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ABSTRACT 

The study described the synthesis and characterization of carbon-based quantum dots/copper oxide 

nanocomposite prior to the modification of a glassy carbon electrode for neurotransmitters detection 

(dopamine (DA), epinephrine (EP), and norepinephrine (NE)). The two carbon-based quantum dots 

were prepared from pencil graphite and banana peel precursors and tagged CQDs and bCQDs, 

respectively. The spectroscopic and microscopic characterization of the carbon based quantum dots 

(CQs) were achieved through Fourier Transform infrared spectroscopy (FT-IR), UV-visible 

spectroscopy, x-ray diffraction spectroscopy (XRD), scanning electron microscopy (SEM), and 

transmission electron microscopy (TEM). The preparation of the banana peel precursor used for the 

green carbon quantum dots (bCQDs) synthesis, green carbon quantum dots (bCQDs), and carbon 

quantum dots from pencil graphite precursor (CQDs) was monitored with thermogravimetric analysis 

(TGA). The electrochemical characterization of the quantum dots (CQDs, bCQDs), copper oxide 

nanoparticles (CNPs), and the nanocomposites (CQDs/CNPs and bCQDs/CNPs) was done with 

electrochemical impedance spectroscopy (EIS). Bare GCE and GCE modified with these materials 

(GCE/CQDs, GCE/bCQDs, GCE/CNPs, GCE/bCQDs/CNPs, and GCE/CQDs/CNPs) in the presence 

of 5 mM ferricyanide/ferrocyanide ([Fe(CN)6]
3-/4-) redox probe were used for electrochemical 

characterization. The EIS data showed that the composites have lower charge transfer resistance than 

the individual nanomaterials. The superior electronic properties of the composite relative to the 

individual nanomaterials show that the combination of the nanomaterials for the composite formation 

offered a synergy that results in better electron transport properties. The electroanalysis of the analytes 

(DA, EP, and NE) at the bare and modified electrodes done with cyclic voltammetry (CV) showed 

that the analytes experienced better electrocatalytic oxidation at the composites modified electrodes 

(GCE/bCQDs/CNPs and GCE/CQDs/CNPs). The EIS analysis of the analytes at the bare and 

modified electrode supported the superior electron transfer between the analytes and the two sensors 

compared to other electrodes.  

The electroanalysis of 0.4 mM EP at the bare GCE and the modified electrodes showed that the 

GCE/bCQDs/CNPs and GCE/CQDs/CNPs gave higher anodic peak currents (Iap) than the bare and 

the other modified electrodes. The fact that the carbon-based quantum dots (bCQDs and CQDs) 

modified electrodes and CNPs modified electrode offered significantly lower Iap than the composites 

modified GCE revealed the significance of the synergy between the components of the composites in 

EP electroanalysis. The scan rate studies showed an increase in EP anodic and cathodic current 

responses (Iap and Icp) at GCE/bCQDs/CNPs and GCE/CQDs/CNPs with an increase in scan rate (v). 

The mechanism of EP oxidation at GCE/bCQDs/CNPs and GCE/CQDs/CNPs was found to be 

diffusion controlled based on the linear relationship between the peak currents (Iap and Icp) and the 
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square root of the scan rate (v1/2). The LoD recorded at GCE/bCQDs/CNPs and GCE/CQDs/CNPs 

were 15.99 and 24.31 M over linear dynamic ranges (LDRs) of 10-100 and 1-125 M, respectively. 

The sensitivities of the sensors were 0.038 and 0.027 µA µM-1, respectively. The interference studies 

showed that the detection of EP in the presence of ascorbic acid (AA) at GCE/CQDs/CNPs and 

GCE/bCQDs/CNPs is feasible. The 22 CV scans of the sensors in EP show that GCE/bCQDs/CNPs 

is more resistant to fouling. However, the LoD, LDR, sensitivity, and the real sample analysis 

revealed that GCE/CQDs/CNPs is a better EP sensor than GCE/bCQDs/CNPs.   

The electroanalysis of 0.4 mM NE with the bare and modified electrodes showed that higher Iap was 

obtained with GCE/CQDs/CNPs and GCE/bCQDs/CNPs compared to other electrodes. The EIS 

analysis of NE at the bare and modified electrodes showed that GCE/CQDs/CNPs and 

GCE/bCQDs/CNPs have lower charge transfer resistance (Rct) than other electrodes, confirming the 

superior electron transfer at the sensors compared to other electrodes. The relationship between the 

peak currents (Iap and Icp) and scan rate (v) (or v1/2) suggested that the electron transfer at 

GCE/CQDs/CNPs and GCE/bCQDs/CNPs are surface-confined and diffusion-controlled, 

respectively. The LoD recorded at GCE/CQDs/CNPs and GCE/bCQDs/CNPs were 14.47 and 14.66 

µM over LDRs of 10-126 and 1-131 µM, respectively. The sensitivities of the sensors were 0.024 

and 0.025 µA µM-1, respectively. The 22 CV scans of the sensors in NE show that the green carbon 

quantum dots-based sensor (GCE/bCQDs/CNPs) offered greater resistance to fouling. Based on the 

LoD, LDR, and reproducibility, the two sensors gave similar performance for the detection of NE. 

However, the GCE/bCQDs/CNPs was better in terms of resistance to fouling, while 

GCE/CQDs/CNPs was a better sensor for NE recovery from banana peel solution.    

The electroanalysis of 0.4 mM DA with the bare and modified electrodes showed that 

GCE/CQDs/CNPs and GCE/bCQDs/CNPs offer higher Iap than other electrodes. The EIS data 

obtained with the bare and modified electrodes showed that these two sensors possess lower Rct than 

the other electrode, justifying better electron transfer across the two sensors, which culminated in a 

better current response. The relationship between the peak currents (Iap and Icp) and v (or v1/2) 

suggested that the electron transfer at GCE/CQDs/CNPs and GCE/bCQDs/CNPs are surface-

confined and diffusion controlled, respectively. The LoD recorded at GCE/CQDs/CNPs and 

GCE/bCQDs/CNPs were 13.27 and 25.41 µM, respectively. The LDRs for the sensors were 10-180 

and 50-200 µM, respectively. The stability studies revealed that both sensors are susceptible to 

fouling. Considering the LoD, LDR, and the recovery of DA from dopamine hydrochloride injection 

solution, GCE/CQDs/CNPs is a better DA sensor. 

Keywords: Green carbon quantum dots; Dopamine; Epinephrine; Norepinephrine; Sensors  
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1.0 Introduction 

1.1 Background to the study 

The central and the peripheral nervous system have huge impact on every action of an 

individual. The interaction of the nervous system with the effector muscles is actualized with 

the communication between neurons at both ends. The mode of communication could either 

be electrical or chemical [1]. Chemical transmission has been studied over time because it is 

considered slow and controllable as opposed to the fast spontaneous electrical signal [2]. 

Essentially, the chemical signal molecules, otherwise called neurotransmitters are transported 

from one end of a presynaptic neuron to the other end of the postsynaptic neuron across a 

junction called synapse [3]. These chemical messengers are important in the day-to-day 

activities of every individual because they control actions such as learning, sleeping, heart rate, 

emotion, mental alertness, mood among others [4]. The monoamine class of neurotransmitters 

such as serotonin (SE), dopamine (DA), epinephrine (EP) and norepinephrine (NE) have 

played a prominent role in the control of a good number of the actions. Consequently, their 

imbalance in the human extracellular fluid has been ascribed to the ailments suffered by 

patients with psychological disorders and other related diseases. Specifically, schizophrenia, 

Parkinson’s disease, Alzheimer, Tourette’s syndrome, high blood pressure, autism and other 

chronic ailments have been linked to the upset in the body balance of these chemicals [5-7]. 

The quest for a point-of-care diagnostic medium for prompt response to these health challenges 

gave rise to the development of scientific means of detection of neurotransmitters. 

Chromatography [8], capillary electrophoresis [9], mass spectrometry [10] and spectroscopy 

[11] have been attempted for the detection of these neurotransmitters with good detection 

limits. However, none of these methods can boast of cost efficiency, portability, speed and easy 

manipulation that characterizes the electrochemical technique [12]. Electrochemical methods 

have been found to possess these qualities and as such has been widely applied for 

neurotransmitters detection. The design of electrochemical sensors prioritizes the modification 

of the major electrode across which the electrochemical reactions take place – the working 

electrode. Carbon nanotubes (CNTs), graphene oxide, graphene, conducting polymers, metal 

and metal oxide nanoparticles have been used for the modification of conventional electrodes 

such as glassy carbon, screen printed, carbon paste, platinum and gold electrode with the 

singular aim of achieving very sensitive electrochemical sensing platforms [13]. Similarly, 

quantum dots have also been applied individually and in addition to some other materials to 
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provide highly sensitive electrochemical sensing platforms for monoamine neurotransmitters 

[14-16]. 

Quantum dots (QDs) are nanomaterials with very small particle size. The small particle size 

which is often < 10 nm is a product of their zero-dimensional structure. Interestingly, the optical 

properties of QDs can be altered by controlling their size and shape [17]. This is possible 

because the band gap is size dependent and therefore, various colours are emitted by QDs 

depending on the size of the QDs. As a result, they have been widely applied in solar cells [18], 

television panels [19] and biological labelling [20] where this optical property is grossly 

harnessed. The good conductivity and large surface area of QDs have endeared electrochemists 

to the adoption of QDs for sensor fabrication. The relatively high cytotoxicity of QDs prepared 

from inorganic materials such as Zn, Cd, Te, As, Se, S informed the need for alternative QDs 

with more biocompatibility and low cytotoxicity. Carbon based QDs made from biological 

waste [21-24], carbohydrates [25], citric acid [26], graphene [27] among others have since been 

developed to combat this challenge. Thankfully, the carbon based quantum dots namely carbon 

and graphene QDs have been successfully incorporated into sensing platforms for biomolecules 

with huge success [26, 27].  It is noteworthy, that carbon based QDs with biomass precursors 

(green carbon QDs) are expected to offer lower cytotoxicity than the carbon based QDs made 

from precursors such as graphite, p-toluenesulfonic acid, and poly(acrylamide).  

Green carbon QDs synthesized from carbon sources such as corn cob [28], lemon peel [29], 

orange juice [30], banana juice [31], onion extract [32], orange peel and some other biomass 

[33] have been applied for the fabrication of fluorescence sensors for heavy metals due to their 

excellent optical properties. In certain instances, green carbon quantum dots from precursors 

such as Hibiscus sabdariffa [34], edible carrot [35], walnut shells [36] and banana peel [37] 

have been used for bioimaging. The electrocatalytic activity of carbon quantum dots from 

chemical sources and metal oxide composites towards the oxidation of biomolecules have been 

reported for some electrochemical sensors fabricated with these composites [38, 39]. 

Meanwhile, the combination of green carbon dots with metal oxide nanocomposites for sensors 

fabrication is hardly attempted. It is expected that the combination of green carbon quantum 

dots and metal oxide nanoparticles will offer good electrocatalytic activity towards the 

oxidation of catecholamine NTs leading to the production of a sensor with low toxicity and 

high sensitivity. The expectation is largely based on the performance of cuprous oxide and 

carbon QDs in a carbon quantum dots/cuprous oxide/nafion nanocomposite in the 
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electrochemical detection of dopamine [40]. The synergy between the carbon QDs and Cu2O 

nanoparticles in the composite manifested in the anionic nature of the carbon QDs and the good 

conductivity of Cu2O nanoparticles which collectively enhanced dopamine detection.  

Accordingly, carbon based quantum dots and copper oxide nanocomposites were applied for 

the modification of glassy carbon electrode in the present study (working electrode) with the 

motive to obtaining a better sensing platform than the pre-existing ones.  

Justification/significance of the study 

Electrochemical sensors have proven to be reliable tools for NTs detection. Carbon 

nanomaterials such as carbon nanotubes, carbon based QDs, graphene, nanodiamonds and 

graphene oxide belong to a class of nanomaterials with outstanding electrocatalytic activity 

towards NTs oxidation. Beyond the sensitivity and low detection limits offered by sensors 

fabricated with these carbon nanomaterials, low toxicity and low cost of sensor fabrication are 

desired. The low toxicity of carbon QDs, its proven stability and low detection limits earlier 

reported for some carbon QDs based electrode [27, 41, 42] suggested that the incorporation of 

carbon dots into a composite with metal oxide will give rise to very reliable electrochemical 

sensors. It is expected that electrochemical sensors based on green carbon QDs will offer much 

lower toxicity compared to carbon QDs from chemical precursors. On the other hand, metal 

oxide nanoparticles (MONPs) individually have huge reputation for good electrocatalytic 

effect on neurotransmitters [43-45], suggesting a possible synergy between the carbon based 

QDs and MONPs.  

The foregoing has been substantiated by several studies. One of such is a research conducted 

by Huang et al., [40] in 2015 on the determination of dopamine using cuprous oxide 

nanoparticles, carbon quantum dots and nafion composite modified glassy carbon electrode. 

The synergy between the metal oxide and the quantum dot manifested in good electrocatalytic 

activity of the electrode while nafion ultimately played the role of ionic discrimination. The 

findings from the study suggested that the combination of carbon quantum dots and copper 

oxide nanoparticles (CNPs) would offer sufficient electrocatalytic effect on the oxidation of 

monoamine neurotransmitters (NTs) such that their detection down to very low concentrations 

would be achieved. In addition, the green nature of the carbon dots in the study could 

significantly lower the cumulative toxicity of the resultant sensor. 
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1.2 Problem statement 

The ailments associated with the depletion or rise in the level of monoamine neurotransmitters 

are capable of reducing the quality of life at early stage with the possibility of causing death at 

advanced stage. The chromatographic, spectroscopic and colorimetric method of quantifying 

these neurotransmitters are either too complex to handle or time consuming for point-of-care 

application. To solve this problem, a lot of electrochemical sensors were designed for the 

analysis of neurotransmitters but few challenges such as high detection limit, instability, 

considerable toxicity of the electrode modifiers as well as low sensitivity of a host of existing 

sensors persist. The low toxicity of carbon based QDs relative to the highly toxic QDs of 

inorganic origin, its proven stability and low detection limits earlier reported for some carbon 

QDs based electrodes [46, 47] suggested that incorporation of carbon dots into a composite 

with metal oxide will give rise to very reliable electrochemical sensors. Also, it is already 

established in literature that copper oxide nanoparticles have good electrocatalytic effect on 

neurotransmitters [44, 45]. The need to design a more sensitive electrochemical sensor than the 

pre-existing ones with requisite low toxicity for routine point-of-care determination of 

monoamine neurotransmitters has led to the generation of the following objectives. 

 

1.3 Aim of the study 

Development of an electrochemical sensor based on green carbon QDs/copper oxide 

nanocomposite for the detection of some monoamine neurotransmitters.  

Objectives of the study are to: 

 synthesize green carbon quantum dots from banana peels (bCQDs) and pencil graphite 

(CQDs) 

 synthesize CuO nanoparticles (CNPs) and form composites containing CNPs and the 

carbon based quantum dots (CQDs/CNPs and bCQDs/CNPs) for glassy carbon electrode 

(GCE) modification. 

 characterize bCQDs, CQDs, CNPs, CQDs/CNPs, and bCQDs/CNPs nanocomposite using 

microscopic, electrochemical and spectroscopic techniques. 

 investigate the effect of pH, scan rate, and analyte concentration on the electroanalysis of 

dopamine, epinephrine, and norepinephrine at the composites modified GCE 

(GCE/bCQDs/CNPs and GCE/CQDs/CNPs). 

 determine the sensitivity, reproducibility and stability of GCE/bCQDs/CNPs and 

GCE/CQDs/CNPs towards dopamine, epinephrine, and norepinephrine detection. 
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 determine the ability of the composites modified GCE to detect the analytes in real samples 

and in the presence of interfering molecules. 

 compare the performance of the green carbon QDs based sensor (GCE/bCQDs/CNPs) to 

that of the chemical based carbon QDs (GCE/CQDs/CNPs). 
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2.0 Literature review 

2.1 The neuron 

Neurons, otherwise called nerve cells can be considered the fundamental unit of the nervous 

system. There are quite a number of them that make the coordination of the actions of the entire 

body system achievable. Basically, they are composed of the cell bodies (soma), dendrites and 

axon (Fig. 2.1). The cell bodies are important for keeping the neuron alive due to the fact that 

they accommodate the nucleus of the neuron [48]. Nervous impulses are sent out from one end 

of a neuron to the other via the axon and the dendrites. While the dendrites receive the stimulus, 

the axon sends it out to the next dendrite [2]. Based on their functions, nerve cells can be 

classified as; motor neurons, inter neurons and sensory neurons. As the name implies, sensory 

neurons have close proximity with the sensory organs while the motor neurons are connected 

to the effector muscles or glands. Precisely, the sensory neurons send nerve impulses to the 

brain or spinal cord while the motor neurons receive the signal for execution by effectors [49, 

50]. The inter neurons simply connect one neuron to the other. The nerve impulses that travel 

along the neurons can either be electrical or chemical. Electrical signals are very fast and much 

more difficult to control. Chemical signals on the other hand are slow and can therefore can be 

controlled [2]. This explains why the chemical means of impulse transmission along neurons 

is mostly studied. Between the axon and the dendrite of two different neurons, there is a 

connection across which chemical signals are transported. Such gap junction is referred to as 

the synapse [51]. 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: A Neuron. Adapted from [52] Copyright Frontiers, 2021 
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2.2 Transmission of impulse 

The transmission of chemical signals along the nerve cells is made possible by the excitable 

nature of the neuron. The neural membrane experience changes in polarity as inner and outer 

surface witness change in composition. The inner part of a neuron has a high concentration of 

K+ and amino acid molecules while the outer surface is majorly composed of Na+ and Cl-. In 

order to permit the exchange of these ions, the neuron contains ion-gated channels which are 

specific for each ion (mostly Na+ and K+ channels) [53]. The position of the neuron is dictated 

by the polarity achieved by the migration of these ions. The neuron can assume any of; resting, 

graded and action potential.      

Resting potential: This occurs when the neural membrane attains a potential difference of -70 

mV [54]. This potential difference is set up by the separation of charge brought about by the 

movement of Na+ into the cell while the K+ moves out. The balance of these ions in and out of 

the membrane is brought about by the Na+/K+ gate. Basically when the voltage across the 

neuron is exactly -70 mV, it is at its resting potential where it is not transmitting any impulse 

[55].  

Graded potential: The polar neuron at a resting potential gets depolarized when a stimulus 

leads to the upset in the polarity of the neural membrane. There is voltage gated Na+ and K+ 

ion channels that open up depending on the polarity of the neural membrane. When the impulse 

leads to the influx of Na+ into the cell, the Na+ at the voltage gated channel opens as the 

potential difference of the neuron gets to the -55 mV mark [54]. This leads to the depolarization 

of the neuron and the impulse is transferred to the other neuron. At 30 mV the neuron is 

repolarized by the efflux of K+ from the cell until it attains a potential difference below the 

resting potential, thereby leading to the hyperpolarization of the cell. Unfortunately, the 

potential difference does not get to the -55 mV sometimes. This possibility prevents the cell 

from firing an action potential. Such neuron can be said to have its potential graded between 

the resting and the action potential [49].  

Action potential: A neuron fires an action potential when it attains a voltage of -55 mV. The 

actualization of this ‘all or nothing’ potential can be effected by chemical messengers. The 

action potential could result from the stimulation of a receptor neuron by a chemical messenger. 

When such molecules bind to the receptor, the Na+ pump of the chemically gated channel opens 

up for the influx of Na+. If this change in the polarity of the cell brings the potential up to -55 

mV, depolarization of such cell occurs and the cell is said to fire an action potential [54] (Fig. 
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2.2). The implication of this is that the impulse is relayed to the axon of the neuron. Along the 

neuron, the signal jumps over the insulating myelin sheath to the dendrite of the next neuron. 

Chemical messengers that trigger the opening of the Na+ channels for the attainment of the -55 

mV potential are termed excitatory while those that trigger the opening of the K+ cells are 

tagged inhibitory [56, 57]. Noteworthy, the summation of the inhibitory and excitatory signals 

determines if the neuron fires an action potential or not. If the number of excitatory signals are 

greater than the inhibitory, the neuron would be expected to fire an action potential. 

These chemical messengers are important for the wellbeing of an individual because their 

chemical nature carries information that controls human behaviour. In essence, the 

maintenance of their balance in the body is crucial to a clean bill of health. These 

neurochemical transmitters are popularly called neurotransmitters. 

 

 

 

 

 

 

 

Figure 2.2: A chart showing the action and resting potential. Reprinted from [58]. 

2.3 Neurotransmitters 

Neurotransmitters are chemical substances that control certain human physiological behaviour 

as they move from the axon of a neuron to the dendrite of the other [50]. They are biomolecules 

that contribute to the proper running of the entire body system. A good number of them are 

produced in the central and peripheral nervous system and as such contribute immensely to the 

actualization of human actions such as sleeping, memory, mental alertness, heart rate, emotion 

and muscle contraction. When the Ca+ gates opened as a result of action potential across a 

presynaptic neuron, Ca+ binds with the protein around the synaptic vesicles. This action brings 

about the dissolution of the coating around the synaptic vesicle housing the neurochemical 

transmitters and they eventually bind to the post-synaptic receptor [56, 57]. The receptors and 
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the neurotransmitters do not always have a lock and key kind of relationship because there is 

equally a possibility of a neurotransmitter binding to different sites on a receptor – especially 

when the receptor has sub-receptors [50]. Surprisingly, some neurotransmitters also affect the 

response of a receptor to another neurotransmitter. Such neurotransmitters are tagged 

neuromodulators [59]. Depending on the chemical nature of the neurotransmitters, the neuron 

either fires an action potential or not [54]. Firing the action potential has a corresponding 

physiological response. The physiological response due to the release of these chemical 

messengers can be hampered when there is an upset in their level in the human system. This 

imbalance often leads to chronic health issues that often reduce the quality of life. Few of the 

debilitating effects of the abnormal concentration of these chemicals are; schizophrenia, 

Parkinson’s disease, autism, high blood pressure, anxiety and depression [12]. The level of 

neurotransmitters in extracellular fluids has been considered as a possible means of diagnosis 

for patients suffering from any of these diseases. Hence, the importance of extensive study on 

neurotransmitter detection. Before looking into the detection of these important biomolecules, 

it is important to have an idea of what these neurotransmitters look like structurally and their 

various classes. 

2.4 Classification of neurotransmitters 

Neurotransmitters are mostly organic compounds such as amino acids, amines, nucleotides and 

peptides. Inorganic compounds such as nitric oxide (NO) and carbon monoxide (CO) have 

shown neurotransmitting tendencies [60, 61]. The classification of neurotransmitters can be 

based on two different categories (Table 2.1) namely 

 classification based on mechanism of transmission 

 classification based on structure 

Classification based on mechanism of transmission is a form of classification that identifies 

neurotransmitters (NTs) as either inhibitory or excitatory. This classification stems from the 

effect the neurotransmitter has on the polarity of the neural membrane after the stimulation of 

the post synaptic receptor. As earlier stated, those NTs that succeeded in raising the potential 

of the neural membrane to the -55 mV benchmark are termed excitatory while those that acted 

otherwise are tagged inhibitory [54]. Interestingly, some neurotransmitters can act have both 

excitatory and inhibitory effect. Example of excitatory neurotransmitters are dopamine, 

epinephrine, norepinephrine, acetylcholine, glutamate and aspartate. Dopamine and 
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acetylcholine can double as both excitatory and inhibitory NTs. Gamma-aminobutyric acid 

(GABA), serotonin and glycine are popular inhibitory neurotransmitters [62, 63]. 

Based on the chemical structure of the neurotransmitters, the commonly studied NTs can be 

classified as amino acids, gases and amines. Dopamine, epinephrine, norepinephrine, 

tryptamine and serotonin are collectively termed monoamines because they possess the amino 

functional group. Specifically, dopamine, epinephrine and norepinephrine are sub-classified as 

catecholamines - considering the catecholamine backbone in their make-up. Glycine, 

glutamate, aspartate and GABA are all amino acids due to the presence of the amino and the 

carboxylic functional group in their chemical structure. As expected, NO and CO are 

gasotransmitters. Most of the monoamine class of neurotransmitters can also act as 

neuromodulators [64]. Figure 2.3 showed the chemical structure of notable neurotransmitters.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: Structure of common neurotransmitters 
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Table 2.1: Classification of neurotransmitters 

                          a- catecholamines     b- indolamine 

2.5 Monoamine neurotransmitters  

The monoamine class of neurotransmitters have contributed immensely to the smooth running 

of the entire system because basic human needs such as memory, sleep, emotion, mood and 

mental alertness are controlled by these NTs [12]. By implication, upset in their body balance 

and its attendant neurological disorder have singled out this class of NTs for special attention 

in terms of the design of detection procedures. The attention was partly because the diagnosis 

of such disorders (schizophrenia, anxiety, Parkinson’s disease, dementia and movement 

disorders) could be near-conclusive with the development of sensors for these NTs. More 

importantly, this possibility emerged because the cumulative effect of the imbalance of two or 

three of these NTs could manifest in some of these disorders [50, 65, 66]. This premise explains 

why there have been the existence of more sensors for the determination of this class of NTs 

than any other class.  

2.5.1 Dopamine 

Dopamine (DA) is about the most studied neurotransmitter for electrochemical detection. The 

popularity of DA stems from its neurological importance. Dopamine is essential for memory, 

mood, learning and sleep [12]. Its importance in cognitive and behavioural wellness of an 

individual underscores the massive damage its imbalance could do to the social status of such 

an individual. Schizophrenia, dementia, attention-deficit hyperactivity (ADH), Parkinson’s 

disease and depression are notable implications of DA imbalance in the body [65-68]. 

Schizophrenia and Parkinson’s disease are the most popular of the lot because of the severity 

of their symptoms. Symptoms of schizophrenia such as delusion, hallucination and 

disorganization of behaviour have been ascribed to increase in dopamine activity while 

Classification based on mechanism Classification based on structure 

Excitatory  

Dopamine   Epinephrine 

Norepinephrine     Acetylcholine 

Inhibitory 

Serotonin    GABA     

Glycine     Dopamine    Acetylcholine 

Monoamine 

aDopamine   aEpinephrine 

aNorepinephrine     bSerotonin    Tryptamine 

Amino acids 

GABA  Glycine   Aspartate    Glutamate 

Gasotransmitters 

Nitric oxide (NO)      Carbon monoxide (CO) 
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cognitive impairment and decreased verbal fluency were associated with decrease in DA level 

[50, 67, 69]. Parkinson’s disease symptoms like severe dementia have also been linked to DA 

depletion [69]. Noteworthy, the synthetic route of DA in the central nervous system have been 

found to be the transformation of tyrosine to 3,4-dihydroxyphenylalanine (DOPA) followed by 

the decarboxylation of DOPA to DA [70]. Since levodopa (L-DOPA) is a precursor of DA, it 

is administered as drug for the treatment of DA depletion related diseases [50]. This happens 

basically because L-DOPA can cross the blood-brain barrier. However, L-DOPA has to be 

handled with extreme care due to the possibility of side effects such as DA toxicity [71]. This 

side effect which manifests as hypotentia and nausea, has been mitigated with the addition of 

DA to the L-DOPA formula in order to control the amount of DA to be formed since DA can’t 

surmount the blood-brain barrier [50, 72]. This reality led to the development of dedicated 

sensors for L-DOPA as well. 

2.5.2 Serotonin 

Serotonin, also known as 5-HT (5-hydroxytryptamine), can be produced in the central nervous 

system from tryptophan [73]. It is an inhibitory NT responsible for the regulation of mood, 

sleep, anxiety, memory, appetite and learning. Muscle contraction and some cardiovascular 

functions have been ascribed to the presence of SE at optimum level in the body [74]. Anxiety, 

depression, aggression, memory impairment and reduced muscle movement have been 

connected to low SE level while high levels of SE have manifested in sedation and decrease in 

sexual drive [75]. Extremely high SE level causes SE syndrome with symptoms such as 

insomnia, uncontrollable trembling, aggression, nausea and profuse sweating. Selective 

serotonin reuptake inhibitors (SSRIs) are drugs that can be used for the treatment of anxiety 

related disorders such as obsessive –compulsive disorder, social phobia and depression [76, 

77]. The apparent importance of SE has inspired the design of numerous sensors for its 

detection. As seen in some cases, the relationship between SE and tryptophan has motivated 

scientists to develop a sensitive and selective sensor for SE detection in the presence of 

tryptophan. 

2.5.3 Norepinephrine 

Norepinephrine (NE), otherwise referred to as noradrenaline is an excitatory neurotransmitter 

produced in the central nervous system from DA in a synthetic pathway similar to that of DA 

- except for the transformation of DA to NE by dopamine β-hydoxylase (Spector). After the 

re-uptake of NE, it can be broken down further by monoamine oxidase (MAO) [78]. NE which 
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equally doubles as a stress hormone is popularly referred to as the ‘flight or fight’ NT because 

of its ability to activate the sympathetic nervous system in moments of danger [79]. It is 

responsible for the regulation of heart rate, blood pressure, memory, body metabolic rate and 

temperature. Consequently, high levels of NE has been ascribed to anxiety, panic and insomnia 

while low levels of NE has manifested in depression, poor memory and loss of mental alertness 

[50]. Precisely, anxiety related disorders such as obsessive compulsive disorder (OCD), post-

traumatic stress disorder (PTSD) and panic disorder have been treated with MAO [80, 81]. 

Like every other monoamine NTs, the health implication of the imbalance of NE has triggered 

the development of several electrochemical and fluorescence sensors for its detection. More 

often than not, it takes the determination of other NTs responsible for a specific disorder caused 

by NE and such NTs to arrive at a conclusive diagnosis of the patient. This underscores the 

need to design sensors specific for the monoamine NTs which are known to be responsible for 

some disorders outside their optimum levels. 

2.5.4 Epinephrine  

Epinephrine, otherwise called adrenaline is another excitatory NT. EP doubles as a hormone 

produced by the adrenal gland. Just like NE, it can as well be regarded as a ‘flight of fight’ NT 

because it equally prepares the body for emergency. Again, like NE it can be synthesized from 

tyrosine [82]. Apart from the apparent difference in structure, EP has a more limited role in 

‘flight or fight’ response of the body compared to NE [83]. It is responsible for heart rate, 

memory, mental alertness and regulation of blood glucose level, which explains why the 

imbalance of EP had manifested in ailments such as Parkinson’s disease, hypoglycemia, 

schizophrenia, diabetes and hypertension [12, 45]. It is therefore unsurprising that EP has been 

administered for the treatment of certain heart conditions. A standard EP concentration of 90-

690 pg/mL is expected in a normal human body. Chronic ailments such as myocardial 

infarction (which limits blood flow to the human heart) have been linked to the upset in the EP 

balance of the human body system [84]. 

Considering the importance of these NTs, several methods have been applied for their detection 

both in vivo and in vitro, so as to make informed decision on the diagnosis of ailments 

associated with their abnormal presence in biological systems.  
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2.6 Interfering biomolecules in neurotransmitters detection 

2.6.1 Ascorbic acid 

Ascorbic acid (AA), otherwise called vitamin C, is a notable biomolecule with good antioxidant 

attributes. The dietary sources of AA include fruits and vegetables. Its presence in the 

extracellular fluids in large concentration is therefore inevitable. It has been reported that the 

level of AA in the cerebrospinal fluid and the brain could be as high as 10 mM and 400 µM, 

respectively [43]. Specifically, the level of AA in vivo is valued at about 100 – 1000 times the 

concentration of NTs [85]. Although independent electrochemical detection of AA has been 

attempted, it has more often been treated as an interfering molecule in the presence of the 

monoamine neurotransmitters. Given the fact that AA is detected at a potential similar to that 

of notable monoamine NTs such as DA, the performance of some NTs sensor have also been 

measured by their ability to effect discriminatory AA and NTs detection. In a number of 

publications, AA-DA peak resolution have been achieved with the AA peak recorded at a lower 

potential than the monoamine NTs [86-89]. This precedence and the fact that AA is readily 

available explain the choice of AA as one of the interfering molecules used in this study. 

2.6.2 Uric acid 

Uric acid is a byproduct of the breakdown of purine [90]. Purine can be found in many food 

substances such as peas, liver, and seafood. The consumption of these food items and many 

more increases the purine content of the body and consequently raises the level of UA in 

extracellular fluid. Although UA is considered an antioxidant, its high level in the human 

system has been reported to cause gout and nephropathy [91]. UA has been reported to exist in 

extracellular fluids at higher concentration than the NTs (about 100-1000 times higher than 

DA) [92]. Several reports on the selective detection of NTs in the presence of UA show that 

UA is detected at a higher potential than DA, EP and NE [93-95]. The variation in potential 

enables the simultaneous and selective detection of these NTs in the presence of UA. In some 

instances, the detection of NTs in the presence of AA and UA was attempted [96-99]. The 

ability of sensors to selectively detect NTs in the presence of AA and UA is a useful metric for 

assessing the practical application of sensors in real samples such as urine and blood serum. 

Figure 2.4 showed the chemical structure of AA and UA. 
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Figure 2.4: Chemical structure of ascorbic acid and uric acid 

2.7 Determination of neurotransmitters 

Neurotransmitters have clearly been very important biomolecules of clinical significance. They 

have huge impact on the smooth running of the entire body system and therefore come with 

detrimental effect when they exist at levels outside their respective optimum concentrations. In 

order to accurately detect these NTs for diagnostic purposes, several methods have been 

applied. Notable methods of NT detection are; chromatography, spectroscopy, mass 

spectrometry, chemiluminescence (ECL) and capillary electrophoresis [8-11]. Most of these 

techniques have limitations that often limit their use for easy, fast and cost-effective NT 

detection. For instance, the high performance liquid chromatography (HPLC) technique 

requires a highly skilled analyst coupled with the huge cost of procurement of the equipment. 

Mass spectrometry equally suffers from the requirement of skilled analyst and the need to often 

couple it with chromatography which often raises the cost of NTs detection. Some of these 

methods have low sensitivity while those with high sensitivity take long time for analysis. To 

solve this problem, researchers have developed numerous electrochemical sensors which are 

capable of rapid detection of analytes of interest to the lowest possible concentration at a very 

low cost. Beyond this, electrochemical sensors have proven to be very reliable when selectivity 

of an analyte in the presence of interferents is required. Notable instances are seen in the 

selective detection of DA in the presence of interferents such as ascorbic acid (AA) and uric 

acid (UA) which often exist at much higher concentrations than DA [14, 26, 42]. 

2.7.1 Electrochemical determination of neurotransmitters 

Electrochemical determination of analytes is done using electroanalytical methods. Regardless 

of the working principle of the method, analysis is done at an electrochemical workstation. A 

typical electrochemical workstation comprises of current/voltage controller 

(galvanostat/potentiostat), electrodes, electrolyte compartment and a signal display (monitor). 
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Just like the conventional electrolysis, electrochemical means of analysis stand to measure the 

voltage/current resulting from driving an originally non-spontaneous chemical reaction. These 

techniques can broadly be divided into three namely; potentiometric, amperometric and 

voltammetric techniques. 

Potentiometric techniques involve the measurement of voltage difference between two 

electrodes while controlling the current [100]. This principle is widely used in a class of 

titration known as the potentiometric titration. 

Voltammetry is a very popular and widely used electroanalytical technique that measures the 

current response of an analyte while the potential is being controlled. Depending on the type 

of voltammetry, the applied potential range is imposed such that the theoretical potential at 

which the electroactive specie undergoes a reduction or oxidation reaction is not left out. On 

the other hand, amperometry requires continuous measurement of current while the potential 

is fixed [101]. A typical voltammetric or amperometric technique uses a three or two electrode 

system. The three electrode system comprises of the working electrode, reference electrode and 

the counter (auxiliary) electrode (Fig. 2.5). The two electrode system is almost the same as the 

three electrode system except for the absence of the counter electrode. In these systems, each 

electrode has its designated function which will be discussed in the next section. 

2.7.1.1 Electrodes and electrolytes in voltammetric/amperometric systems 

Voltammetry is a very popular electroanalytical technique. Numerous literature where these 

techniques have been used for analysis have established the sensitivity of these techniques. A 

very large percentage (if not all) of literature make use of an electrochemical cell with a three 

electrode system [26, 102, 103]. The three electrodes in an electroanalytical system have their 

specific functions. A good knowledge of the functions of each of these electrodes is important 

for understanding the mode of operation of an electrochemical sensor.   

The working electrode is the actual sensor. It is made of conducting chemically inert materials 

such as carbon, platinum, silver or gold [104, 105]. Sometimes, it is made from graphite worked 

into a paste to form a carbon paste electrode [16]. The reactions of the electroactive species 

take place at the working electrode. For instance, in a redox reaction of a specie, electron for 

the reduction of the oxidized form of the analyte comes from the working electrode. This is 

made possible by varying the potential at the working electrode with a potentiostat. The current 

flow between the working electrode and another electrode within the circuit (counter electrode) 

is measured by the potentiostat [101]. More often than not, the current response of the analyte 
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has a direct proportion with the analyte concentration. The relationship has been the basic 

principle upon which most electrochemical sensors were built. The working electrode, 

compared to the other electrodes is expected to have the lowest possible surface area [106]. 

Electron enters the electrolyte solution through the working electrode. In order to obtain a very 

sensitive working electrode, the surface of the working electrode is modified with materials 

capable of improving its conductivity, selectivity (occasionally), sensitivity and interaction 

with the analyte. For instance, modification of a glassy carbon electrode (GCE) with carbon 

nanotube (CNTs) improves the conductivity of GCE and its interaction with DA via π- π 

stacking. When the CNTs are functionalized, electrostatic attraction between the positively 

charged DA and the negatively charged CNTs improves electron transfer kinetics [107]. Apart 

from CNTs, metal and metal oxide nanoparticles, graphene oxide, conducting polymers, 

imprinted polymers and ion-exchange materials such as nafion have been used for the 

modification of working electrodes to obtain sensors with improved conductivity, sensitivity 

and/or selectivity [25, 108, 109]. 

The reference electrode maintains a constant potential relative to the working electrode. The 

potentiostat imposes a constant potential to the reference electrode and the electrolyte such that 

the potential of the electrode can be controlled relative to that of the reference electrode in a 

three electrode system. Notable reference electrode includes; Ag/AgCl, standard calomel 

electrode (Hg/Hg2Cl2/ KCl) and the standard hydrogen electrode (SHE) [106]. The Ag/AgCl 

electrode is often used because it doesn’t require temperature adjustment while the difficulty 

involved in the preparation of SHE makes it rarely used [101]. The reference electrode is placed 

close to the working electrode to improve the potential the analyte experiences.  

The counter electrode majorly exists to complete the circuit and that explains why some 

electrochemical cells (two-electrode systems) can operate without it. Electrons go into the 

electrolyte solution through the working electrode while they leave via the counter electrode. 

Just like the working electrode, it is often made of chemically inert material like platinum [101, 

106]. To ensure that the counter electrode does not interfere with the reaction at the working 

electrode, it is made such that its surface area is a lot larger than that of the working electrode 

[106]. Essentially, the current flow between the counter and the working electrode is recorded 

by the potentiostat.  
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Figure 2.5: Schematic representation of a three-electrode system. Reprinted from [110]. 

The analyte to be analyzed requires a medium in which it can be dissolved. The medium is 

referred to as the electrolyte. The electrolytes are salts which are expected to be at higher 

concentration than the analyte. Beyond this, they are particularly expected to be highly 

conducting to ensure a fast electron transfer between the analyte and the working electrode 

[111, 112]. The electrolyte solutions otherwise called the supporting electrolyte help to 

complete the circuit in the sense that they supply ions to counter the electrons coming from the 

working electrode. In most existing electrochemical set-up, KCl has been used as a supporting 

electrolyte dissolved in distilled water as solvent [44]. In some instances, ammonium salts 

dissolved in acetonitrile or dichloromethane (solvents) have also been used. In cases where the 

pH of the medium is essential for the dissolution of the analyte or the reproduction of a 

biological medium, a buffer solution can be used as the electrolyte. Notable example is the 

phosphate buffer saline (PBS) which is made from phosphate salt and its corresponding weak 

acid [103]. It is important to note that the supporting electrolyte must be pure and chemically 

inert with respect to the analyte under the conditions of the electrochemical reaction. 

There are a number of voltammetric techniques that have proven to be very sensitive platform 

for electroanalysis. Notable techniques such as cyclic voltammetry, square wave voltammetry, 

differential pulse voltammetry, stripping voltammetry and linear sweep voltammetry have 

given high sensitivity. The next section highlights the mode of operation of some of these 

techniques based on the frequency with which they surface in literature. The voltammetric 

techniques have been extensively discussed because of their significance to the current study. 
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2.7.2 Voltammetric analytical techniques 

Cyclic voltammetry, differential pulse voltammetry, square wave voltammetry and linear 

sweep voltammetry are analytical techniques that are commonly used for the detection of 

neurotransmitters. Each of these techniques has its strengths and weaknesses as will be seen in 

this section. 

2.7.2.1 Cyclic voltammetry 

This is a very popular voltammetric method of evaluating the redox behavior of an analyte at 

a modified or unmodified bare electrode. It gives a lot of information such as the redox current 

and potential as well as the reversibility of a redox process at a glance. By implication, 

evaluating the mechanism and the kinetics of redox reactions from the CV is quite easy. 

Generally, a CV is generated when the current response emanates from imposing a certain 

potential on the redox system. The potential imposed such that a potential scan starts from a 

starting potential (E1) and switches back to the starting potential (now stop potential, Es) after 

attaining a switch potential (E2) [113] (Fig. 2.6). The resultant voltammogram often showedtwo 

different peaks at the end of the potential sweep. The peak current obtained during the forward 

sweep before attaining the switch potential is the anodic peak current (Iap) while the one 

obtained from the reverse sweep is the  cathodic peak current (Icp) (Fig. 2.6). The potentials at 

which each of these currents are obtained are regarded as the anodic (Eap) and cathodic peak 

(Ecp) potentials, respectively [106]. Noteworthy, this potential sweep is time dependent and as 

a result, a quantity known as the scan rate obtained from the ratio of potential change (ΔE) and 

time change (Δt) determines the current response [114]. The reversibility of a redox process 

can be estimated by calculating the difference between Eap and Ecp which is expected to be as 

close as possible to a value of 59/n mV for a reversible process at room temperature [105]. A 

reversible process is also expected to have the value of Iap/Icp as 1, meaning that the closer this 

value is to 1, the more reversible the process [115]. 

Migration, diffusion and convection are the three major mass transport mechanisms by which 

an electroactive specie approaches the electrode [106]. Chemical or physical interaction 

between the analyte and the electrode leads to adsorption of analyte to the surface of the 

electrode. The mass transport process is referred to as migration. Mass transport by diffusion 

is most desired as it makes it possible to obtain a more reversible process given that almost the 

same concentration of the oxidized form of the analyte might also be available for reduction. 

Convection leads to fluid movement due to temperature changes. The possibility of this in 

redox systems is mitigated by stirring the solution before experiments [113].  
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Figure 2.6: A typical cyclic voltammogram. Reprinted from [2] 

 

The mechanism of the redox process at the surface of an electrode could either be adsorptive 

or diffusive. In some cases, there could be a mixture of the two. A surface confined process 

(adsorptive process) is defined by the linear relationship between peak current ip and the scan 

rate (v) while such linear relationship between Ip and the square root of v suggested a diffusion 

controlled process [16, 116, 117]. When the latter and the former prevail at lower and higher 

scan rates, respectively, the process is controlled by both mechanism [16]. Using Randle Sevcik 

equation (Equation 2.1), a plot of √v against ip gives a curve from which the surface area of the 

electrode can be obtained given that n, F, A, R, Do, Co and T represent the number of electrons, 

Faraday’s constant (C mol-1), electrode’s surface area (cm 2), molar gas constant (J.mol.K-1), 

diffusion coefficient (cm2 s-1), concentration of the analyte (mol. cm-3) and absolute 

temperature (K). The electroactive surface coverage of the electrode can be obtained from 

Equation 2.2. 

ip = 0.446nFAC0 (
nFvD0

RT
)

1/2

                                                              (Eqn 2.1) 

ip =  (
n2F2

4RT
) vAᴦ                                                                                        (Eqn 2.2) 

If the quantity of charge is known, the number of electrons transferred can be obtained from 

Equation 2.3. 

                                 ip =
nFQv

4RT
                                                                                (Eqn 2.3) 

The kinetics of redox processes at an electrode can be investigated using the Laviron equation 

[118]. The slope of any of Equations 2.4 and 2.5 from a plot of ln v against peak potentials 
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helps in getting the charge transfer coefficient (ɑ). The rate constant, ks can be calculated from 

Equation 2.6. 

Epa = a + (
RT

(1−∝)nF
) ln v                                                                (Eqn 2.4) 

Epc = b − (
RT

∝ nF
) ln v                                                                         (Eqn 2.5) 

logk =∝ log(1−∝) − log (
RT

nFv
) − ∝ (1−∝)

nFΔE

RT
                     (Eqn 2.6) 

The presence of charging current significantly affects the sensitivity of CV. Consequently, it 

gives current response that does not sufficiently represent what the redox system experiences. 

Pulse voltammetry has significantly addressed this challenge and therefore offers greater 

sensitivity. However, the mechanism and kinetics of redox processes are much easier to 

investigate from CV. 

2.7.2.2 Linear sweep voltammetry 

The linear sweep voltammetry (LSV) is a technique often applied for electrochemical analysis 

of slow reactions [114]. This places LSV over SWV (which is much faster) when sluggish 

reactions are to be studied. Basically, voltammograms in LSV are obtained through a fixed 

potential scan between a specified lower and upper limit (Fig. 2.7 (a)) which consequently 

provokes a peak current response at a particular potential based on the analyte-electrode 

interaction [119]. The resultant voltammogram is a plot of potential against current response 

(Fig. 2.7 (b)). For reversible process with fast kinetics, a change in current response 

accompanies a change in the scan rate. Shift in potential and decline in current response 

characterizes slow and irreversible reactions under similar condition. 

 

 

 

 

 

 

Figure 2.7: Graph of (a) potential scan against time and (b) the voltammogram of LSV. 

Reprinted from [2]. 

(a) (b) 
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2.7.2.3 Differential pulse voltammetry 

Beyond the current recorded due to electron transfer between the analyte and the electrode 

(Faradaic current), current flow without such electron transfer is equally possible. This occurs 

when a double layer formation between the electrolyte and the electrode surface emerges, thus 

giving a charging current that undermines the Faradaic current recorded at the potentiostat 

[114]. The phenomenon is most prevalent in cyclic voltammetry because the actual current 

response should have been the combination of the Faradaic and the non-faradaic current [120]. 

To mitigate the challenges contributed by the charging current, pulse voltammetry significantly 

reduce charging current by applying short pulse for a specific time frame. The application of 

the pulse is such that the difference between current response at the beginning (I2) and the end 

(I1) of the pulse applied within a particular potential step is recorded [101] (Fig. 2.8 (a)). The 

differential pulse voltammogram (DPV) is a plot of the potential applied against the cumulative 

current obtained over a specific potential range (Fig 2.8 (b)). This way, the DPV gives a better 

sensitivity than the CV and as a result often applied for selectivity studies in sensor fabrication 

since analytes discrimination based on individual potential of detection is feasible with better 

resolution [120].  

 

 

 

 

 

 

Figure 2.8: Differential pulse voltammetry showing (a) applied potential step and (b) current 

against potential. Reprinted from [2]. 

 

2.7.2.4 Square wave voltammetry 

A voltammetric technique that combines both the advantages of the mechanistic deductions of 

CV and the high sensitivity of DPV is the square wave voltammetry (SWV). Specifically, the 

SWV offers better sensitivity compared to DPV, probably because SWV operates at a faster 

scan rate [121]. Just like DPV potential pulse are imposed within a step as such step increases 

(a) 
(b) 
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with time (Fig. 2.9 (a)). Also, the net peak current (ΔI) at SWV is the change in current response 

obtained from the applied forward potential (at the terminal end of the forward pulse) and the 

backward applied potential (at the end of backward pulse) [101]. The charging current in both 

directions are similar in magnitude, therefore this net current is devoid of the effect of charging 

current which would have been subtracted in the process of obtaining ΔI [114]. As seen in 

Figure 2.9 (b), the square wave voltammogram looks very much like that of a CV before 

subtracting the current response in both directions. The SWV is used when very high sensitivity 

is required. Consequently, it is applied for the electrochemical detection of trace level of 

analytes as well as the simultaneous detection of various analytes [44].  

 

 

   

 

 

Figure 2.9: Square wave voltammetry showing (a) applied potential step and (b) current 

against potential. Reprinted from [2]. 

 

2.8   Materials for neurotransmitters determination 

2.8.1 Quantum dots: applications and classification 

Quantum dots (QDs) are widely known as zero-dimensional nanomaterials with extremely 

small particle size (often < 10 nm) [17]. Interestingly, QDs have optical properties that have a 

direct link with their size. Precisely, the band gap between the valence and the conduction band 

increases with decrease in the size of the QDs particles such that the movement of electrons is 

limited to discrete energy levels [122]. This phenomenon is tagged ‘quantum confinement’ 

simply because the hole left at the valence band and the electron at the conduction band are 

within the small dimensions of QDs which contain few atoms. QDs are also called artificial 

atoms because they can be synthesized to possess quantum confinements similar to a 

conventional atom of interest [123]. The optical feature of QDs has been linked with the 

variation in the wavelength of light emitted by QDs particles of different band gaps. As a result, 

QDs of different sources have been made and utilized in electronics such as television sets and 

solar cells where this special optical feature is needed [18, 19]. Also, the light emitting 

(b) (a) 
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characteristics of QDs have been harnessed to serve as substitute for organic dye commonly 

used for cell bioimaging [124]. The resistance of QDs to photobleaching and the bright 

photoluminescence they offer placed them over other materials for this purpose [122].  The 

optical properties, small particle size, electrical conductivity and the large surface area of 

quantum dots have inspired scientists to fabricate electrochemical and optical sensors with very 

high sensitivity towards various analytes [16, 26, 103].  QDs have equally been used in drug 

delivery due to the ease with which they can be functionalized with various drug substances 

such as folic acid (FA), doxorubicin, Adriamycin among others [24, 125-127]. Biosensors for 

the detection of biomolecules such as adenosine triphosphate (ATP), FA, Lysozyme and 

neurotransmitters have been developed with the use of QDs. These applications of QDs 

however came with their challenges of which the most significant is the cytotoxicity.  

In terms of chemical composition, QDs can either be inorganic or carbon based. The inorganic 

QDs are composed of two major parts namely the core and the shell. Beyond this, they can 

have stabilizing layers, dopants and ligands (Fig. 2.10). The core and the shell are made up of 

binary compounds made up of Zn, Cd, S, Te, P, Cu, Ga, N and O. For instance, the core could 

be CdTe, CdS, GaP, CuCl or GaAs while the shell could be any of CdSe, PbS, ZnO, ZnS, ZnTe 

or ZnSe [128-133]. The dopants are mostly metallic cations introduced in order to improve the 

luminescence of the QDs. The QDs have performed well for the various purposes earlier 

discussed, but they tend to have high level of cytotoxicity [17]. In a bid to find an alternative 

to these metallic QDs, scientists came up with the carbon based quantum dots which have 

cheaper precursor and much lower cytotoxicity. This class of QDs are referred to as the carbon 

based quantum dots. 

The carbon based QDs that have been commonly used in the preparation of electrochemical 

sensors in recent times are the graphene quantum dots and the carbon quantum dots (loosely 

called carbon dots). This project is centred on the use of carbon based quantum dots for the 

determination of monoamine NTs. Accordingly, carbon quantum dots and their application in 

this regard would be discussed in the next section. 

2.8.2 Carbon based quantum dots  

The prominent carbon based quantum dots are the graphene QDs (GQDs) and the carbon QDs 

(CQs). Although these two types of carbon based quantum dots are both zero dimensional 

carbon nanomaterials with sp2 hybridized carbon atoms with characteristic quantum 
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confinement, they are still different in some respect [134-136]. GQDs are largely crystalline 

carbon nanomaterials made up of fewer graphene sheets compared to CQs [134]. As the name 

 

 

 

 

 

 

 

 

 

Figure 2.10: (a) Schematic diagram of inorganic quantum dots. Structure of (b) graphene (c) 

carbon dots and (d) nitrogen doped carbon dots. Reprinted from [2]. 

 

implies, GQDs are mostly prepared via the top-down approach with the use of graphene as the 

precursor. Basically, the differences between the GQDs and the CQs are the synthetic route, 

crystallinity and graphene content.  

CQs are relatively new class of carbon nanomaterials, considering their discovery in 2004. 

They have tunable fluorescence and can be synthesized from cheap precursors such as 

biological wastes and other environmentally benign materials such as pawpaw [23]. Apart from 

the low cytotoxicity, CQs are chemically inert materials with good biocompatibility that makes 

them suitable for incorporation into matrices for biomolecules sensor fabrication. The synthesis 

of CQs have been divided into two broad categories regardless of the chemical, physical or 

electrochemical method of synthesis.  

The first category is the top-down approach which involves the use of carbon source such as 

carbon nanotubes (CNTs), graphite, activated carbon and nanodiamonds for the preparation of 

QDs. Techniques such as arc-discharge, laser ablation and the electrochemical method have 

been used to accomplish the top-down approach [137]. The bottom-up approach on the other 

hand involves the use of biomass, carbohydrates, organic acids and natural products for CQDs 
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synthesis. Sucrose, citric acid, water melon peel, starch, sweet potato, grass, pomelo peel, plant 

root and leaves have been used as precursor for the bottom-up approach for CQs synthesis 

using the hydrothermal, plasma, microwave, solvothermal or the chemical treatment [21, 22, 

138-140].  

The properties of various materials such as the nanodiamonds (NDs) and CNTs have been 

modified to suit a specific purpose by doping these materials with atoms or some other 

materials of interest [13, 45]. CQs have equally been doped with atoms such as nitrogen and 

boron to obtain doped quantum dots with desired luminescence and conductivity. For instance, 

Jiang et al., [141] suggested that doping carbon nanomaterials with nitrogen can induce charge 

delocalization in such material and this would be expected to be the case with nitrogen doped 

carbon QDs (N-CQDs). A number of N-CQDs have been prepared for the fabrication of sensors 

for monoamine NTs detection in recent times with good sensitivity [142]. Similarly, a lot of 

GQDs based sensors for NTs detection are available in literature (Table 2.2). The current study 

is predicated on the use of CQs for NTs detection. Consequently, the next section is dedicated 

to the discussion of synthesis of CQs and the application of CQs for monoamine NTs detection. 

2.8.2.1 Synthetic methods for carbon quantum dots (CQs) 

The synthesis of CQs can be achieved through the top-down and the bottom-up approach using 

the appropriate precursor. These two approach have been accomplished with the help of some 

physical and electrochemical methods. Some of these methods would be discussed in this 

section. 

Carbonization: Carbonization of various biomass has been used for the preparation of CQs of 

various sizes. This method has been deployed for the preparation of green CQs using cheap 

precursors such as the watermelon peel [138], pepper [143] and hair fibre [21]. Organic acids 

such as citric acid and glucose as well as carbon based precursors such as carbon black have 

also been deployed for CQs preparation through carbonization [14, 42, 117]. This is often 

achieved through the hydrothermal means which involves heating the precursor at elevated 

temperature and pressure. This is because the hydrothermal technique is more environmentally 

friendly and cost effective than the chemical oxidation or the thermal decomposition method 

[144]. Gomes and his group reported CQs synthesis via the hydrothermal means of 

carbonization from chitin, chitosan and graphite by subjecting the precursors to heating at 200 

oC for 6 hours [145]. The hydrothermal synthesis of CQs from CA and glucose has also been 

reported by Shen et al., [146]. Carbonization through thermal decomposition of precursors have 
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also been attempted with huge success. This basic principle involves a solvent free 

carbonization of precursor at very high temperature. This method was adopted by Martindale 

and his team for the preparation of CQs via citric acid pyrolysis at 180 oC [147]. Pyrolysis of 

citric acid is a very significant synthetic route for carbon based quantum dots (Figure 2.11). 

Chemical oxidation: From the instrumentation point of view, the chemical oxidation means 

of CQs synthesis is a very convenient and cheap method of large scale CQs synthesis [144]. 

On the other hand, this method requires the use of a large quantity of chemicals to an extent 

that the toxicity of the resultant CQs is of great concern. Generally, it involves the combination 

of the precursor with an inorganic oxidant such as inorganic acids and hydrogen peroxide [148]. 

For instance, Chen et al., reported the synthesis of CQs from the chemical oxidation of pencil 

graphite with hydrofluoric acid and potassium permanganate to give very conducting CQs 

subsequently applied for DA electrochemical detection[27]. Similarly, Yan et al., reported the 

synthesis of highly fluorescent CQs from starch chemical oxidation with H2O2 [61]. This 

synthesis combines both carbonization and chemical oxidation considering the initial 

carbonization of starch prior to chemical oxidation. 

Figure 2.11: Preparation of GQDs from pyrolysis of citric acid. Reprinted from [2] 

Electrochemical oxidation: This is about the most popular method of CQs synthesis via the 

top-bottom approach using precursors such as graphite and CNTs. The electrochemical 

oxidation technique offers CQs with high yield, purity, reproducibility as well as low cost of 

production [144].  CQs preparation from graphite electrode electrochemical oxidation in 

alkaline alcohol was attempted by Liu and his group to obtain carbon dots of ~ 4 nm average 
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diameter [47]. The authors also showed that the storage of the CQs have an effect on their 

particle sizes by obtaining different particle size distribution for particles stored at room 

temperature and 4 oC. Devi et al., also reported the electrochemical CQs synthesis from 

graphite rod (used as cathode and anode) in alkaline ethanol electrolyte [115]. The resultant 

CQs gave green fluorescence under a UV of 365 nm wavelength and average particle size of 7 

nm. 

Microwave-assisted synthesis: Compared to the hydrothermal synthesis, the microwave-

assisted method helps to shorten the reaction time and provide a platform for uniform heating 

of the precursor for CQs synthesis, thus producing CQs of uniform size [137, 140]. The 

microwave provides the required energy to break bonds between substrate, thus limiting the 

introduction of too many chemicals as seen in the chemical oxidation method. Microwave-

assisted CQs synthesis has been successfully done by Pires et al., using various biomass such 

as cashew gum to obtain CQs of 9 nm average particle size [149]. Similarly, highly fluorescent 

CQs were prepared by Hu and his team from orange peels using a 900 W microwave [150].  

Noteworthy, the particle distribution of the CQs particles spans a range of 2-21 nm which 

suggested irregular particle size. The CQs had an average particle size of ~ 3 nm and gave 

green fluorescence under a wavelength of 420 nm. Interestingly, the particles of the CQs were 

nearly uniform because the size distribution had a narrow range of 3-5 nm.  

Laser ablation, which depends on the physical interaction between precursors such as graphite 

and laser beams have also been applied for CQs synthesis. Noteworthy, the nature of the laser 

beam has been found to contribute significantly to the particle size of the resultant CQs [151]. 

Also, the arc-discharge method and the ultrasonic treatment of carbon containing precursors 

have also yielded large quantity of CQs with high quantum yield [152, 153]. These and many 

other methods have been applied for CQs synthesis but the highlighted techniques are much 

easier to achieve and therefore likely to be applied during the course of this project. 

2.8.2.2 Carbon quantum dots (CQs) for monoamine NTs detection 

The significance of the monoamine neurotransmitters as earlier discussed inspired scientists to 

attempt the use of CQs for monoamine NTs sensors fabrication. Compared to the number of 

such publications available on the application of some other materials such as graphene (Gr), 

graphene oxide (GO), polymers, metal oxide nanoparticles, CNTs and metal nanoparticles, 

fewer data are available on the application of CQs for this purpose [2]. Also, the largest 

percentage of the CQs based sensors were glassy carbon electrodes (GCE) modified with 
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composites containing CQs and some other materials such as metal nanoparticles, single-

walled CNTs (SWCNTs), chitosan, GO and nafion among other materials (Table 2.2). 

Compared to other monoamine NTs, dopamine (DA) was the most determined NTs with CQs 

modified electrode in the last ten years. The quantum dots used for this purpose were mostly 

synthesized with the use of carbohydrates such as glucose, sucrose and collagen as precursor 

(Table 2.2). Carbonized glucose was used for the synthesis of CQs by Li et al., prior to the 

modification of GCE with the prepared CQs [154]. Following the drop-casting of the CQs on 

GCE, the modified electrode was used for DA detection. This sensor provided a sensitivity 

sufficient for DA detection in human serum. Similarly, Huang and his group presented another 

CQs modified GCE with glucose as precursor [109]. In this case, polyethylene glycol was 

added to glucose for the synthesis of the CQs which was subsequently incorporated into 

chitosan (CS) for the formation of the composite for GCE modification. The resultant sensor 

was able to detect DA in DA injection sample with good recovery. Using sucrose as precursor, 

two different articles were presented for DA detection in the last decade. In one of those articles 

presented by Huang et al., a combination of sucrose and oil acid was carbonized for the 

preparation of CQs which was combined with AuNPs and CS for the formation of a composite 

for DA detection [116]. Another article by the same author used the CQs prepared using the 

same method for the preparation of CQs which were combined with nafion and Cu2O for the 

preparation of a composite for DA detection [40]. The sensors offered very high sensitivity to 

DA in human serum and DA injection. N-CQDs was synthesized from a mixture of NH3 and 

collagen using the hydrothermal method. The N-CQDs was further modified with nafion prior 

to the modification of GCE with the N-CQDs in order to obtain a more stable sensor. This 

sensor was applied for the selective detection of DA in solutions containing ascorbic acid (AA) 

and uric acid (UA). 

Carbon nanomaterials have also been used for the preparation of CQs using the top-down 

approach.  Devi and his team prepared one of such CQs through the exfoliation of graphite via 

an electrochemical means[115]. This was accomplished by subjecting two graphite electrodes 

to a direct current in the presence of NaOH, ethanol and water. The resultant CQDs were 

applied for coating the surface of GCE and a screen printed carbon electrode (SPCE) for a 

comparative DA detection in the presence of AA. Pencil graphite was used for the preparation 

of the CQDs prepared by Algarra and his team for the fabrication of CQs modified GCE [155]. 

However, the sensor was used for DA detection in the absence of interfering species.  
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Pyrolysis of citric acid (CA) is another common synthetic route for CQs. Chen and his team 

prepared CQs using this method and incorporated the CQs into a composite with β-cyclodextrin 

(β-CD) for the modification of GCE [156]. The sensor obtained was eventually applied for the 

determination of DA in the presence of UA and tryptophan (trp). Also, a simple electrode 

composed of GCE modified with CQs prepared from 1-propanol through the electrochemical 

method was fabricated by Canevari and his group [15]. The summary of the performances of 

these CQs modified electrodes as seen on Table 2.2 showed that these sensors are capable of 

DA detection to a very low concentration. In addition, the application of the electrodes for the 

determination of DA in real samples is equally apparent. Table 2.2 also revealed that the 

electroanalysis of DA with the CQs modified electrodes has been undertaken mostly with DPV 

due to the higher sensitivity of the technique relative to some other voltammetric technique. 

Other monoamine neurotransmitters such as EP, SE and NE have equally been analysed with 

the aid of CQs modified electrodes. Compared to the sensors of this nature available for DA 

detection, the ones dedicated for this purpose are fewer (Table 2.3). In recent times, EP and SE 

have enjoyed greater attention in this regard. Specifically, there is paucity of data on the 

determination of NE with CQs based electrochemical sensor. Molecularly imprinted polymers 

(MIPs) have been combined with N-CQDs prepared from urea and CA for the determination 

of EP. Yola and Atar combined the EP imprinted MIPs with N-CQDs and graphitic carbon 

nitride (g-C3N4) to form a composite for GCE modification [157]. This electrode showed a 

very high sensitivity to EP in the presence of UA, AA, DA, NE, tyrosine and tryptophan. 

Shankar et al., also designed a CQs based sensor for EP detection by combining CQs made 

from styrene with carbon paste [158]. The resultant CQs/CPE was applied for AA, SE and EP 

determination individually and simultaneously with very wide peak difference and high 

sensitivity. In recent times (over a decade), NE determination has not been attempted with the 

aid of a CQs modified electrode but such electrode made from GQDs abound.  

The electrochemical detection of monoamine NTs with CQs of the green origin has not been 

reported. The green CQs based monoamine NTs sensors in literature are fluorescence sensors 

[159, 160]. This explains the decision to adopt the CQs from banana peel as a component of 

the monoamine NTs sensors in this study. Interestingly, the results obtained at the green CQs 

based sensor will be compared with that of the synthetic CQs (from pencil graphite) based 

sensor.  
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Table 2.2: Figures of merit describing the performance of carbon-based QDs for dopamine detection (Reprinted from [2]) 

 

Electrode 

Support 

Electrode QD 

precursor 

Method LOD 

(nM) 

LDR (µM) Peak difference (mV) 
AA-DA   UA-DA   AA-UA 
(DA-tyr)  (DA-EP)   (UA-trp) 

pH Validating 

sample 

References 

GQDs GQDs/GCE CA DPV 50 0.4-100 148           -             -  7.0 DA injection [14] 

 Au-GQDs/Nafion/GCE Carbon 

black 

DPV 840 2-50       -           -            - 7.4 Human urine 

(HU) 

[117] 

 CS/N-GQDs/SPCE Glucose  DPV 145 1-200 171            46         -     7.0 HU [42] 

 GQDs-Nafion/GCE Graphite DPV 0.45 0.005-100   -                -           -  7.0 DA injection [161] 

 GQDs-eth/GCE CA DPV 115 1-150 288            194       -  7.0 DA injection [162] 

 SnO2/PANI/N-

GQDs/GCE 

Glucose DPV 220 0.5-200 288            199       - 7.0         -  [25] 

 GQDs-TMSPED-

AuNCs/GCE 

Glucose AP 5 0.005-2.1     -             (412)      - 7.0 DA injection 

& HU 

[102] 

 H-GQDs-GMA CA DPV 0.29 0.001-80    -                -            - 7.0 Rat brain [103] 

 GQDs/MWCNTs/GCE Glucose DPV 95 0.25-250     -               -            - 7.0 Human serum 

(HS) 

[41] 

 GQDs/SPE CA DPV 500 1-900 (435)           -            - 7.0 DA ampoule 

& Urine 

[26] 

CQs CD-CQs/GCE CA DPV 140 4-220     -            (150)    (420) 7.0 Urine [156]  

 GCE/CQs Propanol DPV 4.6 0.05-2      -              -            - 7.0 Urine [15] 

 GCE-CQs Graphite LSV 2700 0.19-11.81      -              -            -  7.0       -  [27] 

 CQs-CS/GCE Glucose DPV 11.2 0.1-30      -              -            -  7.0 DA injection [109] 

 IL-graphene/CQs/GCE Graphene 

oxide 

DPV 30 0.1-600      -              -            - 6.5 Bovine serum [108] 

 NCQDs-nafion/GCE Collagen DPV 1.0 0.0-1000       -          760       340 7.4        - [142] 

 NCQDs/GCE DEA DPV 1.2 0.05-800 580             -             - 6.5 HS and HU [141] 

 CQs/GCE Glucose DPV 26 0.15-150       -             -             -    6.0 Human 

plasma 

[154] 

 AuNP/CQs-CS/GCE Sucrose DPV 1.0 0.1-30      -               -            -  7.0 DA injection [116] 

 Cu2O-CQs/Nafion/GCE Sucrose DPV 1.1 0.05-45      -                -           - 7.0 HS [40] 

 CQs/SPCE Graphite CV 99 1-7      -                -           - 7.4 HU [115] 
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2.8.2 Metal oxide nanoparticles (MONPs) 

Metal oxide nanoparticles (MONPs) are very significant materials in nanotechnology and 

applied electrochemistry. This is largely due to the ease of preparation, large surface area, huge 

intrinsic conductivity, and the low cost of production of these materials. By implication, metal 

oxide nanoparticles have formed a part of various electrochemical sensor, drug delivery 

system, fuel cells and semiconductors. Metal oxide nanoparticles have also been used as 

antimicrobials as well as very efficient photocatalyst.  The versatility of MONPs have been 

linked to their very small size (nanometers).  

The periodicity of elements which affects metals has been the major reason for the difference 

in the properties of MONPs prepared from different metals. MONPs prepared from the 

combination of group 3-12 metals with oxygen give metallic and semiconducting properties 

while those formed with other metals are insulating in nature. Semiconducting MONPs are 

broadly divided into three namely; intrinsic (i-type), electron deficient (p-type) and the 

electron-rich type of semiconductor (n-type) [163, 164]. The p and n-type semiconductors are 

collectively referred to as extrinsic semiconductors when foreign dopants are present. The 

electron deficiency of the p-type semiconductors stems from the fact that they possess excess 

holes which are the major charge carriers while the excess electrons in the n-type 

semiconductor are the major charge carriers [164]. The nature of the dopant in a 

semiconducting material determines its classification as either n or p-type semiconductor. For 

instance, ZnO nanoparticles are considered n-type semiconductors because it is widely 

believed that during the growth of the particles, hydrogen served as an unintended dopant while 

the oxygen vacancy was considered as the reason for the n-type nature of ZnO nanoparticles in 

some cases [165, 166]. Regardless of what the reason behind this identity is, it has been 

confirmed that excess electrons are the charge carrier in this material. Also, copper oxide 

nanoparticles are referred to as p-type semiconductors as a result of the copper vacancies [167].  

Just like a typical semiconductor, the i-type MONPs act as both conductor and insulator.  This 

is because i-type semiconductors are generally dopant free. 

The antimicrobial properties of MONPs have been a huge relief considering the resistance of 

pathogens to antibiotics. This is possible due to the improved solubility, catalytic activity and 

mass transfer of the MONPs which accompanied the small particle size of the metal oxide  
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Table 2.3: Table of the figures of merit of other monoamine NTs (EP, SE and NE) determination using graphene and carbon quantum dots (GQDs 

& CQs). Reprinted from [2]   

 

 

Monoamine NTs Electrode 

Support 

Electrode QDs 

precursor 

Technique LOD 

(nM) 

LDR (µM) pH Validating 

sample 

References 

Epinephrine GQDs GQDs/CS/CPE CA CAP 0.3 0.36-380 7.0 Blood serum & 

EP injection 

[16] 

  GCE/GQDs/Lac CA CV 83.0 1-120 5.2 EP injection [168] 

 CQs MIP/g-

C3N4/NCQDs/GCE 

CA DPV 0.0003 0.001-1 7.5 Human urine [157] 

  CQDs/CPE Styrene DPV 6.0 0.02-20 7.4 EP injection [158] 

Serotonin GQDs MIP/h-BN/GQDs/GCE Graphite DPV 0.0002 0.001-10 7.0 Human urine [169] 

 CQs CQs/CPE Styrene DPV 4.0 0.01-8 7.4 - [158] 

Norepinephrine GQDs GQDs-AuNPs/GCE CA SWSV 150 0.5-7.5 7.0 NE injection & 

rat brain tissue 

[170] 

  GQDs/IL/CPE CA DPV 60 0.2-400 7.0 NE injection & 

human urine 

[171] 
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nanoparticles (MONPs) [172]. Although the actual mechanism of the antimicrobial effect of 

MONPs on pathogens is hardly known, it is expected that the toxicity of the free metal on the 

nanoparticles surface as well as its solubility played a significant role in this regard. The 

physicochemical properties of these nanomaterials have also been reported to have 

significantly influence its antimicrobial properties [173, 174]. Specifically, Dizaj and his group 

[172] pointed out in a review of the antimicrobial properties of various MONPs that shape, 

size, concentration, roughness, pH and crystal structure of MONPs are significant factors 

affecting its antimicrobial properties. In the same vein, MONPs have anti-inflammatory and 

antioxidant properties. They perform this function by preventing the inflammation of some 

parts of human body through the reduction in the level of production of substances that triggers 

such body response. For instance, ZnO nanoparticles have been reported to have performed 

anti-inflammatory functions by bringing down the level of lymphopoietin produced by 

epithelial cells [175].  

Beyond the therapeutic functions of MONPs, they have proven to be a very important class of 

nanomaterials in the fabrication of electrochemical sensors for a wide range of analytes. This 

has been achieved due to the high conductivity, large surface area and their compatibility with 

a broad spectrum of other nanomaterials. Specifically, MONPs have been comfortably couples 

with polymers, carbon nanotubes, nanodiamonds, phthalocyanines, graphene and quantum dots 

for the preparation of electrochemical sensors with very high sensitivity. In most cases, these 

other materials act as support for the MONPs which have electrocatalytic effect on the analyte. 

The synergy between the composite containing these materials and MONPs have resulted in 

the actualization of platforms that gave better current response than what could have been 

achieved with the MONPs alone. Notable mention is the detection of neurotransmitters with 

carbon nanotube (CNTs) supported metal oxide nanoparticles targeted towards 

neurotransmitters detection where the CNTs support provided the requisite synergistic effect 

on MONPs for the preparation of a sensor sensitive beyond the nanomolar level [44]. Also, 

phthalocyanines have been reported to offer great synergy with metal oxide nanoparticles and 

CNTs for the neurotransmitter detection [45]. The significant sensitivity of conventional bare 

electrodes towards the oxidation of these neurotransmitters after MONPs nanoparticles 

modification is reflective of their catalytic effect. The detection of notable water pollutants 

such as the dihydroxybenzenes by MONPs modified electrodes down to the nanomolar level 

have also been reported. A very good instance can be found in the detection of hydroquinone 

and catechol at a graphene oxide supported MgO nanoparticles [176]. 
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MONPs have also enjoyed a great deal of patronage in the photocatalytic degradation of 

pollutants such as dye molecules by acting as a photocatalyst that actively breaks down such 

pollutants. It has been reported that the utilization of UV-light for electron-hole pair generation 

in MONPs has been exploited in the initiation of various photocatalytic processes leading to 

the degradation of dye molecules such as murexide [177], methylene blue [178], malachite 

green (MG) [179], eriochrome black T (EBT) [177] and malachite blue (MB) [179]. For 

example, Chanu et al., [180] achieved up to 97 % degradation efficiency for the time dependent 

photocatalytic degradation of MB and MG with ZnO and SnO nanoparticles. The authors 

concluded that the degradation was achieved through the adsorption of the dye prior to the 

mineralization by the photocatalytic degradation. 

The very few applications of MONPs highlighted in this section point to the fact that MONPs 

are very versatile in nanotechnology and as expected, several means have been adopted for 

their synthesis. These synthetic routes are discussed in the next section. 

2.8.2.1 Synthesis of metal oxide nanoparticles 

The synthesis of MONPs, metal nanoparticles and some other nanoparticles can broadly be 

classified into two namely; classification based on precursor and the classification based on the 

technique of synthesis.  

The classification of the MONPs synthesis based on the precursor refers to the nature of the 

starting materials used for their preparation which are either the traditional chemical synthetic 

route or the green method of synthesis. The chemical method of synthesis involves the 

application of the salt of the metal of interest and a reducing agent or surfactant of the chemical 

origin such as sodium hydroxide, sodium borohydride among others [181-183]. It is very easy 

to achieve the chemical synthesis of MONPs especially when the toxicity of the resultant 

material is not top priority.  However, like every other nanoparticle the chemical means of 

MONPs synthesis is more expensive considering the cost of the chemical reductants. The green 

method of synthesis involves the use of microbial extract, plant extracts, seeds, sprouts and 

some other plant parts as substitute for the reducing agent. These starting biological materials 

are used because they possess alkaloids, phenolic compounds, terpenoids and proteins that can 

act in place of the conventional chemical reductants [184, 185]. The application of these 

materials for MONPs synthesis has significantly reduced the cost of production of the 

nanomaterials while making them more environmentally benign. Sutradhar et al., [186] relied 

on the phenolic components of extracts of coffee, tea and triphala as reductant in combination 
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with aluminum nitrate for the preparation of spherical aluminum oxide nanoparticles. The 

synthesis of CuO nanoparticles from the leaf extract of Aloe vera and copper nitrate has also 

been reported [187]. The green nature of this type of MONPs made them more suitable for 

clinical applications.     

The classification based on the method of synthesis refers to either the synthesis via the purely 

chemical route or the physical means. The chemical method of MONPs synthesis include co-

precipitation, electrodeposition, solution combustion, chemical vapour deposition, sol-gel and 

microemulsion methods [188, 189]. The co-precipitation technique is often used because of its 

cost-effectiveness as well as the low aggregation and ease of controlling the particle size of the 

yield [190, 191]. Co-precipitation in MONPs synthesis involves the addition of a precipitating 

agent such as ammonium hydroxide to the salt of the metal of interest. Preparation of MgO 

nanoparticles from magnesium nitrate through this technique was reported by Rao and his 

group [190]. Similarly, preparation of iron oxide nanoparticles with particle size of ~ 20 nm 

via co-precipitation was reported by Kandpal et al., [191]. Physical method of nanoparticle 

synthesis includes but not limited to laser and flash spray pyrolysis, laser ablation, physical 

vapour deposition, ball milling, electrospraying, melt mixing and inert gas enabled 

condensation [192]. Copper oxide nanoparticle synthesis via laser ablation of copper metal in 

the presence of water molecules has been reported [193]. The resultant CuO nanoparticles were 

both crystalline and amorphous. Cathode electrodeposited ZnO nanoparticles have been 

generated from zinc chloride solution in the presence of oxygen precursor [194]. The 

hydrothermal method of nanoparticle synthesis is a chemical-physical hybrid method which 

involves subjecting reacting chemical mixture to a very high temperature (> 100 oC) and 

pressure. Arun et al., [195] reported a hydrothermal synthesis of a highly crystalline monoclinic 

copper oxide nanoparticles (27 nm particle size) from copper sulphate and sodium hydroxide 

without a surfactant. ZnO-CuO binary nanoparticles for the fabrication of a very sensitive 

glucose sensor prepared through hydrothermal means has also been reported [196].  

Several metal oxide nanoparticles have been adopted for monoamine NTs detection. Notably, 

MnO2 [197], MoO3 [198], NiO [199, 200], Fe3O4 [87], ZrO2 [201], Fe2O3 [202], SnO2 [203, 

204], Cu2O[40], CeO2 [205], WO3 [206], FeMoO4 [207], ZnFe2O4 [208], FeTiO3 [209], Co3O4 

[210], YO [211], NdFeO3 [212], RuO2 [213], Ni6MnO8 [214], Nd2O3 [215], MnCr2O4 [216], 

CuO [217], TiO2 [218], and ZnO nanoparticles [219] and a host of other metal oxide 

nanomaterials have been incorporated into monoamine NTs sensors. The performance of 

copper oxide nanoparticles (CNPs) as sensing material for various neurotransmitters 
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underscores their suitability for monoamine NTs electroanalysis. Accordingly, the next few 

sections of this chapter focus on CNPs properties and their application for neurotransmitters 

sensors fabrication. 

2.8.2.1.1 Copper oxide nanoparticles (CNPs) 

Copper based nanoparticles exist in three major forms namely copper, copper I oxide (Cu2O) 

and Copper II oxide (CuO) nanoparticles. Cu2O (cuprous oxide) nanoparticles are a product of 

partial oxidation of nanosized copper and therefore can be further oxidized to the more stable 

CuO (cupric oxide) nanoparticles. The copper oxide nanoparticles in this section and 

subsequent ones refer to the more stable cupric oxide (CuO) nanoparticles. Copper oxide 

nanoparticles (CNPs) are monoclinic p-type semiconducting material with band gap energy < 

2 eV and a dark brown colouration [220, 221]. It has found tremendous application in catalysis, 

solar cells development, batteries manufacture, superconductors fabrication and 

electrochemical sensing. CNPs have also showed excellent antimicrobial activity towards 

microbes among other applications [222]. The large surface area, high electrical conductivity 

and good photovoltaic attributes of CNPs are responsible for its versatility. Precisely, its small 

size contributed immensely to its application as an antimicrobial, thus serving as alternative to 

antibiotics which microbes are fast becoming highly resistant to [223]. Jadhav et al., [223] 

attributed the antibacterial properties of CNPs to their stability in colloidal medium where such 

bacteria are present which hastens the modulation of its phosphotyrosine profile, thus impairing 

its growth. The application of CNPs in electrochemical sensors has been a significant area of 

research in electrochemistry in the last few years. CNPs have been combined with polymers, 

graphene, graphene oxide, MWCNTs and some other materials to form composites with much 

better catalytic activity towards various analytes than CNPs [224-229].  CNPs have also been 

applied as the sole modifier of conventional electrodes for sensor fabrication [230]. NTs are 

one of the various classes of analytes that have been extensively analysed with the aid of CNPs 

modified electrodes. As would be seen in the next section, these sensors offered exceptional 

sensitivity to monoamine neurotransmitters. 

2.8.2.1.2 CNPs modified sensors for monoamine NTs detection 

Dopamine detection with CNPs modified electrodes has been attempted to a much greater 

extent than that of the ZNPs modified electrodes with huge success. These sensors are either 

fabricated by the modification of conventional electrodes with only CNPs or a composite 

containing CNPs. One of the sensors made via the modification of GCE with CNPs was 
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presented by Sandar et al. Green CNPs synthesized from a copper salt, sodium hydroxide and 

a fruit extract was used for the modification of GCE prior to DA detection with the resultant 

CNPs/GCE [217]. The sensor gave a detection limit of 0.1 µM over a linear range of 0.1 - 105 

µM when applied for varying DA concentration using DPV. Using the hydrothermal technique, 

Baloach and his group synthesized CNPs and subsequently applied them as modifier of a bare 

GCE [230]. The resultant sensor gave a similar detection limit (0.11 µM) to the one reported 

by Sandar et al., albeit over a narrow linear range (5 - 40 µM) [217]. Through the 

electrochemical oxidation of copper nanoparticles supported on a pencil graphite electrode, 

Bahrami and his team [226] fabricated a DA sensor with a higher detection limit (1.06 µM) 

over a wider linear range (0.3 – 53 µM) than that of Nafady et al., [230]. On the other hand, 

CNPs have been combined with other materials such as MWCNTs [231], graphene oxide [232], 

metal nanoparticles [233], other MONPs [234], graphitic carbon nitride (g-C3N4) [235, 236], 

polymers [237, 238].  For instance, Reddy et al., [239] investigated the impact of the shape of 

CNPs on the electrocatalytic oxidation of DA by using CNPs of different shapes and 

poly(glycine) as CPE modifier. The sensor containing the flake shaped CNPs gave a lower 

detection limit and a better peak separation (with respect to AA) than the electrode modified 

with poly(glycine) and a rod-shaped CNPs. Another notable CNPs based sensor fabricated 

from a combination of 2-dimensional g-C3N4 and CNPs. This sensor offered a very low 

detection limit (0.1 nM) over a very wide linear range (2 nM - 71.1 µM) [236].  In some cases, 

CNPs formed a part of a ternary composite for improved catalytic effect on DA oxidation [231, 

240, 241]. A sensor of this architecture was presented by Yang et al., by combining CNPs, 

MWCNTs and nafion for GCE modification [231]. This sensor offered a detection limit of 0.4 

µM for DA detection over a linear range of 1.0 -80 µM using the differential pulse anodic 

stripping voltammetry (DPASV). Compared to the data on DA detection with CuO modified 

electrodes, fewer sensors are available on the detection of SE, NE and EP. One of such sensors 

targeted towards SE detection presented by Ashraf et al., [242] was fabricated by depositing Pt 

nanoparticles on CNTs/Cu2O-CuO nanocomposite initially immobilized on GCE [242]. This 

sensor offered a detection limit of 3 nM using the amperometry technique. EP detection using 

CNPs with colorimetry and fluorimetry [243, 244] has been reported but CNPs modified 

electrochemical sensor for EP detection are almost inexistent in literature. In the same vein, 

CNPs modified electrode for NE detection are unavailable up to this moment of writing this 

report. 
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Table 2.4 showedsome figures of merit for some CNPs modified electrodes. It could be seen 

at a glance that quite a number of materials have been combined with CNPs for the preparation 

of electrochemical sensors for dopamine (DA) and serotonin (SE) detection. However, the 

application of CNPs modified electrodes for the detection of other monoamine NTs was hardly 

investigated. Also, the combination of CNPs with carbon based nanomaterials such as CNT, 

GO and rGO gave very sensitive electrodes with detection limits not less than the micromolar 

level. It could also be inferred from Table 2.4 that DPV was often used to prosecute the 

determination of the calibration curve for most of the sensors in the presence of the monoamine 

NTs. The findings of this literature survey and the reliable electrocatalytic activity of CNPs in 

the presence of monoamine neurotransmitters informed the choice of CNPs in the present 

study. Also, the paucity of data on the combination of CNPs with carbon nanomaterials as 

electrochemical sensing platform for NE and EP as well as the established electrocatalytic 

activity of CNPs towards DA oxidation contributed to the selection of CNPs in the present 

study.   

Moreover, Table 2.4 showed that the class of carbon based materials that was not combined 

with any of these MONPs (TNPs, CNPs and ZNPs) is the carbon based quantum dots. 

Considering the large surface area, biocompatibility and the electrical conductivity of carbon 

nanomaterials, it is expected that the combination of CNPs with carbon based QDs would yield 

electrochemical sensors with high sensitivity to the monoamine neurotransmitters. The high 

expectation, the need for novel NTs sensors, and the quest for an environmentally benign 

electrochemical sensor is the premise for undertaking the present study.
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Table 2.4: Some metal oxide based sensors for monoamine NTs detection and their figures of merit 

 

Analyte Electrode Technique Detection limit 

(µM) 

Linear range (µM) Real sample References 

DA GCE/CuO AP 0.11 5-40 Human serum [230] 

 CPE/polyglycine/rCuO DPV 0.18 0.3-20            -  [239] 

 CPE/polyglycine/fCuO DPV 0.055 0.6-20            -  [239] 

 MIPs (pNA)/CuO/GCE CV 0.008 0.02-25 Human serum [245] 

 NiO-CuO/GR/GCE SWV 0.17 0.5-20 Human serum [241] 

 ZnO-CuxO-PPy/GCE DPV 0.04 0.1-130 DA injection & 

human urine 

[234] 

 2D g-C3N4/CuO/GCE AP 0.0001 0.002-71.1 Human serum [236] 

 Ag/CuO/ITO CV 7.0 0.04-10 Human serum [233] 

 GCE/CuO/g-C3N4 DPV 0.06 0.2-78.7 Human serum [235] 

 CuO/GCE DPV 0.1 0.1-0.105            -  [217] 

 CuO/MWCNTs/Nafion/GCE DPASV 0.4 1-80 DA injection [231] 

 GO/CuO/CPE CV 0.5             - DA injection [232] 

 Cu/CuxO/PGE DPV 1.07 0.3-53         -   [226] 

 rGO/Pd@PPy/GCE DPV 0.056 1000-15000 Human serum [240] 

 CPE-PPy/CuO DPV 0.02 0.06-1000 Human serum [238] 

SE CNTs-Cu2O-CuO/Pt AP 0.003 0.015-3000 Liver cell [242] 
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2.9 Characterization techniques  

Characterization is essential for identifying materials. In some cases characterization of 

industrial materials has been carried out to confirm the suspected shape, size, crystal structure, 

surface area and elemental composition of such materials. On the other hand, characterization 

of materials serves to give details about some other properties of the material such as the 

wettability, tensile strength, hardness, Young modulus, conductivity, resistance, impedance, 

elongation at break among others. Specifically, nanomaterials have been largely characterized 

through the spectroscopic, microscopic, and the electrochemical methods. Thermogravimetric 

analysis has also proven very useful for nanomaterials characterization.  

2.9.1 Spectroscopic characterization 

Spectroscopic characterization of nanomaterials is dependent on the information that can be 

obtained from the interaction between nanomaterials and light.  Infrared spectroscopy (IR), 

mass spectrometry (MS), nuclear magnetic resonance (NMR), Raman spectroscopy (RS), 

ultraviolet-visible (UV-visible) spectroscopy, optical emission spectroscopy (OES), atomic 

emission spectroscopy (AES), energy dispersive x-ray spectroscopy (EDS), electron spin 

resonance spectroscopy (ERS), x-ray diffraction spectroscopy (XRD) and x-ray photoelectron 

spectroscopy (XPS) are few of the routine spectroscopic characterization techniques in 

nanotechnology. Although all of these techniques are important in nanotechnology and 

material science at large, few of them will be given special attention in this section.  

i. Infrared spectroscopy: The infrared (IR) spectroscopy can be used for obtaining the 

functional groups present in a materials as a result of the vibrational motion provoked by the 

interaction between infrared light (wavelength between 2.5-25µm) and the materials [246]. The 

fact that each chemical bond absorb the IR light at different wavelengths gives diagnostic 

information about the different functional groups present in a material. The IR spectrum is a 

graph of the wavenumber (cm-1) against the percentage transmittance. The higher the 

transmittance at a given wavenumber, the lower the intensity of such absorption. The spectrum 

obtained using an advanced form of the dispersive IR spectrometer (DIR) called Fourier-

Transform IR (FT-IR) spectrometer is often reported. This spectrometer is so named because 

it uses a mathematical operation called the Fourier Transform to convert a time domain 

spectrum to a frequency domain spectrum which is identical to that of the DIR spectrometer 

[247]. FT-IR spectrometer generates spectrum at a faster rate than the DIR. 
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ii. Raman spectroscopy: Raman spectroscopy helps in functional group identification, 

especially when the IR-spectroscopy fails. This is because not all molecules are IR-active. 

Bond whose dipole moment does not change with the incoming electromagnetic radiation in 

IR-spectroscopy cannot be detected by the IR spectrometer. Raman spectroscopy is based on 

the frequency shifts that occur when monochromatic visible light is focused on a material, 

hence no restriction as regards the type of functional groups to be detected [248, 249]. 

Frequency shifts take place because the scattered light from the material which is naturally 

expected to be of the same frequency as the incident light has a certain percentage with 

frequency above and below this incident light. A plot of the intensity of the scattered light and 

the frequency shit gives the Raman spectrum [249]. Similar to the IR spectrum with 

wavenumber scale of 4000 – 400 cm-1, the frequency shift is reported in the wavenumber 

format (4000 -20 cm-1). Contrary to what obtains in IR spectroscopy, change in electronic 

polarizability of the bonds during vibration is of utmost importance in Raman spectroscopy 

[250]. 

iii. UV-visible spectroscopy: This involves getting information about the electronic transition 

that ensues when light in the UV-visible region of the electromagnetic spectrum interacts with 

a material under study. These electronic transitions often help in gathering data (such as the 

maximum absorption wavelength, λmax) on the functional groups present in a certain material 

and the possible position of such functional groups within such material. Noteworthy, the 

electronic transitions are often from the lowest unoccupied molecular orbital (LUMO) and the 

highest occupied molecular orbital (HOMO) [247]. The UV-visible spectroscopy can as well 

help in drawing a convincing inference about the functional groups earlier suspected in the FT-

IR spectroscopy. For instance, a material with C=C and C=O confirmed from FT-IR 

spectroscopy can further be characterized with UV-visible spectroscopy to confirm the 

relationship between the two functional groups. Also, the maximum absorption (λmax) obtained 

from a compound could be unique to such material, thus aiding its identification. A typical UV 

spectrum is a plot of wavelength against absorbance. 

iv. X-ray diffraction (XRD): XRD spectroscopy basically gives information about the crystal 

structure of materials based on resultant diffraction pattern after interaction with x-ray. This 

gives information that helps in obtaining the crystallite particle size, lattice constants, phases 

of such material, degree of crystallinity among other properties [251, 252]. In nanotechnology, 

the reliance on the unique diffraction pattern of a particular material, even in complex mixtures 

makes XRD spectroscopy a very significant characterization tool. The Debye Scherrer 
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(D=0.9λ/βcosɵ) equation can be used to obtain the crystallite particle size of a material from a 

x-ray diffractogram given that D, λ, β and ɵ represent the crystallite particle size, wavelength 

of the x-ray, full width of the peak at half maximum (FWHM) and Bragg’s angle (diffraction 

angle in radians), respectively [253]. Bragg’s law (nλ=2dsinɵ) can be used to obtain the 

interlayer spacing between layers of a nanomaterial. For instance, the interlayer spacing (d) of 

graphene sheets in carbon nanotubes have a unique value that makes the identification of 

graphitic materials through XRD spectroscopy easier [254]. The symbols ɵ, n and λ in Bragg’s 

equation represent the diffraction angle (in degrees), order of reflection and wavelength of the 

x-ray, respectively. Also, the strain in the particles as a result of imperfection of the crystals 

(lattice strain, ɛ) can be obtained using the equation ɛ=β/4tanɵ with the variables retaining their 

usual identity. Lattice strain is a product of crystal imperfections like lattice dislocation and 

stacking faults and has been reported to equally be responsible for peak broadening, just like 

the crystallite size [255]. Using Williamson-Hall (W-H) equation (β cosθ =  ε(4sinθ) +

kλ/D), the lattice strain and the crystallite particle size can also be obtained by plotting a graph 

of β cos θ against 4sin θ. Lattice strain, ε and the crystallite size, D can then be obtained from 

the linear relationship obtained from this plot [255, 256]. Noteworthy, every variable in W-H 

equation retains their usual identity. 

v. Energy dispersive x-ray spectroscopy (EDS): EDS is an efficient elemental analysis tool 

used in combination with the scanning electron microscopy (SEM). The basic principle of this 

technique is the emission of an x-ray when a high energy charges are focused on the surface of 

a material. This interaction gives different energy profiles depending on the composition of the 

material under study [257, 258]. Apart from the fact that the wavelength of the x-ray emitted 

is specific for each element, the percentage of such element in the sample can as well be 

obtained by recording the rate at which such x-rays are generated [258]. This makes the EDS 

both a qualitative and quantitative tool for characterization in material science.  

2.9.2 Electrochemical characterization 

Among other techniques, the electrochemical characterization of a material can be done 

through the voltammetric technique and the electrochemical impedance spectroscopy (EIS). 

The voltammetry method is often carried out with the aid of cyclic voltammetry by generating 

voltammograms which originally gives information about the redox nature of the analyte after 

interaction with an electrocatalytic material. The surface area of the material can as well be 

obtained using the data from the voltammogram. The EIS is a very important characterization 
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technique in nanotechnology and material science at large. For this fact, detailed information 

concerning its mode of operation and output would be discussed in the next section. 

2.9.2.1 Electrochemical impedance spectroscopy 

Optical spectroscopy produces diagnostic information from the interaction of a sample with 

light in the electromagnetic spectrum. The electrochemical impedance spectroscopy on the 

other provides information about a material when subjected to an alternating current (AC) 

potential. According to Ohms law, the current and resistance offered to the flow of such direct 

current are in phase. The resistance in this case is independent of frequency and cannot 

sufficiently describe every properties of a material. Impedance which is a measure of the 

resistance to the flow of an AC through a material is frequency dependent. This is because 

impedance (Z) is mathematically a ratio of the out-of-phase potential and current amplitudes 

which are frequency dependent. This ratio gives complex numbers such that the EIS data 

obtained are reported in the complex plane among some other forms [259].  

The Nyquist plot is a plot of the real against the imaginary part of the impedance (Fig. 2.12 

(a)). The Nyquist plot gives information about the various forms of resistance, capacitance and 

the deviation from the ideal capacitive and resistive behavior of a material (CPE) [140]. The 

relationship between the magnitude of CPE and its exponent n is a complex number. The values 

of n vary from -1 to 0 where n values of 0, 1, -1, suggest that the material is a perfect resistor, 

capacitor and inductor, respectively with respect to the experimental conditions. The possibility 

of mass transfer towards the material through diffusive mechanism can be obtained from this 

plot via the Warburg impedance (W). This appears as a straight line at the terminal end of a 

semicircle in a Nyquist plot [260]. Figure 2.12 (a) showed a typical Nyquist plot and some 

basic circuit elements. 

The plot of the logarithm of frequency against the modulus of impedance is referred to as the 

Bode plot. The modulus of impedance is a measure of the ability of the material to prevent 

current flow. As a result, it is often used as an index of the conductivity of nanomaterials and 

some other materials such as polymers and protective coatings in corrosion studies [261]. The 

phase angle diagram is a plot of the logarithm of frequency against the phase angle. This 

explains why the Bode plot and the phase angle diagram are often represented by a single plot 

(Fig. 2.12 (b)). The deviation of the phase angle obtained for a material from an ideal phase 

angle of -90 o is a deviation from an ideal capacitive or resistive behavior [262]. This is because 
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the experimental phase angles are obtained as product of n and 90 o (n x 90 o). Figure 

showedtypical Bode and phase angle diagram. 

Figure 2.12: Typical (a) Nyquist plot and (b) Bode plot and phase angle diagram from EIS 

data of two different materials (white and red plot). Reprinted with permission from [260] 

(Copyright Elsevier, 2017). 

 

2.9.3 Microscopic characterization 

Microscopic techniques in material science are mostly used for surface characterization of 

materials in order to obtain details about either the surface morphology of internal structure of 

such materials. Three of these microscopic techniques namely scanning electron microscopy 

(SEM), transmission electron microscopy (TEM) and atomic force microscopy (AFM) would 

be discussed in this section. 

i. Scanning electron microscopy (SEM): This involves the use of electron microscope to 

obtain information about the topography and the morphology of the surface of a material [263]. 

This information technically called micrograph are generated when low-energy electron beam 

(primary electrons) are focused on a sample and the image obtained due to backscattered 

secondary electrons [253]. The particle size of such material can as well be obtained from SEM 

micrograph (Fig. 13 A). SEM can be coupled with EDS for determination of the elemental 

composition of a material. SEM micrographs give detailed information about the surface of a 

sample depending on the magnification and the resolution of the microscope. 

ii. Transmission electron microscope (TEM): TEM can be applied for the determination of 

the internal structure of a material. Just like the SEM micrograph, it helps in obtaining the 

particle size distribution and by implication the average particle size of a material. As opposed 

(b) (a) 
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to the image collection due to backscattered electrons from the sample’s surface in SEM, TEM 

micrographs are obtained as a result of scattered electron beams travelling through a very thin 

version of the sample [264]. TEM gives a more precise particle size and spatial resolution of 

higher quality than the SEM. Consequently, it is preferred over SEM for the determination of 

the particle size of nanomaterials [264, 265]. 

2.9.4 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis is a method used for estimating the weight of a sample with 

changes in temperature (or time). The sample may be subjected to heating at a constant 

temperature or heating rate. In some cases, the temperature programs may be non-linear as seen 

in sample controlled thermogravimetric analysis [266, 267]. TGA analysis can be conducted 

in an inert or reactive atmosphere. Depending on the nature of the sample and the information 

required from the analysis, the atmospheric state can be adjusted during sample analysis [266]. 

The changes in the weight of the sample as the temperature changes give a TGA profile that 

reveal the material’s thermal stability. This information has been beneficial for the 

characterization of polymers and nanomaterials [268, 269]. The temperature at which changes 

such as loss of volatile components, oxidative decomposition, water loss (or uptake), and 

thermal decomposition occur in a sample can be monitored with TGA, thus providing valuable 

information about the physical and chemical properties of the sample. The TGA curve is often 

a plot of the weight percent against temperature [268, 269].  
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3.0 Materials and methods 

The reagents, equipment, and other materials used for the synthesis of the nanomaterials and 

composites have been highlighted in the present chapter. Furthermore, the methodologies for 

the synthesis and characterization of the nanomaterials and composites used in the study were 

discussed. The preliminary electrode treatment and the electrochemical parameters applied in 

each of the electrochemical experiments were also outlined in this chapter.  

3.1 Materials and reagents 

3.1.1 Chemicals 

Potassium permanganate (97 % KMnO4), copper sulphate pentahydrate (98 % CuSO4.5H2O), 

sodium hydroxide (99 % NaOH), hydrofluoric acid (75 % HF), dimethyl formamide (99.8 % 

(CH3)2CONH), ethanol (99.9 % C2H5OH), acetone ((CH3)2CO), hydrogen peroxide (H2O2), 

sulphuric acid (99 % H2SO4), calcium hypochlorite (99 % Ca(ClO)2), dichloromethane (99.9 

% CH2Cl2), ascorbic acid (99 %), uric acid (> 99 %), dopamine hydrochloride (99 %), 

epinephrine hydrochloride (99 %), norepinephrine hydrochloride (> 98 %), distilled water, 

dopamine hydrochloride injection (200 mg/5mL) and epinephrine injection (1:1000 solution). 

Disodium hydrogen phosphate (99 % Na2HPO4) and sodium dihydrogen phosphate (99 % 

NaH2PO4) were used for the preparation of pH 7 phosphate buffer solution. A combination of 

potassium hexacyanoferrate III (99 % K3[Fe(CN)6]) and potassium hexacyanoferrate II (99 % 

K4[Fe(CN)6]) was used for the preparation of the 5 mM redox probe. All reagents were of 

analytical grade and supplied by Merck, Sigma Aldrich chemicals (South Africa). 

3.1.2 Materials and equipment 

The materials used in the study include autoclave, centrifuge, conical flasks, beakers, burette, 

fume hood, Whatman filter paper, hot plate, magnetic stirrer, dry air oven, bar magnet, and 

glassy carbon electrode (2 mm diameter). The Opus Alpha-P FT-IR spectrophotometer used 

for functional group analysis was supplied by Bruker Optics, Germany. The Uviline 94000 

UV-visible spectrophotometer was supplied SI analytics, Germany. XRD spectroscopy data 

were collected with Rontgen PW3040/60 X’Pert Pro diffractometer supplied by PANalytical, 

USA. Scanning electron microscopy analysis was done with the Quanta FEG 250 scanning 

electron microscope supplied by ThermoFisher Scientific, USA. TEM analysis was carried out 

with JEM-1400 transmission electron microscope supplied by JEOL Ltd., USA. 

Thermogravimetric analysis was done using SDT Q600 thermogravimetric analyser procured 
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from TA instruments, USA. Pencil graphite was obtained from HB pencils procured from shop 

rite, megacity mall, Mafikeng, Mmabatho, South Africa. Banana peels were collected from 

banana purchased from same location as the HB pencils.  

All electrochemical studies were done at an Autolab PGSTAT 302N electrochemical work 

station (three-electrode system) with glassy carbon working electrode, platinum counter 

electrode and Ag/AgCl reference electrode with 3 M KCl. The work station ran on the Nova 

2.1.3 software. The workstation and the software were supplied by Metrohm, South Africa.  

3.2 Methods 

3.2.1 Preparation of banana peel for green carbon quantum dots synthesis 

The banana peel (BP) precursor for green carbon quantum dots (bCQDs) synthesis was washed 

with copious amount of distilled water and dried in a dry air oven at 50 oC.  Afterwards, the 

dry BP was crushed and grounded using a mortar and pestle to obtain fine BP particles. The 

fine BP particles were stored in clean sample bottles for bCQDs synthesis. 

3.2.2 Synthesis of green carbon quantum dots (bCQDs) 

The synthesis of the green carbon quantum dots was achieved using a hydrothermal technique 

presented by Tyagi et al., [29]. The dried banana peels were made into a powdery form using 

mortar and pestle to provide large surface area for the hydrothermal process. About 4 g of the 

powdery banana peels were transferred into a beaker 100 mL of 0.2 M H2SO4. Then, the 

suspension was washed with distilled water several times and dried in an oven at 100 oC for 5 

hours. The dried sample was subsequently dispersed in 100 mL of calcium hypochlorite for 5 

hours. The sample was then washed with distilled water until it attains a pH of 7. The 

hydrothermal synthesis of the aqueous mixture of the banana peels was done using an autoclave 

at 210 oC for 10 hours. The product obtained from the autoclave was mixed with 

dichloromethane to remove unreacted organic components. The aqueous solution of the dark 

brown carbon dots was centrifuged and subsequently dried at 90 oC for 24 hours to obtain dry 

carbon dots.    

3.2.3 Chemical synthesis of carbon quantum dots 

Using the Hummer method as presented by Algarra et al., [27], the synthetic carbon quantum 

dots were prepared from a pencil graphite precursor. Initially, about 1 g of the pencil graphite 

was dispersed in a conical flask containing a mixture of hydrofluoric acid (50 mL HF) and 
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potassium permanganate (6 g of KMnO4). The mixture was transferred into a Teflon reactor 

and refluxed at 100 oC for 1 hour. About 10 mL of hydrogen peroxide was added to this mixture 

after cooling at room temperature. The resultant mixture was diluted with distilled water and 

centrifuged for 30 minutes at 3000 rpm. The upper fluorescent suspension was separated from 

the lower less fluorescent deposit and dried at 100 oC for 12 hours. 

3.2.4 Synthesis of copper oxide nanoparticles (CNPs) 

The synthesis of copper nanoparticles was done using a chemical precipitation method 

proposed by Hwa et al., [270] with slight modification. Copper sulphate pentahydrate 

(CuSO4.5H2O) solution (40 ml of 0.2 M) and 1 M sodium hydroxide (20 ml) solution were 

prepared in separate conical flask. The copper sulphate solution was placed under magnetic 

stirring for about 10 minutes before the addition of sodium hydroxide solution in drops from a 

burette. The mixture was continuously stirred for about 3 hours. The resultant precipitate was 

allowed to settle overnight and washed with copious amount of water and ethanol through 

centrifugation at 3000 rpm for 15 minutes. The precipitates obtained was dried in a dry air oven 

at 60 0C for 12 hours and calcinated at 300 oC in a furnace. 

3.2.5 Preparation of carbon based quantum dots and copper oxide nanocomposites  

About 5 mg of the synthetic carbon dots (CQDs) were added to the same mass of copper oxide 

nanoparticles (CNPs). The resultant mixture was dispersed in N,N-dimethyl formamide (DMF) 

and mixed continuously in sonicator at room temperature for 24 h. The formation of composite 

involving the green banana peel carbon quantum dots (bCQDs) was achieved through the same 

method using 5 mg bCQDs and 10 mg of the CNPs. The homogeneous paste of the composites 

was stored at room temperature for further use.  

3.2.6 Characterization of synthesized nanomaterials and composites 

The formation of the nanomaterials was confirmed through the spectroscopic and microscopic 

techniques. The methods applied were the transmission electron microscopy (TEM), scanning 

electron microscopy (SEM), x-ray diffraction spectroscopy (XRD), UV-vis spectroscopy, FT-

IR spectroscopy and thermogravimetric analysis (TGA). The electrochemical characterization 

of the materials was done using CV and EIS in the presence of the [Fe(CN)6]
3-/4- redox probe 

and the analyte. JOEL microscope (USA) was used for TEM analysis.  

FT-IR analysis was done with the solid samples of the banana peel (BP), nanomaterials (CQDs, 

bCQDs and CNPs) and composites (CQDs/CNPs and bCQDs/CNPs) using the FT-IR 
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spectrometer powered by the Opus software. After the background analysis, about 5 mg of the 

samples were placed in the sample compartment of the FT-IR spectrophotometer sensor held 

in position by the lid of the sample compartment. The acquired spectra were smoothened, 

normalized and saved for further processing.  

The UV-visible analysis was done with liquid samples of the nanomaterials and composites. 

The samples were dissolved in N,N-dimethyl formamide (DMF) and subsequently diluted with 

DMF to about 10 µM. After adjusting the UV-visible spectrophotometer to a wavelength range 

of 200 – 800 nm, a blank measurement using the solvent was done prior to the acquisition of 

the UV-visible spectra with individual diluted samples. The acquired spectra were saved for 

further processing. 

 XRD analysis was also done with the solid form of the nanomaterials and the composites. 

About 10 mg of the samples were placed in a sample holder (one sample at a time) and pressed 

further into the sample holder with a pressing block. Excess particles of the materials were 

removed with a brush before inserting the sample holder into the sample compartment of the 

diffractometer. The scan rate was adjusted to 2o min-1 and the diffractograms were recorded. 

The diffractograms were saved for further processing. The data recorded using FT-IR, UV-

visible and XRD spectrophotometers were processed with Origin 2021 software.  

SEM analysis was done by placing about 20 mg of the nanomaterials and composites on a 

mounting pin containing a carbon sticker (one sample at a time). The mounted materials were 

calibrated to obtain the optimum height for the samples before analysis. The mounting pin was 

transferred to the specimen page and the electron gun was activated. The magnification and 

resolution of the microscope were adjusted to obtain the desired details of the SEM images.   

The TEM images were acquires by placing about 10 mg of the samples on a copper grid with 

the aid of a sample rod. The samples were inserted into the microscope through the air lock 

and the filament is switched on. The resolution and magnification of the microscope were 

adjusted to capture TEM images with the desired details.  

Thermogravimetric analysis (TGA) was done by putting about 18.861, 5.588, and 18.833 mg 

of BP, CQDs, and bCQDs in a sample pan (one sample at a time). The sample pan loaded with 

the sample was placed in the furnace and the furnace was subsequently closed. The TGA profile 

of the samples was generated in air with the aid of the TA Universal Analysis 2000 software 

by setting the temperature range of the thermogravimetric analyser to 0 -1400 oC. 
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3.2.7 Electrode pretreatment  

The bare glassy electrode was cleaned over a cleaning pad containing aqueous aluminum oxide 

in a spiral fashion and immediately rinsed with distilled water. The electrode was transferred 

into methanol to remove organic impurities yet unremoved before finally washing with distilled 

water under ultrasonication. The cleaned electrode was dried in the oven at 50 oC and kept at 

room temperature for further use. 

3.2.8 Modification of electrodes  

The modification of electrodes was done via the drop casting technique. Briefly, about 10 µL 

of the paste of the nanomaterials and composites were dropped on the surface of the clean bare 

GCE and placed in a dry air oven at 50 oC for 4 minutes to obtain the modified electrodes. The 

modified electrode were coded GCE/CNPs, GCE/CQDs, GCE/bCQDs, GCE/CQDs/CNPs and 

GCE/bCQDs/CNPs. 

3.2.9 Electrochemical characterization and preliminary electroanalysis procedures 

Using the earlier described electrochemical work station, electroanalytical characterization of 

the nanomaterials and the composites was done using cyclic voltammetry (CV) over a potential 

window of -0.4 - 0.9 V (or as specified) with the modified electrodes in Fe[(CN)6]
3-/4- redox 

probe prepared with PBS of pH 7. The voltammograms obtained with the bare electrode and 

electrode modified with individual nanomaterial and composites (GCE/CNPs, GCE/CQDs, 

GCE/bCQDs, GCE/CQDs/CNPs and GCE/bCQDs/CNPs) were used to obtain the anodic and 

cathodic peak current (Iap and Icp) and potentials (Eap and Ecp) as well as the peak separation of 

the anodic and peak currents (∆Ep). The experiment was repeated using the analytes (DA, EP 

and NE) instead of the redox probe. Using the redox probe, the surface area of these materials 

and the reversibility of the redox process were determined using the Randle Sevcik equation 

(Equation 2.1) and the Iap/Icp ratio, respectively. The scan rate studies were done with CV over 

a range of 25-400 mVs-1 using the analytes (DA EP and NE) for the determination of the 

mechanism of interaction of the analytes with the modified electrode. A plot of the scan rate 

(or square root of the scan rate) against the peak currents (Iap and Icp) gave  

The electrochemical characterization of the modified electrodes through EIS was done over a 

frequency range of 10-2 – 105 Hz with 0.05 V rms sinusoidal modulation. The EIS data were 

obtained at the anodic peak potential or at the formal potential Eo for a reversible process. The 

formal potential is the average of the anodic and the cathodic peak potentials (Eap and Ecp). The 
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EIS parameters of each of the materials with respect to the analytes such as charge transfer 

resistance (Rct), constant phase element (CPE), Warburg impedance (W), capacitance (C) and 

the solution resistance (Rs) were obtained after fitting the EIS data with the respective 

equivalent circuit obtained with each material. 

3.2.10 pH studies 

The effect of pH on the electroanalysis of DA, EP, and NE was investigated using the same 

approach. Firstly, the pH of the electrolyte (0.1 M PBS) was adjusted to approximately 3, 5, 7, 

and 9 using 0.1 M HCl or 0.1 M NaOH solutions, depending on the desired pH. Afterwards, 

0.4 mM of the neurotransmitters (NTs) were prepared using the electrolytes with the adjusted 

pH (pH 3-9). The cyclic voltammogram of the neurotransmitter solutions prepared at various 

pH (conducted at 25 mV s-1) showed the variation of peak currents and potentials with pH. The 

cyclic voltammetry experiments were carried out with the modified electrodes 

(GCE/CQDs/CNPs and GCE/bCQDs/CNPs) to investigate the effect of pH of the NTs at the 

two sensors. 

3.2.11 Scan rate studies 

The effect of scan rate on the electroanalysis of DA, EP and NE was investigated using the 

same method. Cyclic voltammetry was conducted at pH 7 using GCE/CQDs/CNPs and 

GCE/bCQDs/CNPs for the electroanalysis of each of the NTs over a scan rate range of 25 – 

400 mV s-1. The variation of the anodic peak currents and potentials with changes in scan rate 

revealed the effect of scan rate on the electroanalysis of the NTs.   

3.2.12 Concentration studies 

The effect of concentration of individual analytes (in PBS of pH 7.0) on current response was 

investigated at the modified electrodes using the square wave voltammetry due to its superior 

sensitivity compared to cyclic voltammetry (CV). The limit of detection (LoD), limit of 

quantitation (LoQ) and linear dynamic range (LDR) of the electrodes with respect to an analyte 

was obtained from the calibration curve recorded from a plot of the concentration of analytes 

against the peak current. Noteworthy, the LoD detection limit was calculated using the 

relationship 3.3 /m where m and  represented the slope of the calibration curve and the 

standard deviation of the intercept of the calibration curve, respectively. The LoQ was 

calculated from the relationship 10 /m, where each variable retained their usual meaning. 
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3.2.13 Stability and reproducibility studies 

Stability of the electrodes toward the detection of DA, EP, and NE was investigated by running 

22 cyclic voltammetry scans with GCE/CQDs/CNPs and GCE/bCQDs/CNPs in the presence 

of 0.4 mM of each of the NTs. The percentage current loss at the end of the 22 CV scans was 

used to estimate the stability of the sensors for the detection of the NTs. The current loss 

estimated from the CV scans was used to assess the resistance of the sensors to fouling by the 

oxidation products of the NTs. The reproducibility of the sensors was investigated by triplicate 

electroanalysis of the NTs with sensors fabricated three different times using cyclic 

voltammetry at a scan rate of 25 mV s-1 (pH 7). The reproducibility of each sensor was 

estimated by the percentage relative standard deviation (% RSD) of the anodic current 

responses of the three trials. 

3.2.14 Interference studies 

The interference of 1 mM AA (or 1 mM UA) (pH 7) signal with that of 0.4 mM of each 

neurotransmitter was investigated using the modified electrodes as working electrode and 

adopting SWV (or DPV where appropriate) as the voltammetric technique. The SWV 

parameters applied include a potential step of 0.005 V, frequency of 25 Hz and modulation 

amplitude of 0.02 V. On the other hand, potential step of 0.05 V, modulation time of 0.05 s and 

modulation amplitude of 0.025 V were applied for the DPV experiments. The voltammogram 

which showed increase in concentration of the analyte while keeping constant the interfering 

AA concentration was recorded over the desired potential range (0.0 – 0.8 V). 

3.2.15 Real sample analysis 

The real sample analysis was done using diluted pharmaceutical or food samples containing 

the analyte of interest using the standard addition technique. The concentration of the 

respective analytes obtained from the unspiked real sample (Ao) and that of the samples spiked 

with a known concentration of the analyte (A2) were recorded. The concentration of the 

analytes added to the unspiked sample was also recorded (A1). The percentage recovery (% 

recovery) was obtained from Equation 3.1. The experiments were done in triplicates for each 

sample. 

% recovery =
A1

A2 − Ao
 x 100 %                                             (Eqn 3.1) 

 



57 
 

 

 

 

 

 

 

CHAPTER FOUR 
RESULTS AND DISCUSSION 

 

  



58 
 

4.0 Results and discussions 

The preparation and characterization of nanomaterials (CQDs, bCQDs and CNPs) and the 

composites (CQDs/CNPs and bCQDs/CNPs) as well as the modified electrodes prepared by 

the modification of the bare glassy carbon electrode (GCE) was discussed in the present 

chapter. Also, the electroanalysis of the neurotransmitters (DA, EP, and NE) at the composites 

modified electrode (GCE/CQDs/CNPs and GCE/bCQDs/CNPs) was investigated. 

Specifically, the effect of changes in pH and scan rate on the electroanalysis of the NTs were 

investigated. In addition, the stability of the sensors, the analytical application of the sensors in 

real samples containing the NTs and the ability of the sensors to detect each of the NTs in the 

presence of interfering molecules (ascorbic acid or uric acid) were discussed in the current 

chapter.  

4.1 Synthesis of nanomaterials and composites 

The synthesis of the green carbon quantum dots (bCQDs) and the chemical-based quantum 

dots (CQDs) by the hydrothermal route gave powdery materials with different colours. The 

green carbon quantum dots (bCQDs) were fine dark brown nanoparticles (Scheme 1 (a)). On 

the other hand, the chemical based quantum dots were fine dark grey particles (Scheme 1 (b)). 

The copper oxide nanoparticles prepared via the chemical precipitation approach were black 

coarse grains (Scheme 1 (c)). The composites used in the study (bCQDs/CNPs and 

CQDs/CNPs) were prepared by combining CNPs with the quantum dots (bCQDs and CQDs) 

in the presence of dimethylformamide (DMF). 

4.2 Characterization of CQDs and metal oxide nanoparticles 

The characterization of the nanomaterials (CQDs, bCQDs, and CNPs) and the composites 

(CQDs/CNPs and bCQDs/CNPs) with Fourier Transform infrared (FT-IR) spectroscopy, UV-

visible spectroscopy, X-ray Diffraction (XRD) spectroscopy, scanning electron microscopy 

(SEM), transmission electron microscopy (TEM) and thermogravimetric analysis (TGA) were 

discussed in the present section. Also, electrochemical characterization of the bare and 

modified electrodes using cyclic voltammetry (CV) and electrochemical impedance 

spectroscopy (EIS) was discussed in the current section. 
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Scheme 1: Schematic representation of the synthesis of (a) bCQDs (b) CQDs and (c) CNPs 
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4.2.1 Microscopic and spectroscopic characterization 

4.2.2 FT-IR analysis 

Figure 4.1 (a) showed the FT-IR spectra of the banana peel (BP) and the carbon quantum dots 

synthesized from BP (bCQDs). The absorption bands at 3295, 2914, 1600, 1363 and 1048 cm-

1 can be attributed to the presence of –OH stretching, C-H stretching, COO- stretching, bending 

–OH, and ester C-O stretching vibrations, respectively. A similar spectrum has been reported 

for banana peel [271]. The transformation of BP to bCQDs showed that the peak at 3295 cm-1 

became broader after the hydrothermal bCQDs synthesis. The result implied that the bCQDs 

retained the –OH/-NH group in the BP. In addition, a peak emerged at 2320 cm-1 on bCQDs 

spectrum which was almost non-existent on the BP spectrum, indicating that the bCQDs 

probably have –C≡N group which was absent in the precursor. The absorption bands at 2915, 

1601, and 1048 cm-1 suggest that the bCQDs contain the –C-H, -C=C and C-O functional 

groups, respectively. Similar absorption bands have been reported for the FT-IR spectrum of 

carbon quantum dots synthesized from lemon peel [29]. The peak at 1239 cm-1 on bCQDs 

spectrum can be attributed to the presence of C-N bond (originally at 1363 cm-1 on BP).  

Figure 4.1 (b) showed the FT-IR spectra of carbon quantum dots synthesized from pencil 

graphite (CQDs), copper oxide nanoparticles (CNPs), and the nanocomposite (CQDs/CNPs). 

The absorption peaks at 1046, 1639, and 3202 cm-1 recorded for CQDs suggested the functional 

groups C-O, C=C, and –OH, respectively, are present in CQDs. The –OH was suspected to be 

the -OH of –COOH, which emerged after oxidizing the graphite precursor.  The C-O was 

probably the C-O of –COOH/-OH and the C=C was probably due to the presence of graphitic 

core in CQDs. The peak at 718 cm-1 was due to the presence of C-F bond in CQDs. The source 

of the fluorine could be traced to the presence of trace amount of fluorine from the HF used for 

the digestion of the pencil graphite. Fortuitously, the functional groups suspected from the FT-

IR spectra of CQDs have been reported in the FT-IR spectrum of some carbon-based quantum 

dots [15, 156]. The FT-IR spectrum of CNPs showed peaks at 485 and 688 cm-1 due to Cu-O 

stretching vibration, while the peak at 3382 cm-1 referred to the possible presence of adsorbed 

moisture in CNPs. A similar spectrum has been reported for copper oxide nanoparticles [272]. 

The spectrum of CQDs/CNPs showed absorption peaks at 1086, 1742, and 3020 cm-1, 

suggesting C-O, C=O, and –OH, respectively are present in the composite. The peak at 1742 

cm-1 was probably the C=O peak of –COOH, originally at 1755 cm-1 on CQDs spectrum.   
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Figure 4.1: FT-IR spectra of (a) BP and bCQDs (b) CQDs/CNPs, CQDs and CNPs and (c) 

bCQDs, CNPs and bCQDs/CNPs 
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The peak at 3020 cm-1 wass broader than the one on CQDs found at about the same 

wavenumber. The peaks found in the CNPs spectrum at 1200-400 cm-1 remained intact in 

CQDs/CNPs spectrum, except for a slight variation in wavenumber. The similarities and 

differences in the spectrum of the nanomaterials (CQDs and CNPs) and the composite 

(CQDs/CNPs) confirmed that the composite was prepared from the nanomaterials. 

Figure 4.1 (c) showed the FT-IR spectra of bCQDs, CNPs, and bCQDs/CNPs. The 

bCQDs/CNPs spectrum show absorption bands at 1048, 1600, and 3328 cm-1, suggesting the 

presence of –C-O, -C=C, and -OH, respectively. The peak at 1048 cm-1 representing –C-O 

(which can also be found in bCQDs spectrum) remained intact in the composite spectrum. The 

peak at 1600 cm-1 in the bCQDs spectrum appeared very weak in the composite. It is worthy 

to note that the addition of CNPs to bCQDs to form the composite led to the disappearance of 

the peaks between 1800 and 2312 cm-1 in bCQDs/CNPs spectrum (which were initially in 

bCQDs spectrum). Also, the broad peak at about 3295 cm-1 in bCQDs spectrum became less 

broad in the composite, probably because the hydrogen bond in the bCQDs became less 

prevalent after composite formation. Figure 4.1 (c) also revealed that most of the peaks in CNPs 

spectrum remained intact in the composite, suggesting the stabilization of CNPs in the 

composite. Table 4.1 summarizes of the functional groups in banana peel, the nanomaterials, 

and the nanocomposites, as well as their corresponding wavenumbers.   

Table 4.1: Notable functional groups and absorption bands in the nanomaterials and composite 

 

4.2.3 UV-visible spectroscopy 

Figure 4.2 (a) showed the UV-visible spectrum of bCQDs and CQDs. The spectrum of bCQDs 

show two peaks at 291 nm and 361 nm. Several CQDs have been reported to show absorption 

at similar wavelengths as bCQDs [273, 274]. The CQDs showed a very strong peak at 290 nm. 

 

Samples 

Notable functional groups and wave number (cm-1) 

-C-O -OH/-NH -C=C –C≡N -C=O -C-N Cu-O 

BP 1048 3295  1601          -      - 1363      - 

bCQDs 1048 3295 1601 2320     - 1239      - 

CQDs 1046 3202 1639         -  1755      -       - 

CNPs     -  3382     -      -      -      -  485 & 688 

bCQDs/CNPs 1048 3328 1600 2320      -      -  477 & 591 

CQDs/CNPs 1086 3020 1639      -  1742      -  485 & 688 
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Similar absorption wavelengths have been reported for CQDs prepared from various 

precursors. The absorption at about 290 nm in both quantum dots was due to the n-π* transition 

of C=O present in the carbon quantum dots [275]. The difference in the UV spectrum of the 

two carbon dots suggested that they were made from different precursors. The variation in the 

precursor for carbon-based quantum dots have also manifested in differences in UV-visible 

spectra. A notable example can be found in the difference between the UV-visible spectrum of 

carbon quantum dots prepared from lemon peel and citric acid [29, 273]. 

Figure 4.2 (b) showed the UV-visible spectra of CNPs, bCQDs/CNPs, and CQDs/CNPs. The 

spectrum of CNPs showed absorption at 291 nm and 339 nm due to surface plasmon resonance 

[276]. Specifically, the peak at the higher wavelength (339 nm) has been widely reported in the 

UV-visible analysis of copper oxide nanoparticles from various precursors [277-279]. The 

spectrum of CQDs/CNPs showed absorption peaks at 291 nm and 348 nm. The peak at 348 nm 

is probably due to the shift of the peak at 339 nm in CNPs to a higher wavelength after 

composite formation. Similarly, the spectrum of bCQDs/CNPs showed two peaks at 299 nm 

and 437 nm. The weak peak at 437 nm was due to the shift of the peak at 339 nm in CNPs to a 

higher wavelength after composite formation.   

The appearance of the two strong peaks on the spectrum of the composites at a wavelength 

similar to that of their components confirmed the composite’s formation from the components. 

However, the absorption peaks in the composites are found at higher wavelengths than the 

peaks in the individual nanomaterials, confirming the formation of materials different from the 

individual components after composite formation. 

4.2.4 X-ray diffraction (XRD) analysis 

The XRD analysis is a critical method for identifying nanomaterials. Also, the crystallite 

particle size and the interlayer (d) spacing can be calculated from the XRD spectrum of 

nanomaterials. In this section, the crystallite particle size (D) has been calculated from the 

peaks with the highest intensity using Scherrer’s equation (Eqn 4.1), where k (0.9) is the shape 

factor, Ɵ is the diffraction angle, λ is the X-ray’s wavelength (0.154 nm), and β is the full width 

at half maximum (in Radians). The interlayer (d) spacing was calculated using Bragg’s 

equation (Eqn 4.2), where n = 1 and other parameters retained their meaning as earlier 

described.  

 



64 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: UV-visible spectra of (a) CQDs and bCQDs (b) CQDs, CNPs and CQDs/CNPs. 

 

Figure 4.3 depicts the XRD spectra of nanomaterials, and the composites made with bCQDs 

and CQDs. Figure 4.3 (a) showed the XRD spectra of the bCQDs and CQDs. The CQDs 

spectrum showed prominent peaks at 20.8o, 23.2o, 27.6o and 42.3o. The broad peak at 23.2o and 

42.3o indicate the presence of graphene-like carbon in CQDs [280]. The interlayer spacing of 

CQDs calculated from the broad peak at 23.2o (0.38 nm) was greater than the interlayer spacing 

of graphite (0.33 nm), suggesting poor crystallinity of the CQDs [275]. The bCQDs spectrum 

showed prominent peaks at 22o, 28.7o and 42.3o. The peaks at 22o and 42.3o suggested the 
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possessed poor crystallinity. The poor crystallinity of the QDs was probably due to the oxygen-

containing functionalities in the QDs [275]. 

Figure 4.3 (b) showed the XRD spectrum of CQDs/CNPs. The peaks at 21.9o and 26.5o on 

CQDs/CNPs spectrum are probably from the CQDs (peaks at 23.2o and 27.6o on CQDs 

spectrum). Typically, peaks on carbon quantum dots XRD spectra become less broad in 

composites [281, 282]. The change in peak size was evident in the sharper CQDs peaks in the 

XRD spectrum of CQDs/CNPs (Fig. 4.3 (b)). The peaks at 32.6o (110), 35.7o (002), 38.8o (111), 

48.9o (202), 58.5o (202), 61.6o (113), and 68.1o (113) are suspected to have emerged from the 

CNPs because they appeared at similar diffraction angles to that of CNPs. These peaks 

confirmed the presence of CNPs in the composite. 

Figure 4.3 (c) showed the XRD spectra of CNPs and bCQDs/CNPs. CNPs spectrum showed 

peaks at 32.6o (110), 35.5o (002), 38.8o (111), 48.8o (202), 53.7o (020), 58.3o (202), 61.6o (113), 

66.3o (311), 68.1o (113), 72.6o (311) and 75.1o (004). The emergence of peaks at these 

diffraction angles and the corresponding miller indices (in parenthesis) agreed with the x-ray 

diffractogram of CNPs in the monoclinic phase [222, 272]. The presence of no other peaks 

apart from the CNPs peaks suggested that the CNPs are of high purity and devoid of impurities 

such as Cu2O and Cu(OH)2. The CNPs crystallite particle size calculated from Equation 4.2 

was 16.3 nm.  

D =
kα

βcosθ
                                                             (Eqn 4.1) 

2dSinθ = nλ                                                         (Eqn 4.2) 

The sharpness of the peaks and the small crystallite particle size suggest the crystalline nature 

of CNPs [283]. Figure 4.3 (c) showed the XRD spectrum for bCQDs/CNPs. The spectrum 

show the diffraction pattern of the constituent metal oxide nanoparticles (as depicted by their 

miller indices) and the bCQDs (depicted by the diffraction angle in a circle) (Fig. 3 (c)). The 

presence of the peaks corresponding to CNPs on the spectrum of bCQDs/CNPs confirmed the 

composite’s successful formation. A similar XRD pattern has been reported for a carbon 

nanomaterial and CNPs composite [283-285]. 
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Figure 4.3: XRD spectra of (a) bCQDs, CQDs, (b) CQDs/CNPs, (c) CNPs and 

bCQDs/CNPs. 
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4.2.5 Scanning electron microscopy (SEM) analysis 

The SEM analysis is essential for establishing the surface morphology of materials. Figures 4.4 

represented the SEM micrograph of the CNPs, CQDs, bCQDs, and the nanocomposites. The 

SEM image of CNPs showed that CNPs are pseudo-spherical particles (Fig. 4.4 (a)). The 

pseudo-spherical masses fuse to form layers of pseudo-spherical nanomaterials (blue circle). 

These clusters were organized into irregularly spaced colonies of nanomaterials. SEM images 

with similar pseudo-spherical masses have been reported for CNPs [286-288]. The SEM image 

of CQDs (x 100, 000 magnification) revealed that the CQDs are fused pseudo-spherical carbon 

flakes (Figure 4.4 (b)). 

The inset of Figure 4.4 (b) showed the SEM micrograph of CQDs at a lower magnification (x 

5, 000), and hence indicated that a large proportion of the CQDs are fused carbon flakes. The 

carbon flakes aggregated to form a brush-like figure containing irregular pores. The SEM 

image of the bCQDs revealeded perfectly ordered pseudo- spherical particles. Green carbon 

quantum dots of similar morphology have been reported [289]. The SEM image of 

CQDs/CNPs showed that the pseudo-spherical CNPs adorned the surface of the CQDs flakes 

(see red circles). This SEM image also revealed that the pseudo-spherical CNPs were 

sandwiched between layers of the CQDs flakes. Figures 4.4 (e) showed the SEM images of 

bCQDs/CNPs. The SEM micrograph of bCQDs/CNPs showed that the composite is a fusion 

of the bCQDs (see yellow arrow) and CNPs (see red arrow). Some parts of the SEM image 

show aggregates of CNPs sandwiched in between layers of the pseudo-spherical bCQDs (see 

red arrow) (Fig. 4.4 (e)). 

4.2.6 Transmission electron microscopy (TEM) analysis    

TEM analysis is famous for the characterization of QDs. The analysis of various carbon-based 

quantum dots with TEM showed that most carbon-based QDs have particle sizes < 10 nm [27, 

42]. This particle size determination with TEM analysis has proven to be significant in QDs 

characterization. Accordingly, TEM analysis was adopted to characterize the as-synthesized 

carbon dots in the study.  

The TEM micrograph of CQDs showed that the carbon dots have a pseudo-spherical shape 

(Fig. 4.5 (a)). The darker part of the micrograph is due to the aggregation of CQDs, which form 

two different CQDs aggregates. The average particle size of the CQDs calculated from the 

analysis 
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Figure 4.4: SEM micrograph of (a) CNPs (b) CQDs (c) CQDs/CNPs (d) bCQDs and (e) 

bCQDs/CNPs  

 

of the TEM micrograph is the average frequency distribution (AFD) of the carbon dots 

diameter (9.021  0.178). However, the particle size distribution chart showed that the particle 

size of CQDs range from 6-12 nm (Fig. 4.5 (b)). Average particle size of 9.02 nm obtained for 

CQDs agrees with the average particle size of < 10 nm previously reported for carbon-based 

QDs [27, 42, 290, 291].  

The TEM micrograph of the carbon dots prepared from the green source (bCQDs) (Fig. 4.5 

(c)) confirmed the pseudo-spherical shape of the particles as depicted by the SEM micrograph. 

The bCQDs particle size distribution chart showed the AFD of bCQDs particle size (7.512   

(e) 

(d) 



70 
 

 

  

 

 

 

 

  

 

 

 

 

 

 

 

Figure 4.5: TEM micrograph of (a, c) CQDs and bCQDs. Particle size distribution chart of 

(b,d) CQDs and bCQDs 

 

0.521) and the particle size range of bCQDs (6-12 nm) (Fig. 4.5 (d)). The results implied that 

the average particle size of bCQDs is 7.51 nm. Average particle size of 7.51 nm for bCQDs 

agrees with the average particle size of < 10 nm reported for some carbon-based QDs prepared 

from the green source [29, 290-292]. CQDs and bCQDs have the same particle size range (6-

12 nm).       

4.2.7 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis of the banana peel (BP) and the quantum dots was carried out 

using 18.861, 5.588, and 18.833 mg of BP, bCQDs, and CQDs, respectively. The TGA profile 

of BP revealed that the degradation of the banana peels occurred in two different stages (Fig. 

4.6 (a)). The first stage was the 64 % weight loss between 175 – 687 oC. The second stage of 

degradation was a 19.8% weight loss observed between 759 – 1170 oC. The weight loss at 175 

– 687 oC was due to the combustion of the organic matter in BP [293]. Specifically, the 

occurrence at 337 oC represents the loss of CO2 [294]. The significant weight loss at 759-1170 

oC could be ascribed to the decomposition of the carbonates in the banana peel. The TGA 

profile of bCQDs also showed two stages of degradation. Weight loss of 49 % and 36 % were 
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recorded at 175 – 485 oC and 510 -1060 oC, respectively. The 49 % weight loss can be attributed 

to the loss of organic compounds present in bCQDs. The decomposition of graphite in the air 

has been reported to occur at 600 oC [295, 296]. The 36 % weight loss can be attributed to the 

decomposition of graphite. The two-stage decomposition depicted by bCQDs TGA profile was 

similar to the TGA curve reported for carbon quantum dots synthesized from cashew gum 

[149]. The differences in the TGA profile of BP and bCQDs confirmed the transformation of 

BP. The event at 782 oC (in the bCQDs TGA profile) suggested oxidative degradation of the 

graphitic core in bCQDs. Noteworthy, the TGA profile of BP and bCQDs showed water loss 

up to 175 oC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: TGA curves of (a) BP and bCQDs and (b) CQDs 
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The TGA curve of CQDs showed three degradation stages after the initial water loss up to 100 

oC (Fig. 4.6 (b)). The first degradation stage occurred between 102 – 330 oC, with 36 % weight 

loss due to the loss of the carboxyl functionality around CQDs [297]. The second stage occurred 

over a temperature range of 374 – 640 oC with a weight loss of 11%. The degradation can be 

attributed to the loss of other oxygen-containing functional groups in the carbon dots [298, 

299]. Another 11 % weight loss was recorded at the third degradation stage (640-1110 oC). The 

degradation at this stage was due to the decomposition of the CQDs graphitic core [295, 296]. 

Noteworthy, the CQDs witnessed significant thermal stability after 1267 oC such that about 37 

% of the initial CQDs mass remain intact. The 37 % residual mass may contain undecomposed 

carbon particles. The fact that a thermal stability of this degree was not recorded with bCQDs 

suggested that CQDs possess greater thermal stability than bCQDs.         

4.2.8 Electrochemical characterization 

The electrochemical characterization of the bare electrode and modified electrodes was done 

in 5 mM [Fe(CN)6]
3-/4- redox probe at a pH of 7. Figure 4.7 depicts the cyclic voltammogram 

recorded with the bare GCE, CNPs modified GCE, and CQDs/CNPs modified GCE at a scan 

rate of 25 mV s-1. The Bare GCE, GCE/CQDs, GCE/CNPs, GCE/CQDs/CNPs, GCE/bCQDs, 

and GCE/bCQDs/CNPs gave anodic peak current (Iap) of 17.89 µA (0.27 V), 7.19 µA (0.28 

V), 7.04 µA (0.14 V), 19.69 µA (0.37 V), 6.66 µA (0.52 V), and 18.44 µA (0.39 V), 

respectively at their respective peak potentials (Eap) (in parenthesis). The cathodic peak 

currents (Icp) recorded were -18.93 µA (0.16 V), -5.92 µA (-0.06 V), -12.89 µA (0.07 V), -

12.11 µA (0.15 V), -0.86 µA (0.16 V), -18.93 µA (0.09 V), -4.28 µA (0.07 V) and -4.35 µA (-

0.27 V), -7.89 µA (-0.27 V), -21.18 µA (-0.06 V), respectively at their respective peak potential 

(Ecp, in parenthesis). The closer the value of Iap/Icp to unity the better the reversibility of a redox 

process. The values of Iap/Icp in Table 4.2 showed that the bare GCE and CQDs/CNPs modified 

GCE have Iap/Icp values of 0.94 and 0.97, respectively, suggesting that they have better 

reversibility than the other electrodes. The difference between Eap and Epc (ΔE) can also be 

used to estimate the reversibility of a redox process. A reversible one-electron process is 

expected to have ΔE value of 59 mV. A quasi-reversible process has ΔE value greater than 59 

mV [300]. The ΔE values in Table 4.2 showed that all the electrodes have ΔE values greater 

than 59 mV, suggesting that all the redox processes at the surface of the bare and modified 

electrodes are quasi-reversible. The surface area of the bare and modified electrodes was 
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calculated from Equation 4.3, where ip, n, v, Do, A, and C represent the peak current (A), 

number of electrons, scan rate (V s-1), diffusion coefficient (cm 2 s-1), surface area (cm 2) and 

bulk concentration of analyte (mol. cm-3), respectively.  The diffusion coefficient of the redox 

probe was taken as 7.6 × 10-6 cm2 s-1 [301]. 

ip =  2.69 ×  105 n3/2 ADo
1/2C1/2                                             (Eqn 4.3) 

The surface areas of bare GCE, GCE/CQDs, GCE/bCQDs, GCE/CNPs, GCE/CQDs/CNPs, 

and GCE/bCQDs/CNPs were calculated as 9.65, 3.88, 3.68, 3.80, 10.62, and 9.91 cm 2, 

respectively. The CQDs/CNPs modified electrode possesses the highest Iap and greatest surface 

area, suggesting that modification of GCE with CQDs/CNPs improved surface area and 

possibly conductivity of the electrode. The improved electronic conductivity of the electrode 

fosters faster electron transfer between the modified electrode and redox probe. It is noteworthy 

that CQDs and bCQDs modified electrodes have ΔE values very far from the theoretical value 

of 59 mV. The outcomes showed that the surface of bCQDs and CQDs modified electrodes 

could not support a reversible process in the presence of the redox probe.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7: Cyclic voltammograms of bare GCE, GCE/CQDs, GCE/CNPs, GCE/bCQDs, 

GCE/bCQDs/CNPs and GCE/CQDs/CNPs in 5 mM [Fe(CN)6]
3-/4- 

 

The electrochemical impedance spectroscopy (EIS) analysis was also applied for the 

characterization of the bare and modified electrodes in 5 mM [Fe(CN)6]
3-/4-. Figure 4.8 (a) 
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showed the Nyquist plot obtained with bare GCE, CNPs, CQDs, bCQDs, and the composites 

modified GCE. The inset of Figure 4.8 (a) depicts the enlarged Nyquist plot of Bare GCE, 

GCE/TNPs, GCE/CNPs, and GCE/CQDs. Figure 4.8 (b) showed the equivalent circuits 

adopted for fitting the EIS data obtained with this electrode. The circuit X in Figure 4.8 (b) was 

used for fitting the data obtained with GCE/CQDs, GCE/ZNPs, GCE/CQDs/CNPs, and 

GCE/CQDs/TNPs. On the other hand, circuit Y in Figure 4.8 (b) showed the equivalent circuit 

for fitting the data recorded with Bare GCE, GCE/CNPs, GCE/TNPs, and GCE/CQDs/CNPs. 

The charge transfer resistance (Rct), solution resistance (Rs), Warburg impedance (W), the 

magnitude of the constant phase element (Yo), and its exponent (N) obtained after fitting the 

EIS data have been itemized in Table 4.3. Noteworthy, the errors associated with the 

parameters used for fitting the EIS data have been put in parenthesis (Table 4.3). A similar 

treatment was given to all EIS data reported in the study.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8: EIS spectra (Nyquist plot) of (a) Bare GCE, CQDs, bCQDs, CNPs and 

CQDs/CNPs modified GCE in 5 mM [Fe(CN)6]
3-/4- (pH 7) (inset: enlarged EIS spectra of the 

bare and modified electrodes) (b) equivalent electrochemical circuit of the EIS data at (a) 
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The charge transfer resistance (Rct) showed the extent of a surface’s resistance to charge 

transfer. Highly conducting surfaces are expected to possess low charge transfer resistance. 

The Rct values in Table 6 showed Rct follows the order GCE/CQDs/CNPs (6.92 kW) < 

GCE/bCQDs/CNPs (8.19 kW) < Bare GCE (9.87 kW) < GCE/CQDs (15.54 kW) < GCE/CNPs 

(16.19 kW) < GCE/bCQDs (107.11 kW). The trend is in agreement with the anodic current 

response obtained with cyclic voltammetry in the redox probe. For instance, GCE/CQDs/CNPs 

with the highest current response in CV possessed the lowest Rct compared to the bare GCE 

and the modified GCE. On the other hand, GCE/bCQDs with the lowest current response with 

CV gave the highest Rct. The results suggested that the modification of the bare GCE with 

CQDs/CNPs composite improved the conductivity of the electrode (reduces Rct of the 

electrode) and consequently increased the electron transfer kinetics of the electrode. Several 

carbon nanomaterials based/metal oxide nanocomposite modified electrodes exhibited the 

same behaviour [87, 302, 303]. Also, the fact that GCE/CQDs and GCE/CNPs possessed higher 

Rct than the composite modified GCE implied that the combination of CQDs and CNPs is 

essential for forming a more conducting surface.  

Table 4.2: Cyclic voltammetry data of the bare and modified electrodes in [Fe(CN)6]
3-/4-  

Electrodes Iap (A) Icp (A) Eap (V) Ecp (V) Iap/Icp ΔE (V) A (cm2) 

Bare GCE 17.89 -18.934 0.273 0.155 -0.945 0.118 9.649 

GCE/bCQDs 6.813 -6.65 0.531 -0.185 -1.025 0.716 3.675 

GCE/CQDs 7.199 -5.92 0.282 -0.06 -1.216 0.342 3.883 

GCE/CNPs 7.039 -12.886 0.139 0.067 -0.546 0.072 3.797 

GCE/CQDs/CNPs 19.69 -18.93 0.365 0.094 -1.040 0.271 10.620 

GCE/bCQDs/CNPs 18.373 -21.31 0.379 -0.063 -0.862 0.442 9.910 

 

The electron transfer rate constant (ks) of the electrodes calculated from Equation 4.4 (all 

variables retain usual meaning) and depicted in Table 4.3 revealed that GCE/CQDs and 

GCE/CNPs possess very high ks in the presence of the redox probe. The result implied that 

modifying the bare GCE with these two materials (CQDs and CNPs) increases the electron 

transfer rate across the electrode. The synergy between the two materials culminated in forming 

a composite (CQDs/CNPs) which gave a surface with an intermediate ks (0.72 ×10-6 s-1) when 

applied for GCE modification. The high Iap value, low Rct, large surface area, and a reasonably 

high ks value recorded with GCE/CQDs/CNPs suggested that it might possess the requisite 

electronic properties for the electrocatalytic oxidation of biomolecules. Considering the widely 
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reported improvement in electronic conductivity of electrodes after CNPs modification and the 

small particle size of CQDs [42, 217], it can be inferred that the synergistic effect of the 

combination of CQDs and CNPs could have emanated from large surface area of CQDs and 

good conductivity of CNPs.           

ks =
RT

n2F2ARctC
                                                                        (Eqn 4.4) 

Furthermore, it is essential to note that GCE/bCQDs/CNPs also possess a very low Rct (close 

to the Rct of GCE/bCQDs/CNPs).  The low Rct value suggested that the modification of GCE 

with bCQDs/CNPs gave a surface with little resistance to charge transfer from the redox probe. 

The Rct values and the large surface earlier reported for GCE/bCQDs/CNPs showed that the 

combination of bCQDs and the CNPs give composites with better conductivity and larger 

surface areas than their component nanomaterials. The conductivity of CNPs, as depicted by 

their relatively low Rct also played a significant role in the improved conductivity witnessed at 

GCE/bCQDs/CNPs.   

Table 4.3:  EIS parameters of the bare and modified electrodes 

 

 

 

 

 

Electrodes Rs 

(kW) 

Rct 

(kW) 

Yo  

(W-

1.s^N) 

N  

(W-

1.s^N) 

W  

(W-1.s) 

ks (µs-1) X2 

Bare GCE 1.32 

(2.98) 

9.87 

(6.12) 

4.06 

(19.18) 

0.73 

(4.20) 

497.00 

(39.79) 

0.56 0.5272 

GCE/ bCQDs 0.78 

(3.89) 

107.11 

(9.71) 

3.88 

(7.76) 

0.66 

(1.99) 

        -   0.14 0.6249 

GCE/CQDs 0.66 

(2.47) 

15.54 

(3.09) 

4.36 

(8.99) 

0.73 

(1.98) 

        - 0.88 0.3372 

GCE/CNPs 0.66 

(2.27) 

16.19 

(4.28) 

3.71 

(9.39) 

0.75 

(1.96) 

333.78 

(30.53) 

0.87 0.2929 

GCE/CQDs/CNPs 1.75 

(3.39) 

6.92 

(15.87) 

4.98 

(37.84) 

0.72 

(8.13) 

81.31 

(9.71) 

0.72 0.6412 

GCE/bCQDs/CNPs 1.59 

(3.11) 

8.19 

(13.1) 

4.58 

(29.8) 

0.73 

(6.38) 

81.56 

(10.04) 

0.66 0.5799 
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4.3 Electrochemical detection of epinephrine 

4.3.1 Electroanalysis of epinephrine at bare and modified electrodes 

The electroanalysis of EP was done using cyclic voltammetry at a scan rate of 25 mV s-1 in the 

presence of 0.4 mM EP prepared in PBS (pH 7). Figure 4.9 (a) showed the cyclic 

voltammograms (CV) recorded using bare GCE, CNPs, CQDs, bCQDs, and the composite 

modified electrodes. The voltammograms show GCE/CQDs/CNPs gave the highest Iap and Icp, 

confirming the suspected superiority of GCE/CQDs/CNPs to other electrodes earlier 

established with the characterization of all electrodes with [Fe(CN)6]
3-/4- redox probe. Using 

the bare GCE, GCE/CQDs/CNPs, and GCE/bCQDs/CNPs electrode for cyclic voltammetry, 

the peaks emerging from the presence of EP in PBS were absent in PBS alone (blank) (Fig. 4.9 

(b)). The peaks observed with GCE/CQDs/CNPs in PBS alone appeared at a potential where 

none of the EP peaks were found. The peaks are suspected to emerge from CQDs/CNPs 

composite itself. The emergence of peaks outside the potential window of the analytes has been 

reported for some CNPs-supported composites in blank solutions [304, 305]. The results and 

the fact that no peaks were found with bare GCE (in PBS alone) confirmed the electroanalysis 

of EP at bare and modified electrodes in EP solution.  

It is worthy to note that the CV of EP at the electrodes showed four different peaks. The 

voltammograms is similar to the CV reported by Sainz et al., for EP electroanalysis at a 

graphene nanoribbons-modified electrode [306]. Electroanalysis of EP led to the formation of 

three other compounds (epinephrinechrome, epinephrinequinone, and leucoepineprine- 

chrome) as identified by electronspray ionization mass spectrometry and reported in literature 

[307, 308]. As a result, the four peaks represent the peaks corresponding to the three 

compounds and the peak associated with EP itself. The mechanism of EP redox processes in 

Scheme 2 showed that the formation of epinephrinechrome (EPC) from epinephrinequinone 

(EPQ) by Michael addition is highly favoured. The mechanism also revealed that 

leucoepinephrinechrome (LEC) is an intermediate product of the transformation of EPQ to 

EPC. The anodic peaks include the peak designated A1 (found at 0.2-0.3 V) associated with 

EP oxidation and the peak tagged A2, representing the peak associated with LEC oxidation. 

The cathodic peaks include C1 (found at 0.2-0.3 V) and C2 (found at -1 to -0.2 V), representing 

the reduction of EPQ and EPC, respectively (Scheme 3). The EP oxidation peak current has 

been considered the diagnostic peak for EP electrochemical oxidation due to its prominence.  
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Figure 4.9: Cyclic voltammogram of the (a) bare GCE, CQDs, bCQDs, CNPs, bCQDs/CNPs 

and CQDs/CNPs modified GCE in 0.4 mM EP and (b) bare GCE, CQDs/CNPs and 

bCQDs/CNPs modified GCE in 0.1 M PBS (scan rate: 25 mV s-1, pH 7). 

 

 

 

 

 

 

 

Scheme 2: Mechanism of epinephrine redox reactions 
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In the present study, the anodic peak current referred to the EP oxidation peak current (A1) and 

peak C2 represent the cathodic peak current. 

Figure 4.10 showed the CVs of the bare GCE, CNPs, CQDs, bCQDs, and the composites 

modified electrodes in EP. The voltammograms gave a clear picture of the superiority of the 

composite modified GCE to that of the component individual nanomaterials and the bare GCE.  

 

 

 

 

 

 

Scheme 3: Epinephrine redox peaks 

Figure 4.10 (a) showed the CV for the bare GCE, GCE/CQDs, GCE/CNPs and 

GCE/CQDs/CNPs with anodic peak currents (Iap) of 10.24 µA (0.31 V), 4.91 µA (0.31 V), 

12.22 µA (0.21 V) and 26.99 µA (0.32 V), respectively. The Iap at GCE/CQDs/CNPs was 

higher than twice the value at GCE/CNPs, about three times the value at bare GCE, and close 

to six times the value at GCE/CQDs. The cathodic peak currents (Icp) of bare GCE, GCE/CQDs, 

GCE/CNPs and GCE/CQDs/CNPs were -6.91 µA (-0.18 V), -3.83 µA (-0.13 V), -15.20 µA (-

0.13 V), and -28.50 µA (-0.23 V), respectively. The ratio of the Iap to Icp (A1 to C2) for these 

electrodes are in the order bare GCE (1.48) < GCE/CQDs (1.29) < GCE/CNPs (0.80) < 

GCE/CQDs/CNPs (0.95). The results showed that GCE/CQDs/CNPs provide a platform for a 

more reversible process compared to other electrodes. The outstanding performance of 

GCE/CQDs/CNPs can be ascribed to the synergy between CQDs and CNPs, which culminated 

in better current response than what was obtained at GCE/CQDs and GCE/CNPs. The synergy 

is probably a product of the large surface area and good biocompatibility of CQDs and the 

excellent conductivity of CNPs.  

The synergy between carbon nanomaterials and metal oxide nanoparticles has produced 

composites with better electronic properties than the individual nanomaterials. In instances 

where such materials have been combined as composite for neurotransmitters (NTs) sensor 

fabrication, improved electrocatalytic activity of the sensor towards the oxidation of the NTs 

(A2) 
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have been reported [200, 214, 309, 310]. A notable mention is the improved electrocatalytic 

activity of  CNPs modified electrode towards EP oxidation after incorporating multi-walled 

carbon nanotubes (MWCNTs) [309].    

A thorough inspection of the voltammograms in Figure 4.10 (a) revealed that GCE/CNPs 

possess the highest value of C1, suggesting a favourable reduction of EPC at GCE/CNPs. The 

voltammogram obtained with GCE/CQDs revealed that the electrode offered the poorest EP 

electrocatalysis. The fact that peak C1, which appeared on every other electrodes, was absent 

on the CV of GCE/CQDs supports this assertion. This could be associated with the rapid 

deprotonation of the EP’s quarternary amino functionality than other materials, such that the 

intermediate EPQ was hardly formed before eventual EPC formation. Also, the highest C2 was 

recorded at GCE/CQDs/CNPs, suggesting that the synergy between CQDs and CNPs greatly 

supported the formation of EPC such that its reduction gave a relatively large current output. 

The shift in the Iap of GCE/CNPs to the left indicated a low overpotential is required for EP 

oxidation, suggesting that CNPs provided a better electrocatalytic effect than the bare 

electrode. The oxidation peak potential (Eap) at GCE/CQD shifted slightly to the positive side 

of the Eap recorded at bare GCE. A similar occurrence has been reported for quantum dots 

modified electrodes designed for catecholamine neurotransmitter (NTs) detection [102, 115]. 

Noteworthy, the Eap at GCE/CQDs/CNPs was about the same as that of the bare electrode.  

The ∆Ep of the bare and modified electrodes followed the order: GCE/CNPs (340 mV) 

GCE/bCQDs/CNPs (360 mV) < GCE/bCQDs (380 mV) < GCE/CQDs (440 mV) < bare GCE 

(490 mV) < GCE/CQDs/CNPs (550 mV). The ∆Ep values of electrodes have been used for 

estimating the electron transfer rate and the electrocatalytic activity of modified electrodes 

toward NTs detection. Modified electrodes with small ∆Ep values have been adjudged better 

than those with large ∆Ep, based on the fact that small ∆Ep value symbolizes better 

electrocatalytic activity towards NTs oxidation. However, the complexity of the cyclic 

voltammogram of EP made adopting this data for similar deduction a difficult task. As evident 

from Table 4.4, GCE/CQDs/CNPs with the higher Iap gave the highest ∆Ep value (550 mV) and 

GCE/CQDs with the lowest Iap offered a lower ∆Ep. The results and the other ∆Ep values (Table 

4.4) suggest that there was probably no connection between the ∆Ep gap and the electrocatalytic 

activity of the bare and modified electrodes towards EP oxidation.  The fact that the potential 

gap has not been considered for the analysis of EP cyclic voltammogram confirmed the 

assertion.  
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Table 4.4: Cyclic voltammetry data of bare GCE and modified GCE in EP 

  

Figure 4.10 (b) showed the CV for bare GCE, GCE/bCQDs, GCE/CNPs, and 

GCE/bCQDs/CNPs. The Iap values (Eap in parenthesis) obtained with these electrodes were 

10.24 (0.31), 7.71 (0.27), 12.22 (0.21), and 16.52 µA (0.25V), respectively. The Iap at 

GCE/bCQDs/CNPs is about 1.6 times the value at bare GCE, 1.5 times the value at 

GCE/bCQDs and about 1.4 times the value at GCE/CNPs. Relative to the bare electrode, the 

anodic peak potential of the other electrodes shifted to the negative side, confirming that the 

oxidation of EP is more favourable at the modified electrodes. The lower overpotential at which 

EP oxidation occurs relative to bare GCE potential suggested improved electrocatalytic activity 

of the electrodes after modification with the composite and nanomaterials. 

A similar relationship can be observed between the CV of bare GCE and modified electrodes 

recorded for EP electroanalysis [214, 311]. The cathodic peak current recorded for the 

electrodes were -15.20 µA (-0.13 V), -12.93 µA (-0.11 V), -6.22 µA (-0.11 V) and -6.91 µA (-

0.18 V) for GCE/CNPs, GCE/bCQDs/CNPs, GCE/bCQDs and bare GCE, respectively. The 

ratio Iap/Icp for the electrodes are in the order GCE/CNPs (0.80) < GCE/bCQDs (1.24) < 

GCE/bCQDs/CNPs (1.28) < bare GCE (1.48). The outcome implied that the CNPs modified 

electrode offered better reversibility than the other electrodes. 

Contrary to what was obtained in Figure 4.10 (b), where the cathodic peak at 

GCE/bCQDs/CNPs was the highest of all the electrodes, the cathodic peak current for 

GCE/CNPs was higher than that of GCE/bCQDs/CNPs. Also, the peak at C1 showed that 

GCE/bCQDs gave a more prominent C1 peak than GCE/bCQDs/CNPs and other electrodes. 

In contrast, the C2 peak was absent in the voltammogram of GCE/CQDs. Furthermore, the Iap 

(peak at A1)  

Electrodes Iap (µA) Icp (µA) Eap (V) Ecp (V) Iap/Icp ∆Ep (mV) 

Bare GCE 10.22 -6.91 0.31 -0.18 1.48 490 

GCE/CNPs 12.22 -15.2 0.21 -0.13 0.80 340 

GCE/CQDs 4.91 -3.83 0.31 -0.13 1.29 440 

GCE/bCQDs 7.71 -6.22 0.27 -0.11 1.24 380 

GCE/CQDs/CNPs 26.99 -28.5 0.32 -0.23 0.95 550 

GCE/bCQDs/CNPs 16.52 -12.93 0.25 -0.11 1.28 360 
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Figure 4.10: Cyclic voltammogram of (a) bare GCE, GCE/CQDs, GCE/CNPs and 

GCE/CQDs/CNPs and (b) bare GCE, GCE/bCQDs, GCE/CNPs and GCE/bCQDs/CNPs in 

0.4 mM EP (scan rate: 25 mV s-1, pH 7). 

 

greater than that of GCE/CQDs (Fig. 4.10 (a)). The outcomes suggested that GCE/bCQDs 

offered better catalytic activity towards EP oxidation than GCE/CQDs. It is also important to 

note that the Iap recorded at GCE/CQDs/CNPs (26.99 µA) was higher than that of 

GCE/bCQDs/CNPs (16.52 µA). Because of the outstanding perfromance of these two 

electrodes, subsequent EP analysis was carried out using GCE/bCQDs/CNPs and 

GCE/CQDs/CNPs. EIS analysis of EP with all electrodes was done to affirm the superiority of 

the two electrodes from the electron transport perspective prior to EP electroanalysis.     

4.3.2 Electrochemical impedance spectroscopy (EIS) 

Electrochemical impedance spectroscopy (EIS) was also applied for the analysis of EP. Figure 

4.11 (a) depicts the Nyquist plot of the EIS data generated with bare GCE, GCE/CNPs, 
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GCE/CQDs, GCE/bCQDs, GCE/CQDs/CNPs, and GCE/bCQDs/CNPs. The inset of Figure 

4.11 (a) gave a clearer picture of the initially obscured Nyquist plot of all electrodes except 

GCE/CQDs. The Randles equivalent circuit in Figure 4.11 (a) represents the circuit used for 

fitting the EIS data from the Nyquist plot of these electrodes except GCE/CQDs.  

Figure 4.11 (b) represents the equivalent circuit for fitting GCE/CQDs EIS data.  The 

parameters used for fitting these circuits include solution resistance (Rs), charge transfer 

resistance (Rct), constant phase element (CPE), Warburg impedance (W), and capacitance (C) 

where appropriate. The Rct values obtained with bare GCE, GCE/CQDs, GCE/CNPs, and  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11: EIS spectra (Nyquist plot) of (a) Bare GCE, CQDs, bCQDs, CNPs and 

CQDs/CNPs modified GCE in 0.4 mM EP (pH 7) (inset: enlarged EIS spectra of the bare 

GCE, GCE/CNPs, GCE/bCQDs, GCE/CQDs/CNPs and GCE/bCQDs/CNPs) (b) equivalent 

electrochemical circuit of the EIS data at (a) 

GCE/CQDs/CNPs were 24.28, 450.00, 17.22, and 6.72 kW, respectively (errors in parenthesis) 

(Table 4.5). The values show that GCE/CQDs/CNPs have the lowest resistance to charge 
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transfer between the anlayte and the working electrode, suggesting that CQDs/CNPs improved 

the conductivity of GCE after modification. The fact that CNPs modified GCE have lower Rct 

than bare GCE and GCE/CQDs also confirmed that CNPs improved the conductivity of GCE. 

Improved conductivity of GCE after modification with CNPs has been reported [312]. On the 

other hand, the extremely high Rct obtained with GCE/CQDs showed that CQDs impede the 

charge transfer process after GCE modification with the CQDs. The outcomes agreed with the 

anodic current (Iap) recorded with the electrodes using CV, thus confirming that the synergy 

between the CQDs and CNPs is essential for improved electrocatalytic oxidation of EP at 

GCE/CQDs/CNPs. The synergy was suspected to have emanated from the large surface area 

of CQDs and the excellent conductivity of CNPs in the presence of EP. Similar synergy in 

binary composites designed for neurotransmitters (NTs) detection has been reported [313]. The 

Warburg impedance in the Nyquist plot of the electrodes in EP (except for GCE/CQDs) showed 

that the interaction of EP with these electrodes involves diffusion. Equation 4.5 showed the 

relationship between the impedance of the constant phase element (ZCPE), magnitude of the 

constant phase element (Yo) and its exponent (N) (where j and ω represent an imaginary 

number and angular frequency, respectively) [314, 315]. The higher value of Yo was recorded 

at GCE/CQDs/CNPs, suggesting the modified electrode possessed the lowest value of ZCPE 

compared to other electrodes. The ZCPE result further confirmed the superior conductivity of 

GCE/CQDs/CNPs. The superior current response obtained with CV and the low Rct recorded 

with EIS are the reasons GCE/CQDs/CNPs was considered as the working electrode for further 

EP analysis.  

ZCPE = 1/ (Yo(jω)N                                                                (Eqn 4.5) 

Table 4.5 also showed that Rct of bare GCE, GCE/bCQDs, GCE/CNPs, and 

GCE/bCQDs/CNPs were 24.28, 42.73, 17.22 and 16.12 kW, respectively. The fact that 

GCE/bCQDs/CNPs gave the lowest Rct confirmed the superior conductivity of 

GCE/bCQDs/CNPs as earlier established with the [Fe(CN6)]
3-/4- redox probe. The higher Rct 

obtained with GCE/bCQDs compared to bare GCE suggested that bCQDs adversely affected 

charge transfer across the modified electrode. Compared to bare GCE and GCE/bCQDs, lower 

Rct was recorded with GCE/CNPs, suggesting that GCE/CNPs possess better conductivity than 

the other two electrodes. The synergy between bCQDs and CNPs in bCQDs/CNPs gave a 

composite with a better conductivity than the individual nanomaterials. The synergy is evident 

in the relatively low Rct of the composite modified electrode. Obtaining the lowest Rct with the 

bCQDs/CNPs modified electrode and the highest EP current response (Iap) recorded with 
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GCE/bCQDs/CNPs (using CV) compared to the other three electrodes confirmed its suitability 

for EP detection. Also, GCE/bCQDs/CNPs possess the highest Yo value compared to other 

electrodes. The outcome implied that the GCE possesses a lower ZCPE value after modification 

with bCQDs/CNPs composite, thus affirming the higher conductivity of GCE/bCQDs/CNPs 

relative to bare GCE and the other electrodes. 

The satisfactory performance of GCE/bCQDs/CNPs and GCE/CQDs/CNPs in the redox probe 

and EP confirmed that the two electrodes are suitable for comparative study of the contribution 

of the green carbon dots (bCQDs) and the chemically synthesized carbon dots (CQDs) to EP 

detection. Consequently, the two electrodes were adopted for further studies. 

Table 4.5: EIS parameters of bare and modified electrodes in EP  

 

4.3.3 Effect of scan rate 

The effect of change in scan rate on EP electrocatalytic oxidation at GCE/CQDs/CNPs and 

GCE/bCQDs/CNPs was investigated with cyclic voltammetry using 0.4 mM EP at scan rate 

ranging from 25 – 400 mV s-1. Figure 4.12 (a) showed the CV for EP electrocatalysis at 

GCE/CQDs/bCQDs over a scan rate range of 25 – 400 mV s-1. These voltammograms showed 

that the peak A1 corresponding to EP oxidation peak current and the peak C2 (EPQ reduction 

peak current) increased with an increase in scan rate. Noteworthy, the cathodic peak C2 did not 

significantly change with scan rate as the anodic peak (A1). The plot of the anodic peak current 

at A1 (Iap) and the square root of the scan rate (v1/2) gave a linear relationship (Equation 4.6) 

as depicted in Figure 4.12 (b). The relationship between Iap and v1/2 became more linear at 

higher scan rates ( 200 mV s-1). The cathodic peak current (peak C2) and the v1/2 also gave a 

linear relationship (Equation 4.7). The linear relationship between Iap and v1/2 suggested a 

diffusion-controlled process at the surface of GCE/CQDs/CNPs. The diffusion-controlled 

Electrode Rct (kΩ) Rs (kΩ) Yo (µΩ-1sN) N W (µΩ-1.s) X2 

Bare GCE  24.28 (2.91) 0.25 (1.24) 1.29 (4.23) 0.90 (0.68) 34.8 (4.11) 0.0927 

GCE/CNPs 17.22 (3.18) 0.27 (1.59) 1.95 (5.62) 0.84 (0.95) 70.4 (6.27) 0.1186 

GCE/bCQDs 42.73 (4.59) 0.25 (2.53) 1.98 (6.26) 0.83 (1.13) 8.98 (23.66) 0.3187 

GCE/CQDs 450.0 (15.25) 0.31 (2.07) 1.80 (4.14) 0.81 (0.74)      -  0.2210 

GCE/CQDs/CNPs 6.72 (59.5) 0.19 (1.07) 43.8 (12.57) 0.71 (2.63) 33.8 (12.57) 0.0659 

GCE/bCQDs/CNPs 16.12 (6.03) 0.22 (2.24) 3.13 (8.03) 0.86 (1.42) 62.5 (8.82) 0.3123 
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mechanism was in agreement with the diffusion-controlled mechanism reported for EP 

electrochemical detection at chemically modified electrodes [306, 316]  

Iap = 3.7205 + 3.1073 v1/2                         (R2 = 0.9918)                      (Eqn 4.6 ) 

Icp =  −20.8342 − 1.7305 v1/2                   (R2 =  −0.9793)                  (Eqn 4.7 ) 

The anodic peak potential also shifted (to the right) with the increase in scan rate, especially 

after 50 mV s-1 (Fig. 4.12 (c)). The anodic peak potential (Eap) and the cathodic peak potential 

(Ecp) have a linear relationship with the logarithm of the scan rate (Equation 4.8). The number 

of electrons transferred (n) and the electron transfer coefficient () were calculated using 

Laviron equation, given that the slopes of the graphs of Eap and Ecp against log v were b1 and 

b2, respectively (Equations 4.10 and 4.11). The parameters n, R, T and F in these equations 

retain their usual meaning. The Tafel slope b is calculated from Equation 4.12, suggesting that 

b is twice the value of b1 (for the anodic peak). Tafel slope b was calculated as 238 mV dec-1. 

A Tafel slope within the range of 60-120 mV suggested a one-electron process at the rate-

determining step. A redox process that leads to the emergence of a Tafel plot greater than 120 

mV dec-1 suggested an adsorptive process at the surface of the electrode [317]. Adsorption of 

this nature has been ascribed to the strong binding force between the analyte and the electrode 

modifier [317, 318]. The Tafel slope for EP oxidation (238 mV dec-1) exceeding 120 mV dec-

1 suggested an adsorptive process at GCE/CQDs/CNPs [317].  

Eap = 0.1569 + 0.1188 log v                                (R2 = 0.9956)                            (Eqn 4.8) 

Ecp =  −0.1439 − 0.0537 log v                            (R2 =  −0.9767)                         (Eqn 4.9) 

b1 =
RT

(1−∝)nF
                                                                                                                 (Eqn 4.10) 

b2 =
RT

∝ nF
                                                                                                                          (Eqn 4.11) 

E𝑝 =
b

2
log v + K                                                                                                              (Eqn 4.12) 

The values of  and n were calculated as 0.69 and 1.54, respectively. A similar value of n (~2) 

has been reported for the overlapping EP oxidation peaks A1 and A2 [308]. The  value 

reported for this electrode was greater than the values reported for the thin gold film modified 

electrode (0.52) and dysprosium tungstate modified electrode (0.30) [308, 319]. The disparity 
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between  reported for these electrodes and GCE/CQDs/CNPs was due to the difference in the 

surface area and conductivity of the modifiers of the electrodes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12: (a) Cyclic voltammogram of GCE/CQDs/CNPs in EP over a scan rate range (25 

– 400 mV s-1) at pH 7 (b) plot of the anodic and cathodic peak current against the square root 

of the scan rate and (c) plot of the anodic and cathodic peak potential against log v 
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log ks = ∝ log(1−∝) + (1−∝) log ∝ − log (
RT

nFv
) −∝

(1−∝)nF∆Ep

2.3RT
                    (Eqn 4.13) 

The charge transfer rate constant (ks) value calculated from Equation 4.13 is 5 × 10-3 s-1. This 

value was higher than the value reported for some other modified electrodes for EP detection. 

Figure 4.13 (a) showed the cyclic voltammogram of GCE/bCQDs/CNPs in 0.4 mM EP at 

varying scan rates (25-400 mV s-1). Like the CV of GCE/CQDs/CNPs in Figure 4.12 (a), the 

anodic peak current (Iap) and the cathodic peak current (Icp) increased with increase in the 

square root of the scan rate (Fig. 4.13 (b)). The linear regression Equations 4.14 and 4.15 

depicted the relationship between peak currents (Iap and Icp) and v1/2. The relationship implied 

that the redox process at GCE/bCQDs/CNPs is also a diffusion-controlled process [308]. Also, 

the anodic peak potentials shift to the positive side with an increase in the scan rate. This shift 

was more significant with the anodic peak potentials (Eap) (Fig. 4.13 (a)). Figure 4.13 (c) 

depicts the linear relationship between the peak potentials and the logarithm of the scan rates 

(log v). This relationship became more linear after 200 mV s-1. The linear relationships between 

the peak potentials (Eap and Ecp) and log v are represented with linear equations (Equations 

4.16 and 4.17).  

Iap = 1.4989 + 2.0434 v1/2                              (R2 = 0.9923)                (Eqn 4.14) 

Icp =  −5.6475 − 2.0929 v1/2                           (R2 =  −0.9995)            (Eqn 4.15) 

Eap = 0.1651 + 0.1358 log v                            (R2 = 0.9975)                (Eqn 4.16) 

Ecp =  −0.0504 − 0.0879 log v                         (R2 =  −0.9897)            (Eqn 4.17) 

The values of  and n calculated from Equations 4.16 & 4.17 were 0.61 and 0.48, respectively. 

These values are lower than the results recorded for GCE/CQDs/CNPs (Table 4.6). In addition, 

the charge transfer rate constant (ks) recorded with GCE/bCQDs/CNPs (0.44 s-1) is higher than 

the ks recorded with GCE/CQDs/CNPs (0.005). On the contrary, GCE/CQDs/CNPs gave a 

higher value of  (Table 4.6). The higher  value recorded at GCE/CQDs/CNPs suggested a 

faster electron transfer at GCE/CQDs/CNPs. The faster electron transfer at the electrode 

explains the superior anodic peak current recorded at GCE/CQDs/CNPs compared to 

GCE/bCQDs/CNPs. Also, the lower value of ks recorded at GCE/CQDs/CNPs compared to 

GCE/bCQDs/CNPs could be ascribed to the high value of ∆Ep recorded at GCE/CQDs/CNPs.  
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Figure 4.13: (a) Cyclic voltammogram of GCE/bCQDs/CNPs in EP over a scan rate range 

(25 – 400 mV s-1) at pH 7 (b) plot of the anodic and cathodic peak current against the square 

root of the scan rate and (c) plot of the anodic and cathodic peak potential against log v 
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Table 4.6: Kinetic parameters of CQDs/CNPs and bCQDs/CNPs modified electrodes in EP 

 

Given the relationship between log ks and ∆Ep, the absence of a direct link between Iap and ∆Ep, 

and the complexity of the EP redox process, it could be inappropriate to use ks to estimate the 

rate of electron transfer between EP and the modified electrodes. Noteworthy, the Tafel slope 

(b) recorded at GCE/bCQDs/CNPs (272 mV dec-1) also suggested the prevalence of adsorption 

at the surface of the modified electrode [317].   

4.3.4 Effect of pH 

The influence of pH on the electrochemical oxidation of EP was studied with cyclic 

voltammetry at a scan rate of 25 mV s-1 using GCE/CQDs/CNPs and GCE/bCQDs/CNPs. 

Figure 4.14 (a) showed the cyclic voltammograms of EP at pH range of 3-9 using 

GCE/CQDs/CNPs. The voltammograms showed that the highest Iap (peak A1) was recorded at 

pH 7 while the lowest peak current was obtained at pH 5. At pH 3.18, an unusually large current 

response emerged at peak A2. The fact that this peak is much higher than the diagnostic peak 

A1 suggested that the highly acidic pH supported the oxidation of LEC more than EP oxidation 

[308]. The outcome could be due to the availability of lone pair of electrons on the nitrogen 

atom on LEC, which consequently made LEC more susceptible to protonation by the acidic 

medium than the already protonated nitrogen on EP. The cationic nature of LEC after 

protonation increased the affinity of the CQDs in GCE/CQDs/CNPs for LEC, thus increasing 

the current response due to LEC oxidation. Noteworthy, the diagnostic anodic peak current A1 

at pH 3.18 was lower than the value recorded at pH 7. At pH 9.3, a very low peak current (peak 

A1) was recorded. The trend was probably due to the deprotonation of EP, which led to 

repulsion between the cationic CQDs on GCE/CQDs/bCQDs and the deprotonated EP. With 

the exception of pH 3.18 where the lowest anodic peak potential was recorded, the anodic peak 

potential reduced with increase in pH (Fig. 4.14 (b)). 

Figure 4.14 (c) depicted the pH dependence of peak currents recorded with 

GCE/bCQDs/CNPs. At pH 3.18, the voltammogram showed that EP oxidation proceeded like  

 

Electrode  n k (s-1) b (mV dec-1) 

GCE/CQDs/CNPs 0.69 1.54 0.005 238 

GCE/bCQDs/CNPs 0.61 0.48 44 272 
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Figure 4.14: (a, c) Cyclic voltammograms of GCE/CQDs/CNPs and GCE/bCQDs/CNPs in 

0.4 mM EP at pH 3-9 (scan rate: 25 mV s-1) (b,d) plot of the anodic peak current and 

potential of EP against pH, recorded at GCE/CQDs/CNPs and GCE/bCQDs/CNPs 

 

the CV obtained with GCE/CQDs/CNPs at a similar pH. However, the peak current A1 

recorded with GCE/bCQDs/CNPs was the lowest compared to other pH values.  Like the CV 

obtained with GCE/CQDs/CNPs at pH 7, the highest anodic peak current (peak A1) was 

recorded at pH 7 using GCE/bCQDs/CNPs. The significantly high anodic peak current 

recorded at pH 7 using the two electrodes could be attributed to the ability of the carbon-based 

quantum dots present in the electrodes modifier to attract the EP molecules through 

electrostatic interaction. The outcome explained why every other electroanalysis was done with 

these electrodes at pH 7. Interestingly, the electroanalysis of EP at pH 7 has been reported 

widely reported [213, 320, 321]. It is worth noting that the oxidation peak potentials recorded 

with GCE/bCQDs/CNPs reduced with increase in pH (Fig. 4.14 (d)). The outcome is similar 

to what was obtained at GCE/CQDs/CNPs, except that the lowest anodic peak potential at 

GCE/CQDs/CNPs was recorded at pH 3.18 (Fig. 4.14 (b)).  

4.3.5 Effect of concentration 

The influence of concentration changes on EP oxidation at GCE/CQDs/CNPs and 

GCE/bCQDs/CNPs was investigated over a concentration range of 10-116.4 µM and 1-125.3 

µM, respectively, using square wave voltammetry (SWV). Figure 4.15 (a) depicted the square 

wave voltammograms obtained with GCE/CQDs/CNPs with varying concentrations of EP. The 

EP oxidation peak current recorded with SWV increased with an increase in EP concentration  
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Figure 4.15: (a, c) Square wave voltammograms of GCE/CQDs/CNPs and 

GCE/bCQDs/CNPs over EP concentration range of 10-116.4 µM and 1-125.3 µM, 

respectively at pH 7  (b,d) plot of current versus concentration extracted from (a) and (c), 

respectively. 

 

(Fig. 4.15 (a)). The plot of the current response against EP concentration showed a linear 

relationship represented by Equation 4.18 (Fig. 4.15 (b)). Figure 4.15 (b) also showed that this 

relationship was linear over a dynamic range of 10-100 µM. The limit of detection (LoD) for 

the electrodes was calculated using Equation 4.19, where  is the standard deviation of the 

intercept and m is the slope of the calibration curve. The LoD calculated for GCE/CQDs/CNPs 

is 15.99 µM. Similarly, EP oxidation peak current increased with an increase in concentration 

when GCE/bCQDs/CNPs was used as the working electrode (Fig 4.15 (c)). This relationship 

was linear over a dynamic range of 1-125.3 µM (Fig. 4.15 (d)). Equation 4.20 showed the 

corresponding linear regression equation representing this linear relationship. The limit of 

quantitation of the sensor was calculated from Equation 4.21 as 48.45 µM.  

The LoD calculated for GCE/bCQDs/CNPs is 24.3 µM. The LoD calculated with these 

electrodes was comparable to the value reported for some sensors earlier fabricated for EP 

detection (Table 4.7). An LoD of 14.99 µM reported for GCE/CQDs/CNPs was lower than the  

I = 5.6826 + 0.0379 [EP]                                            (Eqn 4.18) 

LoD =
3.3 δ

m
                                                                     (Eqn 4.19) 

I = 1.7516 + 0.0270 [EP]                                            (Eqn  4.20) 
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LoQ = 10
δ

m
                                                                     (Eqn 4.21) 

value reported for GCE/bCQDs/CNPs and some previously fabricated electrodes for EP 

detection [322, 323] (Table 4.7). On the other hand, the dynamic linear range (LDR) of 1 - 

125.3 µM reported for GCE/bCQDs/CNPs was wider than that of GCE/bCQDs/CNPs and the 

MWCNT/Fe3O4/phthalocyanines nanocomposite modified electrode [324]. The limit of 

quantitation of GCE/bCQDs/CNPs (73.67 µM) was much higher than that of 

GCE/CQDs/CNPs.  

The LoD and LDR recorded with the two electrodes suggested that they are suitable for EP 

detection at the micromolar level. 

4.3.6 Interference studies 

The interference of ascorbic acid (AA) with EP in a mixture of AA and EP was investigated 

using CV, SWV, and the differential pulse voltammetry (DPV). AA exists in extracellular fluid 

at a much higher concentration than EP [325]. Consequently, the possibility of detecting EP 

(0.4 mM) in a solution containing a much higher AA concentration was investigated. Figure 

4.16 (a) showed the CV of the bare GCE and GCE/CQDs/CNPs in a mixture of 1 mM AA and 

0.4 mM EP. With CV, the voltammograms obtained using the bare and the modified electrode 

(GCE/CQDs/CNPs) showed that the AA and EP peaks were indistinguishable. Specifically, a 

broad anodic peak was observed with bare GCE. In contrast, a sharper anodic peak at lower 

potential was observed at GCE/CQDs/CQDs. With DPV, distinct AA (at 0.23 V) and EP (at 

0.38 V) peaks with a peak separation of 150 mV was recorded (Fig. 4.16 (b)). On the other 

hand, SWV gave a voltammogram with sharper EP peaks than that of DPV (Fig. 4.16 (c)). In 

addition, the peak potentials of AA (found at 0.25 V) and EP (found at 0.51 V) in SWV gave 

a larger peak difference (260 mV) than the peak separation in DPV (150 mV). The AA-EP 

peak separation at this electrode (with SWV) was wider than the peak difference reported at 

some notable EP sensors earlier fabricated [88, 326, 327]. As a result, SWV was adopted for 

detecting varying concentrations of EP (52.2 – 114.3 µM) in the presence of a constant AA 

concentration (1 mM) (Fig. 4.16 (d)).  
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 Table 4.7: Comparison of the proposed sensors with past EP sensors 

GCE/MWCNTs/poly-FA – Multi-walled carbon nanotubes and poly ferulic acid modified glassy carbon 

nanotube; GCE-MWCNT/Fe3O4/Nc - Multi-walled carbon nanotubes, 2,3-naphthalocyanine and iron oxide 

nanocomposite modified glassy carbon electrode; GCE/MWCNT/CA - Multi-walled carbon nanotubes; Nano Au 

film – Nanoporous gold film; CuFe2O4/ILs/CPE – CuFe2O4 nanoparticles and ionic liquid composite modified 

carbon paste electrode.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Electrode Methods LoD (µM) LDR (µM) Sensitivity 

(µA µM-1) 

References 

GCE/MWCNTs/poly-FA AP 22.2 73-1406 0.004 [323] 

GCE-MWCNT/Fe3O4/Nc DPV 12.3 7.5-48 0.048 [324] 

GCE/MWCNT/CA DPV 10.0 30-170     - [328] 

Nano Au film CV 19.0 50-1000     -  [322] 

CuFe2O4/ILs/CPE SWV 0.07 0.1-400 0.059 [329] 
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Figure 4.16: (a) Cyclic voltammograms of bare GCE and GCE/CQDs/CNPs, (b) square 

wave voltammogram and (c) differential pulse voltammogram of GCE/CQDs/CNPs in 0.4 

mM EP and 1 mM AA (d) square wave voltammograms of EP concentration increase (62.4 – 

140.3 µM) with constant AA concentration (1 mM) at GCE/CQDs/CNPs (pH 7, scan rate: 25 

mV s-1). 

 

Figure 4.16 (d) showed that the peak potentials of AA and EP peaks shifted to a lower potential. 

More importantly, the AA peak remained unchanged with every increase in the EP 

concentration. This indicates AA’s presence did not prevent EP detection at GCE/CQDs/CNPs. 

Figure 4.17 showed the CV, SWV, and the DPV recorded from the investigation of the 

interference of AA with EP in a mixture of 1 mM AA and 0.4 mM EP at GCE/bCQDs/CNPs. 

Just like with GCE/CQDs/CNPs, the CV in Figure 4.17 (a) showed that the AA and EP peaks 

are indistinguishable.  
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Table 4.8: AA-EP peak difference of past and present EP sensors  

NDG/PGE – nanodiamond/graphite modified pyrolytic graphite electrode; LSV – linear sweep voltammetry; CPE 

– carbon paste electrode; TTAB/CPE – Tetradecyltrimethyl ammonium bromide modified CPE; GO/CPE - 

Graphene oxide modified CPE; MCPE/MWCNTs – multi-walled carbon nanotubes modified CPE. 

 

With DPV, the AA and EP peaks emerged at 0.10 V and 0.19 V, respectively, giving a peak-

to-peak gap of 90 mV (Fig. 4.17 (b)). On the other hand, SWV gave AA-EP peak separation 

of 170 mV due to AA and EP peaks emerging at 0.13 V and 0.30 V, respectively (Fig. 4.17 

(c)). This peak difference was wider than the AA-EP peak gap reported for some previously 

fabricated EP sensors (Table 4.8). The wider peak separation obtained with SWV explained 

why SWV was applied for the electroanalysis of varying EP concentrations (70.3 – 120.6 µM) 

at GCE/bCQDs/CNPs in the presence of a constant AA concentration.  

 

 

 

 

 

 

 

 

 

 

 

 

Electrode Method AA-EP 

peak difference 

(mV) 

References 

NDG/PGE LSV 204 [326] 

TTAB/CPE DPV 188 [88] 

GO/CPE DPV 131 [327] 

MCPE/MWCNTs CV 216 [330] 

GCE/bCQDs/CNPs SWV 170 This work 

GCE/CQDs/CNPs SWV 260 This work 
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Figure 4.17: (a) Cyclic voltammogram of bare GCE and GCE/bCQDs/CNPs, (b) square 

wave voltammogram and (c) differential pulse voltammogram of GCE/bCQDs/CNPs in 0.2 

mM AD and 1 mM AA (d) square wave voltammograms of EP concentration increase (70.3 – 

120.6 µM) with constant AA concentration (1 mM) at GCE/CQDs/CNPs (pH 7, scan rate: 25 

mV s-1). 
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The AA peak did not showed a change as significant as that of the EP concentration. Although 

the AA peak change became more conspicuous at higher EP concentrations, the modified 

electrode can be considered a reliable tool for EP detection in the presence of AA (Fig. 4.17 

(d)).  

The inability of CV to distinguish AA and EP peaks at the bare and modified electrodes could 

be due to the lower sensitivity of CV compared to DPV and SWV. Also, the fact that EP gave 

four different peaks made it easy for AA peaks to interfere with EP peaks on the cyclic 

voltammogram. Also, the peak separations obtained with GCE/bCQDs/CNPs is higher than the 

value recorded with GCE/bCQDs/CNPs and comparable to the values reported for previously 

fabricated electrodes for EP detection in the presence of AA [88, 326, 327]. The result showed 

that GCE/CQDs/CNPs is more suitable for EP detection in the presence of AA. 

4.3.7 Real sample analysis 

The applicability of the two fabricated sensors for the analysis of EP in real sample was 

investigated with epinephrine injection using the standard addition technique. The mean 

percentage EP recovery at GCE/CQDs/CNPs after spiking a solution of the real sample with 

45.46 µM EP (in triplicate) is 101.23 %. The percentage relative standard deviation (% RSD) 

of these measurements was 7.56 % (Table 4.9). With GCE/bCQDs/CNPs, a percentage 

recovery of 96 % was recorded after triplicate analysis with % RSD of 5.63 %. The results 

showed that the modified electrodes are suitable for EP detection in a real sample. It is also 

worth noting that GCE/CQDs/CNPs offered a higher percentage recovery than the 

bCQDs/CNPs modified electrode. 

Table 4.9: EP analysis in epinephrine injection at GCE/CQDs/CNPs and GCE/bCQDs/CNPs  

Electrode Sample Amount added 

(µM) 

Amount found 

(µM) 

% recovery % RSD 

GCE/CQDs/CNPs EP injection 45.46 49.2 108.3 7.56 

 
 

45.46 46.48 102.3  

 
 

45.46 42.34 93.10 

 

 

GCE/bCQDs/CNPs EP injection 45.46 46.6 102.5 5.63 

 
 

45.46 42.1 92.6  

 
 

45.46 42.2 92.9  
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4.3.8 Stability and reproducibility  

The stability of the electrodes was investigated using the modified electrodes for cyclic 

voltammetry in 0.4 mM EP at a pH of 7 and scan rate of 25 mV s-1. The modified electrodes 

were subjected to 22 CV scans each (Fig. 4.18 (a) and (b)). With GCE/CQDs/CNPs, the current 

dropped to 50.9 % of the initial current response (current of the first scan). The voltammogram 

generated with GCE/bCQDs/CNPs showed that the bCQDs/CNPs modified electrode was only 

able to retain 56.4 % of the current response obtained after the first scan. The outcomes suggest 

that GCE/bCQDs/CNPs was more stable than GCE/CQDs/CNPs. In addition, the two 

electrodes are considered unstable when their stability was compared to some sensors 

previously fabricated for EP detection [83, 213, 331]. However, considering the equilibration 

time and adsorption equilibrium of the sensors in EP, the first two scans can be ignored, 

suggesting that the two sensors were relatively stable after the first two scans. 

 

 

   

 

 

 

 

 

 

 

 

    

 

 

 

 

 

Figure 4.18: Cyclic voltammogram of (a) GCE/CQDs/CNPs and (b) GCE/bCQDs/CNPs in 

0.4 mM EP (pH 7) after 22 scans (scan rate: 25 mV s-1) 
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The reproducibility of the electrode was investigated using a single CV scan under the same 

condition adopted for the reproducibility studies. The CV recorded for determinations made 

from electrode modified three separate times with the same composite showed the 

reproducibility of the modified electrodes (Fig. 4.19 (a) and (b)). Using CQDs/CNPs for GCE 

modification, the percentage relative standard deviation (% RSD) of the current response 

recorded for the three measurements is 8 %. With GCE/bCQDs/CNPs, the % RSD of the 

current response is 11 %. The lower % RSD obtained with GCE/CQDs/CNPs compared to that 

of GCE/bCQDs/CNPs suggested that the CQDs/CNPs modified electrode offered a more 

reproducible result. Collectively, the two sensors showed a considerable level of 

reproducibility, suggesting that the fabrication of the electrode can be replicated with reliable 

current response with minimal error margin.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.19: Cyclic voltammograms of (a) GCE/CQDs/CNPs and (b) GCE/bCQDs/CNPs in 

0.4 mM EP (pH 7, scan rate: 25 mV s-1) for three different trials of electrode modification 
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4.4 Electrochemical detection of norepinephrine 

4.4.1 Electroanalysis of norepinephrine at bare and modified electrodes 

The electroanalysis of norepinephrine (NE) at the bare and modified electrodes was done at a 

scan rate of 25 mV s-1 using cyclic voltammetry. The comparative cyclic voltammograms (CV) 

of the bare GCE, CNPs, CQDs, bCQDs, and the composites modified electrodes showed the 

current response of the electrodes in the presence of NE (Fig. 4.20 (a)).  

In agreement with the result of the electrochemical characterization of the bare and modified 

electrodes with the [Fe(CN)6]
3-/4- redox probe, GCE/CQDs/CNPs gave the highest anodic peak 

current (Iap). The anodic peak at 0.31 V was due to NE oxidation to norepinephrine quinone 

(NEQ) (Ia1). Like epinephrine quinone (EPQ), NEQ undergoes cyclization to 2,3,5,5-

tetrahydro-1H-indole-3,5,6-triol (THT) which undergoes a redox reaction with 3-hydroxy-2,3-

dihydro-1H-indole-5,6-dione (HID) (Scheme 4) [332]. The anodic peak at 0.02 V is due to the 

reduction of NEQ to NE (Ic1). The cathodic peak at 0.21 was due to the conversion of THT to 

HID (Ia2). The cathodic peak at -0.27 was due to the conversion of HID to THT (Ic2) (Scheme 

3). NE cyclic voltammograms with similar redox peaks have been reported [332-334]. The 

existence of the products of NE oxidation and reduction have been established using 

electrospray ionization mass spectrometry [335]. Due to the prominence of Ia1 and Ic2 in the 

voltammograms, they are considered the anodic and the cathodic peak, respectively. Similar to 

the results recorded with epinephrine (EP), GCE/bCQDs/CNPs gave an anodic peak current 

(Ia1) close to that of GCE/CQDs/CNPs. On the other hand, the highest cathodic peak current  

 

 

 

 

 

 

 

 

Scheme 4: Mechanism of NE oxidation and reduction 
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(Ic2) was recorded at GCE/CNPs. Because the anodic peak Ia1 was the most prominent peak of 

the bare and the modified electrodes, and the fact that it was considered the diagnostic peak for 

NE electroanalysis [332, 333], GCE/bCQDs/CNPs and GCE/CQDs/CNPs were selected for 

further comparative NE analysis.  

Figure 4.20 showed the relationship between the current signals of the bare electrodes, 

GCE/CNPs quantum dots, and the composites modified electrodes. The comparative CV 

showed that the bare GCE, GCE/CNPs, GCE/CQDs, GCE/CQDs/CNPs, GCE/bCQDs, and 

GCE/bCQDs/CNPs have Ia1 values (potential in parenthesis) of 6.08 µA (at 0.39 V), 11.00 µA 

(at 0.28 V), 11.03 µA (at 0.28 V), and 55.69 µA (at 0.31 V), 1.80 µA (at 0.36 V), and 14.5 µA 

(at 0.22 V), respectively. The cathodic peak (Ic2) for these electrodes were -2.36 µA (at -0.21 

V), -14.27 µA (at -0.26 V), -3.26 µA (at -0.16 V), and -74.14 µA (-0.28 V), -3.01 µA (at -0.38 

V), and -8.59 µA (at -0.10 V), respectively. The ratio Ia1/Ic2 has been used as the index of 

reversibility of the redox peaks obtained at the electrodes. The values of Ia1/Ic2 recorded at bare 

GCE, GCE/CNPs, GCE/CQDs  

 

 

 

 

 

 

 

 

 

 

Figure 4.20: Cyclic voltammograms of bare GCE, CQDs, bCQDs, CNPs, CQDs/CNPs and 

bCQDs/CNPs modified GCE in 0.4 mM NE at pH 7 (scan rate: 25 mV s-1) 

 

GCE/CQDs/CNPs, GCE/bCQDs and GCE/bCQDs/CNPs were 2.58, 0.77, 3.38, 0.75, 0.60, and 

1.69 respectively. The results suggested that GCE/CNPs gave the most reversible NE peaks. 

Generally, all electrodes gave quasi-reversible peaks in the presence of NE. The prominent Ia1 

peak recorded at GCE/CQDs/CNPs and GCE/bCQDs/CNPs made these electrodes the chosen 

candidate for further NE electroanalysis.  
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Figure 4.21 (a) showed the relationship between the voltammograms of the bare GCE, 

GCE/CNPs, GCE/CQDs, and GCE/CQDs/CNPs. The voltammograms revealed that the Iap 

values follow the order: GCE/CQDs/CNPs > GCE/CQDs > GCE/CNPs > bare GCE. In 

addition, the comparative voltammograms revealed the significantly large difference between 

the current response recorded at the nanocomposite modified electrode compared to the GCE 

modified with CQDs or CNPs. On the other hand, Figure 4.21 (b) showed the relationship 

between the voltammograms of the bare GCE, GCE/bCQDs, GCE/CNPs, and 

GCE/bCQDs/CNPs. The current responses from the voltammograms followed the order: 

GCE/bCQDs/CNPs > GCE/CNPs > bare GCE > GCE/bCQDs. In addition, the voltammograms 

show the closeness between the Iap recorded at GCE/CNPs and GCE/bCQDs/CNPs and the 

superior cathodic peak current (Ic2) recorded at GCE/CNPs.  

As it was with EP, the ∆Ep values recorded from the cyclic voltammograms of the bare and 

modified electrodes show that there was no direct link between the electrocatalytic activity of 

the electrodes toward NE oxidation and the ∆Ep values. For instance, GCE/CQDs/CNPs which 

gave the highest Iap value due to the excellent electrocatalytic activity of the electrode towards  

Table 4.10: Cyclic voltammetry data of bare GCE and modified GCE in NE 

 

NE oxidation possessed a significantly high ∆Ep (590 mV). On the other hand, 

GCE/bCQDs/CNPs which had a much lower Iap gave a very low ∆Ep (320 mV). The relationhip 

is in contrast with reports on the relationship between electrocatalytic activity and ∆Ep which 

suggested that low ∆Ep value implied good electrocatalytic activity of the electrode towards the 

oxidation of the analyte [336]. Summarily, Table 4.10 showed that there was no relationship 

between Iap and ∆Ep. 

 

 

Electrodes Iap (µA) Icp (µA) Eap (V) Ecp (V) Iap/Icp ∆Ep (mV) 

Bare GCE 6.08 -2.36 0.39  -0.21 1.48 600 

GCE/CNPs 11.00 -14.27 0.28 -0.26 0.80 540 

GCE/CQDs 11.03 -3.26 0.28 -0.16 1.29 440 

GCE/bCQDs 1.80 -3.01 0.36 -0.38 1.24 740 

GCE/CQDs/CNPs 55.69 -74.14 0.31 -0.28 0.95 590 

GCE/bCQDs/CNPs 14.5 -8.59 0.22 -0.10 1.28 320 
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Figure 4.21: Cyclic voltammograms of (a) bare GCE, GCE/CQDs, GCE/CNPs and 

GCE/CQDs/CNPs and (b) bare GCE, GCE/bCQDs, GCE/CNPs and GCE/bCQDs/CNPs in 

0.4 mM NE (scan rate: 25 mV s-1, pH 7). 

4.4.2 Electrochemical impedance spectroscopy 

To further substantiate the suitability of the electrodes as the working electrodes for NE 

electroanalysis, EIS was done with the bare electrodes, and the electrodes modified with CNPs, 

quantum dots, and their composite. Figure 4.22 (a) depicted the Nyquist plot of the EIS data 

obtained at bare GCE, GCE/CNPs, GCE/CQDs, GCE/bCQDs, GCE/bCQDs/CNPs, and 

GCE/CQDs/CNPs. Table 1 showed the value of the charge transfer resistance (Rct), capacitance 

(C), solution resistance(Rs), the magnitude of the constant phase element (CPE) (Yo), the CPE 

exponent (N), Warburg impedance (W) and the Chi square (X2) value recorded after fitting the 

EIS spectrum.  
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Table 4.11: EIS parameters of bare and modified electrodes in NE  

 

The EIS data of the bare GCE, GCE/CNPs, GCE/CQDs, and GCE/CQDs/CNPs is shown in 

Table 4.11. The Nyquist plot of the EIS spectra obtained with the electrodes showed that 

multiple circuits are required for fitting the spectra (Fig. 4.22 (b)). Therefore, the equivalent 

circuit X was used for fitting the EIS spectra of bare GCE and GCE/CNPs. On the other hand, 

equivalent circuits Y and Z were used for GCE/CQDs and GCE/CQDs/CNPs EIS spectra 

fitting, respectively (Fig. 4.22 (b)). The charge transfer resistance (Rct) obtained at bare GCE, 

GCE/CNPs, GCE/CQDs, and GCE/CQDs/CNPs were 80.10, 68.28, 49.41, and 19.71 kW, 

respectively. The increase in Rct follows the order: GCE/CQDs/CNPs < GCE/CQDs < 

GCE/CNPs < bare GCE. This showed that GCE/CQDs/CNPs possess the lowest resistance to 

charge transfer between NE and CQDs/CNPs composite. Also, the Rct trend agrees with the 

anodic current (Ia1) response recorded with CV. It is also worth noting that the Rct obtained 

with GCE/CQDs was significantly higher than that of GCE/CNPs even though the anodic 

current (Ia1) response at GCE/CQDs was not so significant. The elationship between Rct and Ia1 

could be due to the fact that the CNPs had a higher surface area than the CQDs which adversely 

affected the electron transfer between NE and GCE/CNPs. The assertion has also been 

substantiated by the fact that the Warburg impedance was absent in the equivalent circuit for 

modeling EIS data obtained with GCE/CNPs because the Warburg impedance in the circuit of 

GCE/CQDs suggested a diffusive movement of NE towards GCE/CQDs [96, 337]. It was 

therefore deduced that the movement of NE towards GCE/CNPs must have occurred through 

a channel other than diffusion, thus retarding the charge transfer process. The capacitance (C1 

and C2) in the equivalent circuit at GCE/CQDs confirms the CQDs’ capacitive nature. The 

capacitance C1 and  

  

Electrode Rct (kΩ) Rs (kΩ) Yo (µΩ-1sN) N W (µΩ-1.s) X2 

Bare GCE  80.10 (9.94) 0.21 (2.61) 5.42 (5.38) 0.82 (1.19)         - 0.4376 

GCE/CNPs 68.28 (8.35) 0.19 (4.12) 3.68 (7.44) 0.76 (1.53)         -  0.7232 

GCE/bCQDs 111.41 (9.75) 0.20 (3.06) 5.05 (6.02) 0.81 (1.31)         -  0.5583 

GCE/CQDs 49.41 (35.48) 0.24 (2.95)          -         -  8.04 (11.37) 0.6175 

GCE/CQDs/CNPs 19.71 (2.23) 0.21 (2.23) 4.23 (7.32) 0.82 (1.37) 53.29 (9.14) 0.2784 

GCE/bCQDs/CNPs 19.98 (8.85) 0.20 (2.35) 1.96 (8.53) 0.85 (1.38) 19.83 (5.24) 0.2734 
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Figure 4.22: EIS spectra (Nyquist plot) of (a) Bare GCE, CQDs, bCQDs, CNPs and 

CQDs/CNPs modified GCE in 0.4 mM NE (pH 7) (b) equivalent electrochemical circuit of 

the EIS data at (a) 

 

C2 represent the double layer capacitance and the passivation layer capacitance, respectively 

[338]. The result suggested that CQDs film has a capacitive tendency with the possibility of 

forming a passive layer on the bare electrode. The capacitance C in the equivalent circuit of 

GCE/CNPs and the bare GCE (circuit X) is the double-layer capacitance. The very high Rct 

obtained at the bare GCE is an indication that the modifiers improved the charge transfer 

process between the analyte and the electrode.    

Figure 4.22 (a) showed the Nyquist plot of the bare GCE, GCE/CNPs, GCE/bCQDs, and 

GCE/bCQDs/CNPs. The equivalent circuit X was used for fitting the EIS spectra of bare GCE, 

GCE/bCQDs, and GCE/CNPs. On the other hand, the equivalent circuit Z was used for fitting 

the EIS spectrum of GCE/bCQDs/CNPs. The Rct values                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
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obtained at the bare GCE, GCE/CNPs, GCE/bCQDs, and GCE/bCQDs/CNPs were 80.10, 

68.28, 111.41, and 19.98 kW, respectively (Table 4.11). The Rct values followed the order: 

GCE/CQDs/CNPs < GCE/CNPs < bare GCE < GCE/bCQDs. The values agreed with the 

anodic current response obtained with CV because the anodic current response values followed 

the reverse order. The trend suggested that the bCQDs/CNPs composite modified electrode 

possesses the lowest resistance to charge transfer between the electrode and the analyte. Also, 

the lower Rct obtained with GCE/CNPs and GCE/CQDs showed that the CNPs and CQDs have 

lower conductivity relative to bCQDs/CNPs. A similar occurrence was recorded with 

GCE/CQDs, GCE/CNPs, and GCE/CQDs/CNPs. The Rct trend implied that the individual 

nanomaterials that form bCQDs/CNPs and GCE/CQDs/CNPs have a synergy that raises the 

conductivity of the composites. The fact that the highest Rct was obtained with GCE/bCQDs 

implied that bCQDs acted like an insulator on the GCE surface, thus impeding electron transfer 

between NE and the modified electrode. Such an increase in the Rct of the bare electrode after 

modification has been reported [237, 339]. In general, GCE/CQDs/CNPs and 

GCE/bCQDs/CNPs possessed the lower Rct compared to other electrodes considered (Table 

4.11). The outcome and the superior current response of these electrodes (with CV) informed 

the decision to apply these electrodes for further NE electroanalysis.  

4.4.3 Effect of scan rate 

The effect of scan rate on the peak currents was investigated with GCE/CQDs/CNPs and 

GCE/bCQDs/CNPs using cyclic voltammetry. The voltammograms recorded at 

GCE/CQDs/CNPs revealed that the anodic peak currents increased with an increase in scan 

rate (Fig. 4.23 (a)). It is worth noting that the anodic peak Ia1 was more intense than the peak 

Ia2 at low scan rates (25-50 mV s-1). At higher scan rates, the two peaks were of similar 

intensity. The occurrence suggested that the oxidation of NE was more dominant at low scan 

rates, while the oxidation of NE (Ia1) and the conversion of  2,3,5,5-tetrahydro-1H-indole-3,5,6-

triol (TIT) to 3-hydroxy-2,3-dihydro-1H-indole-5,6-dione (HID) (Ia2) share similar kinetics.  

Figure 4.23 (b) showed the linear relationship between the scan rate (v) and the anodic peak 

current (Ia1). The linear relationship between v and Ia1 has been represented by Equation 

(Equation 4.22). Similarly, the cathodic peak (Ic2) showed a linear relationship with the scan 

rate (Equation 4.23). As reported in numerous publications, a linear relationship between v and 

the anodic peak current suggested a surface-confined process [340, 341]. Therefore, the 

outcomes suggested that the interaction between the modified electrode (GCE/CQDs/CNPs) 

and the analyte could be defined by an adsorptive mechanism.  
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Figure 4.23 (a) showed a noticeable shift of the anodic peak potential to the positive side with 

an increase in scan rate. In contrast, based on physical inspection, the change in the cathodic 

peak current was most noticeable after 100 mV s-1. Figure 4.23 (c) showed the relationship 

between log v and peak potentials (anodic and cathodic). Equations 4.23 & 4.24 represented 

the linear relationship between the peak potentials and log v. The relationship between the peak 

potentials and ln v were more linear at higher scan rates (> 200 mV s-1). Using Equations 4.23 

& 4.24, the number of electron (s) transferred (n) and the charge transfer coefficient () was 

calculated as 0.34 and 1.83, respectively. The Tafel slope (b) was found to be 232 mV dec-1. 

The Tafel value was obtained from the slope of a plot of log v against Epa (Equation 4.24) and 

Equation 4.12. Similar to what was obtained at EP oxidation, the fact that these Tafel slopes 

exceed 120 mV dec-1 suggested that the occurrence of adsorption at the surface of the modified 

electrode [317]. The electron transfer rate constant (ks) calculated from Equation 4.13 was 0.55 

s-1. 

Iap = 33.8847 +  0.6001 v                                      (R2 = 0.9993)                 (Eqn 4.22) 

Icp =  −68.7289 − 0.9382 v                                   (R2 = −0.9988)               (Eqn 4.23) 

Eap = 0.1213 +  0.1167 log v                                  (R2 = 0.9855)                 (Eqn 4.24) 

Ecp = 0.1666 − 0.2139 log v                                    (R2 = −0.9867)               (Eqn 4.25) 

Figure 4.24 (a) showed the cyclic voltammogram (CV) for the change in the current response 

with the increase in scan rate (25-400 mV s-1) using GCE/bCQDs/CNPs as the working 

electrode. Just like what was obtained at GCE/CQDs/CNPs, the anodic and cathodic current 

responses increased with the increase in scan rate (Fig. 4.24 (b)). Unlike the case with the 

voltammograms obtained with GCE/CQDs/CNPs, linear relationships were recorded between 

the peak currents (anodic and cathodic) and the square root of the scan rate (v1/2). Equations 

4.26 and 4.27 represent the linear relationship between the peak currents (Ia1 and Ic2) and the 

square root of the scan rate (v1/2). The linear relationship suggested that NE redox process at 

GCE/bCQDs/CNPs was diffusion-controlled [230, 342]. Figure 4.24 (c) depicted the linear 

relationship between the peak potentials (cathodic and anodic) and the logarithm of the scan 

rate (log v). Similar to the data obtained with GCE/CQDs/CNPs, the relationship between the 

potentials and log v was most linear at a higher scan rate (> 200 mV s-1).   
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Figure 4.23: (a) Cyclic voltammograms of GCE/CQDs/CNPs in NE over a scan rate range 

(25 – 400 mV s-1) at pH 7 (b) plot of the anodic and cathodic peak current against the square 

root of the scan rate and (c) plot of the anodic and cathodic peak potential against log v 
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Table 4.12: Kinetic parameters of CQDs/CNPs and bCQDs/CNPs in NE 

 

 

 

Using Equations 4.28 and 4.29, the values of n and the charge transfer coefficient () at 

GCE/bCQDs/CNPs were calculated as 1.12 and 0.75, respectively. This value of  (0.75) is 

higher than that of GCE/CQDs/CNPs (0.34) and the value reported for some NE sensors in 

literature [343-345]. The Tafel slope (b) for GCE/bCQDs/CNPs was found to be 184 mV dec-

1. The fact that this Tafel slope is higher than 120 mV dec-1 suggested adsorption at the surface 

of the electrode [317]. The electron transfer rate constant (ks) obtained with GCE/bCQDs/CNPs 

is 0.27 s-1. This ks value was lower than the value recorded at GCE/CQDs/CNPs (Table 4.12). 

Again, the lack of correlation between the anodic peak current and ∆Ep and the relationship 

between log ks and ∆Ep (Equation 4.13) made it difficult to directly link the value of ks with 

the electron transfer kinetics at the modified electrodes. Also, the lower value of  at 

GCE/CQDs/CNPs did not accurately support the significantly higher anodic peak current 

recorded at GCE/CQDs/CNPs.   

Iap = −6.6662 +  3.3349 v1/2                                         (R2 = 0.9982)                  (Eqn 4.26) 

Icp =  −2.8250 − 1.7916 v1/2                                          (R2 = −0.9991)                (Eqn 4.27) 

Eap = 0.1850 +  0.0918 log v                                           (R2 = 0.9896)                    (Eqn 4.28) 

Ecp = −0.0714 − 0.0305 log v                                        (R2 = −0.9951)                (Eqn 4.29) 

4.4.4 Effect of pH    

The effect of pH on NE redox processes at CQDs/CNPs and bCQDs/CNPs modified GCE was 

investigated over a pH range of 3-9 at a scan rate of 25 mV s-1. Figure 4.25 (a) showed the CV 

of NE electroanalysis at GCE/CQDs/CNPs within the selected pH range. Figure 4.25 (b) 

revealed that the highest anodic current (Ia1) response was obtained at pH 7.01. On the other 

hand, the lowest Ia1 value was recorded at a pH of 5.2. The sharp anodic peak current (Ia2 at 

0.05 V) recorded at pH 3 suggested that the conversion of 2,3,5,5-tetrahydro-1H-indole-3,5,6-

triol (THT) to 3-hydroxy-2,3-dihydro-1H-indole-5,6-dione (HID) was more favourable at  

Electrode  n k (s-1) b (mV dec-1) 

GCE/CQDs/CNPs 0.34 1.83 0.55 232 

GCE/bCQDs/CNPs 0.75 0.12 0.27 184 
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Figure 4.24: (a) Cyclic voltammograms of GCE/bCQDs/CNPs in NE over a scan rate range 

(25 – 400 mV s-1) at pH 7 (b) plot of the anodic and cathodic peak current against the square 

root of the scan rate and (c) plot of the anodic and cathodic peak potential against log v 
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Figure 4.25: (a, c) Cyclic voltammograms of GCE/CQDs/CNPs and GCE/bCQDs/CNPs in 

0.4 mM NE at pH 3-9 (scan rate: 25 mV s-1) (b,d) plot of the anodic peak current and 

potential of NE against pH, recorded at GCE/CQDs/CNPs and GCE/bCQDs/CNPs 

 

pH 3. Unfortunately, the diagnostic anodic peak (Ia1) recorded at higher potential (0.54 V) was 

much weaker. The significantly high current response recorded at neutral pH can be attributed 

to the cationic nature of NE which supported the electrostatic interaction between NE and the 

anionic CQDs. Also, possible prevalence of π-π interaction between NE and the graphitic 

carbon dots could have substantially contributed to the current response recorded at pH 7. The 

analysis of NE at similar pH has been reported in several publications [83, 346, 347]. Figure 

4.25 (b) depicted the change in the anodic peak potential over the pH range under consideration. 

Beyond the extremely high peak potential recorded at pH 3.15 (0.54 V), NE anodic peak 

currents were recorded within a peak potential range of 0.2-0.3 V (Fig. 4.25 (b)). 

Figure 4.25 (c) showed the CV for the changes in the NE anodic peak current and potential 

over a pH range of 3-9 at GCE/bCQDs/CNPs. The graphical representation of the current and 

potential trend at different pH values is depicted in Figure 4.25 (d). The variation in peak 

potential with pH at GCE/bCQDs/CNPs followed the same trend as that of GCE/CQDs/CNPs. 

Again, the highest anodic peak was recorded at pH 7.01. It is also noteworthy that the 

transformation of 2,3,5,5-tetrahydro-1H-indole-3,5,6-triol (THT) to 3-hydroxy-2,3-dihydro-

1H-indole-5,6-dione (HID) was also dominant at pH 3.33, such that the diagnostic peak at 0.64 

V was about a quarter of the strong peak at 0.02 V. Contrary to what was obtained at 

GCE/CQDs/CNPs, the anodic peak current (Ia1) at pH 3.11 was lower than the value obtained 
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anionic CQDs could be responsible for the low current response recorded at pH 9.15. Like the 

electroanalysis of NE at GCE/CQDs/CNPs, the highest current response recorded with 

GCE/bCQDs/CNPs was obtained at pH 7, probably for the same reason given for 

GCE/CQDs/CNPs (electrostatic and π-π interactions). Because the highest NE anodic current 

(Ia1) response was recorded at pH 7, further electroanalysis of NE at GCE/CQDs/CNPs and 

GCE/bCQDs/CNPs were carried out at this pH. 

4.4.5 Effect of concentration 

The effect of concentration changes on the current response recorded at GCE/CQDs/CNPs and 

GCE/bCQDs/CNPs was investigated for NE electroanalysis at pH 7 using the square wave 

voltammetry (SWV) technique.  Using GCE/CQDs/CNPs, the NE current response with 

increase in concentration was recorded (Fig. 4.26 (a)). The current response (I) and the 

concentration of NE have a linear relationship over a range of 10-126.4 µM (Fig. 4.26 (b)). The 

linear relationship has been mathematically represented in Equation 4.30.  
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Figure 4.26: (a, c) Square wave voltammograms of GCE/CQDs/CNPs and 

GCE/bCQDs/CNPs over NE concentration range of 10-126.4 µM and 1-131.1 µM, 

respectively at pH 7  (b,d) plot of current versus concentration extracted from (a) and (c), 

respectively. 

 

I = 2.1358 + 0.0236 [NE]                                                             (Eqn 4.30) 

I = 2.5665 + 0.0251 [NE]                                                             (Eqn 4.31) 

The LoD of GCE/CQDs/CNPs for NE detection was calculated as14.47 µM. The detection 

limit is higher than the value reported for some previously fabricated NE sensors (Table 4.13). 

This sensor’s limit of quantitation (LoQ) was calculated as 43.86 µM.   
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Figure 4.26 (c) showed the square wave voltammogram of NE response to variation in 

concentration over a concentration range of 1-131.1 µM at GCE/bCQDs/CNPs. Fortuitously, 

the relationship between the current response and NE concentration was linear over the entire 

concentration range. Equation 4.31 showed the mathematical representation of this linear 

relationship. The LoD of GCE/bCQDs/CNPs for NE detection was calculated as 14.66 µM. 

This LoD is slightly higher than the value obtained with GCE/CQDs/CNPs and some 

previously fabricated NE sensors (Table 4.13). On the other hand, the dynamic linear range 

(LDR) obtained at GCE/bCQDs/CNPs (1-131 µM) was wider than the value recorded at 

GCE/CQDs/CNPs. The two sensors collectively possessed wider linear ranges than some in 

literature [83, 348]. The LoQ recorded at GCE/bCQDs/CNPs is 44.42 µM. The value was 

higher than the LoQ calculated for GCE/CQDs/CNPs (43.86 µM). The detection limits and the 

LoQ calculated for these two sensors showed that they are suitable for NE detection at the 

micromolar level.  

Table 4.13 compares the figures of merit of GCE/CQDs/CNPs with that of GCE/bCQDs/CNPs 

and some other NE sensors in literature.  

4.4.6 Interference studies 

Norepinephrine (NE), like most neurotransmitters (NTs) exists in extracellular fluid with other 

biomolecules such as ascorbic acid (AA) and uric acid (UA). It has been reported that these 

biomolecules (AA and UA) existed at some much higher concentrations than the NTs. Also, 

the interference of the signal from these interfering molecules with NTs signals in voltammetric 

studies carried out with bare electrodes has been documented [43]. As a result, the ability of 

modified electrodes to achieve discriminatory detection of NTs such as NE in the presence of 

interfering molecules was considered a valuable figure of merit for NE sensors. In this study, 

the detection of NE in the presence of UA was attempted using GCE/CQDs/CNPs and 

GCE/bCQDs/CNPs as the working electrodes at pH 7. Figure 4.27 (a) showed the cyclic 

voltammogram of bare GCE and GCE/CQDs/CNPs in a mixture of 0.4 mM NE and 1 mM UA.  

The CV of this mixture at bare GCE is similar to the voltammogram of NE alone. On the other 

hand, the CV of GCE/CQDs/CNPs in the mixture gave a similar voltammogram with a much 

broader peak (at -0.17 and 0.35 V) (Fig. 4.27 (a)). The outcome indicated that the CV could 

not be used for discriminatory NE detection in the presence of UA. With SWV, a single peak 

which suggested that the inability of square wave voltammetry to resolve NE and UA peaks 

was recorded (Fig. 4.27 (b)). The result showed that the UA peak interferes with the NE peak  
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Table 4.13: Figures of merit of the past and current NE sensors  

SWNTs- Single walled carbon nanotube; MWNTs-Multi-walled carbon nanotube; GCE-glassy carbon electrode; 

CPE-Carbon paste electrode; SPE-Screen printed electrode; ATO-silica/GCE-SWNTs-Antimony doped tin oxide-

silica composite modified SWNTs decorated GCE; SiTi/AuNP/CPE – silica-titania and gold nanoparticles modified 

CPE; GCE-MWCNT/Fe3O4/Nc - Multi-walled carbon nanotubes, 2,3-naphthalocyanine and iron oxide 

nanocomposite modified GCE; MWNTs-ZnO/CHT/SPE- MWNTs-ZnO nanoparticles and chitosan composite 

modified SPE; Nano Au-Ag - nanoporous gold-silver alloy electrode; BH-TiO2/CPE-2,2′-[1,2 buthanediylbis 

(nitriloethylidyne)]-bis-hydroquinone (BH) and TiO2 nanoparticles modified CPE 

 

at the bare and the modified electrodes. Interestingly, two peaks at 0.26 V and 0.52 V 

corresponding to the NE and UA peaks were obtained using the differential pulse voltammetry 

(DPV) (Fig. 4.27 (c)). The NE-UA peak separation (260 mV) is wider than the value reported 

for the discriminatory NE detection in the presence of UA using some previously fabricated 

chemically modified electrodes [86, 351, 352]. The peak separation confirmed the excellent 

sensitivity and peak resolution capabilities of DPV reported in literature [353, 354].  

The suitability of GCE/CQDs/CNPs for NE analysis in the presence of UA was investigated 

using varying concentrations of NE (12.9 – 66.7 µM) in the presence of 1 mM UA. Figure 4.27 

(d) showed the increase in NE peak currents with the increase in NE concentration while UA 

concentration remained constant. The result suggested that the discriminatory detection of NE 

in the presence of UA can be achieved using DPV.    

The detection of NE in the presence of UA was also investigated using GCE/bCQDs/CNPs. 

Like what was obtained at GCE/CQDs/CNPs, CV could not provide the desired NE and UA 

peak resolution (Fig. 4.28 (a)). Also, the SWV gave a single peak when GCE/bCQDs/CNPs 

was used to analyze of 0.4 mM NE in the presence of 1 mM UA (Fig. 4.28 (b)). The result  

Electrode Methods LoD (µM) LDR (µM) Sensitivity  

(µA µM -1)  

References 

ATO-silica/GCE-SWNTs CV 0.03 0.09-15 0.320 [348] 

SiTi/AuNP/CPE SWV 0.26 20-180 0.130 [349] 

GCE-MWCNT/Fe3O4/Nc DPV 6.0 7.5-48    -  [324] 

MWNTs-ZnO/CHT/SPE SWV 0.2 1-30 0.059 [350]  

BH-TiO2/CPE DPV 0.5 4-1100 0.199 [344] 

GCE/CQDs/CNPs 

GCE/bCQDs/CNPs 

SWV 

SWV  

14.47 

14.66 

10-126 

1-131 

0.024 

0.025 

This work 

This work 
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Figure 4.27: (a) Cyclic voltammograms of bare GCE and GCE/CQDs/CNPs, (b) square 

wave voltammogram and (c) differential pulse voltammogram of GCE/CQDs/CNPs in 0.4 

mM NE and 1 mM UA (d) differential pulse voltammograms of NE concentration increase 

(12.9 – 66.7 µM) with constant AA concentration (1 mM) at GCE/CQDs/CNPs (pH 7, scan 

rate: 25 mV s-1). 

suggested that SWV could not be used for NE detection in a solution containing AA using 

bCQDs/CNPs modified GCE. The analysis of this mixture with DPV gave a very sharp peak 

for NE (at 0.31 V) and a weak peak at 0.56 V, belonging to UA (Fig. 4.28 (c)). The peak 

separation (250 mV) implied that DPV can be successfully used for discriminatory NE 

detection in the presence of UA. It is also noteworthy that this NE-UA peak-to-peak separation 

was wider than the value reported in literature for notable NE sensors (Table 4.14). With DPV, 

the electroanalysis of varying concentrations of NE (12.9 – 57.1 µM) in a constant UA  

Table 4.14: UA-EP peak signal difference of past and present NE sensors 

CPE – carbon paste electrode; GCE – glassy carbon electrode; MCPE – poly(glutamic acid) modified CPE; 

poly(2-amino-1,3,4-thiadiazole) modified GCE; SPCE – screen printed carbon electrode; PAA-MWCNTs/SPCE 

–poly(acrylic acid)-multi-walled carbon nanotubes composite modified SPCE; Ce-HA/GCE – cerium doped 

hydroxyapatite modified GCE  

Electrode Method NE-UA                 

peak difference (mV) 

References 

MCPE DPV 139 [86] 

p-ATD/GCE LSV 130 [351] 

PAA-MWCNTs/SPCE DPV 112 [352] 

Ce-HA/GCE DPV 172 [355] 

GCE/bCQDs/CNPs DPV 260 This work 

GCE/CQDs/CNPs DPV 250 This work 
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Figure 4.28: (a) Cyclic voltammograms of bare GCE and GCE/CQDs/CNPs, (b) square 

wave voltammogram and (c) differential pulse voltammogram of GCE/CQDs/CNPs in 0.4 

mM NE and 1 mM UA (d) square wave voltammograms of NE concentration increase (12.9 

– 57.1 µM) with constant AA concentration (1 mM) at GCE/CQDs/CNPs (pH 7, scan rate: 25 

mV s-1) 

 

concentration (1 mM) was attempted. The voltammograms recorded after these experiments 

revealed that the UA peaks slightly increased after the introduction of higher concentrations of 

NE. In addition, at a high NE concentration, the voltammograms recorded for the mixture (NE 

and UA) showed the emergence of a weak peak at about 0.45 V (Fig. 4.28 (d)).  Although the 

source of this peak was unclear, it could as well be due to a complementary redox process to 

the one that led to the emergence of the prominent peak at 0.56 V (Scheme 3). In contrast, this 

peak did not emerge at GCE/CQDs/CNPs (Fig. 4.27 (d)).   

4.4.7 Real sample analysis 

The real sample analysis of NE in banana peel was investigated with the two fabricated sensors 

via the standard addition method. About 1 g of fresh banana peel was mashed in a mortar and 

made into a homogeneous paste using distilled water as solvent. The resultant paste was 

sufficiently diluted and allowed to stand for 24 h. The solution was filtered and centrifuged at 

3000 rpm to get a clear supernatant. A mixture of the supernatant was spiked with 14.83 M 

NE and the resultant mixture was subjected to electroanalysis using square wave voltammetry. 

Using GCE/CQDs/CNPs, the mean percentage recovery of NE from banana peel after a 

triplicate determination is 98.11 %, with a percentage relative standard deviation (% RSD) of 

4.47 %. 
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Meanwhile, the GCE/bCQDs/CNPs working electrode gave a mean percentage recovery of 

101.4 % with % RSD of 9.03 % (Table 4.15). Although GCE/bCQDs/CNPs offered a higher 

percentage recovery than GCE/CQDs/CNPs, its % RSD was almost twice that of the 

CQDs/CNPs modified electrode. The two sensors jointly offered % recovery, which was 

comparable to the recovery reported for some earlier fabricated NE sensors in various real 

samples [351, 356]. The outcome suggested that the GCE/CQDs/CNPs and 

GCE/bCQDs/CNPs can be reliably applied for the analysis of NE in fruits and possibly 

vegetables since it has been established that some fruits and vegetables contain a considerable 

amount of NE [357, 358].   

Table 4.15: Real sample analysis of NE in banana peel 

Electrode Sample Amount added 

(µM) 

Amount found 

(µM) 

% recovery % RSD 

GCE/CQDs/CNPs Banana peel 14.83 13.79 92.99 4.47 

 
 

14.83 15.01 101.21  

 
 

14.83 14.85 100.13 

 

 

GCE/bCQDs/CNPs Banana peel 14.83 46.6 91.26 9.03 

 
 

14.83 42.1 104.27  

 
 

14.83 42.2 108.60  

 

4.4.8 Stability and reproducibility 

The stability of the electrodes in the presence of 0.4 mM NE (pH 7) was investigated by 

subjecting the modified electrodes (GCE/CQDs/CNPs and GCE/bCQDs/CNPs) to 22 

consecutive CV scans. At GCE/CQDs/CNPs, the current response (Ia1) recorded at the end of 

the 22 scans dropped to about 33.48 % of the initial current response (after the first scan). In 

addition, the anodic peak potential for Ia1 witnessed a significant increase from 0.31 to 0.61 V 

(Fig. 4.29 (a)). The voltammograms recorded with GCE/bCQDs/CNPs revealed that the 

bCQDs/CNPs modified electrode retained about 72.5 % of the initial current response (Ia1) 

without a significant change in the potential of the reference peak (Ia1) (Fig. 4.29 (b)). The 

outcomes confirmed the instability of the CQDs/CNPs modified electrode towards NE 

electrocatalytic oxidation due to possible fouling of the modified electrodes by NE oxidation 

products after several CV scans. The results also showed that GCE/bCQDs/CNPs is more 
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stable than GCE/CNPs/CNPs. Collectively, these two electrodes offered lower stability than 

some previously fabricated NE sensors [83, 359]. 

The reproducibility of the modified electrodes was investigated using cyclic voltammetry in 

the presence of 0.4 mM NE (pH 7). The cyclic voltammogram was recorded by modifying the 

bare electrodes with CQDs/CNPs three different times prior to the electroanalysis of NE. The 

same process was repeated with GCE/bCQDs/NE. Figure 4.30 (a) and (b) show the cyclic  

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.29: Cyclic voltammograms of (a) GCE/CQDs/CNPs and (b) GCE/bCQDs/CNPs in 

0.4 mM NE (pH 7) after 22 scans (scan rate: 25 mV s-1) 

voltammograms recorded with GCE/CQDs/CNPs and GCE/bCQDs/CNPs, respectively. The 

percentage relative standard deviation (% RSD) of the anodic current responses (Ia1) recorded 

after the three trials with GCE/CQDs/CNPs is 19.8 %. On the other hand, the bCQDs/CNPs 

composite modified electrode gave voltammograms with anodic peak currents (Ia1) that gave a 

% RSD of 29.1 %. Like it was with EP, the GCE/CQDs/CNPs electrode offered a lower % 

RSD than GCE/bCQDs/CNPs, suggesting that the CQDs/CNPs composite modified electrode 
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offered a more reproducible result. Compared to the results obtained with EP, the two sensors 

have poor reproducibility. Also, compared to various NE sensors in literature, the sensors offer 

poor reproducibility [332, 345]. Beyond the statistical treatment of the data from the 

voltammograms, a visual inspection of Figures 4.30 (a) and (b) showed that a proper replication 

of the voltammograms after three trials is difficult. This could be due to the low stability of the 

electrodes in the presence of NE. 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 4.30: Cyclic voltammograms of (a) GCE/CQDs/CNPs and (b) GCE/bCQDs/CNPs in 

0.4 mM NE (pH 7, scan rate: 25 mV s-1) for three different trials of electrode modification 
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4.5 Electrochemical detection of dopamine 

4.5.1 Electroanalysis of dopamine at bare and modified electrodes 

The electroanalysis of dopamine (DA) was conducted at a scan rate of 25 mV s-1 using cyclic 

voltammetry. The mechanism of DA oxidation include a reversible loss of two protons and two 

electrons by DA to form dopamine-o-quinone (Scheme 5). Cyclic voltammograms of 0.4 mM 

DA at bare GCE, GCE/CNPs, GCE/CQDs, GCE/bCQDs, bCQDs/CNPs and CQDs/CNPs 

modified electrodes showed the current responses of the electrodes (Figure 4.31). The anodic 

peak currents (Iap) (peak potential in parenthesis) obtained at bare GCE, GCE/CNPs, 

GCE/CQDs, GCE/bCQDs, GCE/CQDs/CNPs, and GCE/bCQDs/CNPs were 6.33 µA (0.21 V), 

66.44 µA (0.25 V), 3.04 µA (0.2 V), 11.74 µA (0.42 V), 344.93 µA (0.34 V), and 95.43 µA 

(0.21 V), respectively. The respective cathodic peak currents were -1.29 µA (0.18 V), -61.52 

µA (-0.16 V), -2.98 µA (-0.12 V), -1.34 µA (0.31 V), -255.04 µA (-0.26 V), -34.25 µA (0.13 

V). The results showed that the highest current response was obtained at GCE/CQDs/CNPs. 

The value of Iap/Icp recorded at bare GCE, GCE/CNPs, GCE/CQDs, GCE/bCQDs, 

GCE/CQDs/CNPs, GCE/bCQDs/CNPs and GCE/CQDs/TNPs were 4.91, 1.08, 1.02, 8.76, 

1.35, and 2.79, respectively. Also, the anodic-cathodic peak separation (∆Ep) recorded at these 

electrodes were 30, 90, 32, 110, 600, and 80 mV, respectively.    

 

 

 

 

Scheme 5: Mechanism of dopamine oxidation 

 

Using the value of Iap/Icp as the index of reversibility, the most reversible voltammogram was 

obtained at GCE/CQDs. Similarly, the voltammogram of GCE/CNPs with Iap/Icp values of 1.08 

also showed significant reversibility. Although the voltammogram of GCE/CQDs/CNPs 

showed a relatively poor reversibility, its significantly high current response made it the 

selected candidate for further DA electroanalysis. Also, going by the anodic peak current (Iap) 

recorded at all the electrodes, the bCQDs/CNPs and CQDs/CNPs modified electrodes were 

chosen as the working electrodes for comparative DA electroanalysis. 
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Figure 4.31: Cyclic voltammograms of the bare GCE, CQDs, bCQDs, CNPs, bCQDs/CNPs 

and CQDs/CNPs modified GCE in 0.4 mM DA (scan rate: 25 mV s-1, pH 7) 

 

Figures 4.32 (a) and (b) depict a vivid comparison between the voltammograms of the bare 

electrode, CNPs, bCQDs, CQDs, bCQDs/CNPs and CQDs/CNPs composite modified 

electrodes. Figure 4.32 (a) showed that the Iap was in the order: GCE/CQDs/CNPs (344.93 µA) 

> GCE/CNPs (66.44 µA) > bare GCE (6.33 µA) > GCE/CQDs (3.04 µA). The lower current 

response obtained at GCE/CQDs relative to bare GCE suggested that the CQDs retards the 

electron transfer across GCE. On the contrary, GCE/CNPs offered a significantly higher Iap 

than bare GCE, suggesting that CNPs improved the conductivity of the bare electrode. 

Noteworthy, the Iap recorded at GCE/CQDs/CNPs is about fifty and five times the value 

recorded at GCE/CNPs and bare GCE, respectively. Figure 4.32 (a) also showed that the DA 

anodic peak potential obtained at GCE/CQDs/CNPs shifted to the positive side compared to 

GCE/CNPs and the bare GCE. Contrary to expectations that reduced over potential and small 

∆Ep value suggest better DA electrocatalytic oxidation [336], GCE/CQDs/CNPs possessed the 

highest ∆Ep and over potential compared to other electrodes and offered the highest Iap 

regardless. The fact that the highest current response was recorded at GCE/CQDs/CNPs 

indicates a synergy between CQDs and CNPs, culminating in improved electrocatalytic activity 

of CQDs/CNPs nanocomposite towards DA oxidation. 
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Figure 4.32: Cyclic voltammograms of (a) bare GCE, GCE/CQDs, GCE/CNPs and 

GCE/CQDs/CNPs and (b) bare GCE, GCE/bCQDs, GCE/CNPs and GCE/bCQDs/CNPs in 

0.4 mM DA (scan rate: 25 mV s-1, pH 7). 

 

Similarly, the Iap recorded at the bare electrode, CNPs, bCQDs and bCQDs/CNPs modified 

electrode followed the order: GCE/bCQDs/CNPs (95.43 µA) > GCE/CNPs (66.44 µA) > bare 

GCE (6.33 µA) > GCE/bCQDs (1.92 µA). This trend also showed that the bCQDs and CNPs 

offered a synergy that resulted in the improved electrocatalytic activity of the bCQDs/CNPs 

modified electrode. Compared to GCE/CNPs and GCE/bCQDs, the bCQDs/CNPs modified 

electrode possesses a lower ∆Ep, suggesting a faster electron transfer at GCE/bCQDs/CNPs 

[336]. On the other hand, the bare GCE gave a lower ∆Ep value than GCE/bCQDs/CNPs (Table 

4.16). The occurrence suggested that the low ∆Ep recorded at GCE/bCQDs/CNPs and the 

attendant fast electron transfer could not have been the sole reason for the outstanding Iap 
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recorded at GCE/bCQDs/CNPs. It is also noteworthy that the DA anodic peak current at the 

bare GCE and GCE/bCQDs/CNPs emerged at the same potential (0.21 V), suggesting no 

change in the over potential after GCE modification with bCQDs/CNPs. Considering these 

outcomes, it is therefore important to further investigate electronic properties of the electrodes 

through EIS to better understand the interaction between DA and the modified electrodes. The 

same applied to GCE/CQDs/CNPs and the electrodes modified by its components (CQDs and 

CNPs modified GCE).  

Table 4.16: Cyclic voltammetry data of bare GCE and modified GCE in 0.4 mM DA 

 

Meanwhile, as it was with CQDs/CNPs, bCQDs possessed a large surface area which 

complemented the conductivity of the CNPs in the composite (bCQDs/CNPs). Such synergy 

between materials has been reported for several composites targeted toward dopamine 

detection [87, 89, 199, 360]. Specifically, carbon nanomaterials and metal oxide nanoparticles 

have shown beneficial synergy for DA electroanalysis [87, 199, 360]. It is important to reiterate 

that the superiority of GCE/CQDs/CNPs and GCE/bCQDs/CNPs in terms of Iap recorded for 

DA electroanalysis with the sensors made them the chosen candidate for further DA analysis.  

4.5.2 Electrochemical impedance spectroscopy   

The electrochemical impedance spectroscopy (EIS) data for the bare and modified electrodes 

were obtained using 0.4 mM DA (pH 7). Figure 4.33 (a) showed the Nyquist plot of the EIS 

spectra of the bare GCE, GCE/CQDs, GCE/bCQDs, GCE/CNPs, GCE/bCQDs/CNPs, and 

GCE/CQDs/CNPs.  

The EIS parameters used for fitting the EIS spectra are the charge transfer resistance (Rct), 

solution resistance (Rs), constant phase element (CPE), Warburg impedance (W), and double 

layer capacitance (C). The equivalents circuits X was used for fitting the EIS data for bare 

Electrodes Iap (µA) Icp (µA) Eap (V) Ecp (V) Iap/Icp ∆Ep (mV) 

Bare GCE 6.33 -1.29 0.21 0.18 4.91 30 

GCE/CNPs 66.44 -61.52 0.25 -0.16 1.08 90 

GCE/CQDs 3.04 -2.98 0.20 -0.12 1.02 32 

GCE/bCQDs 11.74 -1.34 0.42 0.31 8.76 110 

GCE/CQDs/CNPs 344.93 -255.04 0.34 -0.26 1.35 600 

GCE/bCQDs/CNPs 95.43 -34.25 0.21 0.13 2.79 80 
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GCE, GCE/CNPs, GCE/CQDs/CNPs, and GCE/bCQDs. On the other hand, the equivalent 

circuit Y was used for fitting the data for GCE/CQDs and GCE/bCQDs/CNPs (Fig. 4.33 (b)). 

To fully understand how the EIS data validate the results obtained from cyclic voltammetry 

and some electronic properties of the electrodes, a comparison between the EIS data of the bare 

GCE, GCE/CNPs, GCE/CQDs, and GCE/CQDs/CNPs is essential. The Rct values obtained at 

the electrodes were 12.45, 32.41, 91.20 and 9.83 kW, respectively (Table 4.17). The results 

show that the Rct values are in the order: GCE/CQDs/CNPs < bare GCE < GCE/CNPs < 

GCE/CQDs. This trend showed that the CQDs modified electrode has the highest Rct compared 

to the other electrodes. This indicates that the CQDs impede charge transfer across GCE. This 

result agreed with the CV result, which showed that GCE/CQDs gave the lowest Iap. 

Surprisingly, the CNPs modified electrode gave a higher Rct than the bare electrode. In contrast, 

GCE/CNPs gave a higher Iap than the bare GCE. This suggested that the conductivity of CNPs 

is probably not the main reason why a higher Iap was recorded with CV (compared to the bare 

electrode). The other reason could have been the large surface area of CNPs. The very low Rct 

obtained at GCE/CQDs/CNPs can be attributed to the synergy between CNPs and CQDs, 

which resulted in improved surface area and conductivity of the composite. Similar synergy 

between composites components has been reported [361, 362].  

The EIS data for bare GCE, GCE/CNPs, GCE/bCQDs and GCE/bCQDs/CNPs showed that 

these electrodes have Rct values of 12.45, 32.41, 132.07 and 6.07 kW, respectively (Table 4.17). 

The results imply that the Rct of the electrodes follow the order: GCE/bCQDs/CNPs < bare 

GCE < GCE/CQDs < GCE/bCQDs. Again, the bare electrode had a lower Rct than 

GCE/bCQDs and GCE/CNPs. Like the CQDs, the bCQDs offered a high resistance to charge 

transfer across the electrode. The Rct trend evident from the very high Rct recorded at 

GCE/bCQDs. Surprisingly, GCE/bCQDs/CNPs possess Rct lower than that of every other 

electrode, including GCE/CQDs/CNPs, suggesting that bCQDs and CNPs had a synergy that 

improves the charge transfer of the composite. It is important to note that CNPs increased the 

conductivity of the modified electrodes (GCE/bCQDs/CNPs and GCE/CQDs/CNPs), thus 

improving the electron transfer kinetics between the neurotransmitters and the sensors. It is 

also noteworthy that GCE/CQDs/CNPs possessed higher DA oxidation peak current (Iap) than 

GCE/bCQDs/CNPs, suggesting that the current response recorded at the electrodes was due to  
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Figure 4.33: EIS spectra (Nyquist plot) of (a) Bare GCE, CQDs, bCQDs, CNPs and 

CQDs/CNPs modified GCE in 0.4 mM DA (pH 7) (inset: zoomed EIS spectra) (b) equivalent 

electrochemical circuits of the EIS data at (a) 

 

reasons beyond the charge transfer resistance of the composites. The surface area and the 

electrocatalytic activity of the composites towards DA oxidation could have contributed to the 

current response recorded at the respective electrodes.   

Table 4.17: EIS parameters of bare and modified electrode in DA 

Electrode Rs (kΩ) Rct (kΩ)  Yo (µΩ-1.s^N) N W (µΩ-1.s) X2 

Bare GCE 0.25 (1.18) 12.45 (2.77) 4.27 (4.41) 0.81 (0.82) 145.00 (5.63) 0.0825 

GCE/CNPs 0.28 (2.19) 32.41(5.211) 3.51 (5.89) 0.75 (1.16) 59.00 (12.66) 0.2063 
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4.5.3 Effect of pH 

The effect of pH on the electrocatalysis of DA was investigated over a pH range of 3-9 using 

cyclic voltammetry at a scan rate of 25 mV s-1. Figure 4.34 (a) showed the CV of the 

electrocatalysis of DA over this pH range using GCE/CQDs/CNPs as the working electrode. 

The anodic peak current (Iap) recorded at GCE/CQDs/CNPs followed the order: pH 7 > pH 3 

> pH 5 > pH 9. The anodic peak potential change also follow the same trend (Fig. 4.34 (b)). 

The highest current response was obtained at pH 7. On the other hand, the lowest anodic peak 

current (Iap) was recorded at pH 9. Recording the highest Iap at pH 7 agrees with several reports 

on DA electroanalysis [41, 363]. The result suggested that at neutral pH, DA assumes a cationic 

nature, making electrostatic interaction between the analyte and the anionic CQDs possible. 

The combined effect of this electrostatic interaction and possible π-π interaction between the 

graphitic core of the CQDs and the analyte (DA) lead to the high Iap obtained at pH 7. In 

addition, there is a possibility of a more favourable DA adsorption at pH 7 compared to other 

pH values. The assertion agreed with a report on the influence of adsorption on DA analysis 

[364].  At high pH, DA gets deprotonated, thus inducing an electrostatic repulsion between DA 

and the CQDs. The repulsion probably resulted in the low Iap recorded at pH 9, thus explaining 

why further DA analysis was done at pH 7. 

Figure 4.34 (c) showed the CV for the electroanalysis of DA over a pH range of 3-9 using 

GCE/bCQDs/CNPs as a working electrode. The change in the anodic peak current (Iap) with 

pH follows the same order as the results obtained with GCE/CQDs/CNPs (Fig. 4.34 (b) and 

(d)). The highest current response was also obtained at pH 7, probably for the same reason as 
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Figure 4.34: (a, c) Cyclic voltammograms of GCE/CQDs/CNPs and GCE/bCQDs/CNPs in 

0.4 mM EP at pH 3-9 (scan rate: 25 mV s-1) (b, d) plot of the anodic peak current and 

potential of DA against pH, recorded at GCE/CQDs/CNPs and GCE/bCQDs/CNPs 
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the current response recorded at GCE/CQDs/CNPs. Also, the lowest current response was 

recorded at pH 9 using GCE/bCQDs/CNPs, suggesting possible repulsion between the 

electrode modifiers and the analyte (DA) at this pH. The effect of pH on DA detection at green 

catalyst-mediated sensors has been reported. The best DA detection at many of these sensors 

has been recorded at a neutral pH [99, 217, 365]. Based on the superior performance of 

GCE/CQDs/CNPs and GCE/bCQDs/CNPs at pH 7 and significance of DA detection at 

physiological pH, further DA electroanalysis was conducted at pH 7.           

4.5.4 Effect of scan rate on DA oxidation 

The effect of scan rate on DA oxidation was investigated using 0.2 mM DA for cyclic 

voltammetry over a scan rate range of 25-400 mV s-1 (pH 7). Figure 4.35 (a) showed the cyclic 

voltammograms of GCE/CQDs/CNPs over the selected scan rate range. The anodic peak 

current (Iap) increased with the increase in the scan rate. Also, the potential was shifted to the 

positive side with every increase in the scan rate (v). The increase in the current response (Iap) 

with the increase in scan rate (v) was linear over the entire linear range. The relationship 

suggested that the DA oxidation at GCE/CQDs/CNPs was a surface-confined process and 

agrees with several reports on the surface-confined mechanism for DA oxidation at chemically 

modified electrodes [366, 367]. Equations 4.32 and 4.33 show the mathematical relationship 

between v and the peak currents (anodic and cathodic). Noteworthy, the cathodic peak current 

also showed a linear relationship with v. The logarithm of the anodic and cathodic peak 

potentials (Eap and Ecp) also had a linear relationships with the logarithm of the scan rate (log 

v), especially at higher scan rate (> 200 mV s-1). Using Equations 4.34 and 4.35, the values of 

the number of electrons transferred (n) and the charge transfer coefficients () were calculated 

as 2.03 and 0.51, respectively. The value of the electron transfer rate constant (ks) was also 

calculated from Equation 4.13 as 0.11 s-1. The rate constant is comparable with the value 

reported for the electrochemical detection of DA at a modified electrode [368-370]. Also, the 

Tafel slope obtained from Equation 4.12 and the slope of Equation 4.33 was 520 mV s-1. The 

Tafel slope is higher than 120 mV dec-1, suggesting an adsorptive process at the surface of the 

CQDs/CNPs modified electrode [317]. 

Iap = 71.5311 +  0.6022 v                                           (R2 = 0.9966)                 (Eqn 4.32) 

Icp =  −22.1423 − 0.6061 v                                         (R2 = −0.9971)               (Eqn 4.33) 

Eap = −0.3976 +  0.2598 log v                                  (R2 = 0.9932)                   (Eqn 4.34) 
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Ecp = 0.4280 − 0.2471 log v                                       (R2 = −0.9982)               (Eqn 4.35) 

The effect of scan rate on the electrocatalytic oxidation of DA was also investigated using 0.2 

mM DA (pH 7) at GCE/bCQDs/CNPs over the same scan rate range (25- 400 mV s-1) (Fig. 

4.36). Similar to the trend at GCE/CQDs/CNPs, there was an increase in current responses (Iap 

and Icp) with the increase in scan rate (v). Contrary to the linear relationship between Iap and v 

recorded at GCE/CQDs/CNPs, linear relationships between the square root of the scan rate 

(v1/2) and the current responses (Iap and Icp) were recorded at GCE/bCQDs/CNPs (Equations 

4.36 and 4.37). This relationship between the current response and the square root of the scan 

rate (v1/2) suggested a diffusion-controlled process at GCE/bCQDs/CNPs. A similar 

mechanism has been reported for DA electrocatalytic oxidation at quantum dots modified 

electrodes [218, 368]. Also, a linear relationship was observed between the peak potentials (Eap 

and Ecp) and the logarithm of the scan rate at high scan rates (> 200 mV s-1). The linear 

relationship was depicted by Equations 4.38 and 4.39. Using the slope of these linear equations 

and Equations 4.38 and 4.39, the values of n and  were calculated as 0.29 and 0.56, 

respectively. Also, the electron transfer rate constant was calculated from Equation 4.13 as 0.64 

s-1. This value is about six times the value recorded at GCE/CQDs/CNPs (Table 4.18). It is also 

noteworthy that the Tafel slope obtained from Equation 4.12 and the slope of Equation 4.38 

was 400 mV. The fact that the value exceeds 200 mV dec-1 suggested adsorption at the surface 

of the modified electrode.     

Iap = −28.4985 +  8.2471 v1/2                                             (R2 = 0.9911)              (Eqn 4.36) 

Icp =  5.9445 − 6.8099 v1/2                                                    (R2 = −0.9918)            (Eqn 4.37) 

Eap = −0.2186 +  0.2003 log v                                             (R2 = 0.9899)               (Eqn 4.38) 

Ecp = 0.1327 − 0.1571 log v                                                   (R2 = −0.9869)           (Eqn 4.39) 

 

Table 4.18: Kinetic parameters of CQDs/CNPs and bCQDs/CNPs modified electrode in DA 

 

Electrode  n k (s-1) b (mV dec-1) 

GCE/CQDs/CNPs 0.69 2.03 0.11 520 

GCE/bCQDs/CNPs 0.56 2.90 0.64 400 
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Figure 4.35: Cyclic voltammograms of GCE/CQDs/CNPs in DA over a scan rate range (25 – 

400 mV s-1) at pH 7 (b) plot of the anodic and cathodic peak current against the square root of 

the scan rate and (c) plot of the anodic and cathodic peak potential against log v 
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Figure 4.36: Cyclic voltammograms of GCE/bCQDs/CNPs in DA over a scan rate range (25 

– 400 mV s-1) at pH 7 (b) plot of the anodic and cathodic peak current against the square root 

of the scan rate and (c) plot of the anodic and cathodic peak potential against log v 
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4.5.5 Concentration studies   

The effect of concentration on the electroanalysis of DA at the selected modified electrodes 

was studied using square wave voltammetry at a scan rate of 25 mV s-1 (pH 7). Figure 4.37 (a) 

showed the square wave voltammogram of GCE/CQDs/CNPs in the presence of 10-180 µM 

DA. The peak current increased with the increase in the DA concentration. Figure 4.37 (b) 

showed the linear relationship between the current response (I) and DA concentration. 

Fortuitously, the relationship between I and the concentration of DA ([DA]) was linear over 

the entire concentration range (10-180 µM). The LoD calculated for this sensor from Equation 

4.19 and the mathematical representation of the linear relationship between I and [DA] 

(Equation 4.40) was 13.27 µM. The detection limit was comparable to the LoD reported for 

DA detection at some chemically modified electrodes (Table 4.19). On the other hand, the 

linear dynamic range (LDR) recorded at this electrode was wider than that of some previously 

fabricated DA electrochemical sensors [97, 371, 372]. The LoQ of this sensor 

(GCE/CQDs/CNPs) was calculated as 40.21 µM. 

I = 3.2711 + 0.0561 [DA]                                                   (Eqn 4.40) 

I = 0.2424 + 0.0194 [DA]                                                   (Eqn 4.41) 

The effect of concentration on DA electroanalysis at GCE/bCQDs/CNPs was also investigated 

using SWV under similar conditions as that of GCE/CQDs/CNPs over a concentration range 

of 50-200 µM (Fig. 4.37 (c)). The relationship between I and [DA] was linear over the entire 

concentration range as with GCE/CQDs/CNPs (Fig. 4.37 (d)). The linear relationship was 

represented by Equation 4.41. The LDR for this sensor is similar to that of GCE/CQDs/CNPs 

and wider than that of some chemically fabricated sensor in literature [97, 371, 372]. Also, the 

detection limit obtained at GCE/bCQDs/CNPs was 21.11 µM. 
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Figure 4.37: Square wave voltammograms of GCE/CQDs/CNPs and GCE/bCQDs/CNPs 

over DA concentration range of 10-180 µM and 50-200 µM, respectively at pH 7 (a) and (c). 

(b,d) plot of current versus concentration extracted from (a) and (c), respectively. 
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Table 4.19: Comparison of the proposed sensors with past DA sensors 

PANI-NF/Pt – polyaniline/nafion composite modified platinum electrode; AuNPs/DNA/o-PD/SPCE- gold 

nanoparticles/deoxyribonucleic acid/o-phenylenediamine composite modified screen printed electrode; 

PANI/GO- polyaniline/graphene oxide composite modified glassy carbon electrode; Nano-Au/SAMs/Au – 

Nanoporous gold nanoparticles/self-assembly monolayer modified gold electrode; GCE/MWCNTs/pFA – 

Multiwalled-carbon nanotubes/poly(Feluric acid) composite modified glassy carbon electrode;  Poly-β-CD(f-

MWCNTs)/PANI – poly(β-cyclodextrin) decorated functionalized multi-walled carbon nanotube and polyaniline 

composite modified electrode; β-CD-MWCNTs/Plu-AuNPs/GCE – β-cyclodextrin decorated MWCNTs and gold 

nanoparticles modified glassy carbon electrode.  

 

The LoD of this sensor is higher than that of GCE/CQDs/CNPs but lower than that of some 

sensors highlighted in Table 4.19 [373, 375]. The LoQ recorded at GCE/bCQDs/CNPs was 

76.97 µM. Collectively, the figures of merit, such as recorded at GCE/CQDs/CNPs and 

GCE/bCQDs/CNPs are much better than the values reported for some sensors in literature, 

indicating that these sensors are suitable for micromolar DA detection. 

4.5.6 Interference studies  

The interference studies were done using ascorbic acid (AA) as the interfering molecule. The 

cyclic voltammogram of 0.2 mM DA in a solution containing 5 mM AA showed that the bare 

GCE was incapable of AA and DA peak resolution (Fig. 4.38 (a)). Using GCE/CQDs/CNPs, 

Electrode Technique Linear range 

(µM) 

LOD 

(µM) 

Sensitivity  

(µA µM-1) 
References 

PANI-NF/Pt SWV 62.5-603 33.3 0.002 [373] 

AuNPs/DNA/o-

PD/SPCE 

CV - 1000 -  [374] 

Silanized graphene DPV 0.2-25 0.01 -  [371] 

PANI/GO/GCE DPV 2-18 0.5 2.000 [372] 

Nano-Au/SAMs/Au DPV 200-1200 90.0 0.003 [375] 

GCE/MWCNTs/pFA AP 5-120 2.2 0.037 [323] 

Poly-β-CD(f-

MWCNTs)/PANI/GC

E 

DPV 2-24 0.0164 2.116 [97] 

β-CD-MWCNTs/Plu-

AuNPs/GCE 

DPV 1-56 0.19 0.019 [376] 

GCE/CQDs/CNPs 

GCE/bCQDs/CNPs 

SWV 

SWV 

10-180 

50-200 

13.27 

25.41 

0.056 

0.019 

This work 

This work 
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the cyclic voltammogram showed AA and DA peaks at 0.21 V and 0.43 V, respectively (Fig. 

4.38 (b)). The differential pulse voltammetry (DPV) showed well-resolved AA and DA peaks 

at 0.11 V and 0.25 V, respectively (Fig. 4.38 (c)). This AA-DA peak difference (140 mV) was 

comparable with the values recorded at some of the previously fabricated DA sensors (Table 

4.20). The DPV of GCE/CQDs/CNPs in a solution containing 1 mM AA and varying 

concentrations of DA (100-125 M) at pH 7 revealed no significant change in the AA peak 

with the increase in DA concentration (Fig. 4.38 (d)). On the other hand, the DA current 

response increased with every increase in DA concentration. It is also noteworthy that AA peak 

initially reduced in intensity with increase in DA concentration and outrightly disappeared at 

very high DA concentration (Fig. 4.38 (d)), suggesting that GCE/CQDs/CNPs is selective for 

DA at the experimental pH (pH 7).  

Table 4.20: AA-DA peak difference of past and present DA sensors 

GCE – glassy carbon electrode; CPE – carbon paste electrode; PCN/GO/GCE – porous graphitic carbon nitride 

modified glassy carbon electrode; rGO/Pd@Ppy-GCE – palladium supported poly(pyrrole)/graphene oxide 

composite modified GCE; PRB/CPE - poly (Reactive Blue) modified CPE; PGE/GCE – porous graphene 

modified GCE 

 

The behavior of AA and DA in this mixture could be ascribed to the ionic nature of the analytes 

at neutral pH. It has been reported that DA and AA assumed cationic and anionic at 

physiological pH. The fact that CQDs possess negatively charged oxygen-containing 

functionalities supported the electrostatic interaction between DA and the modified electrode. 

This interaction improved with the increase in DA concentration. Conversely, the anionic 

nature of AA led to repulsion between AA and the CQDs in the CQDs/CNPs modified 

electrode. This interaction and repulsion between the modified electrode and these analytes led 

to the drop in the AA peak with the increase in DA concentration. 

  

Electrode Method AA-DA                 

Peak difference 

References 

PCN/GO/GCE DPV 190 [377] 

rGO/Pd@Ppy-GCE DPV 150 [240] 

PRB/CPE CV 123 [378] 

PGE/GCE DPV 208 [379] 

GCE/bCQDs/CNPs DPV 130 This work 

GCE/CQDs/CNPs DPV 140 This work 
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Figure 4.38: Cyclic voltammograms of (a) bare GCE and (b) GCE/CQDs/CNPs, (c) 

differential pulse voltammogram of GCE/CQDs/CNPs in 0.4 mM DA and 1 mM AA (d) 

Differential pulse voltammograms of EP concentration increase (100 – 125 µM) with 

constant AA concentration (1 mM) at GCE/CQDs/CNPs (pH 7, scan rate: 25 mV s-1) 

 

The interference of AA with DA signal in a mixture of the two analytes was also investigated 

with GCE/bCQDs/CNPs under the same condition as GCE/CQDs/CNPs. Using cyclic 

voltammetry, the bare GCE and GCE/bCQDs/CNPs gave only one peak (Fig. 4.39 (a) and (b)). 

The major difference between the peaks is that the fused AA-DA peak at GCE/bCQDs/CNPs 

was broader than that of the bare GCE. With DPV, the well-resolved AA and DA peaks 

appeared at 0.08 V and 0.21 V, respectively (Fig. 4.39 (c)). The peak-to-peak separation (130 

mV) was wider than the value recorded at GCE/bCQDs/CNPs and comparable to the peak 

differences recorded at notable DA sensors (Table 4.20). Similar to the behavior of DA in a 

mixture containing a constant concentration of AA and varying AA concentration at 

GCE/CQDs/CNPs, the DA peak current increased with increase in DA concentration. 

Noteworthy, there was a total disappearance of AA peak at higher DA concentration (Fig. 4.39 

(d)). The disaapperance can be attributed to the same reason for the disappearance of the AA 

peak at high DA concentration when GCE/CQDs/CNPs was used as the working electrode. 

The outcome suggested that GCE/CQDs/CNPs and GCE/bCQDs/CNPs are suitable for DA 

detection in the presence of ascorbic acid. 
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Figure 4.39: Cyclic voltammograms of bare GCE and GCE/CQDs/CNPs, (a and b),  (c) 

differential pulse voltammogram of GCE/CQDs/CNPs in 0.4 mM DA and 1 mM AA (d) 

square wave voltammograms of EP concentration increase (120 – 170 µM) with constant AA 

concentration (1 mM) at GCE/CQDs/CNPs (pH 7, scan rate: 25 mV s-1). 

 

4.5.7 Real sample analysis 

The real sample analysis of DA was done using dopamine hydrochloride injection, following 

the standard addition method. The dopamine hydrochloride injection (200 mg/5 mL) was 

prepared for real sample analysis by 1000-fold dilution of 5 mL of the injection. The diluted 

injection was spiked with 50 M DA. The concentration of DA in the unspiked and spiked DA 

injection solution was used for calculating the percentage DA recovery from the DA injection 

sample. The percentage DA recovery from the injection sample after the triplicate 

determination was 95.1 %, with percentage relative standard deviation (% RSD) of 6.51 % 

(Table 4.21). The DA recovery in the injection sample was comparable with the % recovery 

reported for DA detection at poly(Reactive Blue) modified electrode [378]. 

The real sample analysis was also carried out under the same condition using 

GCE/bCQDs/CNPs as the working electrode. The % DA recovery recorded with 

GCE/bCQDs/CNPs after triplicate measurement was 94.77 % with a % RSD of 15.13 % (Table 

4.21). The average % recovery was similar to the value recorded at GCE/bCQDs/CNPs. On 

the contrary, the % RSD recorded at GCE/bCQDs/CNPs was more than twice the value 

recorded at GCE/CQDs/CNPs and some previously fabricated DA sensors [380, 381]. The 

result indicated that GCE/bCQDs/CNPs was less sensitive for DA detection in DA 
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hydrochloride injection than GCE/CQDs/CNPs. The outcome could be ascribed to the disparity 

in the sensitivity of the two electrodes.    

Table 4.21: Dopamine analysis in dopamine hydrochloride injection  

Electrode Sample Amount added 

(µM) 

Amount found 

(µM) 

% recovery % RSD 

GCE/CQDs/CNPs DA injection 50 46.52 93.01 6.51 

 
 

50 50.98 102.04  

 
 

50 45.10 90.21 

 

 

GCE/bCQDs/CNPs DA injection 50 47.01 94.02 15.13 

 
 

50 55.13 110.26  

 
 

50 40.01 80.02  

 

4.5.8 Stability and reproducibility  

The stability of the current response recorded at the selected modified electrodes was 

investigated using cyclic voltammetry (CV) in the presence of 0.2 mM DA at a scan rate of 25 

mV s-1 (pH 7). After 22 CV scans, the current response recorded at GCE/CQDs/CNPs dropped 

to about 31.4 % of the current response recorded after the first scan (Fig 4.40 (a)). With 

GCE/bCQDs/CNPs, the current response dropped to 20 % of the current response recorded for 

the first scan (Fig. 4.40 (b)). These outcomes indicate that GCE/CQDs/CNPs was more stable 

than GCE/bCQDs/CNPs. The superior stability of GCE/CQDs/CNPs can be ascribed to the 

lower % RSD recorded for DA recovery from dopamine hydrochloride injection relative to the 

% RSD recorded with GCE/bCQDs/CNPs.  
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Figure 4.40: Cyclic voltammogram of (a) GCE/CQDs/CNPs and (b) GCE/bCQDs/CNPs in 

0.2 mM DA (pH 7) after 22 scans (scan rate: 25 mV s-1) 

 

The reproducibility of the two selected modified electrodes for DA electrocatalytic oxidation 

was investigated by modifying the bare electrode with the modifiers three times for 0.2 mM 

DA electroanalysis. Using GCE/CQDs/CNPs for cyclic voltammogram at a scan rate of 25 mV 

s-1, the % RSD of the current response after the three trials was 9.53 % (Fig. 4.41 (a)). The 

reproducibility study with GCE/bCQDs/CNPs in a similar manner revealed that the DA anodic 

peak current response of the three trials had a % RSD of 13.88 % (Fig. 4.41 (b)). The results 

also suggested that GCE/CQDs/CNPs can produce a more reproducible current response than 

GCE/bCQDs/CNPs. 
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Figure 4.41: Cyclic voltammograms of (a) GCE/CQDs/CNPs and (b) GCE/bCQDs/CNPs in 

0.2 mM DA (pH 7, scan rate: 25 mV s-1) for three different trials of electrode modification 
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5.0 Conclusion and recommendations 

5.1 Conclusion 

Electrochemical detection of catecholamine neurotransmitters at the carbon-based quantum 

dots/copper oxide nanocomposite glassy carbon modified electrode was investigated in the 

study. The two carbon-based quantum dots were prepared through hydrothermal synthesis from 

pencil graphite and banana peel precursors and tagged CQDs and bCQDs, respectively. Some 

of the developed sensors studied are the bare GCE, GCE/CQDs, GCE/bCQDs, GCE/CNPs, 

GCE/bCQDs/CNPs, and GCE/CQDs/CNPs, with GCE/bCQDs/CNPs and GCE/CQDs/CNPs 

emerging as the best performing electrodes towards the detection and electrocatalytic oxidation 

of the neurotransmitters (dopamine (DA), epinephrine (EP), and norepinephrine (NE)) at a 

physiological pH of 7 using these sensors. 

The comparative epinephrine detection at GCE/CQDs/CNTs and GCE/bCQDs/CNTs done 

using voltammetric techniques revealed that GCE/CQDs/CNTs offered a lower detection limit 

than GCE/bCQDs/CNTs. It is worth noting that GCE/CQDs/CNTs also offered better 

sensitivity to EP detection than the green carbon quantum dots supported sensor 

(GCE/bCQDs/CNPs). Also, GCE/CQDs/CNPs offered a wider AA-EP peak separation than 

GCE/bCQDs/CNPs. The superior performance of CQDs supported sensor to 

GCE/bCQDs/CNPs in the electroanalysis of EP supports the poor electrochemical properties 

of bCQDs/CNPs relative to that of CQDs/CNPs nanocomposite recorded in the [Fe(CN)6]
3-/4- 

redox probe. On the other hand, the two sensors have shown the ability to detect epinephrine 

only at the micromolar level and with low error margin in epinephrine hydrochloride injection. 

The mechanism of EP interaction with the surface of the modified electrodes 

(GCE/CQDS/CNPs and GCE/bCQDs/CNPs) was found to be diffusion-controlled. The % 

RSD (8% for GCE/CQDs/CNPs and 11 % for GCE/bCQDs/CNPs) recorded for the 

reproducibility of the sensors and the stability of the two sensors showed that the two sensors 

had similar reproducibility and stability. It can therefore be concluded from these experimental 

data that GCE/CQDs/CNPs was a better sensor for EP electroanalysis compared to the green 

carbon quantum dots mediated sensor. 

The electrochemical detection of norepinephrine at the two sensors showed that the two sensors 

possessed similar detection limit and sensitivity. On the other hand, the green carbon quantum 

dots-based sensor offered a wider linear range than GCE/CQDs/CNPs. Interestingly, the green 

carbon quantum dots-based sensor also offered a wider NE-UA peak separation than 
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GCE/CQDs/CNPs, suggesting a better NE and UA peak resolution at bCQDs/CNPs modified 

electrode. The real sample analysis of NE at the two sensors showed that the recovery of NE 

from banana peel was achieved with a much lower % RSD at GCE/CQDs/CNPs. On the other 

hand, GCE/bCQDs/CNPs offered better stability even though the current response at 

GCE/CQDs/CNPs was more reproducible. The mechanism of NE oxidation at the 

GCE/CQDs/CNPs and GCE/bCQDs/CNPs was found to be diffusion controlled and surface-

confined, respectively. Considering the similarities in sensitivity and detection limit of the two 

sensors and the superior stability of GCE/bCQDs/CNPs, the green carbon quantum dots-based 

electrodes was considered a better NE sensor than GCE/CQDs/CNPs. 

The electroanalysis of dopamine at the two sensors showed that the GCE/CQDs/CNPs had a 

much lower detection limit and significantly higher sensitivity than the green carbon quantum 

dots-based sensor.  The wider AA-DA peak separation recorded at GCE/CQDs/CNPs relative 

to the green carbon quantum dots-based sensor confirmed that DA was detected in the presence 

of AA with greater ease. Like the results obtained with NE, the analysis of the scan rate’s effect 

on the sensor’s current response confirmed that the mechanism of DA redox process was 

diffusion-controlled and surface-confined at GCE/bCQDs/CNPs and GCE/CQDs/CNPs, 

respectively. The CQDs-based electrode also showed a much lower % RSD for DA recovery 

from dopamine hydrochloride injection. The stability and reproducibility of the two electrodes 

also confirmed that GCE/CQDs/CNPs is more stable with more reproducible current response 

than the green carbon quantum dots modified electrode. 
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5.2 Recommendations 

Considering the experimental data recorded with the CQDs/CNPs and bCQDs/CNPs modified 

electrodes for catecholamine neurotransmitters (NTs) detection, the following 

recommendations should be considered. 

i. The synthesis of carbon quantum dots from various biomass for subsequent sensor fabrication 

should be considered to enable easy waste management while providing cheap starting material 

for catecholamine NTs sensors fabrication. 

ii. The performance of the green carbon quantum dots based sensor in detecting the 

catecholamine NTs underscores its potential for the electroanalysis of other class of NTs and 

some other biomolecules. Therefore, the performance of GCE/bCQDs/CNPs in the detection 

of other NTs and biomolecules should be investigated.  

iii. Simultaneous detection of catecholamine NTs (DA, EP and NE) and the selective detection 

of the NTs in the presence of other NTs at CQDs/CNPs and bCQDs/CNPs modified electrodes 

should be considered.  

iv. The substitution of CNPs for another metal or metal oxide nanoparticles with proven 

synergy with carbon quantum dots should be attempted to actualize a better sensing platform 

than the current sensors. 

v. Compared to CQDs/CNPs modified electrode, the green carbon quantum dots based sensor 

offered very close and sufficient sensitivity for the catecholamine NTs detection up to the 

micromolar level with reasonable recovery of these NTs from real sample. Commercialization 

of a cheap analytical tool from waste biological materials is therefore recommended for fast 

point-of-care catecholamine NTs analysis from extracellular fluids.  

vi. The electrochemical properties of both carbon quantum dots (banana peel and pencil 

graphite based) showed that they possess high charge transfer resistance, suggesting that they 

could be better applied as protective barriers against corrosion of metallic substrates.  
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APPENDIX 

Preparation of the analytes 

The three analytes used for the study were prepared as follows: 

(a) 0.4 mM dopamine was prepared by dissolving dopamine in 50 mL of 0.1 M PBS (pH 7). 

Every other concentrations of dopamine required for the study were obtained through dilution 

of the 0.4 mM dopamine solution. 

(b) 0.4 mM epinephrine was prepared by dissolving epinephrine in 50 mL of 0.1 M PBS (pH 

7). Every other epinephrine concentrations were prepared through dilution of the 0.4 mM 

epinephrine solution. 

(c) 0.4 mM norepinephrine was prepared by dissolving norepinephrine in 50 mL of 0.1 M PBS 

(pH 7). Every other norepinephrine concentrations were prepared through dilution of the 0.4 

mM norepinephrine solution.  

Preparation of drug samples for real sample analysis 

The drug samples (dopamine hydrochloride injection) were prepared using the serial dilution 

approach. A 0.5 mL of the injection samples were transferred into a 100 mL volumetric flask 

and made up to the 100 mL mark with 0.1 M PBS (pH 7). The procedure was followed by a 

100 fold dilution of 0.5 mL of this stock solution. Afterwards, 10 mL of the diluted drug 

samples were transferred into four different 50 mL volumetric flask. One of the four flasks 

containing the diluted drug sample was spiked with the desired amount of dopamine and the 

other sample was left unspiked. The same procedure was repeated for epinephrine 

hydrochloride injection. 
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