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ABSTRACT 

 
The occurrence of antiretroviral drugs (ARVs) in most water sources in South Africa has been 

of major concern over the past decade. Though they have been reported to occur in low 

concentrations (low ng/L and µg/L), their increasing concentration poses health risks to 

humans, animals, and aquatic organisms. This accelerates the emergence of antiretroviral 

resistance. The consequences of these adverse effects on human health are therefore very 

concerning. Nevirapine (NVP) is one of the most extensively used ARVs worldwide for the 

prevention of mother-to-child transmission and has been often detected in water sources. These 

drugs enter water systems in various ways, including incorrect disposal of unused or expired 

drugs, via treated or untreated wastewater from the municipality, discharge from hospital 

wastewater, effluent from sewage treatment plants and industrial wastewater. Several 

chromatographic methods have been employed in its detection in water, but their high costs 

and sophisticated nature limit their use in a variety of applications. Very limited research is 

available on the electrochemical detection of nevirapine in real wastewater samples, as most 

studies present its detection in human serum or pharmaceutical formulations. Therefore, this 

work presents the use of novel electrochemical sensor systems for the detection of nevirapine 

in real wastewater samples. The electrochemical sensor systems were developed by depositing 

functionalised nickel selenide quantum dots (NiSe2QD) onto an L-cysteine or Nafion-modified 

gold electrode. The quantum dots were prepared using a simple and cost-effective aqueous 

method, capped with banana peel extract (BPE) and 3-mercaptopropionic acid (3-MPA) to 

improve their stability and prevent agglomeration. Microscopic, spectroscopic, and 

electrochemical techniques were used to determine the properties of the synthesised quantum 

dots. Fourier transform infrared spectroscopy (FTIR) confirmed the capping of 3-MPA-

NiSe2QD, where the SH group absorption band disappeared from the spectra of 3-MPA-

NiSe2QD and decrease in intensity for the COOH groups. The increase in intensity and the 

shifting of bands to higher wavenumbers were observed for BPE-NiSe2QD. The size of the 

quantum dots (˂ 10 nm) was revealed by High-resolution transmission microscopy (HR-TEM) 

and small-angle X-ray scattering (SAXS). The optical properties of NiSe2QD were studied by 

ultraviolet-visible spectroscopy (UV-Vis), which produced absorbance bands at 331 nm and 

329 nm corresponding to energy bandgap values of 3.91 eV and 2.99 eV for 3-MPA and BPE-

capped NiSe2QD, respectively. Differential pulse voltammetry (DPV) was used to study the 

electrochemical responses of 3-MPA-NiSe2QD/L-cyst/Au and Au/BPE-NiSe2QD/Nafion to 

NVP, with a characteristic oxidation peak at 0.76 V. This was performed in 0.1 M phosphate 
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buffer solution (PBS) at a scan rate of 30 mV/s. The electrochemical sensors exhibited 

enhanced electroactivity, which was attributed to the catalytic effect of the incorporated 

quantum dots. This was characterised by the low limit of detection (LOD) values of 0.0035 

ng/L and 0.0064 ng/L for 3-MPA-NiSe2QD/L-cyst/Au and Au/BPE-NiSe2QD/Nafion sensors, 

respectively. However, the 3-MPA-NiSe2QD/L-cyst/Au electrochemical sensor produced the 

best signal with higher a sensitivity of 6.15 µA/pM compared to 5.52 µA/pM for Au/BPE-

NiSe2QD/Nafion. The oxidation peak current of NVP had a linear range of 0–1.21 pM with a 

correlation coefficient of 0.998. The application of both sensors in the determination of 

nevirapine in real wastewater samples showed good recoveries in the range of 85%-108%, 

which indicates that the sensors are suitable for real-time sample analysis. 
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CHAPTER ONE 

INTRODUCTION 

 
Summary 

This chapter provides an overview of human immunodeficiency virus-acquired 

immunodeficiency syndrome (HIV/AIDS) and the anti-retroviral drugs used to treat HIV-

positive individuals. It also discusses the prevalence of pharmaceuticals in water and their 

adverse effects. Additionally, this chapter presents the problem statement and motivation, aim 

and objectives, and the outline of the thesis. 

 

1.1 Pharmaceutical contaminants 

Pharmaceuticals consist of a wide range of organic compounds that are designed to produce a 

therapeutic effect on the body. Pharmaceuticals were developed to improve human and animal 

health and livestock farming. Some of these pharmaceuticals include non-steroidal drugs such 

as analgesics, antibiotics, anti-epileptics and antiretroviral drugs, veterinary drugs, therapeutic 

drugs, and biotechnological products, just to mention a few [1–5]. These pharmaceutical drugs 

can be bought over the counter at pharmacies (with or without a prescription), obtained from 

the hospital or clinic, or prescribed by the doctor at a surgery. The high demand for 

pharmaceuticals is greatly triggered by the emergence of new diseases, ageing societies in 

developed countries and the growing population worldwide [3,6]. Sometimes, these 

pharmaceuticals are partially transformed by humans and animals, leading to their excretion 

through faeces and urine as a mixture of metabolites and parent compounds. This is due to their 

non-biodegradable nature, which signifies a high resistance to environmental transformation 

processes. Therefore, they have emerged as environmental pollutants [7,8]. According to 

Tiwari et al. [9], the metabolites are 50% more toxic than the parental compounds. Worse still, 

these metabolites are persistent due to their high mobility and weaker sorption potential. 

Concerns have arisen over the past decades because of their frequent detection in the 

environment and their toxicological effects [6]. They have been detected at concentrations 

varying from ng/L to μg/L in drinking water, surface water, groundwater, and wastewater 

worldwide [3,8,10]. These emerging contaminants are released into the environment via treated 

or untreated wastewater from municipal [10], discharge from hospital wastewater [11], effluent 

from sewage treatment plants [2,12], industrial wastewater, improper disposal of unused or 
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expired medicine [8,13], surface run-off from urban or agricultural areas [10,14] and pit latrines 

in developing countries [13,15]. Other potential sources of contamination are pharmaceuticals 

used in veterinary medicine, which are excreted on the ground or directly into surface waters 

[14,16]. Figure 1.1 shows a summary of these pathways. Although these contaminants are 

present at low concentration levels, they deteriorate the quality of water, and the continuous 

discharge and chronic exposure to these chemicals pose a health risk to humans, animals, and 

aquatic organisms [4,9,16,17]. Other adverse effects caused by pharmaceutical pollution 

include endocrine disruption, genotoxicity, and the development of resistant pathogenic 

bacteria [4]. Among the numerous emerging pollutants, anti-retroviral drugs are also of major 

environmental concern given that South Africa uses more of these compounds per year 

compared to any other nation worldwide. They are used in the fight against HIV/AIDS and 

several reports have confirmed their presence in the environment [5,13,18,19]. 
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Figure 1. 1. Summary of the major sources of pharmaceuticals contaminants [20] 

 
1.2 Background on HIV 

South Africa has the highest number of people living with the Human Immunodeficiency Virus 

(HIV), with an estimated total of 8.2 million people in 2021 [21]. HIV is a retrovirus that attacks 

CD4+ helper lymphocytes that are responsible for the body’s immune system. If left untreated, 

HIV decreases the number of CD4 cells in the body, making it harder for the body to fight off 

infections. The most severe phase of HIV infection is acquired immunodeficiency syndrome 

(AIDS), which develops when an HIV patient has a CD4 cell count of below 200 cells/mm. 

This suppresses the immune system and leaves it susceptible to opportunistic infections 

[22,23].  

 

1.2.1 HIV Treatment 

Unfortunately, there is no cure for HIV. Medications that are used for the treatment of retroviral 

infections, such as HIV type 1, are known as antiretroviral drugs (ARVs). These drugs do not 

necessarily kill the virus, but instead, they slow its replication process [19]. ARVs have been 

classified into about six different groups depending on their mode of action as well as which 

phase of the HIV life cycle they target. These classes include nucleoside reverse transcriptase 

inhibitors (NRTIs), non-nucleoside reverse transcriptase inhibitors (NNRTIs), protease 

inhibitors (PI), integrase inhibitors, entry and fusion inhibitors, and CYP450-3A inhibitors. 

Figure 1.2 shows the life cycle of the HIV and the ARVs sites of action. The first drug used for 

treatment in 1987 was zidovudine, a NRTI [24,25]. However, it was not very effective, so 

scientists decided to combine this drug with the reverse transcriptase inhibitors didanosine and 

zalcitabine. This combination showed great improvement. Nevertheless, this victory was short-

lived because patients developed drug resistance [26]. Therefore, there was an urgent need to 

develop other forms of drugs that would be more effective by delaying the occurrence of drug 

resistance, reducing death rates, and being less toxic. Combination antiviral therapy was then 

put into place to prevent the multiplication of the virus at different stages of its life cycle. The 

triple combination method, also known as highly active antiretroviral therapy (HAART), has 

been proven to be highly active against the virus [19]. Because of the high mutation rate of 

HIV, which produces viral offspring resistant to a certain drug, using HAART would suppress 

the replication of a mutant, as it is highly unlikely that the mutant would be resistant to all three 

drugs at the same time [19,27]. HAART significantly reduced viral replication and viral load 

to levels below detection. This generally improved one’s immune system, as well as increased 
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their life expectancy [28]. Despite their effectiveness in dealing with the pandemic, some of 

these drugs are not completely metabolised by cytochrome P450 isozymes and hence are 

excreted in urine [29]. Sadly, these are finding their way into water sources, leading to 

contamination. Some of these ARVs are known to be persistent, bio- accumulative, and exhibit 

endocrine disruptive behaviour [5]. Nevirapine (NVP) is one of the drugs that has been 

positively detected in water sources. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. 2. Diagrammatic representation of HIV virus life cycle and ARVs targets [30] 

 
1.2.2 Nevirapine 

Nevirapine is a non-nucleoside reverse transcriptase inhibitor (NNRTI) whose chemical name 

is 11-cyclopropyl-5,11-dihydro-4-methyl-6H-dipyrido[3,2-b;2’,3’-e][1,4]diazepin-6-one [31]. 

It was the first NNRTI to be used for the treatment of HIV infection in 1997 and the prevention 

of mother-to-child transmission. It can be used as a component of combination therapy. For 

example, it is usually used as a substitute for efavirenz in Atripla, a fixed-dose pill prescribed 

for a person who has just tested positive for the virus. Nevirapine is readily absorbed when 

given orally, with a bioavailability of 90% [19]. The drug is a non-competitive inhibitor. It 

binds directly to the enzyme reverse transcriptase and distorts its active site, which then 

prevents DNA polymerase from carrying out its function [27]. It restricts the enzyme’s capacity 
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to change conformation, resulting in increased enzyme rigidity and reducing the enzyme’s 

polymerisation function [32]. CYP3A4 oxidatively metabolises nevirapine to several 

hydroxylated products, such as 2-, 3-, 8-, and 12- hydroxynevirapine which may be further 

glucuronidated before excretion [33]. These metabolites are illustrated in Figure 1.3. 

Nevirapine can reduce the viral load, increase the CD4 cell count, and overall reduce one’s risk 

of developing AIDS. However, the use of this drug presents some negative effects, which 

include severe skin rashes, hepatitis, and a skin disorder called Stevens-Johnson syndrome. 

According to the findings of in vitro studies, 12-hydroxynevirapine has been suggested to be 

the causative agent of nevirapine toxicity [33]. 
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Figure 1. 3. Schematic diagram showing nevirapine and its metabolites  

 
Regardless of the success of nevirapine in reducing the detrimental effects of HIV, its stable 

chemical structure makes it difficult to be fully degraded by the metabolic systems. Hence, the 

parent drug and its metabolites are excreted through urine or faeces into the water systems [5]. 

Other sources of these contaminants include incorrect disposal of unused or expired products; 

discharge from hospitals; effluents from wastewater treatment plants (WWTPs); discharge 

from pharmaceutical industries; and the disposal of waste from research institutions. Due to 

the increase in the amount of nevirapine detected in drinking water because of the inability to 
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remove it at wastewater treatment plants, it has raised a lot of concern regarding people’s health 

[18]. Thus, nevirapine is one of these emerging contaminants that has been reported to be 

present in most water sources in South Africa. According to Schoeman et al. [5], approximately 

2.7% of nevirapine is excreted via urine. The persistence of this drug in the environment is 

attributed to its non-biodegradable nature. Their presence in water poses a health risk to both 

humans and aquatic organisms. Some of the dangers of consuming contaminated water include 

falling sick, suffering from side effects of ARVs or other pharmaceuticals, and, in the long run, 

developing drug resistance. Unfortunately, WWTPs were never designed to remove these 

contaminants from water, which explains why they are still present in water sources [5,19]. 

Schoeman et al. [5] reported nevirapine effluent concentrations ranging from 92 ng/L to 

473 ng/L from a WWTP in Gauteng, with a removal efficiency of 22.5%. The concentration of 

NVP was observed to increase at the different stages of purification in the WWTP. This was 

attributed to the de-conjugation of the hydroxylated metabolites of NVP, the lack of binding of 

NVP to the primary settling tank (PST) sludge and the compounds' resistance to degradation 

[5]. The inability of NVP to be removed from the activated sludge in WWTPs may be a result 

of its photostability and low biodegradability [34]. Abafe et al. [18] obtained an effluent 

concentration of 1400 ng/L from Phoenix WWTP in KwaZulu-Natal, South Africa. 

 

1.3 Problem statement and motivation 

Less than 1% of the 3% of available freshwater is suitable for human consumption. Regrettably, 

this small amount of freshwater is prone to heavy pollution from various industries [35]. 

Pharmaceutical and personal care product pollutants are one of the major emerging 

contaminants that require great attention. Antiretroviral drugs, such as nevirapine, are 

pharmaceutical drugs used in the treatment of HIV/AIDS [25]. Nevirapine is an antiretroviral 

drug that is prescribed for the primary treatment of HIV/AIDS patients. South Africa has been 

reported to have the highest number of people living with HIV/AIDS. Pregnant mothers who 

are infected with the virus are given this medication throughout pregnancy to prevent mother-

to-child transmission. Newly born babies are also given this medication in syrup form, while 

much older children receive it in pill form [36–38]. Nevirapine has been detected most 

frequently in water sources where it might cause significant problems, such as the formation 

of degradation products that have similar effects to the pure drug itself [5,13,19]. Side effects 

of this drug include hepatotoxicity, hypersensitivity, and the development of skin rashes. 

Chromatographic methods have been employed in the past to detect and quantify these drugs 

in water, but their high cost, lengthy analysis time, sophisticated equipment required, and 
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generally lower detection limits create a significant need for improving existing detection 

techniques. The limit of detection for nevirapine in wastewater samples was determined to be 

6 ng/mL when LC-MS/MS was employed, compared to 1.8 ng/L when GC-MS was utilised. 

Since these antiviral drugs are found at concentrations in the ng/L range, there is a need for the 

development of sensor systems that can detect their presence at even lower concentrations than 

previously reported, are simple to operate, provide rapid responses, and are constructed from 

readily available materials [18,39–41]. 

The incorporation of NiSe2 quantum dots into the sensor system to enhance the electrocatalytic 

response of the gold electrode in the detection of nevirapine in water is proposed. The unique 

properties and several synthesis routes of NiSe2 quantum dots are discussed thoroughly in 

chapter 2. Quantum dots (QD) are incorporated into sensing devices to improve their sensing 

capabilities by rapidly producing an accurate signal. As a result, a more efficient and reliable 

sensor device is created. The superior structural, optical, and electronic properties of 

semiconducting materials such as quantum dots have attracted the attention of many 

researchers over the past decades. They have found great application in a wide range of fields, 

both in biological and inorganic material systems. In comparison to organic dyes employed in 

the construction of sensors, QD have several benefits, including high photobleaching 

thresholds, brightness, long fluorescence lifespan, tunable bandgap, and excellent 

photostability. Their small size range imparts them with a higher surface area to volume ratio, 

which gives them superior properties compared to the bulk materials [42–45]. In an effort to 

replace the use of toxic quantum dots such as cadmium, mercury, and lead, NiSe2 quantum dots 

are proposed together with the use of greener stabilising agents [46,47] 

Stabilising agents, also known as capping agents, are very important because they influence 

both the physical and chemical properties of the quantum dots. They also aid in the stability, 

solubility, and reduction of toxicity of the materials. Additionally, capping agents prevent 

nanocrystals from aggregating. Examples of capping agents that have been widely used include 

3-mercaptopropionic acid (3-MPA), thioglycolic acid (TGA) and glutathione (GSH), to 

mention a few [48,49]. Since the integration of green synthesis principles is of great importance 

in the field of nanotechnology nowadays, the use of naturally occurring organisms such as 

fungi, bacteria, and yeast has been applied during the synthesis of nanoparticles in an effort to 

produce quantum dots in an eco-friendly manner. Extracts from various parts of plants have 

also been used, including rose plant extracts, orange peels, chitosan, castor oil, and banana 

extracts, to mention a few. The use of banana peel extract and 3-MPA is proposed for this 

project. This fruit is available all year round. Although a few applications for banana peels have 
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been investigated, including their use as adsorbents of heavy metals, medicinal purposes, 

ethanol fermentation, and production of fungal biomass, this still leaves a massive amount of 

waste material available. New applications of these peels still need to be explored to reduce the 

amount of waste [50–52]. The banana peel is rich in amine, hydroxyl, and carboxylic acid 

functional groups, which act as capping agents during quantum dot synthesis. It is also rich in 

phytochemical compounds and polysaccharides, and it is a good source of natural antioxidants. 

The extraction method is quite simple [53]. This extract would act as a solution to produce 

environmentally friendly, functionalised quantum dots. Functionalisation allows for early and 

rapid detection of the target analyte. Sensors that have been used in determining the presence 

of nevirapine include uracil/carbon paste electrodes, mercury/carbon paste electrodes, glassy 

carbon electrodes, and copper oxide-carbon nanoparticle/glassy carbon electrodes, to mention 

a few. They proved to be very accurate, with a high degree of sensitivity and stability. However, 

these sensors were primarily used to detect the presence of nevirapine in pharmaceutical, urine, 

or serum samples [40,54,55]. Therefore, it would be good if the application of these sensors 

could be expanded to wastewater. Nickel selenide nanomaterials, on the other hand, have been 

used as electrocatalysts in hydrogen evolution reactions, oxygen evolution reactions, dye-

sensitized solar cells, and energy storage materials. Their excellent performance and impressive 

stability give us confidence in their application as electrocatalysts in this project [56]. To also 

check the specificity or selectivity of the modified sensor, some interference studies will be 

conducted by adding other kinds of drugs to the solution and noting how the signal of 

nevirapine is affected. In our study, a gold electrode drop-casted with nickel selenide quantum 

dots (NiSe2QD) will be used for the detection of nevirapine drug in a phosphate buffer solution 

and simulated water samples. The gold electrode was chosen for this study because of its 

biocompatibility, high conductivity, high corrosion resistance and good mechanical properties 

[57,58]. 

 

1.4 Aim and objectives of the study 

The main aim of this project is to develop an electrochemical sensor based on the incorporation 

of NiSe2QD onto a gold electrode for the determination of nevirapine drug in water. 

 

The objectives of the study are : 

• Synthesis of NiSe2QD using banana peel extract (BPE) and 3-mercaptopropionic acid 

(3-MPA) as capping agents. 
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• Characterisation of the synthesised materials using techniques such as HR-SEM-EDX, 

HR-TEM, and SAXS for morphological studies, UV-Vis for optical properties, FTIR 

and Raman Spectroscopy for functional group vibration studies, DPV for 

electrochemical studies and XRD for crystalline studies.  

• Surface modification of gold electrode with L-cysteine to form a self-assembled 

monolayer, followed by depositing 3-MPA-NiSe2QD.  

• Surface modification of bare gold electrode with BPE-NiSe2QD and then followed by 

Nafion. Determination of the electrochemical properties of the quantum dots using 

differential pulse voltammetry. 

• Development, control experiments (pH, scan rate studies, interference, stability), 

evaluation and testing of the electrochemical sensor systems in the absence and 

presence of nevirapine. 

• Analysis of nevirapine in wastewater samples. 

  

1.5 Thesis outline 

The study consists of six chapters  

 Chapter 1: Introduction; this chapter gives a brief background on HIV/AIDS and the anti-

retroviral drugs used for the treatment of HIV-positive persons. It also explores the presence 

of pharmaceuticals in water as well as their detrimental impacts. This chapter also presents the 

problem statement and motivation, aim and objectives, and the outline of the thesis.  

 

Chapter 2: Literature review; this chapter discusses recent research that is relevant to this study. 

It covers a brief discussion on different electrochemical sensors, the numerous synthesis 

methods utilised in QD synthesis, and nickel selenide applications.  

   

Chapter 3: Methodology and Instrumentation; this chapter gives a brief overview of the 

techniques used to characterise the QD. The techniques used include High-resolution 

transmission microscopy and small-angle X-ray scattering for particle size and internal 

structure analysis, High-resolution scanning electron microscopy and Energy-dispersive X-ray 

spectroscopy for surface morphology and elemental analysis, Ultraviolet-visible spectrometry 

and Photoluminescence for optical studies, X-ray diffraction for crystallinity studies, Fourier 
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transform infrared spectroscopy and Raman spectroscopy for functional group analysis and 

vibrational studies and Differential pulse voltammetry for electrochemistry studies. In addition, 

the synthesis procedure for 3-MPA-NiSe2QD and BPE-NiSe2QD is described as well as the 

fabrication of the sensor. 

  

Chapter 4: This chapter presents the data obtained on the characterisation of 3MPA-NiSe2QD 

and its individual components using UV-Vis, FTIR, SAXS, Raman, SEM-EDX, HR-TEM, PL, 

XRD and DPV. The electrochemical response of 3MPA-NiSe2QD/L-cyst/Au to nevirapine was 

explored.  

  

Chapter 5:The use of a binder known as Nafion to stabilise the BPE-NiSe2QD on the electrode 

is described in this chapter. These QD were characterised using a variety of techniques 

including FTIR, SAXS, UV-Vis, PL, Raman, XRD, HR-TEM/EDX, and HR-SEM. DPV was 

used to investigate the electrocatalytic properties of the developed electrochemical sensor, 

Au/BPE-NiSe2QD/Nafion, to determine its response to nevirapine.  

 

Chapter 6: This chapter draws conclusions from the overall findings of the research study and 

makes recommendations for future work.  
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CHAPTER TWO 

 
ELECTROCATALYSIS AND SENSOR APPLICATIONS OF NICKEL SELENIDE 

QUANTUM DOTS 

 

Summary 

This chapter discusses recent research that is relevant to this study. It includes a brief 

discussion on different electrochemical sensors and the numerous synthesis methods utilised 

in QD synthesis. It also covers nickel selenide applications and includes brief information on 

traditional detection methods and several electrochemical sensors that have been previously 

utilised to detect nevirapine. 

 

2.1 Introduction 

Sensors are widely used in our everyday lives. A sensor is an intelligent device that produces 

a measurable change in its output in response to a stimulus. Sensors are also transducers; they 

convert the input stimulus into an electrical or another form of output signal that can be 

processed. The stimulus can either be physical or chemical [1–3]. Nowadays, common sensors 

convert the measurement into electrical signals. There are many different types of sensors 

worldwide. However, according to Hunter et al. [2], a sensor can be described from the 

perspective of the target measurement, for example, a pressure sensor, or from the platform 

point of view, for example, an electronic sensor. Some types of sensors include magnetic, 

thermal, chemical, and radiant sensors, to mention a few. Chemical sensors, in particular, can 

be categorised as optical, electrical, electrochemical, piezoelectric, or other types based on the 

operation principle of the transducers [4]. 

Electrochemical sensors are a rapidly growing field of chemical sensors. They are a powerful 

analytical tool for real-time analysis. Electrochemical sensor systems provide sample analysis 

tools that are simple, fast, sensitive, selective, precise and easy to use [1,5,6]. Unfortunately, 

these electrochemical sensors have some limitations. Specifically, the issue of interferants 

interacting with modified electrodes hinders their commercialisation. Electrochemical sensors 

operate on the principle of changes in electrical current or potential caused by chemical 

reactions. They convert the information associated with the electrochemical reaction into a 

quantitative or qualitative signal. The signal obtained is proportional to the analyte 

concentration. The most common design of electrochemical sensors consists of a three-
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electrode conformation with a working electrode (WE) acting as an anode, a counter electrode 

(CE) functioning as the cathode, and a reference electrode (RE) for controlling the potential of 

the system [7]. More practically, the target analyte reacts on the WE, resulting in a current 

generated between the working and counter electrodes. Additionally, the generated current is 

proportional to the number of reaction sites present on the WE and the analyte concentration 

[8]. A simplified diagram illustrating the working principle of these electrochemical sensors is 

shown in Figure 2.1. 

 

 

Figure 2. 1. Schematic diagram showing the working principle of electrochemical sensors [9].  

 
2.1.1 Modified electrochemical sensors 

The performance of sensors is influenced by the properties of the WE, and a lot of effort has 

been devoted to the fabrication and maintenance of the electrodes. Electrochemical sensors 

based on biological components, biosensors, are constrained by the conditions at which the 

biological components are stable [7]. These biosensors have great selectivity and sensitivity 

but they also have drawbacks like short shelf life, high production costs, low reproducibility, 

and repeatability [10]. The incorporation of nanomaterials into electrochemical sensors has had 

a significant impact on their development, mostly due to the surface-to-volume ratio, one of 

the most distinctive characteristics of nanometric order. Various nanomaterials have been 

textured onto the surface of the working electrodes, resulting in an increase in the surface area 
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and redox reaction sites. As a result, improved detection limits and increased signal-to-noise 

rations have been obtained [4,8,11]. Quantum dots (QD) are a type of nanoparticles that have 

been widely employed to modify electrodes for sensor applications. 

 

2.2 Introduction to Quantum dots 

Quantum dots are nanoparticles with sizes ranging from 2 to 10 nm. Due to their small size, 

they exhibit unique optical and electrical properties that are distinct from those of bulk 

materials. They are distinguished from bulk matter by their high surface area to volume ratio 

and adjustable bandgap caused by quantum confinement phenomena. Their small sizes cause 

the energy levels of the different bands to be quantized in relation to the size of the dot. As the 

size of the QD decreases, the bandgap increases, requiring more energy to excite electrons from 

the valence band to the conduction band [12–14]. QD exhibit exceptional photo luminescent 

properties. They are used in a wide variety of disciplines, including energy, electrochemical 

sensors, polymers, and medical diagnostics, to name a few [15–17]. 

 

2.2.1 Synthesis of quantum dots 

Several synthetic routes have been used in the synthesis of quantum dots. Any metal and 

chalcogenide (sulphur, selenium, tellurium) can be used to make QD. These chalcogenides 

include. The existing methods can be generally divided into the top-down or bottom-up 

approaches, which will be discussed briefly. The top-down approach entails decreasing the size 

of the bulk material to obtain the desired nanosized particles. The top-down methods are 

conditioned and fabricated by external parameters to create nanoparticles with the desired 

shapes and sizes from the bulk material. This method includes techniques such as molecular 

beam epitaxy, electron beam lithography, ion implantation, and x-ray lithography. The major 

shortcomings of this approach are structural imperfections caused by patterning and impurity 

incorporation into the QD [14,18,19]. The alternative bottom-up approach refers to the 

synthesis of nanomaterials by exploiting the physics and chemistry to artificially assemble the 

atoms and molecules into nanoparticle clusters [20]. This approach employs a variety of self-

assembly techniques that can be broadly classified as vapour-phase or chemical.  
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Figure 2. 2. Simplified representation of the top-down and bottom-up synthesis routes for 

nanostructures [21]. 

 
2.2.2 Vapour-phase methods 

These vapour-phase methods for producing quantum dots begin with the growth of layers in 

an atom-by-atom process. Consequently, QD self-assembly on a substrate without any 

patterning [14,18]. Chemical vapour deposition is another technique for generating thin films 

from which QD can be self-assembled. Physical vapour deposition layer growth occurs when 

a solid condenses from vapours generated by thermal evaporation or sputtering. While the 

above-mentioned methods, among others, are effective in QD synthesis without the need for a 

template, QD size fluctuation frequently results in inhomogeneous optoelectronic properties 

[14]. 

 

2.2.3 Chemical methods 

Chemical methods are mostly based on standard precipitation techniques with precise 

parameter control for the solution(s). Thus, the precipitation process consists of a nucleation 

stage followed by particle growth stages. Some of these methods of preparation, such as 

colloidal and aqueous phase synthesis, will be briefly discussed. Other synthesis processes, 

such as solvothermal, heating, hydrothermal, and microwave irradiation, will have their 

properties outlined in Table 2.1 [14,18]. It is critical to note, however, that due to the large 

variety of potential preparation methods, the right method of synthesis that results in QD with 

the desired properties must be chosen based on the attributes required for the application [22]. 
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2.2.3.1 Colloidal synthesis of quantum dots 

QD synthesis using this route involves the use of an organic or inorganic solvent during a 

chemical reaction. The resulting QD will be suspended in solution. During the organometallic 

synthesis, metallic or organometallic precursors and the chalcogenide are rapidly injected into 

a hot solution containing a coordinating organic solvent such as trioctylphosphine (TOP) or tri-

n-octylphosphine oxide (TOPO). The QD begin nucleating immediately after the injection of 

the precursors. In general, these QD are formed at high temperatures in the range of 180 and 

310 ℃ [13,23,24]. The size of the QD is mainly controlled by the chosen temperature and the 

reaction time. Therefore, aliquots may be removed at regular intervals and then exposed to 

spectroscopic studies to monitor the size of the particles [13,23]. Once the desired size of the 

QD has been achieved, the temperature of the reaction is dropped to stop the reaction. Colloidal 

formation of QD at high temperatures is known as “hot injection”. The coordinating solvents 

enhance the surface passivation, stabilise the QD, prevent their agglomeration, and provide an 

adsorption barrier to slow QD growth [14]. An advantage of this method is that it produces 

highly monodispersed and crystalline QD [23]. Several disadvantages of this method include 

the production of hydrophobic QD with limited applications, the use of toxic solvents or 

precursors, the high associated with the use of high temperatures and generally poor water 

dispersion [13,14]. Nevertheless, several strategies have been employed to make hydrophilic 

QD in aqueous solvents for possible biological applications. Some of these strategies include 

silica encapsulation, encapsulation of QD into the core of phospholipid block-copolymers, and 

ligand exchange with bi-functional compounds, with a functional group that can attach to the 

QD surface (e.g., thiols), and a hydrophilic group such as carboxylic acid [23,25]. 

 

2.2.3.2 Aqueous phase synthesis of quantum dots 

Aqueous synthesis offers a simpler, less toxic, and cheaper alternative to the previously 

mentioned synthesis methods that use high-boiling point organic solvents and organometallic 

precursors [25–28]. The quantum dots are prepared directly in water, resulting in water-soluble 

quantum dots. The synthesis process uses water-soluble precursors such as metal nitrates or 

chlorides. The most commonly used chalcogen precursors are NaHSe (formed by reacting Se 

powder with sodium borohydride (NaBH4) but variations such as Na2SO3 are also used [13,25]. 

The synthesis of the QD is typically carried out in an inert atmosphere due to the instability of 

chalcogen sources in ambient conditions. However, this is not the case when compounds like 

Na2SO3 are used as they are air-stable [13,29]. This synthesis route also involves the use of 
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short-chained thiols as stabilising agents. Some of the most commonly used ligands with both 

sulfhydryl and carboxyl functional groups are L-cysteine (L-cyst), 3-mercaptopropionic acid 

(3-MPA), and glutathione (GSH) [13,25,28,30]. The sulfhydryl group coordinates with the QD, 

whilst the carboxyl group contributes to the electrostatic stability of the QD. The carboxyl 

groups on the surface of the QD also facilitate their attachment to biomolecules such as proteins 

[13,26]. Moreover, the nucleation reaction occurs rapidly at room temperature and the crystals 

grow slowly at lower temperatures (~100 ℃) [29]. The temperature, pH of the solution, the 

concentration of precursors, as well as the reaction time have significant effects on the shape, 

particle size, and particle size distribution [30]. However, the main disadvantages of this 

method are poor size distribution and low fluorescence quantum yields. Although aqueous 

synthesis of nanomaterials has gained momentum over time, there are still many improvements 

awaited [31,32].  

 

2.2.3.3 Other synthesis methods 

Other methods that have been used to synthesise QD include the heating up method, 

solvothermal, hydrothermal, and microwave irradiation. A summary of the methods’ 

descriptions, advantages, and disadvantages is shown in Table 2.1.  

Table 2. 1: Presents a summary of the advantages and disadvantages of different synthetic 

methods 

Synthesis 

Method 

Description Advantages Disadvantages Ref 

Heating up This involves the 

addition of all the 

reagents to the same 

pot and steadily 

heating the mixture to 

induce nucleation and 

growth of the QD. 

Suitable for 

large-scale 

production, 

reproducibility 

High 

temperatures,  

organic solvents 

[32,33] 

Solvothermal Involves placing 

reagents into an 

autoclave filled with 

organic solvent and 

Production of 

nanoparticles 

with good 

crystallinity 

Organic solvents,  

poor control of 

particle size and 

shape, low yields 

[25,30] 



20 

the synthesis reaction 

taking place under 

high pressure and 

temperature.  

 

Hydrothermal It involves heating an 

aqueous mixture of 

precursors in an 

autoclave above the 

water’s boiling point. 

High 

crystalline 

nanoparticles, 

good control of 

particle size, 

uniform 

morphology, 

high yield 

High temperatures 

and pressure, 

longer reaction 

times, special 

reactor required 

[22,34] 

Microwave  A mixture of the 

reagents is transferred 

to the microwave 

reaction vial, which is 

subsequently loaded 

into a microwave 

reactor for heating. 

Rapid process, 

instantaneous 

nucleation and 

growth of 

nanoparticles, 

narrow size 

distribution, 

reproducible, 

less dangerous 

process, low 

energy 

consumption 

Low fluorescence 

quantum yield 

[25,33,35] 

 

2.2.3.4 Surface capping agents 

Capping agents have been extensively used as stabilisers in the synthesis of nanoparticles. They 

are of utmost importance as they inhibit nanoparticle overgrowth, prevent their aggregation 

and regulate their structural properties [36]. The capping agent induces steric or electrostatic 

interactions between the particles, which contributes to the nanoparticle’s stability [37]. As 

mentioned in the previous section, short-chained organic compounds have previously been 

used as capping agents, but plant extracts, dendrimers, polymers, and surfactants have also 

been reported [38]. Apart from their stabilising properties, they can also be used to enhance the 

catalytic performance of nanocrystals [36]. However, the use of long-chain hydrocarbons, 
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branched or unbranched polymers, and dendrimers act as a physical barrier, preventing 

reactants from freely accessing the catalytic active sites on the particle surface [36,39]. 

Therefore, selecting a suitable capping agent is very crucial. Another way of capping QD 

involves adding inorganic layers to the surface, forming a core-shell structure. When selecting 

an inorganic shell material, it is necessary to consider its hydrophobic or hydrophilic nature. 

The majority of inorganic core/shell QD do not disperse well in water due to the shell's 

hydrophobic surface. As a result, further modification will be required before the QD may be 

employed in biological applications [14]. In this study, a short-chained mercapto acid, 3-

mercaptopropionic acid (3-MPA), and a plant-derived extract, banana peel extract (BPE), have 

been used in the synthesis of NiSe2 QD. 

 

2.3 Nickel selenide quantum dot material  

Due to their unique optoelectronic properties, stability, and narrow bandgaps, transition metal 

chalcogenides have been identified as emerging candidates for application in a variety of 

disciplines [40]. Selenides have a higher electrical conductivity than oxides and sulphides due 

to selenium’s high metallic characteristics. Nickel is significantly less expensive and less toxic 

than cadmium [40,41]. Nickel and selenium exist in a variety of homogeneous and crystalline 

phases, including NiSe2, Ni1-xSe, and Ni3Se2. The rationale for the formation of distinct 

compounds between these two elements is due to the minor difference in their 

electronegativity. These p-type semiconductors have a bandgap of 2.0 eV [42,43]. NiSe2QD 

have excellent thermodynamic stability and electrical conductivity for charge transfer [44–46]. 

Nickel selenide has a low resistivity and narrow bandgap compared to other chalcogenides, 

which contributes to its catalytic characteristics [47,48].  

 

2.3.1 Crystal structure models of NiSeQD material 

Ni(1-x)Se and NiSe have been reported to exhibit a hexagonal phase. NiSe2 has a cubic 

crystalline structure, with two Ni atoms flanking Se2. Ni3Se2 has been found to have a 

rhombohedral phase [41,43,46]. Each corner of the distorted triangular prism is filled with a Ni 

atom, and six of these atoms surround the Se atom in this configuration. On the other hand, 

both NiSe and NiSe2 have been reported to have an orthorhombic structure. At ambient 

temperature, Ni(1-x)Se, NiSe2, and Ni3Se2 are the most stable states [46]. These phases are 

depicted in Figure 2.3. 
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Figure 2. 3. Diagrammatic representation of the crystalline structure of a) NiSe2, b) Ni(1-x)Se 

and c) Ni3Se2 [46]. 

2.3.2 Synthesis of nickel selenide quantum dots 

Numerous synthesis methods have been used to prepare NiSeQD, including colloidal (CoLS) 

[49], precipitation method [50], hot injection (HI) [51], chemical vapour deposition [42], 

solvothermal (ST) [52,53], hydrothermal (HT) [54], electrodeposition (ED) [55], solid-state 

reaction (SSR) [56], chemical bath deposition [57,58], solid-liquid solution methods and (SLS) 

[59]. The phases of nickel selenide produced are determined by the synthesis routes and the 

precursors used. Different reaction factors including temperature and pH have been shown to 

have a considerable impact on the final product [41]. Hussain et al. [41] conducted a 

comprehensive evaluation of nickel selenide syntheses. Table 2.2 summarises the synthesis 

methods, stoichiometry, and morphology of different nickel selenide analogues. The literature 

reports a diversity of surface morphologies, all of which are dependent on the synthesis process 

and reaction conditions employed. For example, some researchers obtained nanocrystals with 

a cauliflower shape [60] while others obtained microspheres [46], both of which had a rough 

surface with numerous pores. Because of the increased surface area and exposure of more 

active sites, these features improve the electrocatalyst's catalytic efficacy [46,60]. Additionally, 

nanowires [51,59,61], nanoflower spheres [62], nanorods [49,63], nanoflakes [48], and 

nanosheets [48,64,65] have been mentioned in the literature.  

Table 2. 2: Table details the synthesis methods used for fabricating NiSe with different 

morphologies using various precursors  

Method Ni source Se source Temp 

(℃) 

Reductant/solve

nt 

Product Morphology Ref 
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HT NiSO4.7H2O Na2SeO3.5H2

O 

100 H2O, N2H4, 

EDTA 

Ni0.85Se Microspheres [46] 

HT Nickel foam Se powder 160 H2O, 

ethylenediamine 

Ni3Se2/NF Cauliflowers [60] 

HT Nickel foam Se powder 160 H2O, NaBH4 Ni3Se2/NF Nanosheets [64] 

HT NiCl2.6H2O Se powder, g-

C3N4 

160 H2O, NaBH4 NiSe2/g-

C3N4 

Nanocorals [66] 

HT NiCl2.6H2O Se/C 160 H2O, N2H4 Ni0.85Se/C Nanowires [67] 

HT Ni acetate SeO2 180 Benzyl alcohol NiSe Nanorods [63] 

ST Ni(NO3)2.6

H2O 

SeO2 180 2-phenylethanol, 

DMF 

Ni0.85Se Nanoflower 

spheres 

[62] 

ST Ni(NO3)2.6

H2O 

SeO2 180 Glycerol Ni0.85Se Nanospheres [52] 

ST NiCl2.6H2O Se powder 40 H2O, NaBH4 NiSe Spheres [68] 

ST Nickel foam Se powder 160 Ethyleneglycol, 

Ethylenediamine 

NiSe/NF Nanowires [69] 

SSR Ni powder Se powder 600 - Ni3Se2 Granular [41] 

ED NiSO4.7H2O Na2SeO3.5HO RT H2O NiSe2 Cracked [70] 

SLS Ni foam Se powder 180 H2O, NaBH4 NiSe/NF Nanowires [59]  

HI Ni acetate Na2SeO3 120 Ethyleneglycol, 

NH2OH  

NiSe2 Nanowires [51] 

CoLS NiCl2.6H2O NiCl2.6H2O 60 H2O, NH3 NiSe thin 

film 

Nanorods [49] 

 

2.3.3 Modification of nickel selenide quantum dots 

Nickel is a fairly unstable metal that easily oxidises in solution or at room temperature. As a 

result, nickel compounds like oxides and hydroxides have been used in various analytical 

processes because of their exceptional qualities, which include catalytic activity, stability, and 

synthesis simplicity [71–74]. Selenides have the highest catalytic activity in comparison to 

sulphides [48,64]. However, it has been found that this catalyst has low electronic conduction, 

limiting its applicability in alkaline environments [75–77]. To address this issue, a variety of 

nanomaterials have been added to the NiSe matrix, including carbon nanotubes (CNTs), and 

nickel foam (NF) [47,75,77–79]. Modification of nanomaterials is critical for increasing the 
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electrical conductivity, stability, agglomeration resistance, and catalytic characteristics of 

nanomaterials.  

The surface layer has a significant impact on the physicochemical properties of NiSe. The 

agglomeration of nickel selenide nanoparticles reduces the number of active sites that are 

exposed, lowering the catalyst's catalytic effectiveness. The advantages of modification are 

increased electrical conductivities [77], catalytic activities [80], stabilities [81] and increased 

strengths [77]. Hence, modification of the catalyst before using it in various analytical 

applications is essential. 

 

2.4 General applications of nickel selenide 

Electrochemical water splitting is an alternative source of clean and renewable energy 

production. This process involves two half cells namely the oxygen evolution reaction (OER) 

and hydrogen evolution reaction (HER). The produced oxygen and hydrogen are used to 

generate renewable energy. Nickel selenide has been extensively investigated in a variety of 

applications, such as in electrolysis [82,83], production of hydrogen gas [47,77,81], and 

supercapacitors [52,84–86]. It has been utilised as an electrocatalyst in the water-splitting 

reaction due to its high catalytic activity, which is aided by nickel’s strong covalent bonding 

with selenium [41]. Urea electrooxidation is another environmentally friendly method of 

generating energy. The application of nickel selenide in HER, OER and urea oxidation will be 

discussed.  

 

2.4.1 In HER 

Hydrogen gas is regarded as a clean fuel carrier and is used in a variety of industries, including 

food processing and refining [22,76,87–90]. HER efficiently and sustainably produces 

hydrogen. The production of hydrogen by reducing water is depicted in equation 1. 

2𝐻+  + 2𝑒−  ⇌  𝐻2        (1) 

Nickel selenide nanoparticles have generated considerable interest among academics due to 

their outstanding electrocatalytic characteristics, inexpensive cost, and abundant nature. 

Different performance indicators such as the Tafel slope and overpotential are utilised to 

evaluate a catalyst's performance. The overpotential is the additional potential applied by the 

electrocatalytic cell to power the electrochemical process. Additionally, it is the voltage that is 

used to generate a certain current density [91]. The Tafel slope provides essential information 

regarding the electrochemical reactions' kinetics and reaction rate constants [41,76,92,93]. It 
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also assists in finding the rate-determining step in a process involving several electron transfers 

[91,94]. The lower the value of the Tafel slope, the more facile the catalytic activity. The Tafel 

slope is determined using equation 2 [92]. 

𝑇 =  
2.3 𝑅𝑇

𝛼𝑛𝐹
            (2) 

where R = molar gas constant, T = Temperature, α = electron transfer coefficient, n = number 

of electrons transferred, and F = Faraday constant. 

 

Table 2.3 shows a comparative study of a range of NiSe nanoparticles used in HER. When 

HER was performed in acidic media using NiSe [95] and Ni0.85Se [77], relatively high 

overpotentials of over 270 mV were achieved together with high Tafel slope values as shown 

in Table 3. The scientists ascribed the discrepancy in their findings to the aggregation and 

pilling of the nanoparticles, which reduced the number of active sites and resulted in a poor 

electrocatalytic response. 

A different investigation found that differing morphologies of nickel selenide (nanosheets (NS) 

and nanoflakes) resulted in dissimilar overpotential values [48]. Wang et al. [44] synthesised 

selenium-enriched NiSe2 nanosheets which exhibited reduced overpotential values due to the 

excess selenium on the catalyst’s surface, which has a significantly lower hydrogen adsorption 

energy than the Ni atom. As a result of this, the catalytic reaction was enhanced [44,48,77,95]. 

The experimental conditions used to synthesise nickel selenide have been optimized to produce 

better application outcomes. Due to the comparatively low conductivity of nickel selenide, 

several compounds have been utilised to increase this property. For example, porous NF was 

incorporated into the matrix of NiSe which resulted in an increased surface area, conductivity, 

and electrical performance [76]. 

When cobalt and reduced graphene oxide were used to modify nickel selenide, Xu et al. [77] 

obtained similar results. Cobalt doping on NiSe supported on reduced graphene oxide (RGO) 

lowers particle aggregation. Cobalt contributes to the enhancement of the electronic structure 

of Ni0.8Se, which leads to an increase in the conductivity. Alternatively, the RGO contributes 

to the uniform distribution of the nanoparticles, hence increasing the number of catalytic active 

sites. The electrolysis rate is greatly improved by the catalyst as a result of the system’s reduced 

impedance to electron transfer. Wang et al. [47], on the other hand, obtained poor 

electrocatalytic results when they employed RGO-PI/CNT during modification. These results 

are comparable to those found using NiSe as a catalyst [95]. These findings could be explained 
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by the fact that different synthesis methods were used, resulting in nanoparticles of varying 

sizes. The high HER results obtained by Wang et al. [47] after the incorporation of CNTs in 

the matrix of NiSe were due to the strong interaction between these two components. Du et al. 

[78] stated that one-dimensional materials such as CNTs have superior electrocatalytic 

characteristics, facilitating rapid axial charge transfer. The highly porous carbon nanotubes 

enhanced the electrocatalytic reaction's conductivity and surface area. According to Hussain et 

al. [41], the best results for HER occur in acidic media whereas Zhou et al. [76] assert that an 

alkali media is optimal because catalysts are corroded by acid. The majority of HER have been 

conducted in acidic environments, and only few in alkali conditions. Additional studies in alkali 

environments is necessary to determine which environment produces the most favourable 

outcomes [77]. 

Table 2. 3: Different NiSe electrocatalysts used in HER 

Catalyst Overpotential 

(mV) 

Tafel slope  

(mV dec-1) 

Solution  Ref 

NiSe 272 64 0.5 M H2SO4 [95] 

Ni0.85Se 270 81 0.5 M H2SO4 [77] 

NiSe2-NS 117 32 Acidic water [44] 

NiSe2-NS 198 72.1 0.5 M H2SO4 [48] 

NiSe2 nanoflakes 217 28.6 0.5 M H2SO4 [48] 

NiSe2/Ni 143 49 0.5 M H2SO4 [76] 

Ni0.8Se/RGO 182 62 0.5 M H2SO4 [77] 

Co-Ni0.8Se/RGO 148 49 0.5 M H2SO4 [77] 

NiSe-RGO-PI/CNT 270 61 0.5 M H2SO4 [47] 

 

2.4.2 In OER 

Four electrons are transferred during the OER to form the oxygen-oxygen bond. The reaction 

is strongly pH-dependent and exhibits high overpotentials. Figure 2.4 illustrates the OER 

mechanism in acidic and basic media. Four hydroxide ions are converted to dioxygen and water 

in neutral and alkaline conditions, whereas two water molecules are converted to protons and 

oxygen molecules in acidic media [96]. 
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Figure 2. 4. OER mechanism in basic and acidic media [96]. 

 
There are only a few reports on the use of nickel selenide and related derivatives in OER as 

shown in Table 2.4. Zhang et al. [80] demonstrated the use of NiSe2 nanoparticles with an 

octahedral shape and reported that a 375 mV overpotential was employed to produce a current 

density of 10 mA cm-2 and a Tafel slope of 89.36 mV dec-1, in comparison to lower values 

achieved using NiSe2 nanosheets having a porous structure [97].  

To improve the electrochemical performance of the catalysts, they were modified with various 

nanomaterials. The use of heteroatoms to dope Ni selenides significantly improves the 

electrocatalytic performance of OER and total water splitting [79]. This is because the electric 

conductivity has been increased through intermediate bond modification and the presence of 

additional active sites [79,80,97]. The process's better performance can be attributed to charge 

delocalization between the metal cations [78]. Fe doping to generate iron-nickel-selenide/Ni 

foam (FeNiSe/NF) for use as an electrocatalyst for OER in alkaline media resulted in much 

higher overpotential, current density and Tafel slope values than Fe7.4 %NiSe/NF, as shown in 

Table 4. The NF acted as a supporting structure [79]. Despite the fact that the synthesis was 

done using the same solvothermal process, the nanorods formed had varying diameters. Iron-

nickel-selenide/Ni foam nanorods had much smaller diameters in comparison to those of Fe7.4 

%NiSe/NF which justifies the significant differences in the electrocatalysis results. outcomes. 
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The smaller the nanoparticles, the larger the surface area and the more exposed catalytic sites. 

Additionally, incorporating Fe into the catalyst's synthesis improved the catalyst's electrical 

conductivity, promoted electron mobility, and increased the catalyst's contact surface with the 

electrolyte. 

The use of highly porous Ni0.75Fe0.25Se2 with a large surface area resulted in satisfactory OER 

results as indicated in the table. A relatively low Tafel slope of 47.2 mV dec-1 [97] was achieved 

compared to 89.36 mV dec-1 [80] when unmodified nickel selenide was used. The formation of 

gas bubbles on the electrode which impedes the transfer of electrons was inhibited by the highly 

porous quality of the catalyst, resulting in improved electrocatalytic outcomes [78,79,97]. 

Cobalt modification to obtain Fe0.08Co0.09Ni0.83Se2 produced relatively poor electrocatalytic 

results. The unsatisfactory outcomes could be attributed to the reduced surface area and big 

particles around 500 nm. These results were comparable to those obtained using pure Ni3Se2, 

with nanoparticles sizes up to 2000 nm. When electrocatalysts are modified with iron or cobalt, 

electron transfer resistance must be lowered [80,92]. The analogues of various NiSe 

morphologies for OER applications are listed in Table 2.4. 

Table 2. 4: Different nickel selenide electrocatalysts used in OER 

Catalyst Overpotential 

(mV) 

Current density 

(mAcm-2) 

Tafel slope  

(mV dec-1) 

Solution  Ref 

NiSe2 375 10 89.36 1 M KOH [80] 

NiSe2-NS 323 10 83.6 1 M KOH [97] 

Ni3Se2 290 10 97 0.3 M KOH [92] 

FeNiSe/NF 290 60 61.0 1 M KOH [78] 

Fe7.4 %NiSe/NF 231 50 43.0 1 M KOH  [79] 

Fe0.08Co0.09Ni0.83Se2 268 10 57.53 1 M KOH [80] 

Ni0.75Fe0.25Se2 255 35 47.2 1 M KOH [97] 

 

2.4.3 As counter electrode in solar cells 

Solar power is a non-polluting and renewable energy source that has received a lot of attention 

in recent years. The sun's heat is turned directly into electricity. The downsides of typical 

silicon solar cells include the expensive module costs and the complexity of the manufacturing 

process. These drawbacks have limited their use in residential and industrial applications. 

Many scientists have been attracted to dye-sensitized solar cells (DSSCs) due to their efficient 
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conversion of light to electricity, ease of fabrication, low manufacturing costs, and 

environmental friendliness [98–100]. 

The primary components of a DSSC device are a semiconductor, an electrolyte solution based 

on I3
-/I-, and a counter electrode (CE) that catalyses the reduction of triiodide ions to iodide 

ions. Various metal selenides, carbon nanomaterials [101], conductive polymers [102,103] 

carbides [104], and nitrides [105] are some of the famous materials that have been employed 

as CEs. The triiodide/iodide electrolyte contains two redox couples: 

          Left redox pair: 𝐼3− + 2𝑒−  ⇌ 3𝐼−        (3) 

         Right redox pair: 3𝐼−  + 2𝑒−  ⇌ 2𝐼3−
         (4) 

The charge transfer resistance (Rct) is proportional to the material’s catalytic property where a 

low Rct value enhances electron transport and minimises electron-hole pair recombination 

[106]. Power conversion efficiency (PCE) is another crucial component to consider. The PCE 

indicates a solar cell's overall performance whereas the short-circuit current density (Jsc) 

indicates the current that flows through the solar cell, and it is independent of the solar area 

when the voltage is zero. Numerous papers on the use of NiSe and its modifications for DSSCs 

have been published in the literature. For example, Wu et al. [63] employed NiSe-1 as the CE 

for the DSCC. The NiSe-1 had an average diameter, Jsc, Rct, and PCE values of 70 nm, 14.86 

mA cm-2, 1.14 Ω and 7.82%, respectively. The poor electrocatalytic performance may be a 

result of the aggregation of NiSe nanoparticles, that in turn inhibited the reduction activity. As 

a result, NiSe must be modified to mitigate the agglomeration effects and it contributes 

significantly to the enhancement of the catalysts properties [107].  

Wei et al. [106] synthesised Ni0.5Fe0.5Se2 by doping NiSe with Fe which produced particles 

with sizes of 20 nm, JSC, Rct, and PCE values of 15.03 mA cm-2, 0.68 Ω and 7.89 %, respectively. 

Also, Wei et al. [108] got a particle size of 20 nm for Fe-Ni0.85Se nanocomposite but obtained 

greater short-circuit current density and power conversion efficiency values, with a small 

decrease in charge transfer resistance by 0.01 Ω. Generally, the iron-modified catalyst 

outperformed the NiSe-1 catalyst in terms of electrochemical performance. This is because of 

the material’s nanostructure, which enhances the catalyst’s surface area. Additionally, metal 

insertion into the catalyst might result in homo or heterojunction, which aids in the modification 

of the electronic structure, improve the catalyst’s conductivity, allow rapid transfer of charge, 

and enhance its performance. The lower charge transfer coefficients facilitate rapid electron 

transport from CE to electrolyte [63,106,108]. 
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Another paper described the production of NiSe/GN0.5 using graphene. The nanocomposite 

exhibited exceptional PCE and JSC values [107]. This was due to the graphene being uniformly 

distributed on the surface of NiSe, preventing it from aggregating. Thus, good nanoparticle 

distribution is required for the reduction of triiodide to iodide. However, the use of high 

graphene content may lead to reduced electron transport and an increase in Rct. Thus, it is 

necessary to optimise the amount of graphene loaded [107,109]. 

Co modification to form Ni0.33Co0.67Se [110] produced remarkable results as shown in Table 

2. 5. The nanocatalyst’s superior performance is a result of the synergistic effects of Ni and Co 

ions. Furthermore, the porous character of cobalt/nickel-based selenides contributes to the 

electrocatalytic reduction of triiodide by offering alternate diffusion pathways for the redox 

reaction. 

As Murugadoss et al. [109] showed, the addition of graphene to produce Co0.5Ni0.5Se/GN0.5 

significantly improves its electrocatalytic characteristics. In this case, the CE achieved a greater 

PCE of 9.42% [109–112]. Due to the exceptional features of quantum dots (QD), quantum dot 

sensitised solar cells (QDSSCs) have been discovered as prospective candidates for third-

generation solar cells. Zinc selenide, cadmium selenide and cadmium telluride are examples of 

QD that have been used in solar cells. Despite their highly valued properties, QD have been 

shown to be less efficient in QDSSCs than DSSCs. To our knowledge, there are just a few 

studies in the literature describing the development or improvement of CEs [70,113–115]. 

Therefore, more research and development efforts should be made in this area. Table 2.5 

summarises the use of NiSe and its composites as counter electrodes in solar cells. 

Table 2. 5: Comparison of NiSe-based CEs in DSSCs. 

CE Average size of  

nanomaterial (nm) 

JSC 

(mA cm-2) 

Rct  

(Ω) 

PCE, CE 

(%) 

REF 

NiSe-1 70 14.86 1.14 7.82 [63] 

Ni0.5Fe0.5Se2 20 15.03 0.68 7.89 [106] 

10% Fe- Ni0.85Se 20 16.56 0.67 8.57 [108] 

NiSe/GN0.5 16 16.73 1.92 8.62 [107] 

Co0.42Ni0.58Se 200 14.29 2.95 6.15 [112] 

Ni0.33Co0.67Se 100 17.29 1.11 9.01 [110] 

Co0.5Ni0.5Se/GN0.5 - 18.33 1.79 9.42 [109] 
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2.4.4 In urea conversion 

Urea is considered a promising energy source due to its high stability, high energy density, vast 

reserves, high hydrogen content, and ease of storage and transportation [116,117]. Notably, 

urea is regarded as an advanced carrier of hydrogen due to its lower cell potential (0.37 V) 

compared to that of the water-splitting reaction (1.23 V) [116,118]. Equations 2.5 and 2.6 

illustrate the electrooxidation of urea [119]: 

Anodic reaction: 𝐶𝑂(𝑁𝐻2)2  + 6𝑂𝐻−  →  𝑁2  + 𝐶𝑂2  + 5𝐻2𝑂 + 6𝑒−  Eθ = −0.746 V    (2.5) 

Cathodic reaction: 6𝐻2𝑂 + 6𝑒−  → 3𝐻2  + 6𝑂𝐻−                 Eθ = − 0.83 V         (2.6) 

The reaction that takes place at the anode results in the production of nitrogen and carbon 

dioxide. The cathodic process produces hydroxide ions and hydrogen gas, that can be utilised 

as energy. 

Notably, this process can be used to generate energy while simultaneously resolving the 

contamination of water [83,119]. However, due to the intricate process of transferring multiple 

electrons, this oxidation reaction has sluggish kinetics and requires catalysts that are 

inexpensive, highly stable, and efficient. Latest investigations have demonstrated that Ni 

composites exhibit remarkable electrocatalytic capabilities for urea oxidation in basic 

environments, with the reaction taking place on NiOOH active sites. For instance, Xinrang et 

al. [119] discussed the use of several of these materials in urea electrolysis and fuel cells. 

Regrettably, there have been few reports on the application of nickel selenide in this field of 

study. The electrolysis of urea using NiSe2/NF is shown in Figure 2.5. 

 

 

Figure 2. 5. Electrolysis of urea using NiSe2/NF [83]. 
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For the urea electrooxidation reaction (UOR), Xiong et al. [83] employed NiSe2 nanoflakes and 

achieved remarkable electrocatalytic results. A 20 mV dec-1 Tafel slope, a potential of 324 mV 

to drive 10 mA cm-2, and a charge transfer resistance of 4.5 Ω were obtained. The nanoflakes’ 

extraordinary electrocatalytic effectiveness was attributed to their bumpy or uneven surface 

which results in an increase in the number of active sites. A different study discussed the 

application of NiSe nanoparticles/NF, NiSe nanowires/NF, and Se-Ni(OH)2@NiSe/NF to 

generate a current density of 100 mA cm-2 [120], and potentials of 392 mV, 384 mV, and 366 

mV were needed, correspondingly. Se-Ni(OH)2@NiSe/NF demonstrated the smallest Rct 

compared to the other compounds. The small Rct obtained was attributed to the structure's 

unique core-shell configuration, in which the nickel selenide core’s high conductivity enables 

fast electron transport while Se-Ni(OH)2 shell exposes numerous active sites for the reaction. 

Furthermore, the use of Se-Ni(OH)2 as an electrocatalyst resulted in the CO2 adsorption and 

desorption barriers decreasing, thus enhancing the kinetics of electron transport. 

 

2.4.5 In glucose sensing  

While this chapter focused on the environmental uses of NiSe, a few articles have been 

published in which it has been used for glucose detection. Diabetes mellitus is a major cause 

of death and disability throughout the world [65]. It is a metabolic disorder in which the body 

is unable to control the level of glucose in the blood due to pancreatic dysfunction [65,121]. 

As a result, it is critical to develop very sensitive sensors, that allow for rapid electron 

movement, and low detection limits.  

Sensors not based on enzymes are frequently used compared to enzymatic-based sensors due 

to their costly prices, the complexity of immobilising the biomolecule on the electrode, and the 

diminution of the enzyme's function [65,122,123]. Mani et al. [65] demonstrated the 

application of a nickel selenide nanosheets modified glassy carbon electrode for glucose 

detection and attained 1.57 µA µM-1 cm-2 sensitivity and a detection limit of 23 nM. Another 

study reported having achieved a detection limit of 40 nM and sensitivity of 5.962 µA µ M-1 

cm-2 after using nickel selenide nanosheet arrays on nickel form [64]. The outstanding sensing 

properties may be attributed to the high surface area, catalytic activity and conductivity, which 

were achieved through synergistic interactions between nickel selenide and the nickel form 

[64]. Furthermore, using small amounts of polymer binders could result in negligible or no 

overpotentials. 
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2.5 Chromatographic methods for the detection of nevirapine 

Nevirapine (NVP) is one of the most commonly prescribed antiretrovirals worldwide [124]. 

Nevirapine has been detected in the past using several chromatographic methods. The majority 

of reported methods used solid-phase extraction for isolation and a chromatographic technique 

for the determination of the analytes. Table 2.6 shows various chromatographic techniques 

previously used for NVP determination. Using liquid chromatography coupled to (tandem) 

mass spectrometry (LC-MS/MS), Rimayi et al. [125,126] detected NVP concentrations of 55 

ng/L and 71 ng/L in dam water and river water in South Africa, respectively. The method had 

a 0.2 ng/L limit of detection (LOD). Wooding et al. [127] detected NVP concentrations greater 

than 148 ng/L and obtained a LOD of 44.4 ng/L using the same technique. In another study, 

Abafe et al. [128] detected 1900 ng/L NVP in wastewater treatment plant effluent using the 

same technique but obtained a LOD of 6 ng/L. When gas chromatography-time of flight mass 

spectrometry (GC-TOFMS) was used to determine NVP concentration in WWTP effluent, a 

concentration of 350 ng/L was obtained and the method LOD was found to be 1.8 ng/L. GC-

TOFMS has been demonstrated to be a feasible alternative to LC-MS/MS in terms of reliability, 

robustness and sensitivity [129]. Yao et al. [130] detected very low concentrations of NVP, in 

the range of 0.32-1.86 ng/L in a WWTP in China using an Ultrahigh performance liquid 

chromatography system coupled to a triple quadrupole mass spectrometry, with electrospray 

ionization (ESI) (UPLC-ESI-MS/MS). A low LOD of 0.13 ng/L was obtained. Generally, 

higher concentrations of NVP have been detected in South African WWTPs compared to China 

and other countries such as Germany or Finland. According to the World Health Organisation 

(WHO) statistics for 2020, around 25.4 million people in Africa are anticipated to be living 

with HIV/AIDS, which may result in the large usage of ARVs and subsequent high detection 

levels in WWTPs [130]. These afore-mentioned analytical techniques offer high precision, 

sensitivity, accuracy and selectivity. They have been proven to be effective at detecting a broad 

spectrum of ARVs at low concentrations in a variety of environmental matrices [131–133]. 

However, these techniques are often overpriced, need sophisticated equipment, demand 

extensive sample preparation procedures, require trained personnel, and the lengthy analysis 

time limits the scope of their application. Electrochemical techniques are relatively cost-

effective, simple, reliable, sensitive, and fast alternatives to other methods for determining a 

wide variety of electroactive compounds [11,134–137]. Additionally, electrochemical methods 

offer high precision, wide liner ranges, low detection limits, portability, and often require small 

sample volumes [138]. 
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Table 2. 6: Chromatographic techniques used for NVP determination 

Detection method Matrix LOD Ref 

LC-MS/MS River water 0.2 ng/L [125] 

LC-MS/MS Dam water 0.2 ng/L [125] 

LC-MS/MS Dam water 44.4 ng/L [127] 

LC-MS/MS WWTP effluent 6 ng/L [128] 

GC-TOFMS WWTP effluent 1.8 ng/L [129] 

UHPLC-ESI-MS/MS WWTP effluent 0.13 ng/L [130] 

 

2.6 Electrochemical techniques for the detection of nevirapine 

Various electrochemical techniques have been applied in the detection of NVP in urine [139], 

human serum [134], pharmaceutical formulations [139], and various electrolyte solutions such 

as phosphate buffer solutions (PBS), sodium hydroxide (NaOH), and Britton Robinson buffer 

(BR) as seen in Table 2.7. NVP detection is mostly focused on differential pulse voltammetry 

(DPV), which is usually carried out in PBS or NaOH solutions of different pH values. Teradal 

et al. [140] determined NVP in PBS at pH 10 using a bare glassy carbon electrode (GCE), 

obtaining a limit of detection of 1.026 µM, compared to 0.003 µM when Castro et al. [141] 

utilised a thin film mercury-modified glassy carbon electrode (Hg/GCE) in a sodium hydroxide 

solution pH 11.3. The large difference in the LOD values may be attributed to the presence of 

a thin film of mercury on the surface of the electrode. Electrode modification has enabled the 

development of novel electrodes for electroanalytical applications. It results in increased 

selectivity, improved sensitivity, and stability of the electrode response that could not be 

achieved using bare electrodes [134]. Modified electrodes have several advantages over macro 

electrodes, including a larger electroactive surface area, improved electron transfer, and surface 

electrocatalysis [135,139,142]. Limits of detection of 0.066 µM and 0.050 µM were obtained 

when a copper oxide nanoparticles-carbon nanoparticles-modified glassy carbon electrode 

(CuO/CNPs/GCE) and palladium nanoparticles supported reduced graphene oxide decorated 

with molybdenum disulfide quantum dots-modified glassy carbon electrode 

(Pd@rGO/MoS2QD/GCE) were used to determine NVP in 2 different buffers, LODs of 

respectively [134,143]. According to Shahrokhian et al. [134], the roughness of the CuO-CNP 

layer resulted in a significant increase in the electrode’s active surface area, which influenced 

the sensitivity of the voltammetric measurements. On the other hand, Tiwari et al. [143] stated 

that there was a possibility of π-π conjugation and hydrophobic interaction between the rings 
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of Pd@rGO and the aromatic rings of NVP, which may have resulted in rapid electron transfer 

processes. The MoS2QD enhanced the surface area and catalytic activity of the sensor. The 

electrode modification using titanium oxide/graphene nanoribbons (TiO2/GNR) resulted in a 

highly selective sensor with good reproducibility due to the synergic catalytic properties of 

TiO2 and GNR [142]. In another study, a limit of detection of 0.0036 was achieved using three-

dimensional cubic europium (Eu)3+/cuprous oxide-modified glassy carbon electrode 

(Eu3+/Cu2O/GCE) [137]. For the determination of NVP in basic media, the modification of the 

carbon paste electrode with uracil (Ura), molecularly imprinted polymer (MIP) [138], and 

bismuth oxide (Bi2O3) [139] resulted in LODs of 0.05, 0.01, and 0.11 µM, respectively. The 

gold nanoparticles/poly(methylene-blue)/multi-walled carbon nanotubes/Graphite electrode 

(AuNPs/p((MB)/MWCNTs/GE) sensor had a LOD of 0.053 µM, which is comparable to the 

LODs of Pd@rGO/MoS2QD/GCE and Ura/CPE. NVP has been successfully detected using 

various electrode materials, but as of current, not on a NiSe2QD modified gold electrode. 

Additionally, there is a limited applicability for these sensors in real wastewater samples that 

has to be investigated. Therefore, this study aims to detect NVP directly in wastewater, an area 

that is still underexplored. The NiSe2QD modified gold electrode for NVP detection could 

provide a highly sensitive platform with low detection limits. 

Table 2. 7: Comparison of the analytical performances of different electrodes in NVP 

determination. 

Working electrode Technique Buffer, 

pH 

LR 

(µM) 

LOD 

(µM) 

Matrix Ref 

GCE DPV PBS, 10  5.0-350 1.026 NVP tablets, human 

urine and serum 

[140] 

Hg/GCE ASV NaOH, 

11.3  

0.04-0.5 0.003 NVP tablets [141] 

CuO/CNPs/GCE CV, LSV BR, 7 0.1-100 0.066 Human serum [134] 

Pd@rGO/MoS2QD/ 

GCE 

DPV PBS, 10 0.1-80 0.050 Human serum [143] 

TiO2/GNR/GCE DPV PBS, 11 0.020-

0.14 

0.043 NVP formulation [142] 
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Eu3+/Cu2O/GCE CV, DPV PBS, 11 0.01-750 0.0036 NVP tablets, human 

serum 

[137] 

Ura/CPE DPV NaOH, 13 0.1-70 0.050 Human serum [144] 

MIP/CPE SWSV PBS, 11 0.05-300 0.010 NVP tablets, human 

serum 

[138] 

CPE-Bi2O3 DPV PBS, 8 0.05-50 0.110 NVP tablets, human 

urine and serum 

[139] 

AuNPs/p((MB)/ 

MWCNTs/GE 

DPASV PBS, 11 0.1-50 0.053 NVP tablets 

Human serum 

[135] 

ASV, Adsorptive stripping voltammetry; LSV, Linear sweep voltammetry; SWSV, square 

wave stripping voltammetry; DPASV, differential pulse anodic stripping voltammetry. 
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CHAPTER THREE 

 
EXPERIMENTAL METHODOLOGY 

 
Summary 

This chapter gives details of all the chemical reagents used in the preparation of the NiSe2QD 

materials and the characterisation techniques employed to study the properties of the QD 

materials. Herein, various capping agents including 3- mercaptopropionic acid (3-MPA) and 

banana peel extract (BPE), were utilised for this study. Surface functionalisation of the QD 

materials is very important as it aids in the stability of the nanomaterials, prevents 

agglomeration and enhances the optoelectronic properties of the QD [1,2]. The 3-MPA 

contains the thiol and carboxylic acid groups [3], whereas the BPE has been reported to 

contain several functional groups, including hydroxyls, amines, and carboxylic acids [4]. 

These functional groups are suitable for binding onto the surface of the QD. The aqueous 

colloidal synthesis approach was chosen for this research because of its unique qualities, 

which include monodispersity, high crystallinity, chemical integrity, and specificity, as well as 

the ability to further functionalize QD materials [5]. The synthesised QD materials were used 

for the electro-oxidation of the analyte (nevirapine). Characterisation techniques employed to 

study the properties of the as-synthesised of 3-MPA-NiSe2QD or BPE-NiSe2QD include High-

resolution transmission microscopy and Small-angle X-ray scattering for particle size and 

internal structure analysis, X-ray diffraction for crystallinity studies, High-resolution scanning 

electron microscopy for studying the surface morphology, Energy-dispersive X-ray 

spectroscopy for elemental analysis, Fourier transform infrared spectroscopy and Raman 

spectroscopy for functional group analysis and vibrational studies. Ultraviolet-visible 

spectroscopy and Photoluminescence were utilised for optical studies. Differential pulse 

voltammetry was used for electrochemistry studies. The modified electrodes, 3-MPA-

NiSe2QD/L-Cyst/Au and Au/BPE-NiSe2QD/Nafion were used in the determination of NVP in 

0.1 M PBS pH 7.4. The selectivity of the electrochemical sensors was investigated in the 

presence of interfering species such as tenofovir, diclofenac and 1-ethyl-3-(3-dimethyl 

aminopropyl) carbodiimide hydrochloride (EDC). The proposed sensors were also used to 

determine NVP concentration in real wastewater samples.     

 

3. Characterisation Techniques 
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3.1 Spectroscopic techniques 

Spectroscopic techniques are highly sensitive and non-destructive techniques used to study the 

properties of various samples using radiated energy. These techniques are based on the 

interaction between light and matter [6]. Very small sample volumes are required when using 

these techniques, and no complex sample preparation is involved. 

 

3.1.1 Ultraviolet-visible spectroscopy (UV-Vis) 

UV-Vis is an analytical technique used to obtain the absorbance spectra of a compound in an 

aqueous solution or a solid. It measures the absorbance or transmittance of light [7]. The 

amount of light absorbed by the sample at a given wavelength can be calculated by comparing 

the electromagnetic radiation entering the sample, also known as incident radiation (I0) and the 

transmitted radiation (I). The concentration of known solutes can then be calculated using Beer-

Lambert’s law, which states that the absorbance is directly proportional to the concentration of 

the absorbing species and the path length of the absorbing medium given by equation 3.1 [7–

9]. 

𝐴 =  log10  (
𝐼0

𝐼
) =  𝜀 × 𝑐 × 𝑙           (3.1) 

Where A is the measured absorbance, I0 is the incident radiation, I is transmitted radiation, ε is 

the molar absorbtivity (L mol-1cm-1), c is the concentration of the absorbing species in (mol /L) 

and l is the path length (cm). 

When light passes through a sample, the energy from the light excites an electron from a lower 

energy state to a higher energy orbital. The energy that is required to move from a lower energy 

state (E1) to a higher energy state (E2) must be equal to the energy of the electromagnetic 

radiation that causes this transition (electronic bandgap). Therefore, the electronic bandgap can 

be calculated using equation (3.2) [7]. In the present study, UV-vis spectroscopy was used to 

study the optical properties of the capping agents, metal precursors, and the synthesised 3-MPA 

and BPE-capped NiSe2QD. UV-vis experiments were conducted on PerkinElmer UV–Vis 

spectrometer Lambda 6505 (South Africa) in the range of 250 to 800 nm. About 100 µL of the 

sample was diluted with 2 400 µL of distilled water in a quartz cuvette. 

𝐸2 − 𝐸1 = 𝐸 =
ℎ𝑐

λ 
           (3.2) 

Where E is the energy absorbed, h is the universal Planck’s constant, ν is the frequency of 

incident light, c is the speed of light and λ is the wavelength. 

 
3.1.2 Fourier transform infrared spectroscopy (FTIR) 
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FTIR is an effective and very powerful tool used to study the interaction between molecules 

and provides information on the presence of specific functional groups in a compound. This 

technique can be used to analyse both organic and inorganic substances quantitatively and 

qualitatively. The FTIR spectrum is recorded between 400 cm-1 and 4000 cm-1. In this study, 

the FTIR instrument was used for the characterisation of the different capping agents and the 

prepared QD. The FTIR studies were performed on the PerkinElmer FTIR spectrometer 

Frontier using the KBr pellet method in the range of 400 cm−1 to 4000 cm−1. The samples were 

mixed with KBR and dried in a vacuum oven at 60 ℃ overnight. The dried powder was then 

ground and pressed to a thin pellet before analysis. 

 

3.1.3 Raman spectroscopy 

Raman spectroscopy is a powerful spectroscopic technique used to investigate the vibrational, 

rotational and other resonant modes in samples. Raman spectroscopic studies of the synthesised 

QD were performed at an excitation wavelength of 532 nm on a WiTec Raman spectrometer 

(Alpha 300, TS 150) at 100× magnification. Samples were analysed on a glass slide. 

 

3.1.4 Photoluminescence spectroscopy (PL) 

Photoluminescence is the emission of light by any matter following photon absorption. In 

simpler terms, it is a process of excitation and emission. This technique is used to study the 

optoelectronic properties of materials. The Photoluminescence (PL) studies were performed 

using a Horiba NanoLog™ 3-22- TRIAX (Horiba Instrument Incorporated, Piscataway, NJ, 

USA), with double grating excitation and emission monochromators. The excitation 

wavelength used was obtained from UV-Vis.  

 

3.2 Microscopic techniques 

Microscopic techniques were used to determine the size and shape of the synthesised QD. 

 

3.2.1 High-resolution scanning electron microscopy (HR-SEM) and Energy-dispersive X-

ray spectroscopy (EDX) 

HR-SEM is a microscopic technique that uses an accelerated beam of electrons to generate 

diverse signals at the surface of the specimen. EDX was used for elemental analysis [10]. HR-

SEM and EDX were used to determine the surface morphology and elemental characterisation 

of the as-synthesised 3-MPA-NiSe2QD. The samples for HR-SEM were prepared on clean 

glass slides. Known volumes of the sample (10 µL) were dropped onto the slide and allowed 
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to dry at room temperature before coating them using an Agar Turbo gold coater. A JEOL 

JSM-IT300 series SEM was used to capture images. A JEOL JSM-7800FLV field emission 

scanning electron microscope was used for the characterisation of BPE-NiSe2QD. An energy 

dispersive X-ray spectrometry (EDX) (Oxford X-MAXN) coupled to SEM was used for 

chemical composition analysis. 

 

3.2.2 High-resolution Transmission electron microscopy (HR-TEM) 

HR-TEM is a highly sophisticated instrument that offers crystallographic information about 

the specimen at the atomic level. HR-TEM manipulates an electron beam generated at a high 

potential in an electrically heated filament using a series of electromagnetic lenses [11]. This 

beam of electrons is transferred through an ultra-thin sample, resulting in an image being 

formed due to the interaction between the sample and the electrons. In this study, the HR-TEM 

was used to determine the size and shape of the prepared QD. HR-TEM images were recorded 

using a Tecnai G2 F20X-Twin MAT operated at an accelerating voltage of 200 kV from FEI 

(Eindhoven, Netherlands). Before analysis, the liquid samples of the quantum dots were 

preconcentrated at 14 000 rpm for 30 min. Thereafter, the resulting solution was dispersed in 

ethanol and sonicated for 10 min. A small drop of the dilute solution of the quantum dots was 

placed on a copper-coated grid for HRTEM and was allowed to air dry. 

 

3.3 X-Ray Diffraction (XRD) 

XRD is a versatile, non-destructive technique that is based on the diffraction of X-rays by 

matter. It is used for phase identification and the determination of the crystalline structure, 

crystal size, and chemical composition of materials [12]. A diffraction pattern is generated 

when a material is irradiated with X-rays. Bragg’s Law equation (3.3) establishes a simple 

requirement under which a diffracted beam can be observed. It explains why cleavage faces of 

crystals reflect X-ray beams at certain incident angles (θ). The variable d denotes spacing 

between atomic layers, λ is the wavelength of the X-ray and n is an integer. Figure 3.4 is a 

schematic representation of XRD. Only diffracted waves that satisfy Bragg’s Law form a 

diffraction pattern [13]. 

𝑛𝜆 = 2𝑑 sin 𝜃            (3.3) 

The Debye-Scherrer equation (3.4) can be used to calculate the crystallite size [14]. 

𝑑 =
𝐾 λ

𝛽 cos 𝜃
    (3.4) 
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Where d is the crystallite size, K is a constant crystalline shape factor, λ is the X-ray 

wavelength, β is the full-width half-maximum (FWHM), and θ is the angle of reflection. 

In this study, p-XRD was used to investigate the crystallinity of 3-MPA-NiSe2QD and BPE-

NiSe2QD using a PANanalytical XRD machine. The MATCH and Diamond softwares were 

used for analysis.  

 

3.4 Small-angle X-ray scattering (SAXS) 

SAXS has been extensively used to obtain valuable information about the size, shape, and 

structure of colloidal particles [15]. SAXSdrive software is used to collect the scattering curve. 

The scattering pattern of the reference (blank) is also captured and then subtracted from the 

scattering pattern of the sample solution, leaving only the signal from the target particles. The 

resulting scattering curve is then used for data analysis to obtain valuable information about 

the size or shape of the particles [16]. SAXStreat and SAXSquant are two programs that are 

used for data processing and evaluation. SAXStreat software is used for data reduction and to 

calibrate the position of the primary beam. Further processing of the date including solvent 

subtraction and de-smearing is performed in SAXSquant. The GIFT (Generalized Indirect 

Fourier Transformation) software is used to Fourier transform the scattering data to obtain the 

pair distance distribution function (PDDF) and size distribution curves [3,17]. The structure 

and sizes of the prepared 3-MPA capped NiSe2QD and BPE capped NiSe2QD were determined 

using the SAXSpace instrument (Anton Paar, GmbH, North Ryde, Australia) using 35 µL 

liquid sample in a 1mm diameter quartz capillary. The temperature was controlled at 20 ℃ and 

five frames were acquired for each measurement at 60 s exposure time and averaged. The 

measurements for deionised water which was used as the reference material were obtained 

under the same conditions as the QD. 

 

3.5 Electrochemical techniques 

Electrochemical sensors have attracted a great deal of interest in many fields such as analytical 

chemistry, clinical diagnosis, environmental monitoring, and industrial processes due to their 

quick response, ease of operation, high selectivity, portability, energy efficiency, and cost-

effectiveness [18,19]. The redox properties of the electrochemical sensor and their prospective 

platform components at the electrode surface, which occur when a potential is applied were 

investigated using electrochemical techniques. Differential pulse voltammetry (DPV) was 

employed to measure the electrochemical properties of 3-MPA capped NiSe2QD, BPE capped 

NiSe2QD, and some precursors using a Palmsens 3 Compact Electrochemical Interfaces 
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Potentiostat. DPV is a voltammetric technique that monitors current changes against applied 

voltages. It is similar to square wave voltammetry but more sensitive than cyclic voltammetry. 

It has been identified as a useful tool in the rapid and sensitive detection of analytes in 

electroanalytical chemistry. The basic components of a modern electrochemical system are a 

potentiostat, a computer and an electrochemical cell, as shown in Figure 3.1. Electrochemical 

measurements are carried out in an electrochemical cell that consists of an ionic electrolyte, a 

dissolved sample in a solvent, and a three-electrode system. The three-electrode system 

constitutes a counter electrode (CE), a reference electrode (RE) and a working electrode (WE) 

[20]. The working electrode is the main component of the electrochemical system where the 

reaction of interest takes place [20]. It is where the redox properties of the analyte under 

investigation occurs. 

 

 

Figure 3. 1 A typical representation of the three-electrode system set-up. 

3.6 Materials and methods 

 

3.6.1 Chemical reagents 
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Nickel chloride hexahydrate (NiCl2.6H2O, 98%), Selenium powder (Se, ≥ 99.5 %), N-

hydroxysuccinimide (NHS, 98 %), 1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide 

hydrochloride (EDC, ≥98 % ), L-cysteine (≥ 98.5 %), Sodium borohydride (NaBH4, ≥ 96 %), 

3- Mercaptopropionic acid (3-MPA, ≥ 99%), sodium chloride (NaCl, ≥ 99.5 %), disodium 

hydrogen phosphate dibasic (Na2HPO4.2H2O, ≥ 99.5 %), Sodium phosphate monobasic 

dihydrate (H2NaPO4.2H2O, ≥ 99 % ) and Nevirapine 50 mg (NVP, ≥ 98%) were purchased 

from Sigma-Aldrich, South Africa. Sodium hydroxide (NaOH, 99.95 %) was purchased from 

Promark Chemicals, South Africa. All the chemicals used in the experiments were of analytical 

grade and were used as purchased without further purification. Banana peels were sourced 

locally at a supermarket (Shoprite, South Africa). The drugs used for interference studies, 

Diclofenac sodium salt (C14H10Cl2 NNaO2), and Tenofovir (C9H14N5O4P, ≥ 98 %) were 

purchased from Sigma Aldrich, South Africa. A phosphate buffer solution (PBS, 0.1 M, pH 

7.4) was chosen as the supporting electrolyte. NVP stock solution was prepared by dissolving 

2mg of NVP in ethanol. The solution was ultrasonicated at room temperature and kept in a 

clean polytope as the NVP stock solution. The working solutions were prepared by appropriate 

dilutions of the stock solution with 0.1 M PBS at pH 7.4. Both the stock and working solutions 

were kept at room temperature when not in use. However, the buffer solution was kept in the 

refrigerator at 4 °C. 

 

3.6.2 Preparation of BPE 

The BPE was prepared according to a previously reported method [4,21]. The banana peels 

were washed thoroughly with deionised water and then dried with a paper towel. About 10 g 

of the peels were weighed and then boiled in deionised water at 80 °C for 10 min. The resulting 

solution was filtered twice to remove any solid particles, and the extract was stored at 4 °C. 

 

3.6.3 Synthesis of 3-MPA-NiSe2QD and BPE-NiSe2QD 

NiSe2QD were prepared using the colloidal synthesis method following the methods 

established in previous studies with some modifications [3,22]. NiCl2.6H2O (2,59g, 0.02M) 

and 3-MPA (5 mL, 0.06M) were dissolved in 100 mL deionised water. The resulting solution 

was adjusted to pH 12 using 5 M NaOH. The solution was bubbled with N2 for at least 30 min. 

This was kept as flask A (Figure 3.2). In a separate flask B (Figure 3.3), Se powder (1,58g, 

0.02M) and NaBH4 (1,51g, 0.04M) were mixed in 100 mL of deionised water under inert 

conditions. The solution was stirred until a colourless solution of NaHSe was formed, after 

which 50 mL of this solution was quickly transferred to flask A. The contents were stirred 
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vigorously and refluxed at 100 °C for 60 min. At 60 min, the reaction was quenched by washing 

the QD solution with very cold water. The resulting quantum dot solution was washed three 

times for 10 min using propan-2-ol and deionised water to remove any excess precursor. The 

rotational speed of the centrifuge was set at 4500 rpm. The precipitate obtained was re-

dispersed in water and kept as solution C as illustrated in Figure 3.4. This solution was kept in 

the refrigerator for further use. The same procedure was followed in the preparation of BPE-

capped NiSe2QD. The chemical reaction for the formation of 3-MPA-NiSe2QD is shown in 

equations (3.5–3.7) below:  

 

Flask A 

𝑁𝑖𝐶𝑙2. 6𝐻2𝑂 +  𝐻2𝑂 + 𝐻𝑆𝐶𝐻2𝐶𝐻2𝐶𝑂2𝐻 → 𝐻𝐶𝑂2𝐶𝐻2𝐶𝐻2𝑆 − 𝑁𝑖 + 2𝐻𝐶𝑙 + 6𝐻2𝑂  (3.5) 

 

Figure 3. 2 Schematic diagram for the reaction between NiCl2 and the capping agent 3-MPA. 

 

Flask B 

2𝑆𝑒 + 4𝑁𝑎𝐵𝐻4  + 7𝐻2𝑂 → 2𝑁𝑎𝐻𝑆𝑒 +  𝑁𝑎2𝐵4𝑂7  + 14𝐻2                    (3.6) 
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Figure 3. 3. Illustration of the reduction of selenium using sodium borohydride under an inert 

atmosphere. 

 

Flask A + Flask B  

2𝑁𝑎𝐻𝑆𝑒 + 𝐻𝐶𝑂2𝐶𝐻2𝐶𝐻2𝑆 − 𝑁𝑖 →                                             (3.7) 

                                          

 

Flask C 
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Figure 3. 4. Schematic diagram for the synthesis of 3-MPA- NiSe2QD. 

 
3.7 Electrochemical characterisation 

3.7.1 Cleaning electrodes 

All electrochemical experiments were carried out on a Palmsens 3 Compact Electrochemical 

Interfaces Potentiostat. A three-electrode system consisting of a gold working electrode (AuE 

~ 0.021 cm2 diameter), platinum (Pt) wire counter electrode, and Ag/AgCl (3 M NaCl) 

reference electrode was used. Alumina polishing pads and alumina slurries of (1.0 μm, 0.3 μm 

and 0.05 μm) (Buehler, Illinois, USA) were used to clean the working electrode. Before use, 

the working electrode was polished in micro-alumina slurries of 1.0 μm, 0.3 μm, and 0.05 μm, 

followed by ultrasonication for 5 min in ethanol and water, respectively. The proper way of 

polishing the working electrode is illustrated in Figure 3.5. 

 

 

Figure 3. 5. . Simple illustration of the correct way of polishing an electrode [20]. 

3.7.2 Preparation of L-cysteine monolayer onto the gold electrode surface 

After cleaning the electrode as described in section 3.7.1, the electrode was cleaned further 

electrochemically using a 0.5 M H2SO4 solution by running cyclic voltammetry at a scan rate 

of 50 mVs-1 and a potential range from 0 V to 1.5 until reproducible voltammograms were 

obtained. The L-cysteine/Au modified electrode was formed by drop-casting 20 μL of 0.01 M 

L-cysteine aqueous solution on the Au electrode. This electrode was kept in the dark for 24 

hours to form a monolayer through Au-S covalent bonding. After 24 hours of incubation, the 

L-cyst/Au was carefully rinsed with water to remove any physically adsorbed L-cyst. 
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3.7.3 Preparation of the electrochemical sensor 

The L-cysteine functionalised Au electrode was activated by drop-casting 10 μL of a 0.01 M 

mixture (EDC/NHS ratio 1:1) for 30 minutes in the fridge. This was followed by rinsing of the 

modified electrode and drop-casting 3-MPA-NiSe2QD (4 μL) for 12 h to form 3-MPA-

NiSe2QD/L-cyst/Au electrode as illustrated in Figure 3.6. The electrochemical sensor (3-MPA-

NiSe2QD/L-cyst/Au) was characterised by differential pulse voltammetry and calibrated for its 

responses to NVP in 0.1 M phosphate buffer solution (pH 7.4). The calibrated electrochemical 

sensor was used to determine NVP in real wastewater samples. Diclofenac drug, tenofovir and 

EDC were used as interfering species to study the selectivity of the sensor. 

 

 

Figure 3. 6. Schematic diagram for the preparation of the electrochemical sensor. 

3.7.4 Preparation of the electrochemical sensor using Nafion 

Due to the weak interaction observed between the BPE-NiSe2QD and the AuE/L-cyst modified 

electrode, a binder was then used to prevent the QD from falling off the electrode during 

analysis. Nafion (5 % w/v solution) was diluted with ethanol to make a 1 % w/v concentration. 

The AuE was drop-cast with BPE-NiSe2QD (4 μL) and was allowed to dry at room temperature 

for 12 hours. Thereafter, 2 μL of the Nafion solution was dropped onto the AuE/BPE-NiSe2QD 

modified electrode and left to air dry for over 12 hours. The Au/BPE-NiSe2QD/Nafion 

electrochemical sensor was applied for the determination of the NVP drug. 
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CHAPTER FOUR 

 
FUNCTIONALIZED NICKEL SELENIDE QUANTUM DOT-ELECTROCHEMICAL 

SENSOR SYSTEM FOR SENSING NEVIRAPINE IN WASTEWATER  

 

Summary 

Semiconductor quantum dots have attracted great interest in research over the past decade due to 

their peculiar optical and electronic properties. Their extremely small size and electrochemical 

properties make them a promising platform for sensor applications. The synthesis procedure of 

some of these QD involves the use of organic molecules to cap the surface atoms. This enhances 

the stability of the QD. 3-mercaptopropionic acid (3-MPA), a short-chain thiol ligand, has been 

widely used as a stabilising agent. In this study, 3-MPA was used as a capping agent for NiSe2QD. 

This chapter discusses the characterisation of 3-MPA-NiSe2QD and its individual components 

using various techniques such as UV-Vis, FTIR, SAXSpace, XRD, HR-TEM/SEM, and Raman. It 

discusses the electrochemical properties of 3-MPA-NiSe2QD and its precursors using DPV in 0.1 

M PBS at pH 7.4. Additionally, this chapter discusses the voltammetric responses of the 3-MPA-

NiSe2QD/L-cyst/Au electrochemical sensor towards nevirapine. For comparison, the detection 

limit obtained for the electrochemical sensor is compared to those postulated in previous studies. 

 

4.1 Introduction 

The high number of people living with human immunodeficiency virus-acquired 

immunodeficiency syndrome (HIV/AIDS) in South Africa has led to the implementation of 

antiretroviral (ARV) treatment programmes globally. Nevirapine (NVP) is one of the most 

extensively used ARV drug worldwide for the treatment of HIV and the prevention of mother-to-

child transmission [1,2]. This drug is classified as a non-nucleoside reverse transcriptase inhibitor 

(NNRTI). It binds directly and reversibly to the reverse transcriptase enzyme thereby interfering 

with viral ribonucleic acid (RNA) to deoxyribonucleic acid (DNA) -directed polymerase activities 

[3–5].  

Until now, several analytical methods such as high-performance liquid chromatography (HPLC) 

[6,7], liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) [1], gas 
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chromatography with mass spectrometry (GC-MS) [8,9], micellar electrokinetic chromatography 

(MEKC) [10], spectrophotometry [11] and electrochemical techniques [5,12,13] have been used 

to quantify NVP in various samples such as pharmaceutical formulations, human serum and 

wastewater. Amongst these techniques, electrochemical methods have attracted the attention of 

most researchers because of their simplicity, fast response, cost-effectiveness, high sensitivity and 

fast alternative to the above-mentioned, mostly expensive and complicated techniques [4,5,14]. 

Modification of the electrode surfaces can improve the analytical performance of sensors due to 

the provision of enhanced sensitivity, low detection limits, high stability, wide linear range, and 

high selectivity which cannot be achieved using bare electrodes [4,15,16]. Among the wide range 

of materials used for electrode modification, nanomaterials have been widely applied in 

electrochemical sensors. The remarkable unique and fascinating properties of nanomaterials, 

which include high surface areas, fast electron transfer between electroactive species and 

electrocatalysis over the surface helps to enhance the sensitivity and electrochemical stability. 

[5,17,18]. Quantum dots (QD) particularly have caught the attention of many researchers because 

of their outstanding reactivity, high optical and electrical properties. QD are semiconductors with 

size ranges between 2 nm to 10 nm. Their large surface area to volume ratio and high efficiency 

in the transportation of electrons makes them suitable for the detection of various analytes [19–

21].  

Functionalisation of the quantum dot surface using capping agents is very important as it improves 

the optoelectronic properties of the material [22]. This surface modification enhances the stability 

of the QD and prevents their aggregation to enforce maximum interaction with the target analytes 

[23]. Some of the functional groups present in the capping agents include the thiol group (-SH), 

carboxylic acids (-COOH), or amines (-NH2). Among these various functional groups, the thiol 

group has been reported to successfully passivate II-IV QD due to its high affinity for group II 

metals ions [24]. Examples of organic compounds containing the thiol group include thioglycolic 

acid (TGA), mercaptosuccinic acid (MSA), L-cysteine (L-cyst), 3-mercaptopropionic acid (3-

MPA) and glutathione (GSH) [24,25]. Amongst these different stabilisers, 3-MPA has been chosen 

as the source of thiol. 3-MPA has both the -SH and -COOH groups present in its structure. 

Interestingly, the use of functionalised QD allows for the rapid transfer of electrons to the target 

analyte resulting in higher charge detaching efficiency [26]. 
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Nickel selenide (NiSe2) has a low resistivity, a narrow bandgap and good electrical conductivity 

for charge transfer [27–29]. NiSe2 has been reported to have superior electrochemical redox 

characteristics when compared to other Ni-based compounds [30]. This is due to the electron-rich 

active sites and the synergistic effect of nickel and selenium [27,30]. Nickel selenide has been 

intensively used in hydrogen evolution reactions [27,31–35], oxygen evolution reactions [36–40], 

solar cells [41–47], supercapacitors [48–51] and urea oxidation [52]. Regrettably, to our 

knowledge, there are few reports documented in the literature on the use of NiSe2QD for 

electrochemical sensor development and application. However, NiSe2 nanosheets have been 

utilised as an electrode modifier for a glucose sensor, and a low detection limit of 23 nm and 

sensitivity of 1.57 µA µM-1 cm-2 were attained [30]. Hence, this study focused on the development 

of an electrochemical sensor system based on the 3-MPA-NiSe2QD for the detection of NVP in 

wastewater samples. 

 

4.2 Results and Discussion 

The synthesis of 3-MPA-NiSe2QD was described in Chapter 3 section 3.6 (pages 51-53) and the 

characterisation in section 3.1 (pages 46-50). Electrochemical characterisation and sensor 

fabrication were also discussed in sections 3.7.2 and 3.7.3 of Chapter 3 (pages 54-55).  

 

4.2.1 SAXSpace results 

Small-angle X-ray scattering spectroscopy (SAXS) was used to investigate the internal structure, 

particle size and size distribution of the synthesised NiSe2QD material in aqueous media. GIFT 

software was then used to Fourier-transform the results from SAXS into a pair distance distribution 

function (PDDF) by volume and size distribution by number as shown in Figure 4.1. The PDDF 

of the NiSe2QD showed a core-shell structure with a radius of 17 nm and a maximum QD diameter 

of 59 nm and as depicted in Figure 4.1A (a). The core resembled a globular or spherical shape 

[53]. In contrast to 3-MPA-NiSe2QD, L-cyst- 3-MPA-NiSe2QD has a maximum radius of 16 nm 

and shows some shoulder peaks as 4 nm, 8 nm, 24 nm, and 38 nm. An increase in the size of the 

shell is observed in Figure 4.1A (c). This can be attributed to the presence of more thiol groups 

present in L-cysteine which may have contributed to further capping of the QD by forming a 

covalent bond with the metal, or the formation of S-S bonds between the L-cysteine molecules or 

possibly the formation of amide bonds between the carboxylic acid groups of the 3-MPA-NiSe2QD 
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and the amine groups of the L-cysteine [55]. Figure 4.1B shows the PDDF of (a) L-cyst-NVP and 

(b) 3-MPA-NiSe2QD-NVP and (c) L-cyst-3-MPA-NiSe2QD-NVP respectively. An overall shift 

in the lower nm range is observed with the sensor L-cyst-3-MPA-NiSe2QD-NVP and a maximum 

radius of 15 nm is observed. The rate of transfer of electrons is enhanced by the presence of 3-

MPA-NiSe2QD and this agrees with the results obtained in electrochemistry. Figure 4.1C shows 

the size distribution by number which was calculated using the GIFT program. The data reveals 

the presence of monodispersed particles with a maximum radius of 6 nm. Even though there are 

bigger particles showing a maximum radius of 21 nm and 27 nm as shown in insert (x), a 

comparison of these peaks shows that the first peak has a higher intensity compared to the others. 

Therefore, this confirms the production of the QD as most of the particles had a maximum radius 

of 6 nm. 
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Figure 4. 1. SAXS PDDF results of A: (a) 3-MPA-NiSe2QD, (b)L-cyst and (c) L-cyst-3-MPA-

NiSe2QD, B: L-cyst-NVP, (b) ) L-cyst-3-MPA-NiSe2QD-NVP and C: particle radius, r, distributed 

by the number of particles.  

 

4.2.2 UV-Vis and Optical Bandgap 

The optical properties of the QD and precursors were investigated by UV-Vis spectrophotometer 

and photoluminescence spectroscopy. Figure 4.2A shows the optical properties of the precursors 

used where (a) is NiCl2, (b) 3-MPA, (c) Ni-3-MPA complex and insert (d) reduced Se spectra, 

respectively. The UV spectra of NiCl2 shows three absorption bands at 395 nm, 656 nm, and 717 

nm. These bands confirm the presence of Ni 2+ ions [56,57]. These results are similar to those 

obtained for the [Ni(H2O)6]
2+ species at room temperature where the absorbance band between 

350 nm and 500 nm is assigned to 3 A 2g → 3 T 1g (P). Interestingly, the 3 A 2g → 3 T 1g band in the 

region 600 nm to 800 nm is split, producing the main peak at 717 nm and the shoulder peak at 656 

nm because of spin-orbit coupling that mixes the 3 T 1g (F) and 1 Eg states [57,58]. The absorbance 

spectra of the capping agent in Figure 4.2A (b) shows two absorption bands at 266 nm and 320 nm 

which may be attributed to the presence of the thiol group and carboxylic acid respectively. Based 

on the spectra obtained for the Ni-3-MPA (Figure 4.2A (c) complex, it can be concluded that the 

disappearance of the absorption band at 266 nm confirms the successful capping using the thiol 

group. The presence of the carboxylic acid groups is signified by the band at 320 nm which is 

present in both spectra (b) and (c). The insert (d) shows a weak absorbance band at 493 nm for the 

reduced Se. This may be resulting from Se2
2- species [59]. Nickel selenide is a p-type 

semiconductor with a bandgap of 620 nm (2.0 eV) [60]. The UV-Vis spectra of 3-MPA capped 

NiSe2QD (Figure 4.2B) displayed several absorbance bands at 261 nm, 306 nm, 331 nm, 445 nm, 

and 487 nm respectively. The absorbance band at 261 nm is attributed to the n → σ* transition of 

the thiol group present in 3-MPA while the absorbance band at 306 nm may be ascribed to metal 

to ligand charge transfer (i.e., nickel ions and 3-MPA capping agent [53,61]. The 3-MPA-NiSe2QD 

exhibited a signature absorption band at 331 nm corresponding to the energy band gap of 3.91 eV 

as shown in Figure 4.2C and the bands occurring at 445 nm and 487 nm were assigned to the Se2
2- 

species of the QD. The estimate of the optical band gap was evaluated using the Tauc equation 4.1 

represented by : 

𝛼ℎ𝑣 =  𝑘 (ℎ𝑣 −  𝐸𝑔)
𝑛

2⁄           (4.1) 
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where α, h, v, k, Eg are absorption coefficients, Planck constant, frequency, proportionality 

constant and energy bandgap respectively. The value of n equals 1 corresponds to a direct 

transition.  

The bandgap is a very important characteristic of semiconducting material. The bandgap of a 

nanomaterial is inversely related to its size, i.e. the bandgap decreases as the size of the 

nanomaterial increases [60,62]. The curves of (αhν)2 against hv were plotted and estimates of the 

band-gap energy were obtained by extrapolation of the curve (αhν)2 = 0. The obtained value of 

3.91 eV is however slightly larger than that of bulk nickel selenide (2.0 eV) [60]. This is an 

attribute of the formation of very small-sized particles of less than 5 nm as confirmed by HR-TEM 

and also due to quantum size effects. However, the material is a semiconductor as its band-gap 

value is below 4 eV. The PL spectra of 3-MPA-NiSe2QD is shown in Figure 4.2D obtained at an 

excitation wavelength of 370 nm. 
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Figure 4. 2. UV-visible absorption spectra of the precursors, B: 3-MPA-NiSe2QD, C: Tauc plot of 

3-MPA-NiSe2QD and D: Normalised PL spectra of 3-MPA-NiSe2QD. 

 

4.2.3 FTIR results of 3-MPA- NiSe2QD 

FTIR measurements were carried out to elucidate major functional groups present in the capping 

agents used and their role in stabilising the QD materials. Figure 4.3A shows the FTIR spectra of 

(a) 3-MPA capping agent and (b) 3-MPA capped NiSe2QD. A broad absorption band is observed 

in both spectra around 3448 cm-1 which is due to the O-H stretching of absorbed water molecules. 

Four distinct absorption bands appearing at 2924 cm-1, 2569 cm-1, 1691 cm-1 and 1402 cm-1 are 

attributed to C-H stretch, S-H stretching of the thiol group, C=O of the vibration of the carboxylic 

acid group and CH2 resulting from the carbon chain of 3-MPA capping agent. However, Figure 

4.3A (b) displayed the disappearance of the characteristic band due to S-H stretching, indicating 

the interaction of the thiol group of the capping agent with the core of NiSe2QD. This confirmed 

the formation of S-NiSe bonds between 3-MPA and the NiSe2 core [53]. The spectra of 3-MPA 

capped NiSe2QD showed an increase in the absorption peak at 1570 cm-1assigned to the 

carboxylate anion (COO-) of the surface ligands [63]. This was formed during the synthesis process 

when the sodium hydroxide used to adjust the pH to 12 deprotonated the COOH group. The 

absorption bands between 1242 cm-1 and 1002 cm-1 are ascribed to C-O stretching. A C-S 

stretching vibration was observed at 947 cm-1 in the spectra of the capping agent. 

Further characterisation by FTIR was performed to evaluate the interaction between the (a) L-cyst, 

(b) 3-MPA-NiSe2QD and (c) L-cyst-3-MPA-NiSe2QD as depicted in Figure 4.3B. The band 

appearing at 3183 cm-1 was assigned to the amine (-NH2) functional group of L-cysteine. The five 

well-resolved peaks observed at 3446 cm-1, 2992 cm-1, 2543 cm-1, 2082 cm-1 and 1612 cm-1 were 

assigned to the stretching vibration of O-H, CH2, S-H, N-H and C=O respectively [64,65]. The 

absorption peaks at 1517 cm-1, 1428 cm-1 and 1295 cm-1 are attributed to the N-H group of the 

NH3
+ group of L-cyst, C-N stretch and C-O stretch respectively [66]. The spectra shown in Figure 

4.3B (b) was attributed to the successful binding of the capping agent 3-MPA onto the NiSe2 core. 

The diminution of the band at 2543 cm-1 in Figure 4.3B (b) signifies the cleavage of the S-H bond 

and the formation of NiSe-S bonds at 698 cm-1 [64]. There is an overall decrease in the intensity 

of the bands in Figure 4.3B (c) and a blue shift to lower wavenumbers which may be caused by 

intramolecular bonding between the carboxylic acid group and the amine group present in L-
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cysteine. This is evidenced by a decrease in the C=O stretch and the disappearance of the amine 

group at 3183 cm-1. The appearance of this new amide bond is observed at 1490 cm-1 [67]. 

Figure 4.3C depicts the FTIR spectrum obtained for nevirapine. The characteristic bands appearing 

between 3296 and 3187 cm-1 are attributed to the N-H stretching of the 7 membered rings in NVP. 

The C-H stretching vibrations of the heteroaromatic ring are shown at 3058 cm-1 and C=O stretch 

in a cyclic amide appears at wavenumber 1643 cm-1 [68]. The peaks observed between 1585 cm-1 

and 1410 cm-1 are typical of C-C stretching in the aromatic ring [69]. The bands shown at 

wavenumbers between 1288 cm-1 and 1246 cm-1 are due to C-N stretching vibrations for aromatic 

amines and that seen at 785 cm-1 shows C-H bending of aromatic groups [70]. 

FTIR measurements were performed once more to evaluate the possible interactions between the 

NVP drug, L-cysteine, and the sensor platform. The results obtained are shown in Figure 4.3D. 

NVP working solution was prepared by several dilutions of the stock solution using 0.1 M PBS 

buffer solution. There was no significant change observed in the spectra for the combination of L-

cysteine and NVP as shown in Figure 4.3D (a) as no shifting of predominant peaks of L-cysteine 

was observed. This suggests there are no chemical interactions between the drug and L-cysteine. 

This is because the L-cysteine forms a monolayer and is not responsible for the detection of the 

drug. These results are in good agreement with the findings made in electrochemical 

characterisation. However, a slight difference in the region between 3500 cm-1 and 2700 cm-1 was 

observed which may be due to the formation of weaker bonds such as van der Waals’ forces, 

dipole-dipole interaction or hydrogen bonds [71]. Figure 4.3D (b) shows a decrease in intensity 

and a redshift of the spectra towards higher wavenumbers. A decrease in the C=O stretch at 1638 

cm-1 was observed. The absorption band at 1574 cm-1 may be ascribed to the amide bond formation 

between the functionalised 3-MPA-NiSe2QD and the L-cysteine with the help of the cross-linking 

agents. This bond is observed at 1486 cm-1 in spectra 4.3D (c). According to Elahe et al. [14], the 

presence of free amine groups at the surface ensures adsorption of more NVP. 



66 

 

Figure 4. 3. FTIR spectra for A: (a) 3-MPA capping agent, (b) 3-MPA-NiSe2QD and B: (a) L-cyst, 

(b) 3-MPA-NiSe2QD and (c) L-cyst-3-MPA-NiSe2QD, C: NVP and D: (a)L-cyst-NVP, (b) 3-

MPA-NiSe2QD-NVP and (c) L-cyst-3-MPA-NiSe2QD-NVP. 

 

4.2.4 Raman results 

The Raman spectra of NiSe2QD were recorded at room temperature in a backscattering 

configuration excited by a 532 nm line of Ar+ ion laser in the range of 0 to 3500 cm-1. Figure 4.4 

shows the spectrum of the as-prepared NiSe2QD capped with 3-MPA. The band observed at 210 

corresponds to the stretching mode of the Se-Se pair with symmetries Ag and Tg, where Ag and Tg 

modes correspond to in-phase and out-of-phase stretching vibrations of the X–X pairs respectively 

[72–77]. These active modes in NiSe2 with a pyrite-type structure are mainly caused by the 

intraionic stretching modes of dumb-bell-shaped Se2 units [73,76]. The band appearing at 490 cm-
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1 shows the characteristic longitudinal optical (LO) one-phonon mode of nickel selenide [43] 

whereas the band appearing at 846 cm-1 is characteristic of Si-O-Si from the glass slide which was 

used as a sample holder [78]. The characteristic band of C-COO- is shown by the band at 1 050 

cm-1 [79,80]. The stretching vibrations of internal C-C aid to the vibrations observed in the spectra 

for 3-MPA-NiSe2QD and the band at 1235 cm-1 are attributed to twisting CH2 vibrations [81]. C-

H stretching is signified by the band at 2700 cm-1 [82]. The absence of the S-H stretching mode in 

the region around 2500 cm-1 in Figure 4.4 indicates that the thiol groups are covalently bound to 

the surface of the QD which confirms the results obtained from FTIR [83]. 

 

 

Figure 4. 4. The Raman spectra of 3-MPA-NiSe2QD. 

 

4.2.5 Surface morphology of 3-MPA-NiSe2QD 

The SEM micrographs providing the surface morphology and compositional information of 3-

MPA-NiSe2QD are shown in Figures 4.5A and B, respectively. Figure 4.5A shows agglomerated 

spherical particles. The observed agglomeration of the particles may be attributed to the small 

volume of capping agent used during the preparation of the QD. Elemental composition analysis 

was investigated using energy-dispersive X-ray spectroscopy (EDX), and it revealed the presence 

of nickel, selenium, oxygen, carbon and sulphur atoms as shown in Figure 4.5B. 
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Figure 4. 5. (A) SEM micrograph and (B) EDX spectrum of 3-MPA-NiSe2QD. 

 

4.2.6 TEM/SAED and XRD results 

The structural morphology and crystal structure of NiSe2QD were investigated by high-resolution 

transmission electron microscopy (HR-TEM) and X-ray diffraction (XRD) as depicted in Figure 

4.6. The HRTEM images show non-agglomerated, well-dispersed spherical particles with very 

small sizes of less than 5 nm and well-resolved lattice fringes. The electrostatic repulsion of the 

negatively charged carboxylate groups present in the capping agent (3-MPA) may have prevented 

the aggregation of the nanoparticles [26,53]. Additionally, good crystallinity of the 3-MPA-

NiSe2QD was confirmed by the presence of the well-resolved lattice fringes shown in the insert 

(x). The selected area electron diffraction pattern (SAED) in Figure 4.6C indicates crystalline 

behaviour. The XRD was used to define the crystallinity of the phase of the synthesised QD, and 

the pattern obtained is shown in Figure 4.6D. The diffraction peaks observed at 2θ values of 25.8, 

29.9, 33.6, 37.0, 42.9, 45.7, 50.3, 53.5, 55.6, 57.9 and 62.1° can be indexed to (111), (200), (210), 

(211), (220), (300), (311), (222), (320), (321) and (400). These diffraction peaks were identified 

using Joint Committee on Powder diffraction Standards (JCPDS) card no. 96-153-7618 which 

corresponds to the cubic phase of NiSe2 with a pyrite structure [84–86]. The simulated crystal 

structure of NiSe2 with the space group P a-3 (205) is shown in Figure 4.6E. 
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Figure 4. 6. HRTEM micrographs of A, B: 3-MPA- NiSe2QD and (x) inserted (zoomed) region of 

3-MPA-NiSe2QD at 5 nm and 10 nm scale view, respectively, C: SAED pattern of 3-MPA- 

NiSe2QD, D: XRD pattern of 3-MPA-NiSe2QD and E: Simulated crystal structure of NiSe2 (green 
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= Ni, purple = Se). 

 

4.2.7 Electrochemistry of precursors 

Electrochemical studies of the precursors used in the synthesis of the QD were investigated. These 

studies were conducted so to further understand which components of the QD material were 

responsible for the obtained oxidation and reduction peaks. Differential pulse voltammetry of 

NiCl2, reduced selenium (Se2-) in the form of NaHSe, and the capping agent 3-MPA was 

investigated under the same conditions as the QD. Aqueous solutions of the precursors were spiked 

into the 0.1 M phosphate buffer at pH 7.40 and the bare AuE was used for their characterisation. 

The resulting voltammograms are shown in Figure 4.7 A-D. The voltammogram of NiCl2 shown 

in Figure 4.7A shows 2 oxidation peaks at -0.50 V and shoulder peak at 0.94 V which may be 

attributed to the one-electron reduction of Ni (II) to Ni (I) and one electron oxidation to Ni (III) 

respectively. This is similar to the results obtained by Taraszewska and Roslonek when they 

investigated the electrochemical behaviour of some nickel complexes in acetonitrile solution 

[87,88]. The reduction of Ni (III) to Ni (II) can be assigned to the cathodic peak at 1.09 V. 

According to Murray and Margerum [89], the range for the reduction potential of the Ni (III)/ Ni 

(II) couple varies between 0.79 V and 0.9 V versus the normal hydrogen electrode which is close 

to the potential achieved in this experiment. The reduction peaks at -0.55 V may be due to the 

reduction of Ni (II) to Ni (I) and the peak at -0.97 V may be attributed to the reduction of Ni (II) 

to elemental Ni respectively [90]. The interaction of the capping agent with the gold electrode 

yielded 2 oxidation peaks and 2 reduction peaks as illustrated in Figure 4.7B. The adsorption of 

hydroxyl anions appears at very negative potentials and in this case, it is signified by the peak at -

1.20 V [91]. The shoulder peak observed at -0.71 V is due to the oxidation of the carboxylic acid 

group of 3-MPA whereas the enhancement in the gold oxide peak around 0.67 V is due to the 

interaction of the electrode with the thiol group present in 3-MPA [92]. According to Pacoste et 

al. [93], the oxidation of the thiol group of 3-MPA contributes to the peak observed around 0.67 

V. This results in the formation of thiol radicals (RS ۰) which could then react to form disulphides 

as illustrated in Equation 4.2 and 4.3. The reduction peaks observed at 0.56 V, -0.44 V, and -1.05 

V can be attributed to the reduction of thiols, disulphides, and the gold oxide respectively. This 

agrees with Roos et al. [94] who stated that the reduction potentials of thiyl radicals are positive 

whereas those of disulphides are negative in most cases. 
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𝑅𝑆𝐻 → 𝑅𝑆∙  +  𝐻+  +  𝑒−            (4.2) 

2𝑅𝑆∙  → 𝑅𝑆 − 𝑆𝑅                          (4.3) 

The new oxidation peaks appearing at -0.25 V and 0.04 V in Figure 4.7C are attributed to the 

metal-ligand charge transfer of NiCl2-3-MPA in comparison to the voltammograms of the capping 

agent and NiCl2 precursors. The cathodic peaks observed are due to the reduction Ni of Ni species 

as mentioned above. The differential pulse voltammogram of Se (-II) in the form of NaHSe in 

phosphate buffer solution is depicted in Figure 4.7D. The reduction of Se follows equation 4.4: 

4𝑁𝑎𝐵𝐻4 + 2𝑆𝑒 ↔ 2𝑁𝑎𝐻𝑆𝑒 +  𝑁𝑎2𝐵4𝑂7  + 14𝐻2        (4.4) 

The reaction of the peak occurring at -0.57 V is assigned to the oxidation of Se (-II) shown in 

equation 4.5 while the oxidation peak at 0.91 V is assigned to the oxidation of Se (0) to Se (IV) as 

illustrated in equation 4.6 [93,95]. On the other hand, the reduction potentials of 0.17 V and -0.56 

V are due to the reduction of Se (IV) to Se (0) and Se (0) to Se (-II) respectively. 

𝑆𝑒2−  ↔  𝑆𝑒(𝑠)  + 2𝑒−                                              (4.5) 

𝑆𝑒(𝑠)  + 𝐻2𝑂 ↔  𝐻2𝑆𝑒𝑂3  +  4𝐻+  +  2𝑒−             (4.6) 



72 

 

Figure 4. 7. The differential pulse voltammograms of A: NiCl2, B: 3-MPA, C: NiCl2-3-MPA and 

D: NaHSe in 0.1 M PBS pH 7.4 at 30 mV/s. 

 

4.2.8 Electrochemistry of 3-MPA- NiSe2QD 

Electrocatalytic properties of bare Au electrode and 3-MPA-NiSe2QD/L-cyst/Au modified 

electrode was studied by differential pulse voltammetry (DPV). L-cysteine (L-cyst) was used in 

the modification of the gold electrode. L-cysteine is a type of amino acid and contains carboxyl, 

amine, and thiol groups in its structure [96]. The L-cysteine forms self-assembled monolayers over 

gold surfaces [96]. Figure 4.8 displays the DPV of bare Au (a) and L-cyst/Au. The bare Au shows 

one anodic peak with a potential of 0.76 V and a peak current of 22 µA. The L-cyst/Au shows an 

anodic peak at 0.76 V and a peak current of 45 µA. The sharp increase in the peak current is caused 
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by the coupling of the oxidation of the AuE surface to that of S-H in L-cyst forming a strong 

covalent Au-S bond. The thiol groups have a strong affinity for gold surfaces which explains the 

observation above [97]. Equation 4.7 shows the adsorption of sulphur onto the gold electrode [98]. 

𝑅𝑆𝐻 + 𝐴𝑢 ↔ 𝐴𝑢 −  𝑆𝑎𝑑𝑠 + 𝐻+  + 𝑒−             (4.7)  

When 3-MPA-NiSe2QD were deposited onto an unmodified gold electrode surface as depicted in 

Figure 4.8B (b), 2 anodic peaks were observed. In contrast, 5 anodic peaks were observed when 

3-MPA-NiSe2QD were deposited onto L-cyst/Au modified electrode shown in Figure 4.8B (c). 

This may be because, in the absence of the monolayer formed by L-cysteine, the QD were falling 

off the electrode. Hence a monolayer prevented the QD from falling off the electrode by forming 

strong amide bonds between some free carboxylic acid groups in 3-MPA-NiSe2QD and free amine 

groups in L-cysteine. Water-soluble carbodiimide (EDC) and an active ester compound N-

hydroxysuccinimide (NHS) were used as crosslinking agents to couple carboxylic acid groups to 

primary amines to form the peptide bond [99,100]. The five anodic peaks were observed at Epa = 

-0.39 V (peak A1), -0.22 V (peak A2), 0.29 V (peak A3), 0.56 V (peak A4) and 0.76 V (peak A5), 

respectively. For peaks (A1), A2 and A3, the observed anodic peaks were attributed to the Ni2+ 

generated from the oxidation of the QD and the interaction between the metal to ligand charge 

transfer (NiCl2-3-MPA). A shift in the selenium oxidation from 0.91 V to 0.56 V in comparison to 

the starting material precursor was observed hence peak A4 is characteristic of oxidation Se 0 of 

the QD [93]. This is similar to the results obtained by Gaponic et al. [101] where the anodic current 

peaks observed around 0.62 V was attributed to Se in Au/ZnSe. The peak at 0.76 V is due to the 

oxidation of NiSe2QD. It should be noted that peak A5 is overlapping with that of the gold oxide 

as shown in Figure 4.8B (a). Interestingly, the enhancement seen in the current compared to that 

of the Bare electrode is due to the fast electron transfer contribution from the presence of NiSe2QD 

on the surface of the electrode. On the other hand, five reduction peaks were observed at Epc = 1.11 

V (peak C1), 0.51 V (peak C2), 0.02 V (peak C3), and -0.55 V (peak C4) and -1.01 V (peak C5), 

respectively. The reduction peak at 1.11 V is due to the reduction of Ni (III) to Ni (II). Peak C2 

was also present in the reduction of the gold oxide. However, peak C3 can be due to the reduction 

of Se (IV) to Se (0) and this is similar to the cathodic peak observed by Gaponic et al. [101] which 

was attributed to the electrodeposition of selenium. The peak denoted C4 may be the characteristic 

reduction of the NiSe2QD. 
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Figure 4. 8. Differential pulse voltammograms A: (a) Bare Au and (b) L-cyst/Au and B: (b)3MPA-

NiSe2QD/Au and (c) 3MPA-NiSe2QD/L-cyst/Au in 0.1 M PBS pH 7.4 at 30 mV/s. 

 

4.2.9 Preliminary studies for NVP detection 

Various experiments were conducted to evaluate the possibility of NVP detection by the Bare AuE 

or the L-cysteine modified AuE. When 10 nM of NVP solution was spiked into the cell with L-

cyst/Au under aerobic conditions as shown in Figure 4.9A, no significant change was observed in 

the oxidation peak current. This confirms that L-cyst is not responsible for the detection of NVP. 

On the other hand, when the Bare AuE was used, an insignificant increase in the current was noted. 

However, this change was too small. Interestingly, when the L-cyst/AuE was modified with the 3-

MPA-NiSe2QD shown in Figure 4.9B, an increase in the signal was observed and a shift to less 

positive potential indicating fast electron transfer. Therefore, the 3-MPA-NiSe2QD/L-cyst/Au can 

be applied for the detection of NVP. 
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Figure 4. 9. Differential pulse voltammograms A: (a)Bare Au, (b) L-cyst/Au and (c) NVP/L-

cyst/Au B: (a) Bare Au, (b) NVP/Bare Au, (c) NVP-L-cyst/Au (d) NVP-3MPA-NiSe2QD/Au (e) 

NVP-3MPA-NiSe2QD/L-cyst/Au in 0.1 M PBS pH 7.4 at 30 mV/s. 

 

4.2.10 pH studies 

The effects of pH on the electrochemical response of 3-MPA-NiSe2QD/L-cyst/Au toward the 

detection of 10 nM nevirapine were studied using DPV at pH range values ranging from 4.0 to 9.0 

in 0.1 M PBS. As illustrated in Figure 4.10A, the oxidation peak current increased from pH 4.0 to 

pH 7.0 and then decreased at pH 9.0. Interestingly, the oxidation peak potential shifted negatively 

and the peak current enhanced between pH 4.0 and pH 7.0. The best response was obtained under 

neutral conditions. Therefore, pH 7.4 phosphate buffer solution was selected for further studies. 

The peak potential was affected by the pH of the buffer solution as shown in Figure 4.10B. A 

linear relationship was established between Epa and pH which can be expressed with the following 

equation 11: 

𝐸𝑝𝑎(𝑉) =  −0.0661𝑝𝐻 + 1.1174 (𝑅2 = 0.8776)         (11) 

The slope value of -66.1 mV/ pH obtained for nevirapine is in close proximity to -59 mV / pH, the 

theoretical value. It is an indication of the participation of an equal number of protons and electrons 

in the oxidation of nevirapine at the surface of the electrode [14,16,18]. This is similar to the results 

obtained by Apath et al. [15]. 
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Figure 4. 10. A: DPV responses of 3-MPA-NiSe2QD/L-cyst/Au to 10 nM NVP at different pHs in 

0.1 M PBS and B: effect of solution pH on the oxidation peak current and potential. 

4.2.11 Electrocatalytic responses of the electrochemical sensor 

The influence of the scan rate on the electrochemical response of 10 nM NVP at 3-MPA-

NiSe2QD/L-cyst/Au was investigated in the range of 5 to 50 mV/s in PBS (0.1 M, pH 7.40), 

presented in Figure 4.11A. As it is seen, the peak current increases with an increase in the scan 

rate and an overall shift to negative potentials was observed. Therefore, 30 mV/s was chosen as 

the scan rate for this study. Figure 4.11B shows the differential pulse voltammetric responses of 

the sensor in the absence and presence of nevirapine under aerobic conditions. The potential was 

scanned from 0.5 V to 1.0 V as shown by the voltammograms. Nevirapine exhibited an irreversible 

oxidation peak in PBS (pH 7.4). The cathodic peak current at 0.76 V increased steadily to a 

maximum value until the point of saturation was reached when different concentrations of 

nevirapine were added as depicted in Figure 4.11C. This also resulted in a remarkable enhancement 

of the cathodic peak together with a slight shift to less positive potential. Figure 4.11D shows a 

dynamic linear range (DLR) of 0.08 pM – 1.21 pM and the sensor's sensitivity was determined to 

be 6.15 µA/pM. The limit of detection (LOD) was calculated according to the data obtained in the 

straight-line equation and using equation 4.8 below: 

𝐿𝑂𝐷 =  
3 𝑋 𝑆𝐷

𝑚
               (4.8) 

Where SD is an estimate of the standard deviation and m is the slope. The LOD was found to be 

0.013 pM (0.0035 ng/L). 
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Figure 4. 11. A: Investigation of scan rate, B: DPV responses of 3-MPA-NiSe2QD/L-cyst/Au to 

NVP in 0.1 M PBS (pH 7.4) at 30 mV/s, C: Exponential curve and D: calibration curve drawn 

from the linear region of the sensor system. 

 

4.2.12 Interference study 

The resistance to interference is one of the most important studies that is required for sensor 

application. To evaluate the selectivity of the 3-MPA-NiSe2QD/L-cyst/Au sensor, the effect of 

some potential interferents on the determination of 10 nM nevirapine was investigated. The 

interferents applied include tenofovir an HIV antiretroviral drug that belongs to the class of 

nucleoside reverse transcriptase inhibitors (NRTIs). It is used in combination therapy and also in 

the treatment of hepatitis B [102]. A commonly used anti-inflammatory drug diclofenac (DCF) 
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[103] and 1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide hydrochloride (EDC) a carbodiimide 

used as a cross-linking agent to yield amide bonds were also employed as interfering species. As 

shown in Figure 4.12, the electrochemical response of the 3-MPA-NiSe2QD/L-cyst/Au sensor 

showed no significant change in the peak current in the potential window 0.5 V to 1.0 V in the 

presence of the interfering species. It was found that these compounds are oxidized at different 

potentials and hence do not interfere with NVP detection. However, a slight enhancement observed 

in the DPV signal may be attributed to the presence of the same functional groups such as the 

imine (C=N) or methyl (CH3), similarity in chemical structure (presence of 6 membered rings with 

nitrogen as a substituent) or similar electrochemical behaviours. Thus, the proposed sensor is free 

from interference,therefore, it is suitable for nevirapine detection in real samples. 

 

 

Figure 4. 12. Peak current responses of 10 nM NVP in the presence of interfering species (I0 µM 

Tenofovir, 1 mM EDC and 10 µM Diclofenac). 

4.2.13 Stability study 

The storage stability of the 3-MPA-NiSe2QD/L-cyst/Au sensor was examined by DPV in 0.1 M 

PBS (pH 7.4) containing 10 nM nevirapine. Two storage conditions were investigated. The sensor 

was stored in the dark at room temperature for 9 days for the first experiment and the results 

obtained from Figure 4.13A show that the peak current of the sensor decreased to 67 % of the 

initial response. Remarkably, in another experiment where it was stored in the refrigerator at 4 ℃, 
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the results illustrated in Figure 4.13B show that the sensor retained 84 % of its initial response 

after 9 days. Therefore, storing the sensor in the refrigerator is much better as it helps maintain the 

integrity of the sensor. These results indicate that the sensor was stable for nevirapine detection. 

sor. 

 

 

Figure 4. 13. A: DPV responses of 3-MPA-NiSe2QD/L-cyst/Au to 10 nM nevirapine at day 1 and 

day 9 after storage in the dark at room temperature and B: results for day 1 and day 9 after storage 

at 4 ℃. 

 
4.2.14 Application in real samples 

In order to prove the applicability of the proposed sensor in real samples, the 3-MPA-NiSe2QD/L-

cyst/Au electrode was used to detect nevirapine concentration in wastewater effluent (Northern 

wastewater effluent, 26-04-2021) spiked with NVP. Figure 4.14 shows a typical voltammogram 

for the responses obtained for three samples. The recovery values obtained for the spiked NVP 

samples 1, 2 and 3 were 99.7 %, 101 % and 99.8 % respectively as shown in Table 4.1. These 

results prove that the sensor is suitable for real sample applications. 
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Figure 4. 14. DPV response of 3-MPA-NiSe2QD/L-cyst/Au on successive addition of NVP from 

0.33 pM to 0.65 pM in Northern wastewater effluent.  

 
Table 4. 1: Determination of NVP in real wastewater samples.  

Real waste water 

sample 

NVP added (pM) NVP Found ± SD (pM)  Recovery 

(%) 

% RSD 

1 0.33  0.329 ± 0.020 99.7  0.65 

2 0.49 0.493 ± 0.015 101 0.42 

3 0.65 0.649 ± 0.024 99.8 0.56 

 

Conclusion 

This work presents the fabrication of a novel 3-MPA-NiSe2QD/L-cyst/Au electrochemical sensor 

for the selective detection of NVP in 0.1 M PBS Buffer, pH 7.40. The newly modified sensor 

significantly improved the analytical performance because of the presence of 3-MPA-NiSe2QD 

which enhanced the catalytic activity by promoting fast electron transfer. The fabricated sensor 

showed high sensitivity and selectivity, low detection limit, high reproducibility, and reasonable 

stability under optimised conditions. The overall performance of this remarkable electrochemical 

sensor was way better than previously reported sensors as seen in Table 2.7 (Chapter 2, section 
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2.6). The proposed sensor was successfully used in the determination of NVP in real wastewater 

samples with satisfactory results. 
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CHAPTER FIVE 

 
BANANA EXTRACT-BASED METAL CHALCOGENIDE FOR NEVIRAPINE 

WASTEWATER ELECTROOXIDATION  

 

Summary 

In recent years, the green synthesis of nanoparticles has received a lot of attention. Various plant 

elements, such as leaves, roots, stems, flowers, and microbes, are used in the green route of 

nanoparticle synthesis. This chapter summarises the results of employing banana peel extract as 

a NiSe2QD capping agent. The synthesised BPE-NiSe2QD are also characterised using 

spectroscopic, microscopic, and electrochemical methods in this chapter. It also provides an 

overview of the application of the BPE-NiSe2QD-based electrochemical sensor system for the 

detection of nevirapine drug. 

 

5.1 Introduction 

The use of microbes or plants in the synthesis of nanomaterials is a cost-effective, biologically 

safe, and environmentally friendly method. The plants or plant extracts used in the green synthesis 

of nanomaterials are more favourable than biological methods. This is because the synthesis 

process is very simple, it can be scaled up for large-scale production, and it does not involve the 

intricate process of cell culturing and maintenance [1,2]. The plant extracts act as reducing and 

capping agents for the nanoparticles. Several reports have been documented on the synthesis of 

different nanoparticles such as gold, silver, and platinum by plant parts like leaves, fruit, peels 

[3,4], lemon extracts [5], bark, and roots [6,7]. 

Bananas are one of the most consumed fruits worldwide. They are available all year round in 

tropical and sub-tropical regions [8,9]. Banana peels are discarded as waste after consumption of 

the pulp, and they have found application in various processes. They have been used for the 

adsorption of heavy metals from water, in the production of fungal biomass, in ethanol 

fermentation and for medicinal purposes [1,3,9]. Previous studies report that the peel is a good 

source of antioxidants and various phytochemical compounds such as phenolic acids, flavonoids 

and alkaloids [3,8,10–13]. Gopi et al. stated that the major components of the banana peel include 
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cellulose, hemicellulose, some proteins, lignin, and pectin, which are mainly found in plant cell 

walls [2,14,15]. Other compounds found in ripe banana peels include anthocyanins and 

catecholamines [11,12]. Some of these biological compounds are shown in scheme 5.1. 

The present study aims to fabricate a NiSe2QD-based electrochemical sensor system for the 

detection of NVP in wastewater samples. The synthesis of NiSe2QD involves the use of an extract 

derived from banana peels as a capping agent. Functional groups such as hydroxyls (-OH), 

carboxylic acids (-COOH), and amine groups (-NH) have been reported to be present in the banana 

peel extract. These are capable of successfully passivating the QD, resulting in non-agglomerated 

and stable QD [16,17]. The synthesis procedure and the characterisation techniques have been 

discussed in Chapter 3. 

 

Scheme 5.1 showing examples of biological compounds that may be present in banana peel extract. 

 

5.2 Results and Discussion 

The synthesis of BPE-NiSe2QD was described in Chapter 3 section 3.6 (pages 51-53) and the 

characterisation in section 3.1 (pages 46-50). Electrochemical characterisation and sensor 

fabrication were also discussed in sections 3.7.4 of Chapter 3 (page 55). 

 

5.2.1 Internal structure of BPE-NiSe2QD 

The internal structure, particle size, and size distribution of the synthesised BPE-NiSe2QD were 

evaluated using Small-angle X-ray scattering (SAXS). The GIFT software was then used to 

Fourier-transform the results from SAXS into a pair distance distribution function (PDDF) by 

volume and size distribution by number, as shown in Figure 1A. The PDDF of the QD in Figure 

5.1A (a) showed that the maximum QD radius was 58 nm. The QD presented a spherical shape, 
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which corresponds to the results obtained from HRSEM and HRTEM [18]. A shoulder peak was 

seen on the spectrum for BPE-NiSe2QD at 47 nm, which is an indication of the agglomeration of 

smaller particles that formed larger particles. The presence of a small shell may have resulted from 

the BPE which was used as a capping. The awkward spectrum for L-cysteine alone is depicted in 

Figure 5.1A (b). A combination of BPE-NiSe2QD and L-cyst showed in (c) has signatures at 20 

nm and 42 nm, which are attributed to the QD and L-cysteine, respectively. The PDDF of L-cyst-

NVP in Figure 5.1B (a) showed 2 peaks at 40 nm arising from L-cyst and at 55 nm arising from 

the drug and the presence of a shell at 77 nm. FTIR analysis revealed no interaction between these 

two components. A shift to lower radius values was observed for BPE-NiSe2QD-NVP and L-cyst-

BPE-NiSe2QD-NVP as depicted in Figures 5.1B (b) and (c), respectively. This observation was 

brought about by the presence of the BPE-NiSe2QD. In relation to electrochemistry, the QD 

accelerated the rate of electron transfer between the analyte and the electrode, which is practically 

similar to these findings. However, the spectrum for BPE-NiSe2QD-NVP experienced the greatest 

shift compared to that of L-cyst-BPE-NiSe2QD-NVP. This could be attributed to the weak type of 

bonding that exists between L-cysteine and the QD, an observation made during electrochemical 

analysis. Lastly, Figure 5.1C shows the size distribution by number for BPE-NiSe2QD. The 

majority of the QD have a maximum radius of 6 nm, even though there are particles with larger 

sizes of 21 nm and 31 nm, as shown in the insert (x), a zoomed area of graph C. This may have 

arisen from the agglomeration of smaller particles, as also observed in Figure 5.1A (a).  
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Figure 5. 1. SAXS free model PDDF results of A: (a) BPE-NiSe2QD, (b)L-cyst and (c) L-cyst-

BPE-NiSe2QD, B: L-cyst-NVP, (b) ) L-cyst-BPE-NiSe2QD-NVP and C: particle radius, r, 

distributed by the number of particles. 

 
5.2.2 Structural properties of BPE- NiSe2QD 

FTIR analysis, as illustrated in Figure 5.2A, was used to identify some characteristic functional 

groups present in the banana peel extract. As expected, there were various functional groups 

present in the extract due to its complex nature. As shown in Figure 5.2A (a), a broad peak 

observed at 3436 cm-1 represents the stretching of the hydroxyl groups characteristic of 

polyphenolic compounds. The stretching vibrations of aliphatic C-H or CH2 groups derived from 

carbohydrates are shown by the band at 2920 cm-1 [19]. The absorption band around 1625 cm-1 

can be attributed to C=C in aromatic rings [4,20]. The band around 2368 cm-1 in both spectra may 

be due to the stretching of CO2 molecules existing in the atmosphere [21]. Furthermore, peaks 

between 1386 cm-1 and 1112 cm-1 were assigned to the C-O stretch in carboxylic acids, phenols, 
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alcohols, or esters [15,20]. The presence of aromatic rings is further confirmed by the band around 

774 cm-1 [19]. Band shifting to higher wavenumbers and the increase in intensity for the BPE-

capped NiSe2QD shown in Figure 5.2A (b) was an indication that BPE has been successfully 

utilised as a capping agent. 

Figure 5.2B shows the FTIR spectrum of (a) L-cysteine, (b) the synthesised BPE-capped NiSe2QD 

and (c) the combination of L-cyst-BPE-NiSe2QD, respectively. It is evident from these spectra that 

L-cysteine binds with the BPE-NiSe2QD. It is seen from this figure that the peak at 2544 cm-1, 

which is due to S-H stretching, is present in the FTIR spectra of L-cysteine, while absent in that 

of L-cyst-BPE-NiSe2QD. This confirms the binding of the sulphur atom of L-cysteine to the Ni 

atom of BPE-NiSe2QD. The broad absorption band observed in all the spectra between 3400 cm-1 

and 3100 cm-1 corresponds to the overlap of O-H and N-H stretching modes. Interestingly, the 

band shown at 2 992 cm-1, which corresponds to C-H stretching modes, is only seen in the spectra 

for L-cysteine. Other weak bands located at 1620 cm-1 indicate the C=O band of L-cysteine and 

the weak band at 1590 cm-1 are due to C=C stretching modes in BPE-NiSe2QD, respectively. The 

C-C stretching modes present in an aromatic ring are shown at 1492 cm-1 and 1407 cm-1. Band 

shifting to lower wavenumbers and the decrease in the intensity of the bands is observed in Figure 

5.2B (c). Intramolecular bonding between the carboxylic acid group and the amine group present 

in L-cysteine may be responsible for this observation. 

Interactions between NVP, L-cysteine and the L-cyst-BPE-NiSe2QD sensor platform were studied 

using FTIR as shown in Figure 5.2C. Very little change was observed in the spectra for the 

combination of L-cysteine and NVP, which can be seen in the region between 3500 cm-1 and 3100 

cm-1 in Figure 5.2C (a). These small changes may be ascribed to a weak type of bonding taking 

place, such as hydrogen bonding. However, band shifting to higher wavenumbers was observed in 

Figure 5.2C (b) and (c) FTIR spectra for BPE-NiSe2QD-NVP and L-cyst-BPE-NiSe2QD-NVP, 

respectively. A decrease in the intensity of the bands is noted, and the appearance of a shoulder 

peak at 1710 cm-1 for spectra 5.2C (c). The broadening of peaks at 1241 cm-1 and 1094 cm-1 may 

be caused by the presence of C-N and C-O stretches. The formation of amide bonds between the 

L-cysteine and the BPE-NiSe2QD could have made it possible for the interaction with the drug to 

take place. This is in line with the findings that were made by Elahe and his co-workers [22]. 
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Figure 5. 2. FTIR spectra of A: (a) BPE capping agent, (b) BPE-NiSe2QD and B: (a) L-cyst, (b) 

BPE-NiSe2QD and (c) L-cyst-BPE-NiSe2QD and C: (a) L-cyst-NVP, (b) BPE-NiSe2QD-NVP and 

(c) L-cyst-BPE-NiSe2QD-NVP.  

 

5.2.3 Raman spectroscopy analysis 

Figure 5.3A shows the Raman spectra of BPE-NiSe2QD, which looks quite similar to the one 

obtained for 3-MPA capped NiSe2QD in Chapter 4 (section 4.2.4). The stretching mode of the Se-

Se pair with symmetries Ag and Tg is detected at 264 cm-1 [54–59]. The intraionic stretching 

modes of dumbbell-shaped Se2 units are primarily responsible for these active modes in NiSe2 with 

a pyrite-type structure [55,58]. NiSe's characteristic longitudinal optical (LO) one-phonon mode 

is visible in the band at 510 cm-1, while the band appearing at 820 cm-1 arose from the Si-O-Si of 

the glass slide. The asymmetric vas(COO-) stretching vibration of the carboxylate group is 

responsible for the band appearing around 1464 cm-1 [23,24]. This indicates that the capping agent 

is chemisorbed as carboxylates onto Ni ions on the NiSe2QD surface. According to Naik et al. 
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[25], the deprotonation of the carboxylic acid group makes it absorb onto the metal as carboxylates. 

C-H stretching is signified by the bands at 2711 cm-1 [26]. 

 

 

Figure 5. 3. Raman spectrum for BPE-NiSe2QD. 

 

5.2.4 Morphological properties of BPE-NiSe2QD 

The surface morphology of the as-synthesised BPE-NiSe2QD was evaluated by high-resolution 

scanning electron microscopy (HRSEM). The HR-SEM image in Figure 5.4A shows that the 

particles are spherical but display some degree of agglomeration. The elemental composition of 

the nanomaterial was investigated using energy-dispersive X-ray spectroscopy (EDX), as shown 

in Figure 5.4B, which revealed the presence of nickel, selenium, carbon, and oxygen atoms. The 

presence of the carbon and oxygen atoms is due to the presence of carboxylic acid or 

polysaccharide groups in BPE. 
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Figure 5. 4. A: HRSEM micrograph and B: EDX spectra for BPE- NiSe2QD. 

 
5.2.5 HR-TEM and XRD analysis of BPE-NiSe2QD 

The structural morphology of BPE-NiSe2QD was investigated by high resolution transmission 

electron microscopy (HRTEM), as depicted in Figure 5.5A. The HRTEM images show very small 

particles with sizes less than 5 nm, although there is some degree of aggregation of small particles 

that have formed bigger structures in the presence of the capping agent shown in insert A1. Sobhani 

et al. [27] reported that if a surfactant/capping agent is not used during the synthesis of the 

nanomaterials, it makes the particles unstable and causes them to aggregate into flower-like 

structures. The nucleation of nickel and selenium takes place immediately after mixing the two 

precursors. The absence of a surfactant causes the nucleation rate of the material to attain very 

high values within a short space of time because there is nothing available to cover the nuclei [27]. 

Some of the capping agent might have been washed away and left the nuclei of the sample exposed, 

later leading to the agglomeration of particles. The agglomeration may also be due to the possibility 

that BPE may be a weak capping agent. As shown in Figure 5.5B, the selected area electron 

diffraction pattern (SAED) shows high crystalline behaviour. 

The crystallinity of the synthesised QD was determined by XRD. The XRD pattern shown in 

Figure 5.5C is indicative of penroseite NiSe2. The diffraction peaks seen at 2θ values of 23.5, 29.9, 

33.4, 38.9, 41.2, 50.7, 55.5, 59.8, and 72.6 ° can be indexed to (111), (200), (210), (211), (220), 

(311), (320), (400) and (421) respectively. The peaks observed at 2θ = 23.5 are due to selenium 

(JCPDS card: 06-0362) [28–31]. These diffraction peaks were identified using JCPDS card no. 
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96-901-2538 which corresponds to the cubic phase of NiSe2 (penroseite), which is structurally 

similar to pyrite. Figure 5.5D shows the simulated crystal structure of NiSe2 with a space group of 

P a-3 (205).  

 

Figure 5. 5. HR-TEM micrographs of A: BPE- NiSe2QD at 5 nm scale view and (A1) inserted 

region at 20 nm scale view, B: SAED pattern of BPE-NiSe2QD, C: XRD pattern of BPE-NiSe2QD, 

D: Simulated crystal structure of NiSe2.  

 
5.2.6 UV-Vis and Optical Bandgap 
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The optical properties of the precursors, capping agent and BPE-NiSe2QD were investigated by a 

UV-Vis spectrophotometer. Figure 5.6A shows the spectra obtained for (a) NiCl2, (b) BPE, (c) Ni-

BPE, and (d) reduced selenium, of which (a) and (d) have already been discussed in Chapter 4. 

The absorption spectra for BPE showed the appearance of five bands at 280 nm, 321 nm, 450 nm, 

493 nm, and 641 nm. This was expected since the banana peel extract consists of many compounds. 

However, due to the preparation method used, only water-soluble substances were present in the 

extract [32]. The strong absorbance band at 280 nm and the small bump at 321 nm can be credited 

to the presence of phenolic compounds [33,34]. Polyphenols have π conjugated systems with 

hydroxyl-phenolic groups. The electronic transitions of the π-type molecular orbitals provide the 

UV-Vis spectrum of this group of compounds [34]. The yellow colour of the ripe banana peel is 

due to the presence of carotenoids, which have been previously detected at 450 nm [13]. This 

correlates with our findings. Anthocyanin, a kind of flavonoid, could be responsible for the 

absorbance band at 493 nm. According to Saha et al. [35], a typical anthocyanin spectrum exhibits 

two basic absorbance bands, the first at 260-280 nm and the second at 490-550 nm. Fu et al. [13] 

have also detected the presence of anthocyanins in banana peel extract at 520 nm. The strong 

absorbance band at 641 nm could be due to pheophytin, an intermediate compound from the 

degradation of chlorophyll [36,37]. Figure 5.6A (c) shows an overall decrease in the intensity of 

the bands in Ni-BPE, which could indicate that the Ni species has been successfully capped and 

reduced. The insert (d) shows a weak absorbance band at 493 nm for the reduced Se. This could 

be due to Se2
2- species [38]. The UV-Vis spectra of BPE-NiSe2QD in Figure 5.6B revealed 

absorbance bands at 275 nm, 329 nm, 422 nm, and 451 nm, respectively. The metal to ligand 

charge transfer (i.e., nickel ions and BPE capping agent) is responsible for the absorbance band at 

275 nm. The spectrum shows that the BPE-NiSe2QD have a distinctive absorption band at 329 nm, 

which corresponds to an energy bandgap of 2.99 eV shown in Figure 5.6C. At 424 nm, the Se2
2- 

species of the QD was visible, while the absorbance band at 551 nm showed the presence of 

pheophytin. Figure 5.6D shows the PL spectra obtained for BPE-NiSe2QD at an excitation 

wavelength of 500 nm. 
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Figure 5. 6. UV-Vis spectra of A: precursors, B: BPE-NiSe2QD, C: Tauc plot and D: PL spectra 

of BPE-NiSe2QD. 

 

5.2.7 Electrochemical studies of Au/Nafion 

Nafion is a perfluorinated sulfonated ion-exchange polymer. Nafion films have been extensively 

used for electrode modification in electrochemistry in the construction of chemical or biosensors 

[39–42]. It is chemically inert, highly stable in aqueous solutions, possesses anti-fouling 

properties, and has high mechanical strength for stabilising the deposited metal layer [40,41,43–

45]. The oxidation response of Nafion on a bare Au electrode is shown in Figure 5.7A (a and b). 

One oxidation peak was observed at the gold electrode at 0.67 V which is a gold oxide peak. A 
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new peak appeared at 0.21 V and a decrease in the current intensity was observed in the region of 

the gold oxide peak when Nafion was added to the electrolyte, as shown in Figure 5.7A (b). The 

new peak may be due to the adsorption of sulfonate groups on the gold electrode [46] and the drop 

in current could be a result of this adsorption, which reduced the number of active sites on the gold 

electrode [47]. This is similar to the observations made by McGovern et al. [47], where Nafion 

blocked a percentage of the active sites of the electrode, resulting in a lower surface area and lower 

current. Three reduction peaks were seen in Figure 5.7B at 0.51 V, 0.02 V and -0.29 V. The peak 

at 0.51 V is due to the reduction of gold oxides, while the peaks at 0.02 V, and -0.29 V could be 

attributed to the reduction of the sulfonate or fluorocarbon groups present in Nafion. Before 

applying Nafion as a binder for the sensor, the Nafion modified electrode (Au/Nafion) was tested 

for its response to the nevirapine drug. From the results shown in Figure 5.7A (c) and Figure 5.7B 

(c), it can be concluded that Au/Nafion was not responsible for NVP detection as no significant 

change was seen in the voltammograms.  

 

 

Figure 5. 7. ODPV of A: (a) Bare Au, (b) Au/Nafion, (c) Au/Nafion-NVP and B: RDPV of (a) 

Bare Au, (b)Au/Nafion, (c) Au/Nafion-NVP in 0.1 M PBS pH 7.4 at 30 mV/s. 

 
5.2.8 Electrochemistry of BPE-NiSe2QD 

Differential pulse voltammetry was used to investigate the electrocatalytic characteristics of BPE-

NiSe2QD on a Nafion/Au modified electrodes and the results are shown in Figure 5.8. The 
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signatures seen are very similar to the ones obtained for 3-MPA- NiSe2QD and have been 

discussed in section 4.2.7. The anodic peak at -0.41 V is due to Ni2+ produced by the oxidation of 

the QD, and that at -0.21 V arises from the interaction between the metal and the BPE capping 

agent (metal to ligand charge transfer). The presence of Nafion is shown by the anodic peak at 

0.19 V, while the anodic peak at 0.44 V is attributed to the Se (0) oxidation of the QD. The 

characteristic peak of the NiSe2QD oxidation is shown at 0.76 V. The cathodic peaks at 1.11 V, 

0.54 V, -0.04 V and -0.40 V are attributed to Ni (III) to Ni (II) reduction, reduction of the gold 

oxide, Se (IV) to Se (0) reduction and the characteristic reduction of the NiSe2QD, respectively. 

 

 

Figure 5. 8. Electrochemistry of BPE-NiSe2QD. 

 

5.2.9 Effect of pH 

The electrochemical behaviour of 10 nm NVP on Au/BPE-NiSe2QD/Nafion was investigated in 

0.1 M PBS with different pH values (ranging from 4.0 to 9.0). It can be seen that the oxidation 

peak potential shifted towards negative potential with increasing pH values in Figure 5.9A. This 

indicates that protons are involved in the electrochemical reaction. A good linear relationship 

between Epa and pH was obtained from the linear regression equation as shown in equation 5.1:  

 

Epa (V) = -0.0555 pH + 1.134 (R2 = 0.989)            (5.1) 
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The slope value obtained of -55.5 mV/pH is close to the Nernstian theoretical slope value of −59 

mV, indicating that the oxidation of NVP involves an equal number of electrons and protons. As 

can be seen in Figure 5.9B, the oxidation peak current of NVP increased from pH 4.0 to pH 7.0 

and then decreased with a further increase in the buffer pH. The maximum current value was 

obtained at pH 7.0, therefore pH 7.4 was selected as the optimal pH for this study. 

 

 

Figure 5. 9. A: DPV responses of Au/BPE-NiSe2QD/Nafion to 10 nM nevirapine at pH 4.0, pH 

7.0 and pH 9 in 0.1 M PBS at a scan rate of 30 mV/s and B: the influence of solution pH on 

oxidation peak current and potential. 

 

5.2.10 Electrochemical determination of NVP 

Differential pulse voltammetry was used for the voltammetric sensing of NVP because of its higher 

sensitivity and quantitative analysis ability than cyclic voltammetry. Figure 5.10A shows the 

results obtained when Au/L-cyst/BPE-NiSe2QD was used to detect NVP under optimal conditions. 

Unfortunately, its use as an NVP sensor was hampered by signal instability. The gradual increase 

of NVP concentration would lead to either an increase or a decrease in the signal. This 

inconsistency could be due to the lack of stability of the BPE-NiSe2QD on the gold electrode 

surface, which may have resulted in them falling off the electrode. It is also an indication that no 

strong amide bonds could have formed between the L-cysteine monolayer and the BPE-NiSe2QD. 
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To address this problem, Nafion was then used to modify the electrode in place of L-cysteine. 

Nafion was employed as an adhesive agent or catalyst binder [41,47,48]. It was incorporated into 

the sensor system through deposition on top of the BPE-NiSe2QD, which were already drop-cast 

onto the gold electrode. Preliminary studies revealed that a Nafion-modified gold electrode 

exhibited no electrochemical response to the presence of NVP. Therefore, the performance of 

Au/BPE-NiSe2QD/Nafion was evaluated for NVP detection. The incorporation of Nafion to the 

electrode resulted in well resolved and good signal stability as shown in Figure 5.10B. The 

oxidation peak current gradually increased with an increase in NVP concentration and shifted to 

negative potentials from 0.76 V to 0.73 V. This observation was due to the presence of BPE-

capped NiSe2QD, which promoted fast electron transfer between the analyte and the electrode. 

However, a saturation point was reached at concentrations above 1.05 pM as the addition of more 

NVP led to an insignificant change in the peak current, as seen in Figure 5.10C. As seen in Figure 

5.10D, the dynamic linear range was 0.08 pM–1.21 pM and the sensitivity of the sensor was 

determined to be 5.52 µA/pM. The limit of detection was calculated to be 0.024 pM (0.0064 ng/L). 

The sensitivity of the Au/BPE-NiSe2QD/Nafion-based sensor was compromised by the presence 

of Nafion, which may have blocked some of the active sites of the sensor [47] and also hindered 

the transfer of electrons between the electrode and the analyte [49]. The LOD was also found to 

be higher than that of the 3-MPA-NiSe2QD/L-cyst/Au-based electrochemical sensor by 0.011 pM 

(0.0029 ng/L). 
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Figure 5. 10. DPV response of A: Au/L-cyst/BPE-NiSe2QD and B: Au/BPE-NiSe2QD/Nafion on 

successive addition of nevirapine from 0.08 pM to 1.21 pM in 0.1 M PBS (pH 7.4) at 30 mV/s, C: 

corresponding exponential curve and D: calibration plot. 

 
5.2.11 Effect of interfering species 

Under optimal conditions, the influence of I0 µM Tenofovir, 1 mM EDC, and 10 µM Diclofenac 

in the detection of 10 nM nevirapine was investigated. As illustrated in Figure 5.11, the DPV signal 

did not change significantly when tenofovir was added. Strangely, an enhancement of about 8% 

in the signal was observed after the addition of EDC and diclofenac to the buffer solution. The 

interferents in this study were chosen based on their point sources, which included painkillers 

(diclofenac) and an ARV used in combination with NVP (tenofovir), both of which are commonly 
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in the reach of HIV patients. However, without a doubt, Nafion could have tempered with the 

sensitivity of the sensor. 

 

 

Figure 5. 11. Effect of interferents such as tenofovir, EDC and diclofenac on the oxidation peak of 

NVP in 0.1 M PBS (pH 7.4). 

 

5.2.12 Stability study 

The stability of the Au/BPE-NiSe2QD/Nafion sensor was investigated over 9 days under two 

different conditions. Figure 5.12A shows that after storage of the sensor in the dark at room 

temperature, the current response of 10 nM nevirapine decreased to 84% of its initial response. On 

the other hand, the sensor did not show any noticeable changes after being stored in the refrigerator 

at 4 ℃. Figure 5.12B shows the sensor retained 96% of its initial current response, indicating very 

good stability. Therefore, putting the sensor in the refrigerator is preferable because it helps to 

maintain the sensor's integrity. The good stability of the sensor was also aided by the presence of 

Nafion. The addition of Nafion, an anchoring agent, increased the sensor's stability by keeping the 

BPE-NiSe2QD firmly attached to the electrode. This in turn improved the sensor's reproducibility 

[50]. 
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Figure 5. 12. Effect of storage conditions on the response of Au/BPE-NiSe2QD/Nafion to NVP at  

A: room temperature and B: at 4 ℃. 

 

5.2.13 Application in real samples 

To evaluate the practicability of the developed Au/BPE-NiSe2QD/Nafion sensor for routine 

analysis, the sensor was used to determine the nevirapine concentration in wastewater samples 

(Northern wastewater effluent, 26-04-2021). The samples were spiked with different amounts of 

known NVP concentrations. Figure 5.13 shows a typical voltammogram for the responses obtained 

for three samples. The amount of NVP in the samples was calculated from the calibration plot, and 

the corresponding satisfactory results are summarised in Table 5.1. The recoveries of NVP in 

wastewater samples were in the range of 85 % to 108 %. The low RSD values of below 7 % and 

the good recoveries obtained highlight the reproducibility of the results. Therefore, the fabricated 

sensor could be effectively applied to real-time sample analysis. 
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Figure 5. 13. DPV responses of Au/BPE-NiSe2QD/Nafion to the addition of 0.08 pM to 0.49 pM 

NVP in the wastewater sample 

 

Table 5. 1: Determination of NVP in real wastewater samples. 

Real waste water 

sample 

NVP added (pM) NVP Found ± error  Recovery 

(%) 

% RSD 

1 0.080 0.068 ± 0.14 85 4.7 

2 0.250 0.270 ± 0.18 108 6 

3 0.490 0.482 ± 0.21  98 7 

 

Conclusion 

In this work, a novel electrochemical sensor for NVP was fabricated by the incorporation of BPE-

NiSe2QD onto a gold electrode. The green synthesis approach of QD using banana peel extract 

was a cost-effective, non-toxic, and eco-friendly method. SAXS and HRTEM studies revealed the 

very small sizes of BPE-NiSe2QD to be 6 nm or less. HRSEM validated the spherical shape of the 

QD, while EDX analysis revealed the presence of Ni, Se, C and O, with the C, and O originating 

from the capping agent. The FTIR confirmed that the QD were functionalised with the banana peel 

extract. XRD and SAED revealed the high crystallinity nature of the synthesised QD. The 

deposition of BPE-NiSe2QD onto the electrode was followed by Nafion for stabilisation of the 
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QD. This Au/BPE-NiSe2QD/Nafion-based sensor exhibited electro-catalytic activity towards NVP 

oxidation, evident from the increased peak current and decreased potential. This could be attributed 

to the presence of BPE-NiSe2QD, which accelerated the transfer of electrons between the electrode 

and the analyte. The proposed sensor exhibited high sensitivity and selectivity, long-term stability, 

reasonable reproducibility, and a low detection limit compared to other reported sensors (Chapter 

2). The sensor was also successfully utilised to determine trace amounts of NVP in wastewater 

samples with satisfactory results. However, some improvements that can be made in the 

preparation of this sensor include the use of stronger capping agents to ensure the stability of the 

QD on the electrode or the use of a different binder that will not inhibit the signal. The effect of 

different electrolytes can also be investigated, as well as the effect of a variety of interferences on 

the response of the sensor to NVP. 
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CHAPTER SIX 

 
CONCLUSION AND RECOMMENDATIONS 

 
Summary 

This chapter presents conclusions for the work presented and makes recommendations for 

future research. 

 

6.1 Conclusions 

In conclusion, we have successfully fabricated a highly sensitive and selective NiSe2QD -based 

electrochemical sensor for the detection of nevirapine drug for the first time. The colloidal 

NiSe2QD were synthesised using a cost-effective, straightforward, and reproducible aqueous 

approach. 3-MPA and BPE were used as capping and stabilising agents. The effect of these 

capping agents on the functionalisation of the QD surface was examined by microscopic, 

spectrophotometric, and electrochemical techniques. SAXSpace, HR-TEM, and HR-SEM 

revealed the formation of spherical, small-sized QD about 6 nm in diameter or less, while XRD 

and SAED revealed high crystallinity. FTIR and Raman analysis confirmed the presence of the 

capping agent on the surface of the QD, revealing the presence of various distinctive functional 

groups such as thiol, carboxylic acid, alkyl, and hydroxyl groups. The elemental composition 

of the QD was determined by EDX, which showed the presence of Ni, Se, C, and O. The C and 

O observed were coming from the capping agents. UV-Vis studies showed absorption band 

edges at 331 nm and 329 nm, corresponding to energy band gap values of 3.91 eV and 2.99 eV 

for 3-MPA-NiSe2QD and BPE-NiSe2QD, respectively. The electrochemical detection of 

nevirapine showed a characteristic oxidation peak at 0.76 V in 0.1 M PBS. The electrochemical 

sensors exhibited enhanced electroactivity, which was attributed to the catalytic effect of the 

incorporated quantum dots. The 3-MPA-NiSe2QD/L-cyst/Au electrochemical sensor 

performed better than the BPE-NiSe2QD/Nafion/Au sensor, evidenced by the lower detection 

limit of 0.0035 ng/L compared to 0.0064 ng/L and a significantly higher sensitivity of 6.15 

µA/pM compared to 5.52 µA/pM obtained by the BPE-NiSe2QD/Nafion/Au sensor. This slight 

deviation was attributed to the use of Nafion as a binder to prevent the quantum dots from 

falling off the electrode, which unfortunately resulted in signal inhibition. The oxidation peak 

current of NVP had a linear range of 0–1.21 pM with a correlation coefficient of 0.998. The 

application of both sensors in the determination of nevirapine in real wastewater samples 

showed good recoveries in the range of 85%-108%, which indicates that the sensors can be 
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employed in real-time sample analysis. The exceptional results obtained using these sensors 

qualifies them for future use in detecting nevirapine in wastewater compared to other sensors 

that have been reported in literature as they perform better. The very low LODs obtained are 

comparable to those obtained whilst using highly sophisticated techniques such as liquid 

chromatography coupled to (tandem) mass spectrometry (LC-MS/MS) and Ultrahigh 

performance liquid chromatography system coupled to a triple quadrupole mass spectrometry, 

with electrospray ionization (ESI) (UPLC-ESI-MS/MS). Therefore, the sensing devices may 

be a suitable alternative to the spectrometric methods.     

 

6.2 Recommendations for future study 

Further studies of the QD-based electrochemical sensor system and applications are discussed 

below. 

• It is proposed that the influence of various electrolytes on the sensor's response should 

be investigated. 

• Because the banana peel extract alone was unable to cause the QD to adhere firmly to 

the electrode, a combination of fruit extracts can be utilised as a capping agent. 

• In the case that the quantum dots fall off the electrode, alternative binding agents that 

will not inhibit the signal can be tested if available. 

• The material can be used in energy applications for example in solar cells, hydrogen 

evolution reactions, oxygen evolution reactions or water splitting. 

• It is suggested that the sensor can be used to detect a variety of contaminants in real 

water. 

 

 

 

 

  


