol. The product was dried in an oven 

at 60 ˚C and stored until further analysis. IR: [vmax/cm-1]: 1099, 1160 (M-O). 

3.3.3. Ytterbium nanorods (YbNRs) 

YbNRs were synthesised using a literature method11 with some modifications. 

Ytterbium(III) nitrate hydrate (300 mg, 0.80 mmol) and 6-aminocaproic acid (104.36 

mg, 0.80 mmol) were dissolved in MilliQ water (10 ml). Aluminium dihydrogen 

phosphate solution (10 ml) was then added to the solution under magnetic stirring for 

3 hours. Then, the resulting white precipitates were centrifuged and washed in 

methanol twice. After washing, the product was dried at 60 ˚C and stored for further 

analysis. IR: [vmax/cm-1]: 1090, 1000 (M-O). 

3.4. Nanostructure-decorated ytterbium nanorods (YbNRs/MONSs) 

3.4.1. Yttebium nanorods decorated with manganese oxide nanostructures 

(YbNRs/MnONSs) 

Briefly, to obtain YbNRs decorated with MnONSs, manganese (II) chloride (1 g, 8.0 

mmol) was dissolved in milli-Q water (30 ml) and sonicated for 20 minutes. Drops of 

sodium hydroxide (2M) were added to the solution to adjust the pH to 9.  Powders of 

the as-prepared NRs (50 mg) were added to the mixture and ultra-sonicated for 20 

min. The solution was then transferred to a stainless-steel autoclave (50 ml) and 

placed in an oven at 160 ˚C for 18 hours. The reaction mixture was cooled to room 

temperature before being centrifuged and washed two times with methanol. The 



67 
 

product was dried in an oven at 60 ˚C and stored until further analysis. IR: [vmax/cm-1]: 

560, 650 (M-O). 

3.4.2. Yttebium nanorods decorated with cobalt oxide nanostructures 

YbNRs/CoONSs 

Here, cobaltous chloride anhydrous (1 g, 7.70 mmol) was dissolved in milli-Q water 

(30 ml). Drops of sodium hydroxide solution (2M) were added to the solution to adjust 

the pH to 9. Powders of the as-prepared nanorods (50 mg) were then added to the 

solution. The mixture was then sonicated, transferred to a stainless-steel autoclave 

(50 ml), and heated in an oven at 160 ˚C for 18 hours. The reaction mixture was then 

cooled to room temperature, centrifuged, and washed with methanol two times. Lastly, 

the product was dried in an oven at 60 ̊ C and stored until further analysis. IR: [vmax/cm-

1]: 600, 1000 (M-O). 

3.5. Development of nanomaterial-modified glassy carbon electrode 

3.5.1 Fabrication of metal oxide nanostructure-modified GCE 

The metal oxide (MnO and CoO) nanostructure-based electrochemical sensors were 

developed according to the following steps. Firstly, GCE was cleaned using alumina 

slurry (0.3 µM) and subjected to sonication (10 min) in ethanol. The polished GCE 

surface was then dried at room temperature. Thereafter, the as-prepared metal oxide 

nanostructures (2 mg) were dissolved in dimethylformamide (DMF) (1000 µL) and 

sonicated for 20 min to get homogeneous MONSs solutions. MONSs solutions (10 µL) 

were then drop cast on the GCE surface and allowed to dry in an air oven at 60 ˚C. 

The obtained MONSs modified GCE surfaces were gently rinsed with DI water to 

remove loosely attached molecules on the GCE surface. The obtained MnO/GCE and 

CoO/GCE were employed for further electrochemical experiments. 

3.5.2 Fabrication of ytterbium nanorod-modified GCE 

To fabricate the NR-based electrochemical sensor, a few steps were used. First, a 

GCE was cleaned using alumina slurry (0.3 µM), followed by ethanol sonication (10 

min). The polished GCE surface was then dried at room temperature. Subsequently, 

the as-prepared YbNRs (2 mg) was dissolved in DMF (1000 µL) and subjected to 

sonication (20 min). YbNRs solutions (10 µL) were then drop casted on the GCE 

surface and allowed to dry in an air oven at 60 ̊ C. The obtained YBNRs-modified GCE 

surface was gently rinsed with milli-Q water to remove loosely attached molecules on 
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the GCE surface. The obtained YbNR/GCE was used for further electrochemical 

experiments. 

3.5.3 Fabrication of ytterbium nanorod decorated with metal oxide 

nanostructures modified GCE 

The MO nanocomposite (NC)-based electrochemical sensors were acquired in the 

following steps. Initially, a GCE was cleaned with alumina slurry (0.3 µM) and 

subjected to sonication (10 min) in ethanol. The cleaned GCE surface was then dried 

at room temperature. Afterwards, the as-prepared metal oxide NCs (2 mg) was 

dissolved in DMF (1000 µL) and sonicated (20 min) to get homogeneous MO NC 

solutions. Then, MO NC solutions (10 µL) were drop cast on the GCE surfaces and 

allowed to dry in an air oven at 60 ˚C. The obtained MO NC-modified GCE surfaces 

were gently rinsed with DI water to remove loosely attached molecules on the GCE 

surface. The obtained YbNRs/MnONSs and YbNRs/CoONSs were then employed for 

further electrochemical experiments. Fig. 3.1 is an example of NSs-decorated NRs 

deposited onto the GCE surface and drying at regulated temperatures.   

3.6. Preparation of electrolyte solutions 

3.6.1. Ferricyanide 

Ferricyanide solution was prepared by dissolving K3Fe3(CN)6 (32.9 mg, 0.075 mmol), 

K4Fe(CN)6 (42.2 mg, 0.115 mmol) and potassium KCl (740 mg, 9.926 mmol) in a 100 

mL volumetric flask and filling to the mark. After filling to the mark, the mixture was 

sonicated for 10 min. 

3.6.2. Phosphorus buffer solution 

To prepare phosphate buffer solution (PBS), two phosphate solutions (0.1 M were first 

prepared. The monobasic solution was prepared by dissolving sodium phosphate 

monobasic (NaH2PO4)(1.56 g, 0.013 mol) in milliQ water (100 mL). The dibasic 

solution was prepared by dissolving sodium phosphate dibasic (Na2HPO4) (1.78 g, 

0.013) in a 100 mL flask with milliQ water. The two solutions were mixed, and the pH 

was adjusted using sodium hydroxide and hydrochloric acid solutions under constant 

stirring 
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3.7 Detection and quantification procedure 

Once the surface modification of GCE (referred to as a working electrode (WE) below) 

has been achieved, a typical electrochemical cell consisting of a nitrogen-saturated 

electrolyte will be inserted with the additional counter electrode (CE) that will complete 

the cycle and balance the current and reference electrode (RE) that will serve as a 

benchmark for determining the potential of the working electrode and connected to a 

potentiostat system to manipulated readable data (cyclic voltammogram (CV) (used 

as an example in Fig. 2.3)). A suitable sensing potential in the restrictive current region 

between -0.2 and -1.2 V was determined by applying square wave voltammetry (SWV) 

at a scan rate of 0.1 mV/s in 1 mM PBS solution and in the same solution containing 

1 mM FLU, BIC and OHF. The peak currents in the concentration range between 32.01 

and 50.00 µM were collected and the calibration curves for FLU, BIC and OHF were 

constructed.  

3.8 Equations used on calculations 

1. Randles-Sevcik relationship for reversible systems 

Eqn. 3.1 which reflects the Randles-Sevcik relationship for reversible systems was 

applied on K3Fe3(CN)6/K4Fe(CN)6 redox system to determine the surface roughness 

factors of modified electrodes.  

Ip =  2.69 × 105n
3

2ACD
1

2v
1

2         (3.1) 

Where n is the number of electrons involved in the redox reaction, A is the surface 

area of the electrode (cm2), D is the diffusion coefficient of the molecule in the bulk 

solution (cm2 s-1), C is the concentration of the molecule in the bulk solution (M), and 

v is the scan rate (V.s). The D value for K3Fe3(CN)6/K4Fe(CN)6 system has been 

reported as 7.6 x 10-6 cm2 s-1 12. 

2. Surface roughness factors  

The surface roughness factors were calculated from the theoretical current acquired 

from the Randles-Sevcik relationship for reversible systems using the Eqn 3.2. 

surface roughness =  
Experimental Ip

Theoretical Ip
       (3.2) 

3. Real electrode areas 
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The real electrode areas were then calculated using Eqn 3.3 

Real electrode area = surface roughness ×  theoretical surface area   (3.3) 

4. Surface coverage Γ for each modified GCE 

Γ =  
Q

nFA
           (3.4) 

Where Q is the charge, n is the number of electrons involved, F is the Faraday constant 

(96 485 C mol-1), Γ is the surface coverage (M.cm-2), A is the surface area of the 

electrode 13. 

5. Limit of detection (LOD) 

LOD = 3
SD

B
           (3.5)  

Where SD is the standard deviation and B is the slope. 

6. Limit of quantification (LOQ) 

LOQ = 10
SD

B
           (3.6) 

Where SD is the standard deviation and B is the slope 

7.  The Scherrer equation 

D =
Kλ

βcosθ 
              (3.7) 

Where K is the geometry dependent constant of the unit cell 0.9 for a specific structure, 

λ being the wavelength of the X–ray source (λ = 0.154 nm), β implies the full width at 

half maximum (FWHM), θ refers to its diffraction angle14.
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 CHAPTER 4 

SYNTHESIS AND CHARACTERISATION 

 

4.1 Introduction 

This chapter discusses the mechanisms for the formation of the as-prepared materials. 

Furthermore, the characterisation of the as-prepared nanomaterials were also 

discussed in this chapter.  

4.2 Nanomaterial mechanism of formation 

4.2.1 Manganese Oxide (MnO) and Cobalt Oxide (CoO) nanostructures (NSs) 

The mechanism that is fundamental in the formation of MONSs was derived and is 

shown in Fig. 4.1. In this mechanism, a base releases hydroxyl ions that react with 

metal ions to form the M(OH)4
2− intermediate. The intermediate leads to the formation 

of many MO nuclei. Due to the driving forces of high surface energy and electrostatic 

forces, the MO nuclei aggregate and merge, leading to the formation of MO crystals. 

The crystals then form MONSs due to low energy 9. 

 

Fig. 4.1: Mechanism for formation of MONSs 

 

 

MO nanostructures 
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4.2.2 Ytterbium (Yb) nanorods (NRs) 

The mechanism principal in the formation of YbNRs was derived and is depicted in 

Fig. 4.2. The mechanism starts with the acid solution release of hydronium ions from 

the acid solution, which then reacts with metal ions to form the M(HMO4)3− 

intermediate.  The intermediate result in the formation of numerous MO nuclei that 

aggregate under electrostatic forces and forces of high surface energy. The MO nuclei 

then merge to produce MO crystallites. The MO crystallites then form YbNRs due to 

the lower surface energy 9. 

 

 

Fig. 4.2: Mechanism for formation of YbNRs 

4.3 Nanocomposite synthesis and their mechanism of formation 

4.3.1 YbNRs@MONSs nanocomposite (NC) 

The mechanism of decorating NRs with MONSs involves the development of MO NSs 

in the presence of YbNRs, as shown in Fig. 4.3. The mechanism involves a base, 

metal salt and YbNRs as starting materials. Here, a base releases the hydroxyl ions 

that react with metal ions to form the M(OH)4
2− intermediate. YbNRs do not react in 

this instance but are dispersed around the intermediate solution. The intermediate 

leads to the formation of many MO nuclei, which form with YbNRs present in the 

solution. Due to the driving forces of high surface energy and electrostatic interactions, 
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the MO nuclei aggregate and merge, forming MO crystals. The crystals then form 

MONSs around YbNRs, leading to the decoration of YbNRs due to low energy 9. 

 

Fig. 4.3: Mechanism illustrating the decoration of YbNRs with MONSs to form 

YbNRs@MONSs NC. 

4.4 Characterisation 

4.4.1 Functional group analysis of the as-prepared materials  

The vibrational and transitional energies of bonding entities on MnONSs, CoONSs, 

YbNRs, YbNRs/MnONSs NC and YbNRs/CoONSs NC were studied using FTIR 

analysis. The FTIR spectra were acquired between 500–1500 cm− 1. The spectrum 

shown in Fig. 4.4A indicates the fingerprints for MnONSs with bands around 1160 and 

1099 cm−1, which can be assigned to the surface O-Mn–O and Mn stretching, 

respectfully. The vibration bands of MnONPs were found to be occurring in the same 

region as other MnONPs reported in the literature 14. The vibrations in the spectrum 

prove the presence of a Metal Oxide (MO) in the material. Fig. 4.4B represents the 

FTIR spectrum of CoONSs and shows bands at 650, 750 and 840 cm -1, which can be 

attributed to Co-O, Co-O-Co and O-Co-O stretching, respectively15. These 

wavelengths are closer to the wavelengths of CoONPs reported in literature16. The 

functional groups acquired in the spectra prove the presence of Metal Oxide (MO) NSs 

in the as-prepared materials. Fig. 4.4C describes the FTIR spectrum of YbNRs and 

shows the vibrational stretches at 600, 1000 and 1090 cm-1, which can be assigned to 
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the Yb, Yb-O and O-Yb-O stretching, respectively 17. Thus, the FTIR spectrum 

confirms the expected vibrational and transitional behaviour of MnONSs, CoONSs and 

YbNRs. The FTIR spectrum of YbNRs/MnONSs NC is shown in Fig. 4.4D. A vibration 

band at 600 cm-1 was observed and can be attributed to Yb-O stretching 17. Another 

vibration band was observed at 1000 cm-1 and could be ascribed to the Mn-O 

stretching, as discussed in Fig. 4.4A. Similarly, the FTIR spectrum of YbNRs/CoONSs 

NC is shown in Fig. 4.4E. A vibrational stretch at 560 cm-1 was observed from the 

spectrum and can be assigned to the Yb-O stretch. However, the vibration has shifted 

a bit, as it was observed at 600 cm-1 on the YbNRs spectrum. Furthermore, the 

spectrum also reveals a vibrational band at 650 cm-1, which can be attributed to Co-O 

stretch, similar to the observation in Fig. 4.4B. Therefore, these FTIR spectra confirm 

the formation of YbNRs decorated with MnONSs and CoONSs. 

 

 

a 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

 

A B 

C D 

E 



77 
 

Fig. 4.4: FTIR spectra of (A) MnONSs, (B) CoONSs, (C) YbNRs, (D) 

YbNRs/MnONSsNC and (E) YbNRs/CoONSs NC. 

 

4.4.2 UV-Vis analysis of the as-prepared materials  

The UV-Vis technique was employed to study the ground state electronic absorption 

behaviour of MnONSs, CoONSs, YbNRs, YbNRs/MnONSs NC and YbNRs/CoONSs 

NC. Fig. 4.5A shows the UV-Vis spectrum of MnONSs. A broad absorption band was 

observed between 314–620 nm, with the absorption maximum at 400 nm. The 

observed ground state electronic absorption behaviour of MnONSs corresponds with 

those  reported elsewhere 18,19. The UV-Vis spectrum of CoONSs illustrated in Fig. 

4.4B was recorded between 250-800 nm. From the CoONSs spectrum, an absorption 

band between 360-600 nm was observed, with the absorption maximum at 450 nm. 

Furthermore, it was also observed in the CoONSs spectrum that there was another 

small absorption shoulder at 265 nm, which could be due to Co2+ ions of different 

absorption energy. The absorption of CoONSs  was in agreement with those reported 

in literature 20. 

Similarly, the ground state electronic absorption behaviour of YbNRs was studied 

between 250-800 nm, as depicted in Fig. 4.5C. The YbNRs UV-Vis spectrum shows 

a broad absorption band between 580-800 nm with an absorption band at 700 and 

770 nm. The YbNRs spectrum shows another absorption peak at 520 nm. These 

absorption bands can all be assigned to Yb absorption since lanthanide chemistry 

differs from transition elements. Thus, the ground-state electronic absorption 

behaviour is completely different. With lanthanides, many absorption bands are 

normally observed 21–23.  Fig. 4.5D shows the UV-Vis spectrum of YbNRs/MnONSs 

NC at the wavelength range from 250-800 nm.  The YbNRs/MnONSs spectrum shows 

a broad absorption band between 500-650 nm with an absorption maximum observed 

at 560 nm. This absorption band can be assigned to that of MnO. However, due to the 

presence of the rare-earth metal, ytterbium, the absorption shifted from 400 nm to 560 

nm with reference to the UV-Vis spectrum in Fig. 4.5A. 

Additionally, two more absorption peaks at 745 and 770 nm were also observed in the 

YbNRs/MnONSs spectrum and can be ascribed to the absorption of Yb.  One 

absorption peak moved from 700 – 745 nm due to the presence of Mn in the sample 
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compared to the UV-Vis spectrum in Fig. 4.5C. Fig. 4.5E shows the UV-Vis spectrum 

of YbNRs/CoONSs NC recorded between 250-800 nm. This spectrum shows a broad 

absorption band between 250-500 nm, with the absorption maximum observed at 330 

nm. This absorption band moved from 450 – 330 nm and can be attributed to CoO 

absorbance with reference to Fig. 4.5B. The YbNRs/CoONSs UV-Vis spectrum also 

reveals the absorption peaks at 520 and 700 nm, which can be assigned to the 

absorption of Yb, as previously discussed in Fig. 4.5C. The maximum absorption in 

the spectra confirms the optical characteristics of the as-prepared materials. 

 

Fig. 4.5: UV-Vis spectra of (A) MnONSs; (B) CoONSs; (C) YbNRs; (D) 

YbNRs/MnONSs NC; (E) YbNRs/CoONSs NC. 
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4.4.3 Morphological analysis   

The surface morphologies of MnONSs, CoONSs, YbNRs YbNRs/MnONSs NC and 

YbNRs/CoONSs NC were examined using SEM. Fig. 4.6A shows the SEM image of 

MnONSs. The image shows a big nest-like nanostructure which seem to exhibit a 

porous structure. Furthermore, the formation of the nest-like morphology was 

comprised of small rod-like petals of uniform particle size distribution.  This material in 

the SEM image has a similar morphology as those of MnONSs reported in the 

literature 24–26. Fig. 4.6B shows an SEM image of CoONSs. From the Figure, small-

clustered structures were observed, with some coming together to form a bigger 

cluster. The nanostructures had uniform particle size distribution with one 

agglomerate. The observed SEM images are similar to those reported elsewhere for 

other CoONSs 27–29. Fig. 4.6C depicts the SEM image of YbNRs and shows needle-

like morphologies of uniform particle size distribution.   NRs of a similar morphology 

have been reported in literature 30,31.  

SEM analysis was also employed to examine the surface morphologies of the as-

prepared NRs decorated with MnONSs and CoONSs. The SEM image of 

YbNRs/MnONSs NSs is shown in Fig. 4.6D. The formation of MnONSs around the 

needle-like rod morphologies were observed. The decoration was a bit uniform as one 

small MnONSs cluster was forming at the surface of each YBNR as depicted on the 

insert picture.  This image confirms the formation of YbNRs decorated with MnONSs. 

Fig. 4.6E shows an SEM image of YbNRs/CoONSs NC. It was established from this 

image that CoONSs have formed around the needle-like NRs confirming the 

decoration of YbNRs with CoONSs. The decoration was not uniform as other YBNRs 

had a lot of CoONSs clusters around them while some had just a few to one cluster 

around them. From Fig. 4.6D and E, it can be concluded that the decoration of YbNRs 

with MnONSs and CoONSs was successful. 
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Fig. 4.6: SEM images of (A) MnONSs; (B) CoONSs; (C) YbNRs; (D) YbNRs/MnONSs 

NC; (E) YbNRs/CoONSs NC. 

4.4.4 Elemental distribution mapping of the as-prepared materials 

4.4.4.1. Manganese Oxide NSs 

The elemental mapping of MnONSs was also employed in this study using EDX. Fig. 

4.7A displays the elemental mapping of the mixture of elements at the surface of 

MnONSs. The mapping images further reveal the presence of manganese, oxygen 

and carbon elements in their respective elemental mapping portrayed in Fig. 4.7B, C 
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and D, respectively.  The carbon observed is due to the carbon tape used during 

analysis. 

 

Fig.  4.7: EDX mapping of (A) mixture of elements; (B) Manganese; (C) Oxygen; (D) 

Carbon. 

4.4.4.2 Cobalt Oxide NSs 

The elemental mapping of CoONSs was also employed in this study and is shown in 

Fig. 4.8.  The mapping first displays the mixture of elements on the surface of 

CoONSs, as displayed in Fig. 4.8A. The mapping images further reveal the presence 

of cobalt, oxygen and carbon, which can be attributed to the carbon tape and chlorine, 

resulting from the cobalt chloride precursor used as depicted in their respective 

elemental mapping denoted by Fig. 4.8B, C, D and E respectively. The presence of 

these elements proves the formation of CoONSs. 
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Fig. 4.8: EDX mapping of (A) mixture of elements; (B) cobalt; (C) oxygen; (D) carbon; 

(E) chlorine. 

4.4.4.3 Ytterbium NRs 

The elemental mapping of YbNRs has been studied and is presented in Fig. 4.9. The 

elemental mapping of the mixture of elements at the surface of YbNRs is shown in 

Fig. 4.9A. The mapping images also reveal the presence of carbon, oxygen, 

phosphorous and ytterbium, as depicted in their respective mapping in Fig. 4.9B, C, 

D and E. The phosphorous element can be attributed to the precursor used in the 

synthesis, and the carbon can be ascribed to the carbon tape.  
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Fig. 4.9: EDX mapping of (A) mixture of elements, (B) carbon, (C) oxygen, (D) 

phosphorous and (E) ytterbium on YbNRs sample. 

4.4.4.4 YbNRs/MnONSs NC 

Elemental mapping of the prepared YbNRs/MnONSs nanocomposite was also studied 

and is depicted in Fig. 4.10. The elemental mapping of the mixture of elements is 

shown in 4.10A. The mapping images further denote the presence of manganese, 

ytterbium and oxygen as shown in their respective elemental mapping as depicted in 

Fig. 4.10B, C, and D, respectively. The elemental mapping confirms the attachment 

of MnONSs to the surface of YbNRs. 
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Fig. 4.10: EDX mapping of (A) mixture of elements; (B) manganese; (C) oxygen; (D) 

ytterbium. 

4.4.4.5 YbNRs/CoONSs NC 

Elemental mapping of the as-prepared YbNRs/CoONSs nanocomposite was also 

studied in this study and is depicted in Fig. 4.11. The elemental mapping of the mixture 

of elements at the surface of YbNRs/CoONSs is displayed in Fig. 4.11A. The mapping 

images reveal the presence of cobalt, sodium, carbon, phosphorous, ytterbium and 

oxygen as depicted in their elemental maps in Fig. 4.11 B, C, D, E, F, and G, 

respectively. The phosphorous and sodium might be impurities since they were not 

observed on the surface of YbNRs/MnONSs. These metals' presence confirms the 

presence of CoONSs at the surface of YbNRs.  
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Fig. 4.11: EDX mapping of (A) mixture of elements, (B) cobalt, (C) sodium, (D) carbon, 

(E) phosphorous, (F) ytterbium, (G) oxygen. 

4.4.5 EDX spectra of the as-prepared materials 

EDX spectra were also acquired by studying the surface of the as-prepared materials. 

Fig. 4.12A displays the EDX spectrum MnONSs. The spectrum only confirms the 

presence of carbon, oxygen and manganese elements, thereby confirming the purity 

of MO (MnO) NSs.  The spectrum emitted prominent peak in the manganese region 
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which strongly indicates the presence of manganese, corresponding to 73.3 mass% 

of manganese. Another peak was that of oxygen which corresponded to 36.2 mass% 

of oxygen. The mass percentages are in correspondence to the synthetic content of 

MnONSs as there was more manganese used than the source of oxygen where only 

drops were used in the synthesis. As shown in Fig. 4.12B, the presence of cobalt, 

oxygen and carbon was established, as well as traces of chlorine element, which are 

a result of the cobalt chloride precursor used in the hydrothermal synthesis of 

CoONSs. The spectrum shows a prominent peak in the cobalt region which 

corresponds to 67 mass% of cobalt. The other peaks observed are those of oxygen 

and chlorine corresponding to 24.6 mass% and 8.4 mass%, respectively.  The mass 

percentages correspond to the synthesis method used as cobalt was in the precursor 

dissolved and the only source of oxygen was the drops added to the solution with 

chlorine being an impurity from the precursor.  

Fig. 4.12C shows the EDX analysis spectrum of YbNRs.The spectrum confirms the 

presence of carbon, oxygen, ytterbium and a phosphorous element from the precursor 

used. The content of ytterbium in surface layer was 29.2 mass% which is relatively 

lower than what was expected from the synthesis. From the spectrum, oxygen is the 

one with a prominent peak corresponding to 36.2 mass% of oxygen which is 

corresponding to the synthesis as there are two precursors which are a source of 

oxygen. However, oxygen was expected to be lower than ytterbium when it comes to 

mass percentage. The other mass percentages are those of the carbon tape and 

phosphorous from the precursor which are fair. 

The EDX analysis spectrum of YbNRs/MnONSs NC is shown in Fig. 4.12D and 

confirms the presence of carbon, oxygen and manganese, ytterbium, sodium and 

phosphorous elements only. The phosphorous and sodium elements might be 

impurities as they are not observed on elemental mapping. The spectrum shows a 

very prominent peak of manganese corresponding to 70.5 mass% and very small 

peaks of ytterbium corresponding to 4.2 mass% of ytterbium. This means that there is 

way too much manganese than ytterbium in the as-prepared nanocomposite. The 

mass percentage of oxygen in the as-prepared material is 22.2 mass% and is okay in 

relation to the decoration process. The remaining percentages are from the impurities 

from the precursors, phosphorous and sodium. However, this information still confirms 

the presence of both YbNRs and MnONSs in the YbNRs/MnONSs NC.  
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Fig. 4.12E illustrates the EDX spectrum of YbNRs/CoONSs NC, revealing the 

presence of cobalt, oxygen, ytterbium, sodium, sulfur, phosphorous and carbon. 

Sodium and sulfur are impurities. These elements prove the presence of both YbNRs 

and CoONSs in the YbNRs/CoONSs NC. The phosphorous, sulfur and sodium are 

from the precursors used in the hydrothermal synthesis of YbNRs/CoONSs NC. From 

the spectrum it can be observed that the mass percentages of cobalt and ytterbium 

are 39.2 mass% and 2.9 mass%, respectively. The mass percentage of ytterbium is 

also very small, however, in this case the mass percentage of cobalt is also not that 

high. This shows that there is more cobalt than ytterbium in the as-prepared material. 

The spectrum also shows a lot of impurities on the surface of the material which also 

have big mass percentages. Nonetheless, this information proves the successful 

decoration of YBNRs with CoONSs. Based on the observations above, it can be 

concluded that MnONSs, CoONSs, YbNRs YbNRs/MnONSs NC and 

YbNRs/CoONSs NC were successfully formed as their surfaces have all the 

necessary elements. 
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Fig. 4.12: EDX spectra of (A) MnONSs and (B) CoONSs, (C) YbNRs, (D) 

YbNRs/MnONSs NC, (E) YbNRs/CoONSs NC NC.  

4.4.6 TEM analysis of the as-prepared materials 

The surface morphologies of MnONSs, CoONSs, YbNRs YbNRs/MnONSs NC and 

YbNRs/CoONSs NC materials were further examined using TEM analysis. The TEM 

image of MnONSs is displayed in Fig. 4.13A and shows uniform size particles with 

morphologies of rods coming together to form clusters with some nearly spherical 

particles on the side. NSs of such morphologies are not new and have been reported 

in literature 32,33. Fig. 4.13B shows the TEM image of the as-prepared CoONSs. The 

image shows small rod-like clusters of non-uniform particle size distribution. The TEM 

images of the CoONSs are similar to those of CoONSs reported in literature 34. The 
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surface morphology of YbNRs was also analysed, and the image is presented in Fig. 

4.13C. The image shows unclear and uneven morphologies that do not have a uniform 

morphology; in some areas, they look like thick rods, and in some, they look like 

circles. These unclear morphologies might result from sample preparation of the as-

prepared YbNRs. Fig. 4.13D shows the TEM image of YbNRs/MnONSs NC. As shown 

in the image, there are uniform size rod-like structures surrounded by small uniform 

size clusters. This proves the successful decoration of YbNRs with MnONSs. The TEM 

image of YbNRs/CoONSs NC is shown in Fig. 4.13E. The image also shows non-

uniform size rod-like structures surrounded by non-uniform size clusters. This confirms 

the formation of YbNRs decorated with CoONSs.  
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Fig. 4.13: TEM images of (A) MnONSs; (B) CoONSs; (C) YbNRs; (D) 

YbNRs/MnONSs NC; (E) YbNRs/CoONSs NC. 

 

4.4.7 XRD analysis of the as-prepared materials 

The phases present in the crystalline composition of MnONSs, CoONSs, YbNRs 

YbNRs/MnONSs NC and YbNRs/CoONSs NC materials were established by the XRD 

technique as shown in Fig. 4.14. The X-ray diffractogram of MnONSs evaluated using 

XRD and its miller indices are shown in Fig. 4.14A. The XRD spectrum reveals the 

pure phase of MnONSs, and all the diffraction peaks could be indexed to (JCPDS No. 

88-0649), determining γ-MnOOH34,35. The observed miller indices of MnONSs are 

(111), (020), (111), (002), (121), (210), (220), (222), (113), (131), (131), (202) and 

(131). The prominent diffraction peak at 2θ= 26.1 demonstrates the excellent 
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crystalline structure of MnONSs of the tetragonal symmetry. Fig. 4.14B depicts the X-

ray diffractogram of CoO NSs evaluated by XRD. The diffraction peaks in the spectrum 

depict a pure phase of CoONSs and could be indexed to (JCPDS No. 43-1003) of the 

cubic symmetry36. The observed miller indices of CoONSs are (111), (220), (311), 

(222), (400), (422), (511), and (440). The prominent diffraction peak at 2θ = 36.8 

demonstrates the excellent crystalline phase of CoONSs. Fig. 4.14C shows the X-ray 

diffractogram of the YbNRs, with miller indices as (211), (222), (400), (431), (440) and 

(622) that are in congruence with a cubic Yb2O3 phase, based on comparisons with 

the JCPDS 00-041-1106 37. The miller indices show a crystalline structure of YbNRs. 

Fig. 4.14D depicts the XRD structure of YbNRs/MnONSs NC and has miller indices 

as (200), (220), (310), (400), (411), (521), (002) and (402), which resembles the 

JCPDS 44-0141 of the tetragonal symmetry38. This XRD pattern shows that MnONS 

can affect the crystalline phase of YbNRs but maintain the crystalline structure. The 

XRD pattern of YbNRs/CoONSs NC is represented in Fig. 4.14E and shows miller 

indices as (111), (220), (222), (400), (422), (511) and (440) which are consistent with 

the JCPDS 01-073-1701 of the cubic symmetry 39. CoONSs can affect the crystalline 

phase of YbNRs but maintain the crystalline structure. The prominent diffraction peak 

at 2θ = 19.1 demonstrates the excellent crystalline phase of YbNRs/CoONSs NC. The 

average crystallite sizes (D) of the as-prepared materials were calculated using the 

Scherrer equation provided in chapter 3 (eqn 3.7). The average crystalline sizes were 

calculated to be 4.30 nm for MnONSs, 3.90 nm for CoONSs, 1.29 nm for YbNRs, 3.88 

nm for YbNRs/MnONSs NC and 3.23 nm for YbNRs/CoONSs NC. 
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Fig. 4.14: X-ray diffractograms of (A) MnONSs; (B) CoONSs; (C) YbNRs; (D) 

YbNRs/MnONSs NC; (E) YbNRs/CoONSs NC. 

Conclusion 

The characterisation techniques employed in this study prove the successful synthesis 

of MnONSs, CoONSs, YbNRs YbNRs/MnONSs NC and YbNRs/CoONSs NC. The 

FTIR stretches of the as-prepared materials corresponded with those of the materials 

with the same elemental compositions reported in the literature. For the as-prepared 

NCs, the stretches confirmed the presence of both YbNRs and MONSs. UV-Vis 

absorptions of the as-prepared materials suggest their successful formation and 

further prove the decoration of YbNRs with MONSs. EDX mapping and spectra 

confirmed the elements that suggest the successful synthesis of the as-prepared 

materials. TEM and XRD further confirmed the successful formation and symmetry of 

the materials. SEM showed the shapes of the as-prepared materials. 
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CHAPTER 5 

Part I 

NANOSTRUCTURES AS ELECTROCATALYSTS FOR THE ELECTROCHEMICAL 

DETECTION OF FLUTAMIDE, BICALUTAMIDE AND HYDOXYFLUTAMIDE 

 

5.1 Introduction 

This chapter is based on the electrochemical detection of flutamide (FLU), 

bicalutamide (BIC) and hydroxyflutamide (OHF) using manganese and cobalt oxide 

nanostructures (MnONSs and CoONSs) and ytterbium nanorods (YbNRs) as 

electrocatalysts. The pH of the phosphate buffer solution (PBS) was optimised in this 

chapter because the Metal Oxide (MO). NSs were exposed to the solution after 

forming the nanocomposite as they decorated the nanorods (NRs). In this chapter, 

solutions of MnONSs, YbNRs and CoONSs were drop casted on the surface of glassy 

carbon electrodes (GCE) to modify them to MnO/GCE, YbNRs/GCE and CoO/GCE 

sensors. The fabricated sensors were then characterised in ferricyanide solutions to 

determine the molecule film on the surfaces of the modified electrodes. It was 

discovered that both MnONSs, YbNRs and CoONSs form a multilayer molecule film 

on the surface of the electrode. The processes on the MnO/GCE, YbNRs/GCE and 

CoO/GCE electrodes were diffusion-controlled, as discovered through scan rate 

studies. The MnO/GCE, YbNRs/GCE and CoO/GCE sensors showed ability to detect 

FLU, BIC and OHF through concentration studies. Stability studies at MnO/GCE and 

CoO/GCE proved the stability of the sensors in solutions of FLU, BIC and OHF. Both 

MnO/GCE, YbNRs/GCE and CoO/GCE displayed good selectivity of MnO/GCE, 

YbNRs/GCE and CoO/GCE in the detection of FLU, BIC and OHF. Spiked sample 

analysis showed good recoveries at MnO/GCE, YbNRs/GCE and CoO/GCE. 

5.2 Electrochemical properties of Nanostructures as electrocatalysts 

 5.2.1 Characterisation of the fabricated electrochemical sensors  

Characterisation of the modified electrodes was achieved through CV in a system 

consisting of K3Fe3(CN)6 (1 mM), K4Fe(CN)6 (1 mM) and KCl (0.1 M). The CVs of the 

unmodified GCE (Bare GCE) and the modified GCE (MnO/GCE, CoO/GCE and 

YbNRs/GCE) are shown in Fig. 5.1A, B and C. The resultant voltammograms were 
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used to monitor the electron transfer efficiency in terms of peak-to-peak separation 

(ΔEp). The ΔEp values for the modified electrodes were calculated and listed in Table 

5.1. The lowest ΔEp value indicates better electron transfer; thus, Bare GCE had a 

better electron transfer than MnO/GCE (0.22 V), CoO/GCE (0.25 V) and YbNRs/GCE 

(0.36 V). Lower electron transfer suggests hindrance on the electrode surface due to 

the adsorption of the electrocatalyst material 1. Surface roughness of GCE before and 

after modification is among the most important factors contributing to the differences 

in ΔEp values 2. Consequently, Eqns. 3.1-3.4, which were discussed in Chapter 3, 

were applied on K3Fe3(CN)6/K4Fe(CN)6 redox system to determine the surface 

roughness factors (Γ) of the modified electrodes. The Γ values for the modified 

electrodes less than 1 ×10-10 mol cm-2 are reported to imply a monolayer molecule film 

of the material on the electrode surface3. As can be seen in Table 5.1, the Γ values 

for the electrodes modified with metal oxide NSs are greater than 1 ×10-10 mol cm-2 

and increase in the following order: CoO/GCE< MnO/GCE< YbNRs/GCE. These Γ 

values for MnO/GCE, CoO/GCE and YbNRs/GCE suggest a multilayer metal oxide 

molecule film on the electrode surface 4. The surface area of the electrodes determined 

in Table 5.1 was determined using equation 3.1 provided in chapter 3. 
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Fig. 5.1: Cyclic voltammograms (CVs) of (A) Bare GCE in comparison to MnO/GCE; 

(B) Bare GCE versus CoO/GCE; (C) Bare GCE versus YbNRs/GCE in ferricyanide 

solution. 

Table 5.1. Electrochemical parameters of MnO/GCE and CoO/GCE based on both 

anodic (Ipa, Epa) and cathodic (Epc) signatures in PBS (pH 5) 

Electrode Ipa (μA) ΔEp (V vs Ag|AgCl) Real electrode area 

(cm2) 

Γ (mol cm-2) 

 

Bare GCE 12.50 0.09 - - 

MnO/GCE 37.10 0.22 1.60 1.46 x10-9 

CoO/GCE 5.115 0.25 0.275 5.02 x10-9 

YbNRs/GCE  18.2 0.36  0.296 5.50 x 10-9 

 

5.2.2 Optimisation of parameters  

In order to determine the working conditions, square wave voltammetry (SWV) was 

employed to establish the optimal conditions for the fabricated electrochemical 

sensors in the electrolyte solutions of different pH values. This is because the 

electrolyte solution's pH significantly influences the electrochemical process of any 

electroactive molecule at the surface of the electrode5. The influence of pH was 

investigated in FLU(1 mM)  electrolyte solutions (PBS) at pH 3, pH 5, pH 7, pH 9 and 

pH 12 to establish which pH was best suitable for studying the solutions of FLU, BIC 

and OHF. As shown in Fig. 5.2, the peak potential was shifted with the change in pH 

for both MnO/GCE and CoO/GCE electrode sensors. Fig. 5.2A shows a better 

response in terms of peak current for pH 5 and 7 at MnO/GCE compared to those 

observed at pH 3, pH 9 and pH 12. pH studies were then repeated for CoO/GCE to 

evaluate which pH between pH 5 and pH 7 would respond better, as shown in Fig. 5.2 

B. CoO/GCE was behaving better at pH 5 than at pH 7. Thus, an electrolyte of pH 5 

was employed for further studies. The calibration curves of pH against oxidation peak 

current at MnO/GCE and CoO/GCE are shown in Fig. 5.2C and D, respectively. These 

calibration curves show the direction shift of the peak potentials at different pH.   
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Fig. 5.2: SWVs for 1 mM FLU on (A) surface of MnO/GCE and (B) CoO/GCE in PBS 

at pH 3, pH 5, pH 7, pH 9 and pH 12 and Corresponding calibration plot of pH vs 

anodic peak current at (C) MnO/GCE and (D) CoO/GCE. 

5.2.3 Influence of the scan rate 

The influence of the scan rate on the electrochemical redox performances of FLU, BIC 

and OHF at MnO/GCE was studied using CV. This was performed at constant analyte 

concentration (1 mM) in PBS (pH 5) from 10 mV/s to 100 mV/s. Fig. 5.3A, B and C  

show the cathodic peak currents of FLU, BIC, and OHF at different scan rates, while 

their corresponding linear relationship plots are depicted in Fig. 5.3D, E and F, 

respectively. The linear relationships are expressed as the plots of peak currents vs 

the scan rates' square roots. As shown in Fig. 5.3A, B and C, the cathodic peak 

currents continuously increased as the scan rate increased for all analytes. It was 

observed during the FLU study that reduction processes are occurring at each scan 

around -0.67V vs Ag|AgCl, as illustrated in Fig. 5.3A. The cathodic peak currents 

represent the direct reduction of FLU to hydroxylamine and have no catalytic anodic 

peak current observed. Thus, this behaviour indicates that the reduction process is 

irreversible 5. The same irreversible process was also observed for BIC and OHF at -

0.73 V vs Ag|AgCl and -0.75 V vs Ag|AgCl, respectively, as indicated in Fig. 5.3C and 

E. The mechanisms of reduction of FLU, BIC and OHF are shown in Fig. A1. As can 

be observed in Fig. 5.3D, E and F, the peak currents are linearly proportional to the 

square roots of the scan rates. The correlation coefficients (R2) were 0.9931, 0.9634 
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and 0.9976 for the reduction processes of FLU, BIC and OHF, respectively.  These 

linear relationships denote the diffusion-controlled processes at the surfaces of 

modified electrodes6. The diffusion-controlled electrode processes occur if the 

spontaneous transfer of the electroactive species is from regions of higher 

concentrations to regions of lower concentrations7. This is seen by a directly 

proportional relationship between the scan rate's current and the square root.  

 

Fig. 5.3: CVs of scan rate variations of (A) FLU, (B) BIC, and (C) OHF for MnO/GCE 

recorded at different scan rates (10 – 100 mV/s) and the corresponding linear 

relationship plots (D, E and F respectively). 

The effect of scan rate on the redox performances of FLU, BIC and OHF was also 

studied at CoO/GCE.  Fig. 5.4A, B and C show reduction processes occurring at each 

scan for FLU, BIC and OHF. No oxidation process occurred at the surface of CoO/GCE 

for FLU, BIC and OHF. Therefore, this behaviour indicates that the reduction 

processes are irreversible. The mechanisms of reduction of FLU, BIC and OHF are 
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depicted in Fig. A1. Fig. 5.4D, E and F show that the peak currents are linearly 

proportional to the square roots of the scan rates. The R2 values were 0.9899, 0.9914 

and 0.9853 for the reduction processes of FLU, BIC and OHF (Fig. 5.4 D, E and F). 

These linear relationships denote diffusion-controlled processes at the surfaces of 

CoO/GCE. 

 

Fig. 5.4: CVs of scan rate variations of (A) FLU, (B) BIC, and (C) OHF for CoO/GCE 

recorded at different scan rates (10 – 100 mV/s) together with their corresponding 

linear relationship plots (D, E and F respectively). 

The mechanical and kinetic electrocatalytic redox processes of FLU, BIC and OHF 

were investigated at the surface of YBNRs/GCE.  This was done by varying the scan 

rates from 10 to 100 mV/s at constant analyte concentration (1 mM) in PBS (pH 5) 

using CV, as shown in Fig. 5.5. It was observed that the peak currents increased with 

an increase in scan rates (Fig. 5.5A, B and C). This means that the peak currents are 

dependent and proportional to scan rates. The corresponding linear relationship plots 

of the scan rate variations were plotted using peak currents vs the scan rates' square 
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roots. As shown in Fig. 5.5D, E and F, the anodic peak currents were linearly 

corresponding with the square roots of scan rates. This relationship denotes a 

diffusion-controlled process on the surface of the modified electrode8. Diffusion-

controlled are denoted by a directly proportional relationship between the square roots 

of the scan rates and the peak currents. 

 

Fig. 5.5: CVs of scan rate variations (10 - 100 mV/s) of (A) FLU, (B) BIC, (C) OHF and 

their corresponding linear relationships (D, E and F) respectively at YbNR/GCE. 

5.2.4 Concentration studies  

Concentration studies were performed to investigate the electrochemical performance 

of MnO/GCE for the detection and quantification of FLU, BIC and OHF using square 

wave voltammetry (SWV), as shown in Fig. 5.6. Concentration variations of each 

analyte were analysed to establish the analytical parameters such as limit of detection 

(LOD) and limit of quantification (LOQ) as shown in Fig. 5.6A, B and C. The analysis 

was performed at concentration ranges between 32.01 and 50.00 µM in PBS at a scan 
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rate of 100 mV/s with serial dilution performed from 50 µM to 32.01 µM. As the 

concentration of FLU, BIC, and OHF decreased, the reduction peak current 

decreased. This indicates that MnO/GCE electrode sensor detected the analytes 

successfully. The resultant peak currents were plotted against concentration to obtain 

a linear plot and are shown in Fig. 5.6D, E and F. The linear relationship plots were 

then used to calculate the LODs and LOQs of the MnO/GCE electrode sensor. The 

obtained LOD values were 18.5 µM, 13.0 µM and 18.8 µM for FLU, BIC and OHF, 

respectively (estimated using Eqn 3.5 discussed in Chapter 3). The LOD values in this 

study are comparable to those reported in the literature as provided in Table 5.2. The 

LODs are relatively poor than what is reported in literature and this may be due to 

matrix effects and interferences, electrocatalysts used or sensitivity of instrument and 

its noise level9. The LOQs for FLU, BIC and OHF are 81.8 µM, 43.2 and 25.8 µM, 

respectively (estimated from the Eqn 3.6 discussed in Chapter 3).  

 

Fig. 5.6: SWVs of (A) FLU, (B) BIC, (C) OHF at different concentrations (32.01 – 50 

µM) and their corresponding linear relationship plots (D, E and F) for MnO/GCE. 
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Table 5.2. Analytical parameters of FLU, BIC and OHF at MnO/GCE and CoO/GCE, respectively. 

Analyte Modified electrode Limit of detection 

(µM) 

Linearity range 

(µM) 

Sample type Electroanalytical 

techniques 

Ref. 

 

 

 

 

FLU 

nano-Ag/MGCE 9.33 10 – 1000 Human urine  DPV 10 

AuE 1.8 6 - 60 - DPV 11 

BDDE 0.42 0.99 - 42.9 Tablets, human 

urine, river, well 

and tap water 

DPV and SWV 12 

MoS2-CZO/GCE 0.005 0.019 - 668.5 River water and 

human urine 

DPV 13 

SF-CTAB 0.007 0.016 - 658.51 human blood 

serum and tap 

water  

DPV 14 

β-

Cu2V2O7/PC/RDGCE 

0.62 30 - 240 Human Urine, 

human blood 

serum and River 

water 

Amperometric 

(i-t) 

15 

GCox 0.000016 0.00005 - 0.0006 - CV 16 

ZMNS/GCE 0.033 0.1 - 73; 111 - 

1026 

- DPV 17 
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MnO/GCE 18.5 32.01 - 50.00 Tap water SWV This work 

CoO/GCE 18.8 32.01 - 50.00 Tap water SWV This work 

YbNRs/GCE 18.7 32.01 - 50.00 Tap water SWV This work 

 

 

BIC 

SWCNT/CPE 0.005 0.01 - 1 Human Urine, 

human blood 

serum 

DPV 18 

SrMoO4-MRs/GCE 0.0012 0.01 - 304.8 Human blood 

serum and  

human urine 

DPV 19 

MnO/GCE 13.0 32.01 - 50.00 Tap water SWV This work 

CoO/GCE 18.7 32.01 - 50.00 Tap water SWV This work 

YbNRs/GCE 18.5 32.01 - 50.00 Tap water SWV This work 

 

OHF 

MnO/GCE 78.8 32.01 - 50.00 Tap water SWV This work 

CoO/GCE 18.5 32.01 - 50.00 Tap water SWV This work 

YbNRs/GCE 19.3 32.01 - 50.00 Tap water SWV This work 
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The results on the dependence of the peak current on the concentration variations of 

FLU, BIC and OHF on CoO/GCE are shown in Fig. 5.7A, B and C.  The peak current 

increased correspondingly with the increase in analyte concentrations due to the 

reduction of FLU, BIC, and OHF. This indicates that the CoO/GCE electrode sensor 

is responsive to various concentrations of your analytes. The sharp reduction peaks 

represent an effective nitro group reduction in FLU 20. The linear plots were then 

determined from the peak currents and concentrations of analytes and used to 

determine LODs and LOQs, as shown in Fig. 5.7D, E and F. The concentration of 

FLU, BIC, and OHF was directly proportional. The LODs of FLU, BIC and OHF are 

18.8 µM, 18.7 µM and 18.5 µM, respectively. The LODs being relatively poor may be 

a result of matrix effects and interferences, electrocatalysts used or sensitivity of 

instrument and its noise level9. In addition, the LOQs of FLU, BIC and OHF are 82.0 

µM, 81.8 µM and 81.8 µM, respectively. The LODs in this study are comparable with 

those reported in the literature as produced in Table 5.2. 
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Fig. 5.7: SWVs of different concentrations of (A) FLU, (B) BIC, (C) OHF and their 

corresponding linear relationship plots (D, E and F) for CoO/GCE 

The electrochemical performance of YBNRs/GCE towards detecting and quantifying 

FLU, BIC and OHF was also evaluated using SWV, as shown in Fig. 5.8A, B and C. 

As the concentration of the analytes increased, the reduction peak current also 

increased. This shows that  YbNRs/GCE electrode sensor detected the analytes 

successfully21. The corresponding linear relationship plots for current vs analytes 

concentration were also determined as shown in Fig. 5.8D, E and F. It was observed 

that the concentration of analytes was directly proportional to the peak current. The 

LODs of FLU, BIC and OHF were calculated and found to be 18.7 µM, 18.5 µM and 

19.3 µM, respectively. LOQs for FLU, BIC and OHF were calculated and obtained to 

be 62.5 µM, 61.7µM and 64.4 µM, respectively. The LODs at YbNRs/GCE are 

comparable to those in the literature, as provided in Table 5.2. 
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Fig. 5.8: SWVs of different concentrations (32.01 - 50.00 µM) of (A) FLU, (B) BIC, (C) 

OHF and their corresponding linear relationship plots of current vs analyte 

concentration (D, E and F respectively) at YbNRs/GCE. 

5.2.5 Stability studies  

The stability of both MnO/GCE, CoO/GCE, and YbNRs/GCE electrode sensors was 

studied in solutions of FLU (1 mM ), BIC (1 mM ), and OHF (1 mM ) in PBS by running 

9 scans at 100 mV/s. Fig. 5.9A, B and C show the CVs obtained from MnO/GCE for 

the FLU, BIC, and OHF, respectively. The cathodic peak currents for FLU were 

observed at -0.6V vs Ag|AgCl, while for BIC and OHF were -0.7 V vs Ag|AgCl at 

MnO/GCE, respectively. Similarly, the CVs for FLU, BIC, and OHF obtained from 

CoO/GCE are presented in Fig. 5.9D, E and F.  The cathodic peak currents for FLU, 

BIC and OHF were observed at 0.57 V vs Ag|AgCl, 0.85 V vs Ag|AgCl and 0.8 V vs 

Ag|AgCl, respectively. As shown in Fig. 5.9A, B and C, the cathodic peak currents for 

FLU, BIC and OHF were observed at -0.54V vs Ag|AgCl. As can be observed from 

Fig. 5.9, both the cathodic peak currents and potentials remain almost unchanged. 

This electrocatalytic redox behaviour showed that MnO/GCE, CoO/GCE, and 

YbNRs/GCE have good stability. There is only negligible variation in peak current for 

both analytes at both electrode sensors. Thus, it can be concluded from these Figures 

that both MnO/GCE, CoO/GCE, and YbNRs/GCE were stable in all electrolyte 

solutions. 
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Fig. 5.9: Stability scans at MnO/GCE for (A) FLU, (B) BIC, (C) OHF; at CoO/GCE for 

(D) FLU, (E) BIC, (F) OHF; at YbNRs/GCE (G) FLU, (H) BIC, (I) OHF. 
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5.2.6 Interference studies 

Square wave voltammetry was used to study the selectivity of MnO/GCE for FLU, BIC 

and OHF in the presence of different interferents. Interfering agents used in this study 

are Ca+, Pb2+, Mg 2+, K+, and Na+.  The effects of these interferences were studied at 

solutions of FLU (1 mM), BIC (1 mM) and OHF (1 mM) and 1 mM of each interferent, 

respectively. As can be seen in Fig. 5.10A, B and C, the interfering species did not 

affect the potential of the peak currents at MnO/GCE. The interfering species also did 

not affect the peak current intensity as the peaks are almost of the same current. The 

bar graphs and error bars in Fig. 5.8D, E and F also show that the change in peak 

current is very minimal. Thus, the inferring species do not interfere with the 

electrochemical sensing of FLU, BIC and OHF at MnO/GCE.  . The reproducibility of 

MnO/GCE was evaluated by repeatedly using the electrode for five times for each 

analyte. The resulting RSD values were calculated to be 1.81, 1.94 and 4.50% for 

FLU, BIC and OHF, respectively. These RSD values confirm that MnO/GCE has high 

reproducibility. 
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Fig. 5.10: SWVs of (A) FLU, (B) BIC and (C) OHF in the presence of interfering 

species and the corresponding bar graphs (D), (E) and (F), respectively, at MnO/GCE. 

The selectivity of CoO/GCE for FLU, BIC and OHF was also studied in the presence 

of Ca+, Pb2+, Mg 2+, K+ and Na+. As evident in Fig. 5.11A, B and C, the peak potential 

and the peak current intensity were not affected by the interfering species as the peaks 

are almost of the same current. The bar graphs and error bars in Fig. 5.11D, E and F 

also show that the change in peak current is very minimal. Thus, the inferring species 

do not interfere with the electrochemical sensing of FLU, BIC and OHF at CoO/GCE. 

Further, the reproducibility of CoO/GCE was evaluated by using the electrode 5 times 

repeatedly for FLU, BIC and OHF. The RSD values were then calculated to 3.64, 0.17 

and 7.82% for FLU, BIC and OHF, respectively. These RSD values confirm that 

CoO/GCE has good reproducibility. 

 

Fig. 5.11: SWVs of (A) FLU, (B) BIC, (C) OHF in the presence of interfering species 

and the corresponding bar graphs (D), (E) and (F), respectively, at CoO/GCE. 
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The selectivity of YbNRs/GCE was also studied in the presence of Ca+, Pb2+, Mg 2+, 

K+ and Na+. From the results obtained in Fig. 5.12A, B and C, it is evident that no 

interferences were observed during the detection of FLU, BIC and OHF at 

YbNRs/GCE. The bar graphs and error bars in Fig. 5.12D, E, and F also show minimal 

changes.  Thus, all the interfering compounds do not interfere with detecting FLU, BIC 

and OHF at YbNRs/GCE. Therefore, it can be concluded that YbNRs/GCE was not 

susceptive to the interference by all the interfering compounds used in this study; 

hence, the proposed electrode sensor was selective towards the detection of FLU, 

BIC and OHF. The reproducibility of YbNRs/GCE was also studied by using the 

electrode the electrode 5 times for the three analytes. The RSD values were calculated 

from the repetitions and found to be 0.17, 4.63 and 1.33% for FLU, BIC and OHF, 

respectively. These RSD values confirm that YbNRs/GCE has high reproducibility. 

 

Fig. 5.12:  SWVs of (A) FLU, (B) BIC, and (C) OHF in the presence of interfering 

species and the corresponding bar graphs (D), (E) and (F) respectively at YBNR/GCE. 
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5.2.7 Spiked sample analysis 

Tap water obtained from synthesis laboratories at the University of South Africa was 

adjusted to pH 5 using NaH2PO4, Na2HPO4 and HCl. Furthermore, stock solutions of 

FLU (1 mM), BIC (1 mM) and OHF (1 mM) were prepared. The phosphate-treated tap 

water PBS solution was taken into a voltammetric cell, and its SWV was recorded. 

Known volumes of analyte solutions were added to the solution and recorded. Fig. 

5.13 shows the spiked sample analysis of the analytes of interest at a linear range of 

1.40-9.82 µM, at pH 5 and a scan rate of 100 mV/s at MnO/GCE. Fig. 5.13A, B and 

C show the SWVs of the spiked sample analysis of FLU and BIC, respectively. As 

seen in the figures, the current increases with the concentration of each analyte. The 

potential in both Fig. 5.13A, B and C shifted slightly to the left, indicating dependence 

on concentrations. Fig. 5.13E displays SWVs showing the spiked sample analysis of 

OHF. As shown in the figure, the current increased with concentration. The obtained 

% recoveries were 95.1%, 99.29% and 100% for FLU, BIC and OHF, respectively. 

The RSD values ranged from 1.58 - 4.89%, as shown in Table 5.3. The recoveries 

show good accuracy of MnO/GCE in the detection of the analytes. 

 



116 
 

Fig. 5.13: SWVs of Spiked sample analysis of (A) FLU, (B) BIC, (C) OHF and their 

corresponding linear relationship plots D, E and F at MnO/GCE.  

Spiked samples were also analysed at CoO/GCE for FLU, BIC and OHF. Fig. 5.14 

shows the spiked sample analysis of the analytes of interest at a linear range of 1.40-

9.82 µM, at pH 5 and a scan rate of 100 mV/s at CoO/GCE. Fig. 5.14 A, B and C show 

the SWVs of the spiked sample analysis of FLU, BIC and OHF, respectively. From the 

figures, it can be seen that the peak current increased with an increase in the 

concentration of each analyte. The obtained % recoveries were 95.1%, 98.87% and 

100% for FLU, BIC and OHF, respectively. The RSD values ranged from 5.69 - 

23.00%, as provided in Table 5.3. The recoveries show good accuracy of CoO/GCE 

in the detection of the analytes.  

 

Fig. 5.14: SWVs of Spiked sample analysis of (A) FLU, (B) BIC, (C) OHF and their 

corresponding linear relationship plots D, E and F at CoO/GCE.  
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The Spiked sample analysis of FLU, BIC and OHF was also performed at 

YbNRs/GCE. Fig. 5.15A, B and C show the SWVs of the spiked sample analysis of 

FLU, BIC and OHF, respectively. As shown in the Figures, the current was increasing 

with the increase of concentration of each analyte. This shows that YbNRs/GCE is 

able to detect FLU, BIC and OHF even in spiked samples. The calibration method was 

also employed to quantify FLU, BIC and OHF in Spiked samples. Fig. 5.15D, E and F 

show the calibration of FLU, BIC and OHF, respectively. As can be seen in the Figures, 

the reduction peak currents are proportional to the concentrations. The obtained % 

recoveries were 90%, 99.28% and 94.71% for FLU, BIC and OHF, respectively. The 

RSD values ranged from 1.39 – 22.37%, as shown in Table 5.3. The recoveries show 

good accuracy of YbNRs/GCE in the detection of the analytes.  

 

Fig. 5.15: SWVs of Spiked sample analysis of (A) FLU, (B) BIC, (C) OHF and their 

corresponding linear relationship plots D, E and F at YbNR/GCE.  
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Table 5.3. Comparison of % recoveries of FLU, BIC and OHF at MnO/GCE, CoO/GCE and YbNRs/GCE. 

 MnO/GCE CoO/GCE YbNRs/GCE 

Analyte Amount 

added 

(µL) 

Expected 

conc. 

(µM) 

Found 

conc. 

(µM) 

Recovery 

(%) 

RSD 

(%) 

Expected 

conc. 

(µM) 

Found 

conc. 

(µM) 

Recovery 

(%) 

RSD 

(%) 

Expected 

conc. 

(µM) 

Found 

conc. 

(µM) 

Recovery 

(%) 

RSD 

(%) 

FLU 10 1.40 1.33 ± 

0.03 

95.1 2.40 1.40 1.33 ± 

0.03 

95.1 2.30 1.40 1.26 ± 

0.03 

90 2.23 

BIC 10 1.40 1.39 ± 

0.07 

99.29 4.89 1.40 1.38 ± 

0.10 

98.87 7.22 1.40 1.39 ± 

0.02 

99.28 1.39 

OHF 10 1.40 1.40 ± 

0.02 

100 1.58 1.40 1.40 ± 

0.08 

100 5.69 1.40 1.34 ± 

0.09 

94.71 6.54 
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Conclusion 

Three simple sensors for detecting and quantifying FLU and its derivatives, BIC and 

OHF, were successfully developed. Both MnO/GCE, CoO/GCE and YbNRs/GCE 

showed excellent and efficient electrocatalytic activities through CV and SWV 

methods. The developed sensors also showed excellent practical feasibility through 

spiked sample analysis experiment which resulted in good recovery. Therefore, based 

on the relevant observations from this work, we can conclude that the MnO/GCE, 

CoO/GCE and YbNRs/GCE electrochemical sensors are reliable
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Part II 

NANOCOMPOSITES AS ELECTROCATALYSTS FOR THE DETECTION OF 

FLUTAMIDE, BICALUTAMIDE AND HYDROXYFLUTAMIDE 

 

5.3 Introduction 

In Part II, the electrocatalysts used in Part I are combined to form two nanocomposites 

(NCs). The two NCs are ytterbium nanorods decorated with manganese and cobalt 

oxide nanostructures (YbNRs/MnONSs and YbNRs/CoONSs). Thes two NCs are 

employed as electrocatalysts for the electrochemical detection of flutamide (FLU), 

bicalutamide (BIC) and hydroxyflutamide (OHF). To conduct the studies, solutions of 

YbNRs/MnONSs and YbNRs/CoONSs were first drop casted on the surface of glassy 

carbon electrodes (GCE) to modify them to YbNRs/MnONSs/GCE and 

YbNRs/CoONSs/GCE sensors. The fabricated electrode sensors were then 

characterised in ferricyanide solutions to determine the molecule film on the surfaces 

of the modified electrodes.  The observation was that both YbNRs/MnONSs and 

YbNRs/CoONSs form a multilayer molecule film on the surface of the electrode. The 

processes on both YbNRs/MnONSs/GCE and YbNRs/CoONSs/GCE electrodes were 

diffusion-controlled. The YbNRs/MnONSs/GCE and YbNRs/CoONSs/GCE electrode 

sensors showed the ability to detect FLU, BIC and OHF. Stability studies at 

YbNRs/MnONSs/GCE and YbNRs/CoONSs/GCE showed good stability of the 

sensors in solutions of FLU, BIC and OHF. YbNRs/MnONSs/GCE and 

YbNRs/CoONSs/GCE displayed good selectivity in the detection of FLU, BIC and 

OHF. Spiked sample analysis showed good recoveries at both YbNRs/MnONSs/GCE 

and YbNRs/CoONSs/GCE.
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5.4 Electrochemical properties of NRs decorated with NSs as electrocatalysts 

5.4.1 Characterisation of the fabricated electrochemical sensors by cyclic 

voltammetry  

CVs of the unmodified GCE (Bare GCE) and the modified GCE 

(YbNRs/MnONSs/GCE and YbNRs/CoONSs/GCE) were recorded in an electrolyte 

system consisting of K3Fe3(CN)6, K4Fe3(CN)6 (1 mM each) and KCl (0.1 M) as shown 

in Fig. 5.16A and B. These CVs were used to monitor the electron transfer efficiency 

in terms of oxidation-reduction peak potential difference (ΔEp), as shown in Table 5.4, 

with the lowest (ΔEp) value indicating better electron transfer. It was discovered from 

the extrapolated ΔEp values that YbNRs/MnONSs (0.30 V) had a better electron 

transfer than YbNRs/CoONSs/GCE (0.49 V). This indicates that 

YbNRs/MnONSs/GCE surpassed YbNRs/CoONSs/GCE in terms of conductivity. 

 

Fig. 5.16: Cyclic voltammograms of (A) bare GCE compared to YbNRs/MnONSs/GCE 

and (B) bare GCE versus YbNRs/CoONSs/GCE in ferricyanide solution. 

One of the most important factors causing these differences in ΔEp values is the 

surface roughness of GCE before and after modification. The lowest ΔEp value 

indicates better electron transfer; thus, Bare GCE (0.30 V) and YbNRs/MnONSs/GCE 

(0.30 V) had a better electron transfer YbNRs/CoONSs/GCE (0.49 V). The 

RandlesSevcik equation for reversible systems applied on K3Fe3(CN)6/K4Fe3(CN)6 

redox system was used to determine the surface roughness factors of the modified 

electrodes, and the results were recorded in Table 5.4. Theoretical Ip was first 

calculated in order to determine the surface roughness factors of the modified 

electrodes. The obtained surface roughness factors were then used to calculate real 
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electrode areas. The corresponding real electrode areas were used to calculate 

surface coverage Γ for each modified GCE. The Γ values for modified electrodes less 

than 1 ×10-10 mol cm-2 imply a monolayer molecule film of the material on the electrode 

surface1. As reported in Table 5.4, the Γ values for the electrodes modified with NRs 

decorated with metal oxide NSs are greater than 1 ×10-10 mol cm-2 and increase in the 

following order: YbNRs/CoONSs/GCE < YbNRs/MnONSs/GCE. These Γ values 

suggest a multilayer of a nanocomposite (NC) molecule film on the electrode surface2. 

Table 5.4: Comparison of electrochemical sensing parameters of modified electrodes 

based on both anodic (Ipa, Epa) and cathodic (Epc) signatures in PBS (pH 5). 

Electrode Ipa (μA) ΔEp (V vs 

Ag|AgCl) 

Real 

electrode 

area 

Γ (mol cm-

2) 

 

Bare GCE 28.07 0.30 - - 

YbNRs/MnONSs/GCE 18.62 0.30 0.658 2.67 x 10-9 

YbNRs/CoONSs/GCE 16.94 0.49 0.594 3.23 x 10-9 

 

Response and behaviour comparison of Table 5.1 and Table 5.4: 

Among the modified electrodes, MnO/GCE the smallest ΔEp which indicates better 

electron transfer between the electrode and the electrocatalyst material. The ΔEp 

Values ranged from 0.22 V to 0.49 V which is not too much difference. The ascending 

order of ΔEp values is YbNRs/CoONSs/GCE (0.49 V) < YbNRs/GCE (0.36 V) < 

YbNRs/MnONSs/GCE (0.30 V) < CoO/GCE (0.25 V) < MnO/GCE (0.22 V). the surface 

roughness factors of all the modified electrodes suggest a multilayer of a molecule film 

on the electrode surface. It can be concluded here that MnO/GCE showed better 

electrocatalytic ability than the rest of the electrode sensors. 

5.4.2 Effects of scan rates at the surfaces of YbNRs/MnONSs/GCE and 

YbNRs/CoONSs/GCE 

The mechanical and kinetic electrocatalytic redox processes of FLU, BIC and OHF 

were further investigated at the surfaces of YbNRs/MnONSs/GCE. This was 

performed by altering the scan rates from 10 to 100 mV/s at a fixed analyte 

concentration (1.00 mM) in PBS using CV. As can be observed in Fig. 5.17A, B and 
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C, the anodic peak currents increased with increased scan rates. This electrocatalytic 

behaviour based on reduction processes while varying scan rates established a linear 

relationship between the currents and scan rates of FLU, BIC and OHF at 

YbNRs/MnONSs/GCE. As apparent in Fig. 5.17D, E and F, the peak currents were 

linearly correlating with the square roots of scan rates. The correlative coefficients (R2) 

for FLU, BIC, and OHF were 0.9831, 0.9967 and 0.9252, respectively. This 

relationship further connotes a diffusion-controlled process on the surfaces of modified 

electrodes. The mechanism of reduction of FLU, BIC and OHF is shown in Fig. A1. 

 

Fig. 5.17: CVs of scan rate variations of (A) FLU, (B) BIC and (C) OHF from 10-100 

mV/s at YbNRs/MnONSs/GCE and the corresponding linear relationship plots (D, E 

and F, respectively). 

The influence of scan rate on the electrochemical performance of 

YbNRs/CoONSs/GCE on FLU, BIC and OHF was also investigated using CV. The 

study was performed by varying the scan rates from 10 to 100 mV/s at a fixed analyte 
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concentration (1.00 mM) in PBS. As shown in Fig. 5.18A, B and C, the peak intensities 

were observed to increase with an increase in scan rate. For the detection of FLU (Fig. 

5.18A), only the reduction process occurred upon altering scan rates at 

YbNRs/CoONSs/GCE. For BIC (Fig. 5.18B) and OHF (Fig. 5.15C), both reduction 

and oxidation processes occurred at the electrode surface at each scan rate at 

YbNRs/CoONSs/GCE. Only the mechanisms of reduction of FLU, BIC and OHF are 

depicted in Fig. A1. 

The resultant peak currents were plotted against square roots of scan rates to 

determine linear relationships. As evident in Fig. 5.18D, E and F, the peak currents 

are linearly proportional to the square root of scan rates denoting diffusion-controlled 

processes at the surface of the electrode. The R2 value for the reduction of FLU was 

0.9883. For BIC and OHF, both reduction and oxidation processes occurred. The R2 

values for the reduction and oxidation of BIC were 0.9867 and 0.9814, while for OHF, 

they were 0.9035 and 0.9549, respectively. 
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Fig. 5.18: CVs of scan rate variations of (A) FLU, (B) BIC and (C) OHF from 10-100 

mV/s at YbNRs/CoONSs/GCE and their corresponding linear relationship plots (D, E 

and F, respectively). 

5.4.3 Concentration studies  

The electrochemical performance of YbNRs/MnONSs/GCE towards the detection and 

quantification of FLU, BIC and OHF was investigated using SWV at the linear range 

from 32.01 to 50.00 µM in PBS (pH 5) at a scan rate of 100 mV/s.  Fig. 5.19A, B and 

C show the SWVs of FLU, BIC and OHF while varying concentration. As evident, the 

increase in the concentration of each analyte increased the reduction peak current. 

These results show that YbNRs/MnONSs/GCE  was able to detect the analytes 

successfully Fig. 5.19D, E, and F represent the linear relationship plots obtained from 

the resultant peak currents and concentration of analyte. As can be seen in the Figure, 

the current is directly proportional to the concentration of the analyte, meaning that the 

current is dependent on concentration. The LODs and LOQs were calculated from 

these relationships. The LODs of FLU, BIC and OHF were 1.87 µM, 1.88 µM, and 1.92 

µM, respectively. The LODs are relatively poor than what is reported in literature and 

this may be due to matrix effects and interferences, electrocatalysts used or sensitivity 

of instrument and its noise level. The LOQs of FLU, BIC and OHF were 6.25 µM, 6.26 

µM, and 6.41 µM, respectively. These LODs and LOQs show that 

YbNRs/MnONSs/GCE is a promising electrocatalyst for detecting FLU, BIC and OHF 

because they are quite lower. The LODs are comparable to those in the literature, as 

in Table 5.5.  
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Fig. 5.19: SWVs on the variation of concentrations of (A) FLU, (B) BIC, (C) OHF 

from 32.01-50.00 µM and their corresponding linear relationship plots (D, E and F, 

respectively) at YbNRs/MnONSs/GCE.
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Table 5.5. Comparison of detection limits for determining FLU, BIC and OHF at different electrodes. 

Analyte Modified electrode Limit of 

detection 

(µM) 

Linearity 

range (µM) 

Sample type Electroanalytical 

techniques 

Ref. 

FLU MWCNTf/GCE 0.03 0.1 - 1000 Drug and artificial urine  SWV 3 

FLU RGO/CuO/GCE 0.001 0.005 - 71.32 Human serum and 

human urine 

 

CV 4 

FLU NiFe2O4/rGO–GCE 0.05 0.24 - 40.0 Urine and blood 

plasma 

DPV 5 

FLU FC/MWCNTs/CPE 0.001 0.1 - 110 Human blood serum, 

plasma and urine 

SWV 6 

FLU BiVO4-rGO/CE-BN /GCE 0.011 0.04 - 102 Lake water DPV 7 

FLU FCO/PPy/SPCE 0.086 0.4 - 376 Human serum and 

urine samples 

DPV 8 

FLU Co3O4@NPC/GCE 0.012 0.1 - 590 Human urine  DPV 9 

FLU CFL-Ho3+/NiO-NSs/GCE 0.0057 0.01 - 400.0 Flutanax tablets and 

urine 

DPV 10 

FLU YbNRs/MnONSs/GCE 1.87 32.01 - 50.00 Tap water SWV This work 

FLU YbNRs/CoONSs/GCE 1.91 32.01 - 50.00 Tap water SWV This work 
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BIC YbNRs/MnONSs/GCE 1.88 32.01 - 50.00 Tap water SWV This work 

BIC YbNRs/CoONSs/GCE 1.87 32.01 - 50.00 Tap water SWV This work 

OHF YbNRs/MnONSs/GCE 1.92 32.01 - 50.00 Tap water SWV This work 

OHF YbNRs/CoONSs/GCE 1.89 32.01 - 50.00 Tap water SWV This work 
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Similarly, the electrochemical performance of YbNRs/CoONSs/GCE towards the 

detection and quantification of FLU, BIC and OHF were also determined using SWV. 

The performance was studied by varying the concentration of the analyte from 32.01 

to 50.00 µM in PBS at a scan rate of 100 mV/s. SWVs were recorded at each 

concentration and overlayed, as shown in Fig. 5.20A, B and C. As seen in the Figure, 

the reduction peak currents increased with increasing concentration. The resultant 

peak currents were then plotted against concentration to obtain linear relationship 

plots shown in Fig. 5.20D, E and F. From the linear relationship plots; the LODs were 

estimated to be 1.91 µM, 1.87 µM and 1.89 µM for FLU, BIC and OHF, respectively. 

LOQS were estimated to be 6.37 µM, 6.27 µM and 6.31 µM for FLU, BIC and OHF, 

respectively. 

 

Fig. 5.20: SWVs of different concentrations of (A) FLU, (B) BIC, (C) OHF from 32.01-

50.00 µM and their corresponding linear relationship plots (D, E and F, respectively) 

at YbNRs/CoONSs/GCE. 
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5.4.4 Stability studies 

The stability of YbNRs/MnONSs/GCE and YbNRs/CoONSs/GCE for FLU, BIC and 

OHF was examined by running 9 scans at 100 mV/s in solutions (1 mM) of each 

analyte in PBS. The CVs shown in Fig. 5.21A, B and C are the stability scans at 

YbNRs/MnONSs/GCE for detecting FLU, BIC and OHF, respectively. The remaining 

CVs (Fig. 5.21D, E and F) are stability scans at YbNRs/CoONSs/GCE for detecting 

FLU, BIC and OHF, respectively.  As can be observed in Fig. 5.21, the redox peak 

currents and potentials remained almost unchanged in all scans. Thus, both 

YbNRs/MnONSs/GCE and YbNRs/CoONSs/GCE show good stability towards 

detecting FLU, BIC and OHF. 

 

Fig. 5.21: Stability scans of (A) FLU, (B) BIC and (C) OHF at YbNRs/MnONSs/GCE 

and (D) FLU, (E) BIC and (F) OHF at YbNRs/MnONSs/GCE. 
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5.4.5 Interference studies 

SWV was used to study the selectivity of YbNRs/MnONSs/GCE and 

YbNRs/CoONSs/GCE by detecting FLU, BIC and OHF in the presence of different 

interferents. Interfering species used in this study were Ca+, Pb2+, Mg 2+, K+ as well as 

Na+.  The study was performed using solutions (1 mM) of FLU, BIC and OHF with 1 

mM of each interferent. From the results obtained,  it was evident that all the interfering 

compounds do not interfere with the detection of both FLU, BIC and OHF, as shown 

in Fig. 5.22A, B and C; Fig. 5.23A, B and C.  The bar graphs and error bars (Fig. 

5.22D, E and F; Fig. 5.23D, E and F) also show minimal changes. Therefore, from the 

obtained results, the proposed electrode sensors were not susceptive to the 

interference by the compounds, indicating that YbNRs/MnONSs/GCE and 

YbNRs/CoONSs/GCE are suitable and selective towards the detection FLU, BIC and 

OHF. The reproducibility of YbNRs/MnONSs/GCE and YbNRs/CoONSs/GCE was 

also studied by using the electrode the electrodes repeatedly for 5 times for the three 

analytes. The RSD values were calculated from the repetitions and found to be 0.38, 

2.21 and 1.17% at YbNRs/MnONSs/GCE and 0.14, 0.53 and 1.21% at 

YbNRs/CoONSs/GCE for FLU, BIC and OHF, respectively. These RSD values confirm 

has high reproducibility of YbNRs/MnONSs/GCE and YbNRs/CoONSs/GCE. 
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Fig. 5.22:  SWVs of (A) FLU  (B) BIC and (C) OHF in the presence of interfering 

species and the corresponding bar graphs (D), (E) and (F) respectively at 

YbNRs/MnONSs/GCE. 

 



136 
 

 

Fig. 5.23:  SWVs of (A) FLU  (B) BIC and (C) OHF in the presence of interfering 

species and the corresponding bar graphs (D), (E) and (F) respectively at 

YbNRs/CoONSs/GCE. 

5.4.6 Spiked sample analysis 

Tap water obtained from synthesis laboratories at the University of South Africa was 

adjusted to pH 5 using NaH2PO4, Na2HPO4 and HCl. Furthermore, stock solutions of 

FLU (1 mM), BIC (1 mM) and OHF (1 mM) were prepared. The phosphate-treated tap 

water PBS solution was taken into a voltammetric cell, and its SWV was recorded. 

Fig. 5.24 shows the spiked sample analysis of the FLU, BIC and OHF at a linear range 

of 1.40-9.82 µM, at pH 5 and a scan rate of 100 mV/s at YbNRs/MnONSs/GCE. Fig. 

5.21A, B and C show the SWVs of the spiked sample analysis of FLU and BIC, 

respectively. As seen in the Figures, the current increases with the concentration of 

each analyte. This shows that the electrode sensor could detect FLU, BIC and OHF 

even in Spiked samples. Fig. 5.24D, E and F shows the corresponding linear 

relationship plots and depicts a directly proportional relationship between current and 
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analyte concentration. This means that the current is dependent on the concentration. 

The obtained % recoveries ranged from 97.85 – 99.28 %, and the RSD values ranged 

from 1.82 – 3.40%, as provided in Table 5.6. The recoveries show good accuracy of 

YbNRs/MnONSs/GCE in the detection of the analytes. 

 

Fig. 5.24: SWVs of Spiked sample analysis of (A) FLU, (B) BIC, (C) OHF and their 

corresponding linear relationship plots D, E and F at YbNRs/MnONSs/GCE.  

Spiked samples were also analysed at YbNRs/CoONSs/GCE for FLU, BIC and OHF. 

Fig. 5.25 shows the spiked sample analysis of the analytes of interest at a linear range 

of 1.40-9.82 µM, at pH 5 and a scan rate of 100 mV/s at YbNRs/CoONSs/GCE. Fig. 

5.25A, B and C show the SWVs of the spiked sample analysis of FLU, BIC and OHF, 

respectively. From the Figures, it can be seen that the peak current increased with an 

increase in the concentration of each analyte. The obtained % recoveries ranged from 

96.42 - 99.28%, and the RSD values ranged from 1.98 - 3.72%. The recoveries show 

good accuracy of YbNRs/CoONSs/GCE in the detection of the analytes. 
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Fig. 5.25: SWVs of Spiked sample analysis of (A) FLU, (B) BIC, (C) OHF and their 

corresponding linear relationship plots D, E and F at YbNRs/CoONSs/GCE.  
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Table 5.6. Comparison of % recoveries of FLU, BIC and OHF at YbNRs/MnONSs/GCE and YbNRs/CoONSs/GCE. 

 

 

Comparison of Table 5.3 and Table 5.6  

Both Table 5.3 and Table 5.6 have good % recoveries which ranged from 95.1 to 100% for MnO/GCE and CoO/GCE, 90 to 98.28% 

for YbNRs/GCE, 97.85 to 99.28% for YbNRs/MnONSs/GCE and 96.42 to 98.57% for YbNRs/CoONSs/GCE. However, the 

nanocomposites in Table 5.6 are better than those of the metal oxides nanostructures and lanthanide nanorods in Table 5.3 as the 

lowest recovery value was 96.42%. The RSD% values in Table 5.3 are higher than those in Table 5.6 and range from 1.82 to 8.57% 

while those in Table 5.6 range from 1.82 to 3.72%. Therefore, it can be concluded that the nanocomposites performed better than 

the nanostructures and nanorod

YbNRs/MnONSs/GCE YbNRs/CoONSs/GCE 

Analyte Amount 

added 

(µL) 

Expected 

conc. 

(µM) 

Found conc. 

(µM) 

Recoveries 

(%) 

RSD 

(%) 

Amount 

added 

(µL) 

Expected 

conc. 

(µM) 

Found conc. 

(µM) 

Recoveries 

(%) 

RSD 

(%) 

FLU 10 1.40 1.38  ± 0.05 98.57 3.40 10 1.40 1.39  ± 0.04 99.28 2.98 

BIC 10 1.40 1.37 ± 0.03 97.85 2.28 10 1.40 1.35 ± 0.05 96.42 3.72 

OHF 10 1.40 1.39 ± 0.03 99.28 1.82 10 1.40 1.38  ± 0.03 98.57 1.98 
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Conclusion  

Two novel and simple sensors for detecting and quantifying FLU and its derivatives, 

BIC and OHF, were successfully developed. The two sensors (YbNRs/MnONSs/GCE 

and YbNRs/CoONSs/GCE) showed efficient electrocatalytic activities through CV and 

SWV methods. Both YbNRs/MnONSs/GCE and YbNRs/CoONSs/GCE showed 

excellent practical feasibility through spiked sample analysis experiment which 

resulted in good recovery ranging from 1.82 to 3.72%. Therefore, based on the 

relevant observations from this work, we can conclude that the YbNRs/MnONSs/GCE 

and YbNRs/CoONSs/GCE electrochemical sensors are reliable. 
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CHAPTER 6 

CONCLUSIONS AND FUTURE PERSPECTIVES 

 

The use of AAs is growing exponentially with the diagnosis of prostate cancer in men 

worldwide. This leads to the continuous excretion of these compounds into WWTPs 

to surface water. This study aimed to develop simple, electrocatalytically active, highly 

stable and reusable ytterbium-based NRs decorated with MnONSs and CoONSs to 

detect and quantify FLU, BIC and OHF in water samples. To achieve this aim, the 

following objectives were successfully implemented: synthesis of new YbNRs, 

synthesis MnONSs and CoONSs, coating YbNRs with MnONSs and CoONSs to form 

efficient electrocatalysts, extensive characterisation of the synthesised nanomaterials 

as electrocatalysts, applying the synthesised electrocatalysts as sensors in aqueous 

media to determine the amounts of FLU, BIC and OHF. 

The following conclusions were drawn from this study: 

 SEM, FTIR, UV-Vis, TEM, EDX, and XRD proved the successful synthesis of 

MnONSs, CoONSs, and YBNRs, as well as the coating of YbNRs with MONSs 

into YbNRs/MnONSs and YbNRs/CoONSs. XRD revealed the symmetries of 

the as-prepared materials as tetragonal, cubic, cubic, tetragonal, and cubic for 

MnONSs, CoONSs, YBNRs, YbNRs/MnONSs and YbNRs/CoONSs, 

respectively. 

 MnONSs, CoONSs, YBNRs, YbNRs/MnONSs and YbNRs/CoONSs exhibited 

enhanced electroactivity towards the detection of FLU, BIC and OHF. Through 

their enhanced electroactivity, the resultant electrochemical sensors also 

showed good selectivity, stability, reliability, repeatability and reproducibility. 

 The fabricated YbNRs showed good reusability, stability and selectivity through 

stability and interference studies. 

 YbNRs without coating show low efficiency compared to other electrocatalysts 

used in detecting FLU, BIC and OHF; however, the coating enhanced the 

efficiency of YbNRs in electrocatalysis. 
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 The LODs of the sensors were comparable to the literature and ranged from 13 

- 18.8 µM (MnO/GCE), 18.5 - 18.8 µM (CoO/GCE), 18.5 - 19.3 µM 

(YbNRs/GCE), 1.87 - 1.91 µM (YbNRs/MnONSs), and 1.87 - 1.91 µM 

(YbNRs/CoONSs). Thus, coating YBNRs with MONSs significantly influences 

the LOD of the sensors. Coating YbNRs with MONSs also enhanced the peak 

currents. When coated with CoONSs, YBNRs showed good electrocatalysis as 

both oxidation and reduction processes were observed during scan rate 

analysis which was not observed with YbNRs alone; thus, the coating enhanced 

the electrocatalytic ability of YbNRs. 

 The application of MnONSs/GCE, CoONSs/GCE, YBNRs/GCE, 

YbNRs/MnONSs/GCE and YbNRs/CoONSs/GCE in Spiked samples showed 

good recoveries in the range of 90.94 - 100%, which shows that these 

electrochemical sensors can be used in real-time sample analysis. 

 Two novel, simple, electrocatalytically active, highly stable and reusable 

electrochemical sensors based on the decoration of YbNRs with MnONSs and 

CoONSs for the detection and quantification of FLU, BIC and OHF in water 

samples were successfully fabricated. 

Thus, the aim of the study has been successfully achieved. However, the following 

can solve the limitations of the sensors to improve their performances further: 

 More electrocatalyst materials to decorate YbNRs should be explored to obtain 

better LODs and LOQs. 

 Different electrolyte solutions should be explored to determine which works 

better for the fabricated electrochemical sensors. 

 A better linear range should be used for the detection of analytes. 

 The fabricated sensors can be used to detect other pharmaceutical 

compounds. 

 WWTPs samples can be used as Spiked samples. 

 Rigorous selectivity, stability, reliability, repeatability and reproducibility testing. 

 In-depth interference, broader range and selectivity analysis. 

 Spiked sample analysis. 

 Sensor validation and rigorous testing. 
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 Electrocatalyst materials can be employed in energy storage applications, 

including water splitting, solar cells, oxygen evolution reactions, and hydrogen 

evolution reactions. 
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APPENDIX 

 

 

 

Fig. A1: Proposed mechanism of the electro-reduction of FLU, BIC and OHF.  

 


