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ABSTRACT 

 

This work describes successful synthesis of three metal oxides nanoparticles (MO = NiO, 

ZnO and Fe3O4) obtained by chemical synthesis, and modified with multiwalled carbon 

nanotubes (MWCNT), polyaniline (PANI) and MWCNT functionalized nylon 6,6 nanofibers 

on glassy carbon electrode (GCE).  Successful characterization of the electrodes with the MO 

(NiO, ZnO and Fe3O4), MWCNT/MO, PANI/MO and Nylon 6,6/MWCNT/MO 

nanocomposites were confirmed by field emission scanning electron microscopy (FESEM), 

high resolution scanning electron microscopy (HRSEM), high resolution transmission 

electron microscopy (HRTEM), x-ray diffraction spectroscopy (XRD), electron dispersive x-

ray spectroscopy (EDX), Fourier transformed infra-red spectroscopy (FTIR) and ultraviolet-

visible (UV-vis) spectroscopy. Electron transport (ET) properties of the modified electrodes 

was explored using cyclic voltammetry (CV) and electrochemical impedance spectroscopic 

techniques (EIS) with ferricyanide/ferrocyanide ([Fe(CN)6]
3-/4-) as the redox probe. The 

mechanism of electron transport between the MO nanomaterial, their nanocomposites`and the 

electrocatalytic oxidation or reduction of the analyte at the modified electrode was 

extensively studied and discussed using electrochemical impedance spectroscopy (EIS). The 

electron transfer constant differs in terms of materials and electrical equivalent circuits used 

in the fitting or modelling process. The presence of MWCNT, PANI and Nylon 6, 6 also 

enhances the MO modified electrodes ET compared with electrodes without CNTs, PANI 

and Nylon 6,6. The electrocatalytic properties of the modified electrodes were explored using 

the following analytical probes: dopamine, serotonin, phenanthrene and lindane.  

Electrochemical oxidation of dopamine and serotonin on a glassy carbon electrode (GCE) 

modified with multi-walled carbon nanotubes doped with metal oxides (GCE/MWCNT/NiO, 
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GCE/MWCNT/ZnO, GCE/MWCNT/Fe3O4) was examined by cyclic voltammetry, EIS and 

square wave voltammetry in 0.1 M phosphate buffer solution PBS at pH 7 and results 

discussed. The results were compared with those obtained on bare GCE, GCE/MWCNT and 

MO GCE modified electrodes (GCE/NiO, GCE/ ZnO, GCE/ Fe3O4). The nanocomposite 

modified electrodes exhibit excellent electrocatalytic activity towards the electrochemical 

oxidation of serotonin at large peak current and lower oxidation potentials compared to other 

electrodes investigated. It was found that the multi-walled carbon nanotubes improve 

remarkably the reactivity of NiO, ZnO and Fe3O4 for dopamine and serotonin oxidation. The 

GCE/MWCNT/NiO, GCE/MWCNT/ZnO, GCE/MWCNT/Fe3O4 electrodes exhibited good 

linear properties in the concentration range studied with a limit of detection of 0.00799 nM, 

374.2 nM and 1386 nM respectively for dopamine; and 50.8 nM, 60.6 nM and 1090 nM 

respectively for serotonin. GCE-MWCNT-NiO was the best electrode in terms of dopamine 

and serotonin current response, electrode stability, resistance to fouling and limit of detection 

towards the analytes. The interference study also revealed no AA interference signal to DA at 

AA concentration 1000 times that of DA.  

Similar results were obtained for GCE/Nylon6,6/MWCNT/NiO, 

GCE/Nylon6,6/MWCNT/ZnO, GCE/Nylon6,6/MWCNT/Fe3O4 for electrochemical detection 

of dopamine with a limit of detection of 0.0176 nM, 0.0149 nM  and 0.0428 nM respectively 

towards DA; and 339 nM, 0.117 nM, and 1160 nM respectively towards serotonin. 

GCE/Nylon6,6/MWCNT/ZnO modified electrode gave the best limit of detection towards 

both DA and serotonin. 

In the same vein, GCE-PANI-NiO, GCE-PANI-ZnO, GCE-PANI-Fe3O4 electrodes exhibited 

good electrocatalytic properties towards DA with a limit of detection of 11.5 nM, 63.3 nM 

and 1110 nM respectively.  
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The electrocatalytic oxidation of phenanthrene on PANI-NiO on modified glassy carbon 

electrode (GCE-PANI-NiO) was studied using cyclic voltammetry, square wave voltammetry 

and impedance spectroscopy and discussed. Results showed that detection of phenanthrene 

was enhanced by the nanostructure of PANI-NiO film on GCE. The square wave 

voltammetry analysis shows a very low detection limit of 0.732 x 10-3 nM for phenanthrene 

with the linear range of 7.6 x 10-3 nM – 1.4 x 10-2 nM. The Tafel value of 227 mVdec-1 

suggests adsorption of phenanthrene oxidation intermediates on the GCE-PANI-NiO 

electrode. The GCE-PANI-NiO modified electrodes gave better performance towards 

phenanthrene in terms current response, oxidation potential, current recovery, stability and 

resistance to electrode fouling effects PANI-MO and Nylon6,6/MWCNT/MO modified 

glassy carbon electrodes were prepared and used for the electrochemical reduction of lindane. 

The modified electrodes offer a high sensing current for lindane, and highly stable with 

respect to time, so that the single electrode can be used for the multiple analysis of the 

lindane sample. Cyclic voltammetry and square wave voltammetry were used as the sensing 

techniques. The dynamic range for the lindane determination was between 9.9 × 10−12 mol/L 

to 5 × 10−6 mol/L with detection limits 51 and 32 nM for Nylon6,6/MWCNT/ZnO and 

Nylon6,6/MWCNT/Fe3O4 sensors respectively, and  239 nM, 44.7 nM for PANI/ZnO and 

PANI/Fe3O4 sensors respectively. The LoD value reveals that the best electrode is 

Nylon6,6/MWCNT/Fe3O4. The analytical utility of the proposed method was checked with 

drinking water samples. 
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1.0 SENSOR 

Sensors are described as devices that can respond to stimulus by the provision of a functional 

link [1]. On exposure to environment or analyte it converts its properties such as optical, 

electrical, and mass to a quantifiable signal that carries information about the analyte [1].  

Sensors are regarded as devices with active sensing material and signal transducer. These two 

important characteristics play a role transmitting signal without any amplification from a 

selective compound or from a change in a reaction. One of the signals is produced as 

electrical, thermal or optical output signals which could be converted into digital signals for 

further processing. The sensor’s output signal may be in the form of voltage, current, or 

charge. These may be further described in terms of amplitude, polarity, frequency, phase, or 

digital code. This set of characteristics is called the output signal format. Therefore, a sensor 

has input properties (of any kind) and electrical output properties. The classification of sensor 

is, therefore, based on the fact about these output signals [2]. Among these, electrochemical 

sensors have more advantage over the others because; in these, the electrodes can sense the 

materials which are present within the host without doing any damage to the host system. In 

summary, there are two types of sensors; direct and complex. A direct sensor converts a 

stimulus into an electrical signal or modifies an electrical signal by using an appropriate 

physical effect, whereas a complex sensor in addition needs one or more transducers of 

energy before a direct sensor can be employed to generate an electrical output [3].   

1.1 Classification of sensors 

1.1.1 Chemical sensors 

A chemical sensor is a device that transforms chemical information, ranging from the 

concentration of a specific sample component to total composition analysis, into an 

analytically useful signal [4]. The chemical information, mentioned above, may originate 

from a chemical reaction of the analyte or from a physical property of the system 
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investigated. It is also an essential component of an analyzer. In addition to the sensor, the 

analyzer may contain devices that perform the following functions: sampling, sample 

transport, signal processing, data processing. An analyzer may be an essential part of an 

automated system. The analyzer working according to a sampling plan as a function of time 

acts as a monitor [4]. 

The two basic functional units in chemical sensors are: a receptor part and a transducer part. 

In the receptor part of a sensor the chemical information is transformed into a form of energy 

which may be measured by the transducer. The transducer part is a device capable of 

transforming the energy carrying the chemical information about the sample into a useful 

analytical signal. The transducer as such does not show selectivity [5]. Hence, it is not always 

necessary that a sensor responds specifically to a certain analyte. Under carefully controlled 

operating conditions, the analyte signal may be independent of other sample components, 

thus allowing the determination of the analyte without any major preliminary treatment of the 

sample.  

Chemical sensors may be classified according to the operating principle of the transducer. 

1. Optical devices transform changes of optical phenomena, which are the result of an 

interaction of the analyte with the receptor part.  

2. Electrochemical devices transform the effect of the electrochemical interaction analyte – 

electrode into a useful signal. Such effects may be stimulated electrically or may result in a 

spontaneous interaction at the zero-current condition. The following subgroups may be 

distinguished: 

a) Voltammetric sensors, including amperometric devices, in which current is measured in 

the d.c. or a.c. mode. This subgroup may include sensors based on chemically inert 

electrodes, chemically active electrodes and modified electrodes. In this group are included 

sensors with and without (galvanic sensors) external current source. 
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b) Potentiometric sensors, in which the potential of the indicator electrode (ion-selective 

electrode, redox electrode, metal-metal oxide electrode) is measured against a reference 

electrode. 

c) Chemically sensitized field effect transistor in which the effect of the interaction between 

the analyte and the active coating is transformed into a change of the source-drain current. 

The interactions between the analyte and the coating are, from the chemical point of view, 

similar to those found in potentiometric ion-selective sensors. 

d) Potentiometric solid electrolyte gas sensors, differing from potentiometric sensors because 

they work in high temperature solid electrolytes and are usually applied for gas sensing 

measurements. 

3. Electrical devices based on measurements, where no electrochemical processes take place, 

but the signal arises from the change of electrical properties caused by the interaction of the 

analyte. 

4. Mass sensitive devices transform the mass change at a specially modified surface into a 

change of a property of the support material. The mass change is caused by accumulation of 

the analyt [6-8]. 

1.1.2 Biosensors 

These can be defined in terms of sensing ability, where these sensors can sense biochemical 

compounds such as biological proteins, nucleotides and even tissues [9-11]. The active 

sensing materials on the electrode modified with this sensor act as a catalyst and catalyze the 

reaction of the biochemical chemical compounds to obtain the output signals [12, 13]. The 

combination of these two different ways of classifications has given rise to a new type of 

sensors which are called electrochemical biosensors, A sensor is often defined as a “device 

that receives and responds to a signal or where the electrochemical methods are applied for 

the construction and working of a biosensor [14-16]. 
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Electrochemical sensors therefore are essentially an electrochemical cell which employs a 

two or three-electrode arrangement. The measurement can be made at steady-state or 

transient. The applied current or potential for electrochemical sensors may vary according to 

the mode of operation, and the selection of the mode is often intended to enhance the 

sensitivity and selectivity of a particular sensor [17]. The general principles of 

electrochemical sensors have been extensively discussed in many electroanalytic references. 

However, many electroanalytic methods are not practical in biomedical sensing applications. 

For instance, dropping mercury electrode polarography is a well-established electroanalytic 

method, yet its usefulness in biomedical sensor development, particularly for potential in vivo 

sensing, is rather limited. In this chapter, we shall focus on the electrochemical 

methodologies which are useful in biomedical sensor development. Electrochemical sensors 

can be applied for solid, liquid, or gaseous analytes with the latter two most common. High 

temperatures can be accommodated using solid electrolytes and high temperature materials 

for sensor device construction [17].  

1.2 Application of electrochemical sensors 

Sensors enable us to monitor our environment properly. Parameters such as volume, 

concentration, temperature, humidity, pressure, vibration, fluid flow, and position are 

monitored by sensors. Large manufacturing and processing industries depend mostly on 

sensors to remotely monitor their production process for an optimized plant performance, 

centralized control and equipment health diagnostics. Sensor technology is thriving as the 

need for recognizing complex chemical, biological or physical phenomena [18]. 

Electrochemical sensors can be used as follows: 
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1.2.1 Detection of drugs 

Electrochemical methods have been used to determine the concentration of benzodiazepines, 

phenothiazines and paracetamol types of drugs [19-22]. These drugs were widely tested, and 

their electrode reactions, dependences on the medium parameters and metabolism are known. 

Effects of drugs on a patient depend on the dose and the regimen of its application. 

Nowadays, a lot of drugs are used, some of them being not quite neutral or harmless for 

human organism. Therefore, monitoring of the serum drug concentration is necessary during 

the period of the drug application. The effect of medication has been confirmed to be 

dependent mostly on the concentration of the active drug in blood [22]. 

1.2.2 Detection of pesticides 

Organic pollutants have been investigated widely in the laboratory, particularly pesticides. 

This has usually been following separation of complex mixtures, and, if electrochemically, 

usually by oxidation at carbon electrodes; problems of electrode fouling can be acute. The 

use of biosensors, i.e., a modified electrode in which the modifier is a biologically active 

molecule, can lead to other possibilities [23].  

1.3 Problem statement 

Neuro degeneration of dopamine-containing neurons contributes to late-onset neurological 

diseases, including Parkinson’s and Alzheimer’s diseases, and possibly to normal ageing of 

the brain [24] and report also show its coexistence in biological systems [25, 26]. Therefore 

investigation of neurological behaviour and also simultaneous determination of dopamine is 

of great importance for the elucidation of its precise physiological functions. Serotonin (5-

Hydroxytryptamine) is also an important and major biogenic monoamine neurotransmitter as 

well as neuromodulator [27], widely distributed in human brain and makes an important 

contribution in wide variety of biological, physical, psychopathological processes including 

sleep regulation, depression, eating disorder, alcoholism, infantile autism, anxiety disorders, 
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muscle contraction, liver regeneration, endocrine regulation, obsessive – compulsive disorder 

and psychosis [28-29]. The determination of serotonin is instructive in the diagnosis of 

various diseases and hence makes it the subject of biologically and pharmacologically 

oriented research [30]. A range of analytical techniques such as chromatographic methods 

[31], mass spectroscopy [32], spectrophotometry [33] and chemiluminesence [31] are 

reported in the literature for detection of DA. However, these methods suffer from some 

disadvantages including long analysis times, high costs, the requirement for sample 

pretreatment, and in some cases low sensitivity and selectivity. These disadvantages probably 

make them unsuitable for routine analysis. 

On the other hand, there has been a great concern about the public health because of the 

environmental pollution caused by the polyaromatic hydrocarbon (i.e phenanthrene) and 

organochlorine pesticides (i.e lindane). They have toxic effect such as being carcinogenic, 

mutagenic and tetrogenic. Some of the methods reported are the use of immunoassay, gas 

chromatography, high performance liquid chromatograhphy with UV-vis absorbance or 

fluorescence and capillary electrophoresis equipped with laser-induced fluorescence. These 

methods allow high accuracy and low detection limit but the major drawbacks of these 

methods is the fact that they are expensive, time consuming, required large sample volumes 

as well as large amount of organic solvent with separation and extraction procedures. 

These, therefore, necessitate the use of electrochemical sensors for the detection and 

monitoring of the concentration of the biological and environmental analytes. The 

electrochemical method has been found as a cheap and less time consuming methods other 

than the various methods used for the monitoring of their concentration in the environment. 

Nanotechnology is playing an increasing important role in the development of biosensor. 

Recently, electrochemical biosensors based on nanostructured metal oxides gained much 

attention in the field of health care for the management of various important analyte in a 
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biological system. This work provides a literature search of current research activities that 

concentrate on nanostructured metal oxide based electrochemical biosensors. The unique 

properties of nanostructured metal oxides offer excellent prospects for interfacing biological 

recognition events with electronic signal transduction and for designing a new generation of 

bioelectronic devices. In this work, we address various nanostructured metal oxides are for 

fabrication of electrochemical biosensor and assembling procedures of these nanosensors. 

The evaluation and how they have been used for detection of various biological and 

enviromental molecules and how such devices have enabled the achievement of high 

sensitivity and selectivity with low detection limits is investigated. It has been observed that 

the sensitivity and performance of nanostructured metal oxide based biosensors is improved. 

The use of these metal oxide nanostructured materials has allowed the introduction of many 

new signal transduction technologies in biosensors. 

1.4 Aim and objectives 

The aim of this study is to investigate a comparative study of the electrochemical properties 

of metal oxide doped multi-walled carbon nanotubes, polyaniline and nylon 6, 6 nanofibers 

and also verify their electro activity towards biological and environmental analytes such as 

dopamine, serotonin, phenanthrene, and  lindane. 

 Fabrication of metal oxide (ZnO, Fe3O4 and NiO) doped nylon 6,6  into nanofibers, 

 Functionalization of the electrospun Nylon 6, 6/MO nanofibers with MWCNT. 

 Doping of carbon nanotubes with metal oxides nanoparticles  (ZnO, Fe3O4 and NiO) 

respectively, 

 Characterization of materials using microscopic and spectroscopic techniques: FT-IR 

spectrometer, Field emission scanning electron microscopy (FESEM) high resolution 

scanning electron microscopy (HRSEM), energy dispersive x-ray spectra (EDX). 
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TEM experiment will be performed using a Model JEOL JEM-2100F field emission 

transmission electron microscope. The electrochemical properties of the 

functionalized nanomaterials to understand their heterogenous electron transfer 

kinetics will be carried out using the cyclic voltammetry (CV) and electrochemical 

impedance spectroscopy (EIS); 

 Comparative study of the sensing activity of the material towards some biological and 

environmental analytes will be investigated. 
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2.1 Nanotechnology 

Nanotechnology is defined as the study of structures between 1 nanometre and 100 

nanometres in size. Integration of nano-scale technologies could lead to tiny, low-power, 

smart sensors that could be manufactured cheaply in large numbers, sensing the interaction of 

a small number of molecules, processing and transmitting the data with a small number of 

electrons, and storing the information in nano meter scale structure [34]. 

2.1.1 Classification of Nanomaterials 

Nanomaterials can be nanoscale in one dimension (eg. surface films), two dimensions (eg. 

strands or fibres), or three dimensions (eg. particles) [35]. They can exist in single, fused, 

aggregated or agglomerated forms with spherical, tubular, and irregular shapes. Common 

types of nanomaterials include nanotubes, dendrimers, quantum dots and fullerenes. This 

classification is based upon different properties it holds such as scattering of light, absorbing 

x rays, transport electric current or heat. Nanomaterials can be created with various 

modulation dimensionalities as defined by Richard W. Siegel: zero (atomic clusters, 

filaments and cluster assemblies), one (multilayers), two (ultrafine-grained overlayers or 

buried layers), and three (nanophase materials consisting of equiaxed nanometer sized grains) 

[36] as shown in the above Figure 2.1, Figure is below.. 
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Figure 2.1: Classification of Nanomaterials (a) 0D spheres and clusters, (b) 1D nanofibers, 

wires, and rods, (c) 2D films, plates, and networks, (d) 3D nanomaterials [35]. 

 

2.1.2 Application of Nanomaterials 

Nanoscale materials can also be used for bulk applications; for medical applications; 

nanoscale materials such as nanopillars are sometimes used in solar cells which conflicts with 

the cost of traditional Silicon solar cells. The incorporation of semiconductor nanoparticles to 

be used in the next generation of products, such as display technology, lighting, solar cells 

and biological imaging cannot be over emphasized. Recent application of nanomaterials 

include a range of biomedical applications, such as tissue engineering, drug delivery, and 

biosensors [37]. 

2.2 Nanofibers 

Nanofibers are an exciting new class of materials used for several value added applications 

such as medical, filtration, barrier, wipes, personal care, composite, garments, insulation, 

energy storage [35, 38,] sample clean-up [39, 40] and catalysis [41]. An advantage of 

nanofibers is the ease of surface chemistry modification in order to accommodate various 

functionalities. They also possess unique characteristics such as high surface area per unit 
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mass, high porosity, excellent structural mechanical properties and high axial strength 

combined with extreme flexibility [42, 43]. The last and one of the most preferred methods 

for fabrication of fibers in nano and low micro-scale is electrospinning. Since 1980s and 

especially in the last 10 years there has been an increase in the attention paid by researchers 

to this method due to increase in interest in nanotechnology.  

2.2.1 The Electrospinning Process 

Electrospinning is an effective method for producing nanofibers under the influence of 

electrical charges [44 47]. A number of techniques have been employed in the production of 

fibrous scaffolds. These are self-assembly, drawing, template synthesis, phase separation, wet 

spinning, electrospinning and combinations of these [48, 49]. 

2.2.2 Self-assembly 

This method is also called ‘bottom-up’. It produces fibers of small diameters.  It involves the 

arrangement of atoms and molecules via weak non-covalent interactions (H-bonding, 

hydrophobic forces, electrostatic interactions) forces producing a stable structures [50].  Its 

major disadvantage is that it is a complex, long, and extremely elaborates technique with low 

productivity [50].  

2.2.3 Dry spinning 

This is a method used to form polymeric fibers from solution. It involves the dissolution of 

polymer in a volatile solvent and the solution is pumped through a spinneret composed of 

numerous holes. Stretching of the fibers provides for orientation of the polymer chains along 

the fiber axis. Dry spun fibers typically have lower void content than wet spun fibers. This 

technique is used only for polymers that cannot be melt spun [51]. 
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2.2.4 Drawing 

Drawing method is similar to dry spinning and single nanofibers can be produced. It requires 

a minimum amount of equipment, and is a discontinuous process.  A micropipette is dipped 

into a droplet near the solution solid surface contact line via a micromanipulator. Then the 

micropipette is withdrawn from the liquid at a certain speed, yielding a nanofiber. These steps 

are repeated many times on each droplet. The solution viscosity, however, increases with 

solvent evaporation and some fiber breaking occurs due to instabilities that occur during the 

process [52]. Drawing process is disadvantageous since it requires solutions of only 

viscoelastic materials, which can undergo strong deformations that are cohesive enough to 

withstand the stresses developed during pulling. The fiber size is dependent on the orifice 

size of the extrusion mould and it is difficult to obtain fibers diameters less than 100 nm. 

2.2.5 Phase separation 

This process has five steps, namely polymer dissolution, gelation, solvent extraction, 

freezing, and freeze-drying. The polymer is first dissolved in an appropriate solvent at the 

desired concentration and stirred at a required temperature for a period of time until a 

homogeneous solution is obtained. The solution is then transferred into a refrigerator for 

gelation. The resultant gel is immersed in water several times to allow solvent exchange. 

Finally, the gel is removed from water, transferred to a freezer (-70oC), and then the frozen 

gel is lyophilized [53]. Phase separation occurs due to physical incompatibility and yields 

nanofibers. The disadvantage of this method is that no long continuous fibers are produced 

and only the polymers that have gelation capability can be used to produce the nanofibrous 

structure. 
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2.2.6 Wet spinning 

This method is based on precipitation, which starts by dissolving the polymer in a suitable 

organic solvent or in a weak inorganic solvent in order to prepare the spinning dope. The 

polymer solution is then transferred to a reservoir of a (glass) spinneret. The solution is then 

allowed to flow under gravity through the spinneret into the non-solvent and precipitation or 

coagulation occurs. This results in fibers with a diameter range varying from 10 to 100 nm 

[54]. 

2.3 Electrospinning 

The most preferred method for fabrication of fibers in nano and low micro-scale is 

electrospinning. Since the 1980s and especially in the last 10 years there has been an increase 

in the attention paid by researchers to this method due to an increased interest in 

nanotechnology. The electrospinning apparatus and the schematic representation of the 

electrospinning process are shown in Figures 2.2 and 2.3. An electric field is subjected to the 

end of a capillary tube that contains the polymer fluid held by its surface tension. This 

induces a charge on the surface of the liquid and the mutual charge repulsion causes a force 

directly opposite to the surface tension [55]. As the intensity of the electric field is increased, 

the hemispherical surface of the fluid at the tip of the capillary tube elongates to form a 

conical shape known as the Taylor cone (the base region). With increasing field, a critical 

value is attained when the repulsive electrostatic force overcomes the surface tension and a 

charged jet of fluid is ejected from the tip of the Taylor cone. The discharged polymer 

solution jet undergoes a whipping process wherein the solvent evaporates, leaving behind a 

charged polymer fiber, which is highly stretched and reduced in diameter as it travels before 

it lays itself randomly on a grounded collecting metal screen (the jet region). The rapidly 

whipping jet (the fluid instability) is an essential element of the process that cause bending 

and stretching of the jet. In the case of the melt the discharged jet solidifies when it travels in 



16 

 

the air and is collected on the grounded metal screen. Spraying occurs in a region in which 

the radical forces from the electrical charges carried by the jet, become larger than the 

cohesive forces within the jet, and the single jet divides into many charged jets (with 

approximately equal diameters and charge per unit length) before fibers ‘land’ on the 

collector (the collection region). 

 

Figure 2.2: The picture of the electrospinning set-up used in this study. 
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Figure 2.3: Schematic diagram of an electrospinning set-up [56]. 

 

2.3.1 Parameter of the Electrospinning Process 

Electrospinning and fiber morphology can be influenced by the following factors; polymer 

properties (e.g. polymer structure, molecular weight, solubility), solvent (e.g. boiling point 

and dielectric properties), solution properties (e.g. viscosity, concentration, conductivity and 

surface tension), operating conditions (e.g. applied voltage, collecting distance and flow rate), 

and ambient environment (e.g. temperature, gas environment and humidity). 

2.3.1.1 Process parameter  

Higher potentials generally give rise to fibers with thinner diameters. Pore size also has been 

reported to decrease with an increase in potential because the drawing rate and fiber crossings 

increase [57]. The hydrostatic pressure in the capillary tube of the needle can also affect the 
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results. The polymer solution is forced out of the needle orifice by the applied electric field 

[58], gravity [59], or a pump [60]. Flow rate and needle size has also been found to influence 

the electrospinning process. Higher flow rates result in larger fiber diameters, and smaller 

needle orifices have been reported to contribute to thinner fiber formation [61]. Another 

parameter is the distance between needle and collector. Decrease in distance, regardless of 

the concentration of the polymer solution, results in the formation of wet fibers and beaded 

structures [62, 63]. 

2.3.1.2 Ambient parameters  

The followings are the three major environment-related parameters that should be taken into 

consideration; solution temperature, medium humidity, and air velocity in the electrospinning 

chamber. An increase in solution temperature results in solution chain formation, decrease in 

solution viscosity and an increase in solvent evaporation. All these factors influence fiber 

morphology.  An increase in humidity leads to an increase in diameter, number, shape and 

distribution of pores. A relative humidity higher than 30% has been reported to lead to micro- 

and nano-structured pores on the surface of fibers [64]. 

2.3.1.3 Polymer and solvent-related parameters  

The structure of a polymer has a great impact on its solubility. A polymer with higher 

molecular weight is less soluble and takes longer time to dissolve than polymers with lower 

molecular weights using the same solvent. This is because the intermolecular forces between 

longer chain molecules are stronger and the solvent molecule takes longer time to diffuse into 

the bulk. The architecture of the polymer also affects processing; for instance, branched 

polymers seem to need a higher concentration than linear polymers in order to form defect-

free nanofibers [65]. 
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The properties of a polymer solution such as surface tension and viscosity determine its 

stretching potential.  The rate of evaporation will influence the viscosity of the solution. 

Viscosity appears to be very important factor in this configuration. It is related to the extent 

of polymer molecule chains entanglement within the solution. At lower viscosity polymer 

chain entanglements are lower and this leads to formation of beaded fibers and this can also 

result into electrospraying. Electrospraying occurs, when entanglement of polymer chains 

does not occur but still undergoes a bending instability that causes a whip-like motion 

between the capillary tip and the grounded target. Very high viscosities, on the other hand, 

prevent ejection of the solution from the syringe tip due to a high surface tension and this is 

called suppression [66- 69]. An appropriate solution viscosity is important for an efficient 

electrospinning process. 

To achieve nanofibers in the range of 100 to 2000 nm diameter appropriate polymer solvent 

system must be chosen [70]. Table 2.1 gives list of some of polymer solvent systems used in 

electrospinning. 

Table 2.1 Polymer solvent systems for electrospinning [70]. 

POLYMER SOLVENTS 

Nylon 6 and nylon 66 Formic Acid 

Polyacrylonitrile Dimethyl formaldehyde 

PET Trifluoroacetic acid/Dimethyl chloride 

PVA Water 

Polystyrene DMF/Toluene 

Nylon-6-co-polyamide Formic acid 

Polybenzimidazole Dimethyl acetamide 

Polyramide Sulfuric acid 

Polyimides Phenol 

 

2.4 Functionalization of nanofibers 

An exciting feature about nanofibers is the ease of surface modification in order to 

accommodate various functionalities [71, 72]. Functionalization can be achieved before 
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electrospinning process which is termed pre-electrospinning functionalization. This involves 

the introduction of functional groups into the polymer solution before spinning. The next is 

post-electrospinning functionalization. In this case the nanofibers are functionalized after the 

electrospinning process. 

2.5 Electrochemical methods 

Electrochemistry affords some of the most sensitive and informative analytical techniques in 

the chemists arsenal. Electroanalytical methods such as cyclic voltammetry, stripping 

voltammetry, differential pulse polarography, square wave and chronoamperometry 

complements other analytical techniques such as chromatography and spectroscopy and are 

not only capable of assaying trace concentrations of an electroactive analyte, but also supply 

useful information concerning its physical and chemical properties.  

Electrochemical methods of analysis include all methods of analysis that measure current, 

potential and resistance and relate them to analyte concentration. Quantities such as oxidation 

potentials, diffusion coefficients, electron transfer rates, and electron transfer numbers are 

readily obtained using electroanalytical methods, and are difficult to obtain using other 

techniques. Arguably, the most popular electroanalytical techniques are cyclic voltammetry 

and square wave.  

Electrochemical detection of biological and environmental analytes using metal and metal 

oxide modified electrode was found to be very cheap and convenient over other methods of 

determination. Not only that, metal and metal oxides have been used to modify electrodes for 

use as electrocatalysts and sensors [73, 74]. These materials act as electron mediators, 

increasing the rate of electron transfer at the electrode-solution interface and also lowering 

the over-potentials for redox processes. The modification introduce some chemical and 

electrochemical properties which the bare electrode do not possess. Electrocatalysis can be 

observed by comparing the cyclic voltammogramm (CV) of an analyte on modified electrode 
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with that on bare electrodes; higher catalytic current, and a shift to less positive peak potential 

in the CV of the former compared to the latter is an indication of electrocatalytic oxidation of 

the analyte. A wide variety of metals and metal oxides nanoparticles, especially metal oxides 

nanoparticles with different properties have found wide applications in various fields of 

biomedical sciences [75, 76]. A large number of nanostructured metal oxides such as cerium 

oxide (CeO2) [77, 78],  iron oxide (Fe3O4) [79-81],  manganese di oxide (MnO2) [82, 83],  

niobium oxide (Nb2O5) [84],  nickel oxide (NiO) [85],  praseodymium oxide (Pr2O6) [86, 87],  

tin oxide (SnO2) [88, 89],  titanium oxide (TiO2) [90-96],  zinc oxide (ZnO) [97-102]  and 

zirconium oxide (ZrO2) [103-111] have been used for their application in electrochemical 

biosensors. 

Several analytical techniques have been developed over the years for the detection and 

quantification of arrays of biological and environmentally important analytes. Among these is 

titrimetric [112], flourimetry [113], high performance liquid chromatography (HPLC) [114], 

mass spectroscopy [115] among others. However, these methods require a lot of chemical 

derivatization procedures and are time consuming. Some are very cumbersome and expensive 

and not even portable enough for field analysis. Therefore recently, the properties and the 

application of these electrodes for analytical purposes have been investigated using 

electrochemical techniques. 

 

2.5.1 Component of electrochemical techniques 

In electrochemical techniques the aim of the experiments is to obtain a current response 

which is related to the concentration of the target analyte. This objective is accomplished by 

monitoring the transfer of electron(s) during the redox process of the analyte: 

 

O + ne- R
 (2.1) 
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O and R are the oxidized and the reduced forms, respectively, of the redox couple. These 

reactions are called Faradaic processes as electrons are transferred across the electrode-

solution interface. Figure 2.4 represents a Faradaic process during an electrochemical 

measurement. 

 

Figure 2.4: A typical electrochemical set-up showing the Faradaic process [118]. 

 

A typical electrochemical cell for electrochemical measurement is made up of three electrode 

systems as shown in Figure 2.5. The working electrode, which makes contact with the 

analyte, must apply the desired potential in a controlled way and facilitate the transfer of 

electrons to and from the analyte. The reference electrode is a half cell with a known 

reduction potential. Its only role is to act as reference in measuring and controlling the 

working electrode’s potential and at no point does it pass any current. The auxiliary electrode 

passes all the current needed to balance the current observed at the working electrode. To 

achieve this current, the auxiliary will often swing to extreme potentials at the edges of the 
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solvent window, where it oxidizes or reduces the solvent or supporting electrolyte. These 

electrodes, the working, reference, and auxiliary make up the modern three electrode system.  

 

 

Figure 2.5: Three electrode set-up: (1) working electrode (2) auxillary    electrode (3) 

reference electrode [118]. 

 

The arrangement of the electrodes within the cell is important. The reference electrode is 

placed close to the working electrode, stationed between the working and the auxiliary 

electrode. A glass cell is used which has a close fitting lid containing ports for electrodes and 

a purging line. The choice of electrolytes solution depends basically on the application. 

Generally the solution is expected to be conducting, be chemically and electrochemically 

inert. It must not react or undergo electrochemical reactions while in use.   

2.5.1.1 The reference electrode (RE)  

The reference electrode is an electrode with a steady and recognizable electrode potential. It 

is used as point of reference to control and measure the potential of the other electrodes. The 
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saturated calomel electrodes (SCE), silver/silver chloride (Ag/AgCl) electrode are the most 

commonly used reference electrode for aqueous solutions.  

2.5.1.2 Counter electrode (CE)  

The counter electrode (also known as auxiliary electrode) is usually made of an inert material 

of platinum (Pt) or metallic foil, gold (Au), graphite or sometimes glassy carbon may be used. 

Counter electrode does not usually take part in the electrochemical reaction, but the total 

surface act as source of electron so that current can flow between the working electrode and 

counter electrode which make it not to be isolated from the reaction. The surface area must 

however be higher than that of the working electrode so that it will not be a limiting factor in 

the kinetics of the process under investigation [118]. 

2.5.1.3 Working electrode (WE)  

The working electrode is where the reaction or transfer of interest is taking place. At an 

appropriate potential, oxidation or reduction of a substance on the surface of the working 

electrode will bring about a mass transport of a new material along with current been 

produced. The commonly used materials for working electrodes are glassy carbon (GC), 

platinum (Pt), gold (Au). Others include small mercury drop and film electrodes. The size 

and shape also varies and depends on application. The quality of an ideal working electrode 

includes a wide potential range, low resistance as well as a surface that is reproducible [118].  

2.5.2 Cyclic voltammetry (CV) 

Cyclic voltammetry is a widely used electrochemical techniques that uses microelectrodes 

and unstirred solution so that the measured current is limited by the analyte diffusion at the 

surface of the electrode. It has been widely applied in the study of redox processes, 

electrochemical properties of analytes in solution and for the understanding of reaction 

intermediates as well as for obtaining the stability of reaction products [119]. The technique 
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operates by varying the applied potential at the working electrode at some scan rate ) in 

both forward and backward direction while monitoring the current. The potential is usually 

measured between the reference and the working electrode and the current is measured 

between the working electrode and the auxiliary electrode. The plot of current peak versus 

potential as shown in Figure 2.6 shows the forward scan of current peak for any analyte that 

can be reduced or oxidized depending on the initial scan direction over the range of potential 

scanned. 

 

 

 

 

 

 

 

 

Figure 2.6: A typical cyclic voltammogramm 

 

The current increases as the current reaches the reduction potential of the analytes, but 

decreases as the concentration of the analytes is depleted close to the electrode surface. 

Important parameters that can be obtained from cyclic voltammograms includes peak 

potentials Epc, Epa and peak current Ipc, Ipa for both the cathodic and anodic peaks 

respectively. Likewise, the number of electron involved in the electrochemical process can be 

determined by using the equation below derived from the peak potentials; 
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𝐸𝑝 = [𝐸𝑝𝑎 − 𝐸𝑝𝑐] = 2.303𝑅𝑇 𝑛𝐹⁄  (2.2) 

Where 𝐸𝑝 is the peak separation potential (V), 𝐸𝑝𝑎 is the anodic peak potential (V), 𝐸𝑝𝑐 is 

the cathodic peak potential (V), n is the number of electrons, F is Faraday constant (96486 C 

mol-1), R is the gas constant (8.314 J mol-1 K-1) and T is the absolute temperature of the 

system (298 K). Therefore, for a reversible redox reaction at 25  C (298 K) with n number of 

electrons, 𝐸𝑝 is 59 mV/n or 60 mV for one electron. While for irreversibility due slow 

electron transfer results in 𝐸𝑝 > 59 mV/n, possibly, greater than 70 mV for a one-electron 

reaction [120]. For reversible reaction, the concentration is related to peak current by the 

Randles Sevcik equation.  

𝐼𝑝  =  2.69 × 105𝑛
3
2

  𝐴𝐷
1
2

    𝜐
1
2

   𝐶𝑜 (2.3) 

Where 𝐼𝑝 is the peak current in amperes (pa and pc represent the anodic and cathodic peak 

current respectively), is the scan rate in V s-1, A is the area (cm2), n is the number of 

electrons tranfered, D is the diffusion coefficient (cm2 s-1), Co is the concentration in mol/L. 

When the peak current is plotted against the square root of the scan rate, the slope of the 

linear plot can be used to determine the diffusion coefficient according to the Randles Sevcik 

equation, equation 2.3. Also the plot of the Log 𝐼𝑝  versus logis linear, with slope of 0.5 for 

diffusion peak and slope of 1 for an adsorption peak. Intermediate values of the slope are 

sometimes observed, and these suggest a mixed diffusion-adsorption peak [120]. 

The surface concentration of adsorbed materials for chemically modified electrodes can be 

estimated by using the Brown-Anson equation model; 

𝐼𝑝  =  
𝑛2𝐹2ɼ∗𝐴𝜐

4𝑅𝑇
 (2.4) 

Where 𝐼𝑝, n, 𝐹, 𝐴, 𝑅,  𝜐 and T are described in equations 2 and 3 and ɼ∗ is the surface 

concentration of the adsorbed species of the electrode modifier. 
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2.5.3 Square Wave voltammetry (SWV) 

Square wave voltammetry has received growing attention as a voltammetric technique for 

routine quantitative analyses. Square wave voltammetry can be used to perform an 

experiment much faster than normal and differential pulse techniques, which typically run at 

scan rates of 1 to 10 mV/sec. Square wave voltammetry employs scan rates up to 1 V/sec or 

faster, allowing much faster determinations. The current is sampled twice during each square 

wave cycle, one at the end of the forward pulse, and again at the end of the reverse pulse. The 

technique discriminates against charging current by delaying the current measurement to the 

end of the pulse. The difference current between the two measurements is plotted vs. the 

potential staircase. Square wave voltammetry yields peaks for faradaic processes, where the 

peak height is directly proportional to the concentration of the species in solution. Due to the 

rapid scan rates possible with square wave voltammetry, the entire voltammogram is 

recorded on a single mercury drop. Frequencies used for square wave voltammetry typically 

range from approximately 1 Hz to 120 Hz. This frequency range allows square wave 

experiments to be up to 100 times faster than other pulse techniques. a typical square wave 

voltammogram is shown in Figure 2.7 [121]. 

 

Figure 2.7: A typical SWV showing forward, reverse and difference current [94]. 
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2.5.4 Differential Pulse voltammetry 

This is an electrochemical technique where the cell current is measured as a function of time 

and as a function of the potential between the indicator and reference electrodes. The 

potential is varied using pulses of increasing amplitude and the current is sampled before and 

after each voltage pulse. These measurements can be used to study the redox properties of 

extremely small amounts of chemicals.  

2.5.5 Chronoamperometric 

Chronoamperometric is very powerful method for the quantitative analysis of a nucleation 

process. This useful technique leads to obtain the initial information about nucleation and 

growth mechanism in a studied system. Additionally, the amount of charge for deposition 

(dissolution) can be determined. Also, this method can be applied for the determination of a 

nucleation rate constant and an adsorption isotherm. With the chronoamperometry, the 

current is measured versus time as a response to a (sequence of) potential pulse. The recorded 

current can be analysed and its nature can be identified from the variations with time. For 

example: at short times the capacitive current is dominant, while at longer time scales, the 

diffusion limited faradaic current might prevail [122].  

Chronoamperometry experiments are most commonly either single potential step, in which 

only the current resulting from the forward step as described above is recorded, or double 

potential step, in which the potential is returned to a final value (Ef) following a time period, 

usually designated as τ, at the step potential (Es).  

2.6 Electrochemical impedance spectroscopy 

Impedance is known as the measure of the total opposition to flow of a sinusoidal electric 

current when using AC circuit. To understand what impedance actually is, one can use Ohms 

law to explain how it’s measured. Ohm’s law applies directly to simple resistors (and 

https://en.wikipedia.org/wiki/Redox
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conductors) in both DC and AC circuits. However, in more complex AC circuits, the form of 

the current-voltage relationship defined by Ohms law must be changed from I=V/R to I = 

V/Z where V is voltage, I is the resulting current, and R is resistance. The quantity Z for the 

modified formula is denoted as impedance, which is measured in ohms, and for a pure 

resistor Z = R. Impedance is commonly represented as Z = R + iX, where R is the ohmic 

resistance and X is the reactance. Circuit elements such as inductors and capacitors have a 

frequency dependent opposition to current flow and increase or decrease current opposition 

as AC frequency changes. The opposition to current flow caused by inductance or 

capacitance is known as reactance. The term reactance refers to the imaginary part of the 

impedance measurement (iX) due to it being a function of the frequency. Commonly 

speaking, a capacitor would have an impedance measurement that would decrease with 

increasing frequency supplied to the circuit. An inductor would have an impedance value that 

increases with increasing frequency. Also, a pure resistor would have the same impedance 

measurement at any frequency applied to the circuit. When capacitors or inductors are 

involved in an AC circuit, the current and voltage do not peak at the same time. The period 

difference between the peaks, expressed in degrees, is known as the phase difference. The 

contributions of capacitors and inductors differ in phase from resistive components by 90 

degrees. For inductive circuits, this results in a positive phase because current lags behind the 

voltage while for a capacitive circuit, the current leads the voltage for a negative phase. A 

resistor does not cause a phase shift. Since the C/V behavior of capacitors and inductors are 

180o out-of-phase, the impedance in a given circuit using both elements will have phase-

angle dependence. Impedance spectroscopy (IS) can provide accurate evaluation of material 

characteristics by measuring impedance values for a range of circuit elements whose 

capacitance or inductance characteristics depend in some way on their chemical environment. 

Impedance vs. frequency data for different electrode configurations is typically collected by 
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connecting the electrode to an impedance analyzer and then graphically presenting the data as 

either a Bode or Nyquist plot.  

The Bode graph plots absolute values of impedance (Z) or phase angle (degrees) vs. the 

frequency range used while Nyquist plots depict the imaginary number Z” (reactance) vs. the 

real number value Z’. The experimental data collected from an impedance experiment is 

often represented as Nyquist plot of Z’ versus Z’’ over a wide range of frequency (100 KHz 

to 0.1 Hz) Figure 2.8.  

 

 

Figure 2.8: A typical Nyquist plot. 

The Nyquist plot of impedance spectra include a semicircle portion and a linear portion, with 

the former at high frequencies corresponding to the electron transfer process and the latter at 

lower frequencies corresponding to the diffusion process. The electron transfer resistance 

(Rct) at the electrode surface is equal to the semicircle diameter, which can be used to 

describe the interface properties of the electrode [123].  
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Measuring impedance over a wide range of frequencies allows different scales such as 

electron transfer, mass transport and chemical reaction to be detected within the same 

experiment. Impedance data is commonly analyzed by fitting it to an equivalent circuit 

model. The commonly used circuit Randles equivalent circuit used for fitting the impedance 

data is shown in Figure 2.9.  

 

Figure 2.9: Randles equivalent circuit for a simple electrochemical cell. 

 

The circuit is composed of elements such as capacitance (C) which is the ability of an 

electrochemical system to store or retain charge, Warburg impedance (Zw) which is 

associated with the resistance as a result of the diffusion of ions across the 

electrode/electrolyte interface, solution resistance (Rs) and charge transfer resistance (Rct). 

Therefore, EIS can provide information on the impedance changes on the electrode surface 

before and after modification. Figure 2.10 shows a typical diagram for impedance spectra 

with real impedance (x-axis) and imaginary impedance (y-axis) and low and high frequencies 

on the right and left side of the plot respectively [124].  
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Figure 2.10: A typical impedance diagram. 

EIS is a useful tool in studying the kinetics of electrochemical reactions. Redox reactions 

usually involve charge transfer kinetics and mass transfer. The slower of this two determines 

the rate of the reaction. The mass transfer in EIS is limited to diffusion (concentration 

gradient) by the steady state condition. Figure 2.11 shows the Nyquist plot indicating the 

kinetically controlled (higher frequency) and the mass controlled (low frequency) parts of the 

plot. 

 

Figure 2.11 A typical Nyquist plot. 
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From 𝜔𝑚𝑎𝑥 (frequency at maximum imaginary impedance of the semicircle) useful kinetic 

parameters such as double layer capacitance (Cdl), (obtained using equation 2.5), time 

constant (cycle life) τ, (calculated using equation 2.6), exchange current 𝐼𝑜 , (Calculated using 

equation 2.7) and heterogeneous rate constant Ket (calculated using equation 2.8) can be 

evaluated: 

𝜔𝑚𝑎𝑥  =
1

𝑅𝑐𝑡𝐶𝑑𝑙
  (2.5)  

𝝉 = 𝑅𝑐𝑡 𝐶𝑑𝑙  (2.6)  

𝐼𝑜  =  
𝑅𝑇

𝑛𝐹 𝑅𝑐𝑡
 (2.7)  

𝑘𝑒𝑡  =  
𝐼𝑜

𝑛𝐹𝐴𝐶𝑜
  (2.8) 

where 𝜔𝑚𝑎𝑥 = 2 π ƒ, Rs is the solution resistance, Rct is the charge transfer resistance, Cdl is 

the double layer capacitance, R is the gas constant (8.314 J K-1 mol-1), F is the Faradays 

constant (96 486 C mol-1), n is the number of electrons, τ is the time constant or cycle life 

(relates to the time required for the proton to completely move across the electrolyte layer 

from one side to the other),  𝐼𝑜 is the exchange current (relates to rate constant to electron 

transfer at zero overpotential),  Co is the concentration (mol cm-3) and et k is the 

heterogeneous rate constant. 

2.7 Metal oxides nanoparticles 

Metal oxides form an important group of functional materials with diverse structural, 

electronic, magnetic and optical properties. At room temperature, these materials exhibit 

metallic, semiconducting or insulating behavior depending upon their band gap. Controlled 

synthesis of metal oxide nanoparticles is essential for their successful applications because 

the physico-chemical properties of metal oxides are highly influenced by their particle sizes, 

especially if they are in the ‘nano’ domain (10-9 m). As the particle size decreases from bulk 

to tens of nanometers, the ratio of surface to bulk atoms increases. This results in a larger 
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surface area with respect to the volume of the material, higher number of chemically active 

sites and modified density of electronic states at the surface of the particles [125]. 

Some of the applications of metal oxides include microelectronic circuits, sensors, 

piezoelectric devices, fuel cells, corrosion-resistant coatings, catalysis, field emission, 

magnetic memory and photoelectrochemical cells. Amongst the applications that benefit 

specifically from these properties is the area of ‘sensors’ which is the focus of this thesis.  

Below is more on the properties and applications of some selected metal oxides nanoparticles 

used in this work. 

2.7.1 Nickel oxide nanoparticles (NiO) 

Nickel oxide is a transition metal oxide; NiO has recently received a great deal of attention 

due to its applications in various fields such as fabrication of p–n heterojunctions [126], 

energetic material [127], magnetic properties [128-130], catalysis [131, 132], solar cells 

[133], gas sensors [134, 135], lithium ion battery [136, 137].  

2.7.2 Zinc oxide nanoparticles (ZnO) 

Zinc oxide, with its unique physical and chemical properties, such as high chemical stability, 

high electrochemical coupling coefficient, broad range of radiation absorption and high 

photostability, is a multifunctional material [138, 139]. In materials science, zinc oxide is 

classified as a semiconductor in group II-VI, whose covalence is on the boundary between 

ionic and covalent semiconductors. A broad energy band (3.37 eV), high bond energy (60 

meV) and high thermal and mechanical stability at room temperature make it attractive for 

potential use in electronics, optoelectronics and laser technology [140, 141]. The piezo- and 

pyroelectric properties of ZnO mean that it can be used as a sensor, converter, energy 

generator and photocatalyst in hydrogen production [142, 143]. Because of its hardness, 

rigidity and piezoelectric constant it is an important material in the ceramics industry, while 
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its low toxicity, biocompatibility and biodegradability make it a material of interest for 

biomedicine and in pro-ecological systems [144-146]. The variety of structures of nanometric 

zinc oxide means that ZnO can be classified among new materials with potential applications 

in many fields of nanotechnology. Zinc oxide can occur in one- (1D), two- (2D), and three-

dimensional (3D) structures. One-dimensional structures make up the largest group, including 

nanorods [147-149], -needles [150], -helixes, -springs and -rings [151], -ribbons [152], -tubes 

[153-158] -belts [159], -wires [160-162] and -combs [163]. Zinc oxide can be obtained in 2D 

structures, such as nanoplate/nanosheet and nanopellets [164, 165]. Examples of 3D 

structures of zinc oxide include flower, dandelion, snowflakes, coniferous urchin-like, etc. 

[166-169]. 

Application of Zinc Oxide is found in many areas due to its diverse properties, both chemical 

and physical. It plays an important role in wide range of applications, ranging from tyres to 

ceramics, from pharmaceuticals to agriculture, electronic, photocatalysis and gas sensor [170-

181].  

2.7.3 Iron oxide nanoparticles (Fe3O4) 

Iron oxides are one of the most important transition metal oxides of technological 

importance. Sixteen pure phases of iron oxides, i.e., oxides, hydroxides or oxy-hydroxides are 

known to date. These are Fe(OH)3, Fe(OH)2, Fe5HO8⋅4H2O, Fe3O4, FeO, five polymorphs of 

FeOOH and four of Fe2O3. Characteristics of these oxide compounds include mostly the 

trivalent state of the iron, low solubility and brilliant colors (Cornell and Schwertmann, 1996) 

[182]. All the iron oxides are crystalline except Schwertmannite and ferrihydrite which are 

poorly crystalline. These oxides can be synthesized by all known wet chemical methods but 

to tailor the particle size in nano range and morphology towards a particular application still 

remains a challenging task. Some of the synthesis techniques include chemical precipitation, 
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sol-gel, hydrothermal, surfactant mediated-precipitation, emulsion-precipitation, 

microemulsion -precipitation, electro-deposition, and micro wave assisted hydrothermal 

technique. These oxides find applications as catalysts, sorbents, pigments, flocculants, 

coatings, gas sensors, ion exchangers and for lubrication [183-190]. Iron oxide nano-

composites have potential applications in areas such as magnetic recording, magnetic data 

storage devices, toners and inks for xerography, and magnetic resonance imaging, wastewater 

treatment, bioseparation, and medicine [191-199]. Careful control of the preparation process 

of transparent iron oxide pigments results in the formation of pigments with very small 

primary particle sizes. When fully dispersed, they do not scatter light and are hence 

completely transparent. Magnetite (Fe3O4) is a black, ferromagnetic mineral containing both 

Fe (II) and Fe (III). In stoichiometric magnetite Fe (II)/Fe(III) = 0.5 but magnetite is often 

non-stoichiometric resulting in a cation deficient Fe (III) layer. The crystal structure of 

magnetite is inverse spinel with a unit cell consisting of 32 oxygen atoms in a face-centered 

cubic structure and a unit cell edge length of 0.839 nm. In this crystal structure Fe (II) ions 

and half of the Fe (III) ions occupy octahedral sites and the other half of the Fe (III) occupies 

tetrahedral sites. Divalent iron atoms prefer to occupy octahedral sites to have a higher 

Crystal Field Stabilization Energy (CFSE), whilst the trivalent iron atoms has a CFSE=0 in 

both octahedral and tetrahedral sites. The crystal forms of magnetite include octahedron and 

rhombodecahedron and the specific surface area ranges from 4 - 100 m2/g [200].  

2.8 Polymer nanocomposites 

A polymer nanocomposite can be defined as a polymer-nanofiller system in which the 

inorganic filler is on a nanometric scale at least in one dimension and it can be a 

polymer/nanoparticle blend or a hybrid. The composite interconnection can be based on a 

secondary force or physical entanglement [201, 202]. The polymer/nanofiller-hybrid, in turn, 

is formed when the polymer and the nanoparticle are covalently bonded. The covalent bond 
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can be formed during the in situ polymerization (the monomer or the growing polymer chain 

can react with the filler particle), or during the composite processing. 

 

2.8.1 Application of nanocomposites of MWCNT doped with metal oxides 

nanoparticles 

Carbon nanotube/metal oxide (CNT-MO) nanocomposites are new generation materials with 

interesting properties that not only combine the properties of CNTs and MOx but also hold 

new properties caused by the interaction between them. In addition, combine these materials 

in a composite can overcome some disadvantages. For example, metal oxide nanoparticles 

have a tendency to agglomerate because of their dangling bonds. In the composite, dispersion 

of the nanoparticles on the surface of the nanotube prevents their agglomeration. It should be 

noticed that the aggregation of nanotubes in aqueous media is solved by functionalization. As 

a result, the composites attractive wide applications compared with the isolated nanoparticles 

because CNTs act as carrier to stabilize the nanoparticles, maintaining their integrity.  

In recent years, there has been great consideration in the research and development of carbon 

nanotubes (CNTs) and its composites due to their unique physical and chemical properties 

[203-207], which is not only widely used in catalysts [208], nanoelectronic devices [209-

212], solar cells [213], displays [211], hydrogen storage materials [214], supercapacitors, but 

also has potential applications in sensors [215, 216].  The following are examples of the 

nanocomposites that can be prepared are Ti2O3, ZnO, NiO, WO3, Fe2O3, SnO2, CeO2, Al2O3, 

ZrO2, SiO2, V2O4 and Fe3O4 on CNTs. The enhancement in photocatalytic performance of the 

CNT/MO nanocomposites can be explained in a mechanism based on two criteria. The first is 

adsorption ability of the nanotubes since the adsorption is a key process in the catalytic 

destruction of organic pollutants. Secondly is the electron transfer process from nanoparticels 

into the nanotubes. In general, irradiation of metal oxide semiconductor with a photon of 
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sufficient energy, greater or equal to band gap energy could promote an electron from 

valence band (VB) to conduction band (CB). The promoted electron leaves a vacancy in the 

valence band creating positive hole which can react with hydroxyl forming a powerful 

oxidant or a hydroxyl radical. The promoted electrons reduce dissolved oxygen to produce 

superoxide anion radical. The hydroxyl radical (.OH) and superoxide anion radical (O2.
-) 

therefore oxidize the target. CNTs can adsorb CNT/MO composites and by being CNTs 

relatively good electron acceptors while semiconductors as good electron donor under 

illumination [217, 218]. Oxygen molecule on its surface thus the promoted electrons in CB 

might directly react with the adsorbed oxygen molecule and form superoxide anion radical. 

This will increase the number of radicals ready for reacting with the target. Also CNTs can 

adsorb the target which is considered to be the first step in the degradation since the pre-

adsorption of the target on the surface of catalyst particles is a prerequisite for efficient 

photo-degradation [219]. On the other hand, the strong interaction and formation of ester 

bonds between the metal and the nanotube leading in a close contact which offers an effective 

route of electron transfer from the conduction band into the nanotube. This can reduce the 

recombination of photogenerated electron-hole pairs.  

2.8.2 Application of nanocomposites of PANI doped with metal oxides nanoparticles 

PANI a conducting polymer has increasing scientific and technological interests in the 

synthesis of a broad variety of promising materials due to its unique electrical and optical 

properties [220, 221]. PANI is widely used in the area of electrochemical materials, light-

emitting diodes, biosensors, chemical sensors, and battery electrodes [222-224]. The 

relatively high environmental stability and excellent electrical properties, together with the 

fact that it can be made from inexpensive raw materials, make PANI an ideal electronically 

conducting polymer for sensing applications. Much attention has been reported on both 

electrochemical and chemical oxidative syntheses of PANI. Generally, PANI falls into a class 
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of organic polymers, which exhibit different oxidation states. Leucoemeraldine base (LEB) is 

the fully reduced form of PANI, pernigranilene base (PB) is the fully oxidized form of PANI, 

and emeraldine base (EB) is the half oxidized form of PANI. All of these states, except 

leucoemeraldine, can be protonated. After protonation, the polymer is denoted as “salt”. For 

instance, protonation of the emeraldine base form with HCl yields emeraldine hydrochloride 

(Figure 2.12).  

 

Figure 2.12: Different possible equilibrium states of PANI. 

 

Numerous efforts have been made to successfully prepare nanocomposites by chemical and 

electrochemical preparation methods using nanostructured metal oxides namely TiO2, SnO2, 

SiO2, CeO2, and Fe2O3 due to their unique electrocatalytic, piezoelectric and photonic 

properties and tunable size that make them suitable for solar cell applications [225-229].  

 

2.8.3 Application of nanocomposites of Nylon 6,6 nanofiber functionalized with 

MWCNT and metal oxides nanoparticles 

Nylon 6,6 is a semicrystalline polymer which has good thermal stability and mechanical 

strength and it is an important engineering thermoplastic [230-232]. This polymer is suitable 
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for electrospinning processing due to its poly-electrolytic behaviour in acid solution [233]. 

The nanofibres obtained from electrospinning offer the possibility to incorporate active 

components on a nanoscale [234, 235]. Furthermore, it is well known that the addition of 

carbon nanomaterials can promote the crystallisation process of polymers due to their 

nucleating effects [236-238]. The enhancement of the nanocomposite mechanical properties 

due to functionalisation of 1D and 2D carbon has been widely studied [238, 239]. Rong et al. 

found that functionalised CNTs have a better performance in improving the mechanical 

properties of poly (ether ether ketone) when compared to pristine CNTs [236].  

The possibility of combining a variety of polymers, particulate nanofillers, and biological 

agents through electrospinning leads to development of nanocomposite/hybrid nanofibrous 

membranes with a more optimum filtration efficiency and a much broader domain of 

environmental applications than their neat counterparts. The nanocomposite synthesis could 

be conventionally done through blending of insoluble nanoparticles and the polymer solution 

to be electrospun. In such a manner, the nanoparticles are encapsulated in the solidified 

nanofibers [240-244].  

2.9 Biological analytes: Neurotransmitters 

Neurotransmitters are the brain chemicals that communicate information throughout our brain 

and body.  They relay signals between nerve cells, called “neurons.”  The brain uses 

neurotransmitters to tell your heart to beat, your lungs to breathe, and your stomach to digest.  

Neurotransmitters are critical to the regulation of the central and peripheral nervous systems 

and command a number of functions such as learning, memory, sleep, and movement [245, 

246]. Discerning the machinery involved in vesicular fusion, the spatiotemporal mechanisms 

of synaptic release, and the chemical activity of neurotransmitters is vital to understanding 

both normal and a typical cellular processes.  
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They can also affect mood, sleep, concentration, weight, and can cause adverse symptoms 

when they are out of balance. The neurotransmitter is a ligand that binds to a receptor protein. 

It must be removed to end the signal and clear the way for the next signal. Neurotransmitter 

can therefore be removed by diffusion and can be re-uptake by the presynaptic neuron which 

can actively transport the neurotransmitter back into itself.  

2.9.1 Dopamine 

Dopamine's synthetic precursor is 3,4-dihydroxyphenylalanine (L-DOPA) shown in Figure 

2.13. Dopamine is a special neurotransmitter because it is considered to be both excitatory 

and inhibitory.  Dopamine helps with depression as well as focus, which you will read about 

in the excitatory section.  When dopamine is either elevated or low – we can have focus 

issues such as not remembering where we put our keys, and other side effects as shown in 

Figure 2.14.  Dopamine is also responsible for our drive or desire to get things done – or 

motivation.  Stimulants such as medications for ADD/ADHD and caffeine cause dopamine to 

be pushed into the synapse so that focus is improved.  Unfortunately, stimulating dopamine 

consistently can cause a depletion of dopamine over time 

 

Figure 2.13: Structure of dopamine. 
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Figure 2.14: Effects of imbalance in dopamine and serotonin. 

 

2.9.2 Serotonin 

Serotonin structure is derived from the amino acid L-tryptophan as shown in Figure 2.14. 

 

Figure 2.15: Structure of serotonin. 
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Serotonin is an inhibitory neurotransmitter – which means that it does not stimulate the brain.  

Adequate amounts of serotonin are necessary for a stable mood and to balance any excessive 

excitatory (stimulating) neurotransmitter firing in the brain.  Inadequacy in the concentration 

of serotonin can have a negative effect on the human body as shown in Figure 2.15. Serotonin 

also regulates many other processes such as carbohydrate cravings, sleep cycle, and pain 

control. 

2.10 Environmental analytes: Polyaromatic compounds (PAHs) 

Polycyclic aromatic hydrocarbons (PAHs) also known as polyarenes are a diverse group of 

organic compounds composed of hydrogen and carbon atoms arranged in two or more fused 

benzene rings. They are widespread ubiquitous environmental contaminants of anthropogenic 

or natural origin usually occurring in mixtures. The natural sources of PAHs include natural 

fires, volcanic eruptions, thermal geological reactions etc. [247]. Anthropogenic sources are 

the major sources of PAHs and this include fuel oil or gasoline spills, natural seeps as well as 

the combustion of fossil fuels such as coal, oil, and natural gas. The main source of PAHs is 

the incomplete combustion of coal, oil and petrol as well as in processes involving the 

petrochemical industries. They can also be found airborne, in the gas phase or adsorbed to 

airborne particles, in aqueous phases, such as groundwater, wastewater or drinking water, and 

adsorbed to solids in soil or sediments [248]. Crude oil and coal have also been identified as 

sources of PAHs. The adverse effects of PAHs are as a result of their persistence, 

hydrophobic character, bioaccumulation and carcinogenic properties. Hence, due to their 

ubiquitous distribution, PAHs detection in water and soils has arose a lot of concern and thus 

of ongoing interest to analytical chemists. They are emitted in the atmosphere, adsorbed to 

particles, and may then be transported over long distances [248].  
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2.10.1 Phenanthrene 

Phenanthrene is a polycyclic aromatic hydrocarbon (PAH) composed of three fused benzene 

rings and with the chemical formula, C14H10. It is a colourless, crystal- like solid but can also 

look yellow as well as a white powder and has a bluish fluorescence. It is derived from coal 

tar, melts at 99 °C, boils at 340 °C and is insoluble in water but soluble in most organic 

solvents such as toluene, carbon tetrachloride, ether, chloroform, acetic acid, acetonitrile and 

benzene. It is a composite of phenol and anthracene [249] and its oxidation reactions occur at 

the 9 and 10 positions to form phenanthrenequinone. The structure of phenanthrene is shown 

in Figure 2.16. 

 

Figure 2.16: Structure of phenanthrene. 

 

One of the most common ways through which phenanthrene gets into the body of human 

beings is through the breathing of contaminated air. This can be either through breathing it or 

working in a hazardous waste site where PAHs are disposed. Eating food or drinking water 

that is contaminated with PAHs can also lead to the exposure of the body to phenanthrene. 

Exposure to phenanthrene can also occur if ones skin comes into contact with contaminated 

soil or products like soils, coal, coal tar, roofing tar or creosote where PAHs are found [250]. 
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It has also been found that breathing cigarette and tobacco smoke, eating foods grown in 

contaminated soils or eating grilled meat can expose one to phenanthrene [250]. Once it gets 

into the body, it spreads and targets the fat tissues. The major target organs in the body 

include the kidneys and the liver. However, in a matter of days, it leaves the body through 

urine and feaces [250]. It has been identified as one of the priority pollutant by the United 

States Environmental Protection Agency (USEPA) [251]. Other sources of PHE include 

incomplete combustion of fossil fuels, vehicular emissions, municipal incinerators and coke 

plants. Oil and petrol spillage into water bodies also results in the release of PHE to the 

environment [252-254]. It is widely distributed throughout the environment and is one of the 

most frequent and abundant PAHs found at contaminated sites [254].  

2.11 Environmental analytes: organochlorine pesticides (OCPs) 

An   organochlorine compound is an organic compound containing at least one covalently 

bonded  atom of chlorine  as the dominant functionality, of which 

chloroalkane and chlorinated solvent as examples are major members. Their wide structural 

variety and divergent chemical properties lead to a broad range of names and applications. 

Many such compounds are controversial because of the effects of these compounds on the 

environment and on human and animal health.  Organochlorine pesticides are chlorinated 

hydrocarbons used extensively from the 1940s through the 1960s in agriculture and mosquito 

control. Representative compounds in this group include DDT, methoxychlor, dieldrin, 

chlordane, toxaphene, mirex, kepone, lindane, and benzene hexachloride. As neurotoxicants, 

many organochlorine pesticides were banned in the United States, although a few are still 

registered for use in this country.  

Exposure to organochlorine pesticides can be through accidental inhalation. The chemicals 

can also be ingested in fish, dairy products, and other fatty foods that are contaminated.  

https://en.wikipedia.org/wiki/Organic_compound
https://en.wikipedia.org/wiki/Covalent_bond
https://en.wikipedia.org/wiki/Covalent_bond
https://en.wikipedia.org/wiki/Chlorine
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Organochlorine pesticides accumulate in the environment. They are very persistent and move 

long distances in surface runoff or groundwater. Prior to the mid-1970s, organochlorines 

resulted in widespread reproductive failure among birds because birds laid eggs with thin 

shells that cracked before hatching. Exposure to organochlorine pesticides over a short period 

may produce convulsions, headache, dizziness, nausea, vomiting, tremors, confusion, muscle 

weakness, slurred speech, salivation and sweating. Long-term exposure to organochlorine 

pesticides may damage the liver, kidney, central nervous system, thyroid and bladder. Many 

of these pesticides have been linked to elevated rates of liver or kidney cancer in animals 

[255 -260].  

2.11.1 Lindane 

Lindane is also known as gamma-hexachlorocyclohexane, (γ-HCH) gammaxene, Gammallin 

and sometimes incorrectly called benzene hexachloride (BHC) [261] with structural formular 

illustrated in Figure 2.17. Lindane is the active ingredient of some pest control products used 

in the home and garden, on the farm, and in forestry and animal husbandry. It is also the 

active agent in the medicine Kwell®, used for human ectoparasitic disease. Lindane has been 

reported on numerous occasions to be associated with acute neurological toxicity either from 

ingestion or in persons treated for scabies or lice [262-267]. Lindane has a documented 9.3% 

dermal absorption rate and is absorbed even more efficiently across abraded skin [262, 268]. 
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Figure 2.17: Structure of Lindane. 

 

This becomes especially important when taking into account its use on children with severe 

dermatitis associated with scabies. Fat and fat solvents enhance gastrointestinal, and probably 

dermal, absorption of organochlorines. While most of the solid organochlorines are not 

highly volatile, pesticide-laden aerosols or dust particles trapped in respiratory mucous and 

subsequently swallowed may lead to significant gastrointestinal absorption. 

 

2.12 Spectroscopic techniques 

2.12.1 Raman spectrometry 

Raman scattering spectra of the CNF mat, CNF mat containing Ag nanoparticles, and Ag 

coated CNF mat were determined in backscattering geometry with Jobin Yvon T64000 triple 

monochromator (Horiba Jobin Yvon, Inc., Edison, New Jersey). An argon laser with a 

wavelength of 514.5 nm and power of 4 mW under ambient conditions was used as an 

excitation source. The scattered light was collected in the backscattering configuration and 

the first-order (1000-2000 cm-1). Raman spectra were recorded at a 2.0 cm-1 resolution. The 

Chlorine 



48 

 

spectra were averaged over three scans to improve the signal-tonoise ratio and the data were 

corrected for the spectral response of the instrument. 

Raman spectroscopy is a spectroscopic technique that can be used to observe, rotational, 

vibrational and other low-frequency modes in a system [269]. The technique is based on 

inelastic scattering of monochromatic light, generally from a laser in the visible, near infrared 

range, or near ultraviolet range. The interaction of the laser light with molecular vibration, 

phonons or other excitation in the system results in the Raman shifted photon. This Raman 

shifted photon could either be higher or lower in energy; it however depends upon the 

vibrational state of the molecule under study. The shift in wavelength of the inelastically 

scattered radiation provides the chemical and structural information [270]. Typically, a 

sample is illuminated with a laser beam and this produces a light spot that is collected with a 

lens and made to pass through a monochromator. Wavelengths nearer to the laser line owing 

to elastic Rayleigh scattering are filtered out while the rest of the collected light is dispersed 

onto detector. Theoretically, when light impinges upon a molecule and interacts with the 

electron cloud and the bond of the molecule, a spontaneous raman effect will occur inform of 

lights scattering and the molecule is then excited by a photon from the ground state to a 

virtual energy state. At this stage, the molecule relaxes and emits a photon in return to a 

different rotational or vibrational state. The energy difference between the states leads to a 

shift in the emitted photon’s frequency away from the excitation wavelength.  

However, Raman Effect is a light scattering phenomenon where excitation of molecule is to a 

virtual energy level not absorption as with fluorescence where excitation is to a discrete 

energy level. The emitted photon’s shift actually depends on the energy of the vibrational 

state as regards the molecule under study as earlier mentioned. The photon will shift to a 

lower frequency if the final vibration state of the molecule is more energetic than the initial 

state, creating a balance in energy of the system. This shift in frequency is designated as a 



49 

 

strokes shift, and anti-strokes, if it is reversed. The observed raman shift of the stokes and 

anti-stokes features are a direct measure of the vibrational energies of the molecule [269]. 

However, during Raman Effect, about 99.999% of all incident photons in spontaneous 

Raman undergo elastic Rayleigh scattering while only 0.001% of the incident light produces 

inelastic raman signal, rendering the spontaneous raman scattering very weak. As such, 

measures are made by introducing the use of instruments such as tunable filters, laser stop 

aperture and double or triple spectrometric systems so as to reduce Rayleigh scattering and 

produce a high-quality and Raman spectral [268]. 

Raman shifts are typically in wavenumbers with a unit of inverse length. To convert between 

spectral wavelength and wavenumbers of shift in the Raman spectrum, then expression in 

equation 3.1 [271] can be used.  

∆𝑊 = ( 
1

𝜆𝑜
−  

1

𝜆1
) (3.1) 

Where ΔW is the raman shift expressed in wavenumber, λ0 is the excitation wavelength and 

λ1 is the raman spectrum wavelength. The unit commonly use for expressing wavenumber in 

raman spectra is the inverse of centimetre (cm-1), and wavelength is often expressed as 

nanometre, therefore, the equation can be scaled for unit conversion, thus, [271]. 

∆𝑊 (𝑐𝑚−1  ) = (
1

𝜆𝑜(𝑛𝑚)
−

−1

𝜆1(𝑛𝑚) 
) ×

( 107 𝑛𝑚)

(𝑐𝑚)
 (3.2) 

2.12.2 Fourier transform infrared spectroscopy (FT-IR)  

The chemical structure of the metal oxides and nanocomposites used in this work were 

identified by FT-IR (Perkin Elmer 16PC, Perkin Elmer, Inc., Boston Massachusetts) with 16 

scans per sample at a resolution of 4 cm-1. The sample was scanned in the range of 4400 to 

350 cm-1.  Infrared spectroscopy is an important technique that provides easy way to identify 

the presence of certain functional groups in a molecule. Also, the unique collection of 
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absorption bands can be used to confirm the identity of a pure compound or to sense the 

presence of specific impurities [272]. In infrared spectroscopy, IR radiation is passed through 

a sample where some of the radiation is absorbed by the sample and some of it is passed 

through (transmittance). The resulting spectrum represents the molecular absorption and 

transmission, producing a molecular fingerprint of the sample. Similar to a fingerprint, two 

unique molecular structures cannot produce the same infrared spectrum. As a result, infrared 

spectroscopy can result in a positive identification (qualitative analysis) of every diverse kind 

of material. Additionally, the size of the peaks in the spectrum is a direct indication of the 

amount of material present. This makes infrared spectroscopy a useful technique for several 

types of analysis in terms of identifying an unknown materials, determining the quality or 

consistency of a sample and the amount of component in a mixture [273]. 

2.12.3 UV-visible spectroscopy 

UV-vis is a spectroscopic technique that involves the spectroscopy of photons in the 

UVvisible region. It uses light in the visible and adjacent (ultraviolet) and near infrared. In 

UV-visible spectroscopy, the colour of a material and current can be monitored at the same 

time. The colour monitored is the wavelength at which the maximum of the absorption band 

occurs, λmax, together with the absorbance at each of these wavelengths. The absorption 

spectrum tells us the nature of the material generated. It is a major technique that is used in 

the quantitative determination of solutions of transition metal ions and highly conjugated 

compounds. For example, if a material absorbs UV-visible light, then we can monitor its 

concentration using Beer-Lambert relationship; 

A = ε c l (3.3) 

where A is absorbance (determined at fixed wavelength λ), ε is the extinction coefficient 

(cited at the same value of λ), and l is the optical path length. If the magnitude of the 



51 

 

extinction coefficient at λ is known, then the amount of analyte (c) can be quantified simply 

by determining the optical absorbance and inserting the values into equation 3.3. Most of the 

analytical techniques are not particularly useful for telling us what ‘something’ is, but are 

excellent at telling us how much of that ‘something’ is present, or has been formed or has 

been changed. However, UV-visible spectroscopy is one of the best ways of identifying an 

analyte. This is because each specific analyte absorbs energy in the form of photons at 

different wavelengths [274]. Hence, one is able to identify a certain analyte by the application 

of UV-vis spectroscopy. It is a complementary technique to fluorescence spectroscopy in that 

it deals with transitions from the ground state to the excited state while fluorescence 

spectroscopy measures transitions from excited state to the ground state [275].  

2.13 Surface characterization techniques 

2.13.1 Scanning electron microscopy 

Samples were prepared for scanning electron microscopy (SEM) by mounting on the SEM 

stubs using double-sided graphite tape and then sputter coated with gold using a Balzers’ 

union sputtering device [276]. The samples were viewed using a TESCAN Vega TS 5136LM 

typically at 20 kV at a working distance of 20 mm. 

A scanning electron microscope (SEM) is a form of electron microscope used for producing 

images of a sample by scanning it with a beam of electrons in form of raster scan patterns. 

The electrons are made to interact with the atoms of the samples thereby producing signals 

that contain information about the sample’s surface topography as well as its composition 

[277]. Electron beam which possess energy ranging from 0.2 k eV to 40 k eV, is focused by 

one or two condenser lenses to a spot about 0.4 nm to 5 nm in diameter. As the beam of 

electron passes through pairs of scanning coils or pairs of deflector plates in the electron 

column in the final lens, the beam is deflected so that it scans in a rectangular fashion over an 
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area of the sample surface. As the primary beam interacts with the sample, the electrons lose 

energy by repeated random scattering and absorption within a teardrop-shaped volume of the 

specimen known as the interaction volume, which extends from less than 100 nm to around 5 

µm into the surface [278]. The electron’s landing energy, the atomic number of the specimen 

and the specimen’s density are all determining factors of the size of the interaction volume 

[279]. The high-energy electron is as a result of the reflection energy exchange between the 

electron beam and the sample and this can be detected by specialized detectors. The specimen 

absorbs the beam current which can be detected and used to create images. SEM micrograph 

is known to have magnification of a range of up to six orders of magnitude from about 10 to 

500,000 times [280]. 

2.13.2 Transmission electron microscopy (TEM). 

Transmission electron microscopy (TEM) is a microscopic technique whereby a beam of 

electrons is transmitted through an ultra thin specimen, interacting with the specimen as it 

passes through [281]. An image is formed from the interaction of the electrons transmitted 

through the specimen; the image is magnified and focused onto an imaging device, such as a 

fluorescent screen on a layer of photographic film, or to be detected by a sensor such as a 

CCD camera. Transmission electron microscopes are capable of imaging at a significantly 

higher resolution than light microscopes, owing to the small de Broglie wavelength of 

electrons. This enables the instrument's user to examine fine detail-even as small as a single 

column of atoms, which is tens of thousands times smaller than the smallest resolvable object 

in a light microscope. 

TEM is a major analysis method in a range of scientific fields, in both physical and biological 

sciences. TEMs find application in cancer research, virology, materials science as well as 

pollution and semiconductor research.  
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2.13.3 X-ray diffraction (XRD)  

X-ray diffraction scans of samples were obtained using a Bruker X-ray diffractometer 

(Bruker-AXS, Madison, Wisconsin), at 40 kV and 40 mA. WAXD device was equipped with 

a copper target tube, and a graphite crystal monochrometer. X-ray photographs were taken by 

using Ni-filtered CuKα radiation (λ = 1.5418 Å). X-ray diffraction was applied to determine 

the crystal structure. The scan range of 2θ was from 20-90o for each sample. 

X-ray diffraction is a non-destructive analytical technique which can yield the unique 

fingerprint of bragg reflections associated with a crystal structure. It is reflected such that, the 

angle of reflection is equal to the angle of incidence, and this is referred to as diffraction 

which can be described by Bragg’s law [282]. 

2𝑑𝑠𝑖𝑛𝛳 = nλ (3.4)  

At this satisfaction, a constructive interferences of the diffraction X-ray beams occurred and a 

detector scanning picked up the Bragg’s reflection at this angle. It is the position of these 

reflection that give information about the inter-layer spacing of atoms in the crystal structure 

[282]. Therefore, a phenomenon, whereby, x-ray crystallographic method is used to 

determine the atomic and molecular structure of a crystal, in which the crystalline atoms 

caused a beam of x-rays to diffract into many specific directions (term referred to as 

reflection) with a wavelength similar to the distance between the atomic or molecular 

structure of interest, is called X-ray diffraction. As such, two-dimensional images taken at 

different rotations are converted into a three-dimensional model of density of the electrons 

within the crystal while measuring the angle and intensities of the diffraction beam. The 

mean position of the atom in the crystal can be determined, in addition to their chemical 

bonds, theirs disorder and various other information can also be gathered through the electron 

density. However, Poor resolution (fuzziness) or even errors may result if the crystals are too 
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minimal, or not consistent enough in their internal makeup [283]. The following information 

is expected of a very effective and reliable x-ray diffraction pattern:  

1. The ability to measure the average spacing between layers or rows of atoms  

2. It must be able to determine the orientation of a single crystal of grain  

3. The crystal structure of unknown crystal can be found with x-ray diffraction.  

4. Measurements of the size, shape and internal stress of small crystalline regions of a sample 

must be possible [284].  

2.13.4 Energy dispersive X-ray spectroscopy (EDS) 

Energy dispersive X-ray spectroscopy (EDS) is an analytical technique used for the elemental 

analysis of a sample. As a type of spectroscopy, it relies on the investigation of a sample 

through interactions between electromagnetic radiation and matter, analyzing X-rays emitted 

by the matter in response to being hit with charged particles. The characteristic X-rays of an 

element's atomic structure to be identified is unique and can be separated from others [285, 

286].  
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3.1 Materials 

A working Glassy carbon electrode (GCE, 3 mm diameter), Ag/AgCl, sat’d KCl reference 

electrode and a platinum disk counter electrode (99.999%) were purchased from CH 

Instrument Inc., US. The salts of the metals, iron (II) chloride (97%), nickel (II) chloride 

(98%), sodium nitrite (97%), copper (II) nitrate (98-103%), iron (III) chloride hexahydrate 

(99%), zinc nitrate hexahydrate (98%), nickel (II) nitrate hexahydrate (98.5%) also other 

chemicals such as multi-walled carbon nanotube MWCNT (98%), ammonium persulphate 

(98%), lithium perchlorate (95%), phananthrene (98%), lindane (99.8%), serotonin 

hydrochloride (98%), tetrabutylammonium bromide (98%), hydrated potassium hexacyano 

ferrate(II) (98.5-102%), dopamine-hydrochloride (98%), ascorbic acid (99.5%) and nylon 6,6 

were purchased from Sigma-Aldrich. Merck-chemicals is hereby acknowledged for the 

supply of the following chemicals used for these work; Sodium dihydrogen orthophosphate 

di-hydrate (98-100.5%), and di-sodium hydrogen phosphate di-hydrate (98.5-101%), Other 

reagents such as N,N-dimethylformamide (99.8), ethanol (99.8%), acetonitrile (99.8%), 

hydrochloric acid (32%), tetraoxosulphate (IV) acid (95-99%), aniline (99.5%), formic acid 

(85%), ammonia solution (25%), acetone (97%) and methanol (99.9%)   were of analytical 

grade and were obtained from and Merck,  GlassWorld Chemicals and Sigma Aldrich 

respectively. 

3.2 Preparation of Metal Oxides 

3.2.1 Nickel oxide nanoparticle 

In a typical procedure, 291 mg Ni (NO3)2·6 H2O was dissolved in 10 mL water. Then, 

concentrated ammonia solution was added until formation of Ni (OH) 2. The precipitate 

colour was light green. Addition of ammonia solution was continued just to dissolve Ni (OH) 
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2 and form dark blue nickel-ammonia complex with a solution pH of ≈10. This solution was 

then placed near a baker containing 10 mL concentrated sulfuric acid in a closed polyethylene 

container for 48 h at room temperature. A light green powder was so precipitated. The 

product was washed with distilled water and ethanol and dried at 40 °C to obtain the nickel 

oxide nanostructure [287].  

3.2.2 Zinc oxide nanoparticle 

The production unit of ZnO nanostructures consists basically of a jacketed three-neck glass 

flask and of a magnetic stirrer with temperature control. In the three-neck glass flask, NaOH 

was dissolved in deionized water to a concentration of 1.0 M and the resulting solution was 

heated, under constant stirring, to the temperature of 70°C. After achieving this temperature, 

solution of 0.5 M Zn (NO3)2.6H2O was added slowly (dripped for 60 minutes) into the three-

neck glass flask containing the NaOH aqueous solution under continual stirring. In this 

procedure the reaction temperature was constantly maintained in 70°C. 

The suspension formed with the dropping of 0.5 M Zn (NO3)2.6H2O solution to the alkaline 

aqueous solution was kept stirred for 2h in the temperature of 70°C. The material formed was 

filtered and washed several times with deionized water. The washed sample was dried at 

65°C in oven for several hours [288].  

3.2.3 Iron (III) oxide nanoparticle 

About 30 mL of 2 mol dm-3 FeCl3 stock solutions, 20 mL of 1 mol dm-3 Na2SO3 stock 

solution, and 50.8 mL of concentrated ammonia diluted to a total volume of 800 L were used. 

Just after the mixing of FeCl3 and Na2SO3, the color of the solution in the smaller beaker 

could be seen to change from light yellow to red, indicating formation of complex ions. This 

solution was poured quickly into the diluted ammonia solution under vigorous stirring when 

the colour changed from red to yellow again. A black precipitate formed. Stirring was 

continued for 30 min. After the reaction, the beaker containing the suspension was placed on 
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a permanent magnet. Black powders could be seen to quickly settle on the bottom of the 

beaker. The supernatant was discarded and fresh water was added to the beaker; this 

procedure was repeated several times until most of the ions in the suspension were removed. 

Dry powders were obtained by filtering and drying at room temperature [289].  

 

3.2.4 Synthesis of polyaniline 

Polyaniline nanofibers (PANI) were synthesized according to the procedure reported in 

literature [290]. About 0.298 g aniline was added to 10 mL of 1.0 M HCl aqueous solution. 

0.186 g APS was dissolved in 10 mL of 1.0 M HCl aqueous solution. The initiator solution 

(APS in 1.0 M HCl) was added into the monomer solution (aniline in 1.0 M HCl) all at once. 

The initial ratio of APS/aniline was 1:4. The polymerization reaction was carried out under 

static conditions for 10 min at room temperature. The resulting polyaniline precipitate was 

filtered, washed with de-ionized water several times, and dried at vacuum condition (50 oC) 

for 24 h. 

3.2.5 Treatment of MWCNT 

The pre-treatment of the MWCNT was done by a method decribed as follows [291]: 110 mg 

of MWCNT was oxidized with a mixture of 120mL of H2SO4/ HNO3 (3:1, v/v) Mixture was 

sonicated for 3h at 40o C and cooled to room temperature. The mixture was added dropwise 

to 300mL of cold deionized water. It was afterward filtered and washed with deionized water 

until pH is neutral, then dried at 70oC overnight. 

3.3 Preparation of catalysts 

3.3.1 Preparation of MWCNT-MO catalysts 

About 2 mg of MWCNT was weighed and doped with 2.5 mg of metal oxides NiO 

nanoparticles in 2 mL DMF. The mixture was stirred for 72 h at room temperature. The 
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known volume of the putty formed of the MWCNT-NiO nanocomposites was dried at 25 °C 

for overnight for the solvent to evaporate. 

3.3.2 Preparation of PANI-MO catalysts 

Approximately 2 mg of PANI nanofibers was weighed and 2.5 mg of metal oxides MO 

nanoparticles were mixed together in 2 mL DMF. The mixture was stirred for 72 h at room 

temperature. The PANI-MO nanocomposite was dried at 25 °C for the solvent to evaporate. 

The obtained PANI based nanocomposites were PANI-NiO, PANI-ZnO, and PANI-Fe3O4. 

3.3.3 Preparation of Nylon 6,6/MWCNT/MO catalysts 

10 wt % nylon 6,6 was dissolved in the formic acid at room temperature, and clear solution 

was obtained by stirring for 3 h.  

About 2.5mg of metal oxides Fe3O4 and ZnO nanoparticles  were added respectively into the 

10 % (w/v) nylon 6,6  in formic acid. The resulting nylon 6,6/MO solutions were stirred for 5 

h and sonicated for 1 h at the ambient conditions to obtain homogeneous solutions. Each 

resulting solution was loaded to a syringe fitted with a metallic needle. The electrospinning 

setup consisted of a high voltage supply and an aluminum collecting plate. The flow rate of 

the polymer solution was controlled using a programmable syringe pump (Model NE-1010, 

New Era Pump Systems Inc. USA). The solution was electrospun at a positive voltage of 20 

kV, the tip-to-collector distance was 10 cm and the flow rate was 0.2 mL/h. All procedures 

were carried out at room temperature. The schematic diagram of the electrospinning set-up 

used in this work is shown in Figure 2.2. The nanofibers of Nylon 6,6/Fe3O4 and Nylon 

6,6/ZnO are respectively functionalized with MWCNT in formic acid by  sonicating for 

several hours to yield Nylon 6,6/MWCNT/Fe3O4 and Nylon 6,6/MWCNT/ZnO 

nanocomposites. 
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3.3.4 Preparation of analytes solutions 

The analytes used in this study were grouped as biological and environmental. The biological 

analytes used are the neurotransmitters (i.e dopamine and serotonin), while the environmental 

analytes further classified are respectively the polyaromatic compound (PAHs), i.e. 

phenanthrene and the organochlorine pesticides (OCP) i.e lindane. 

(a) 1 mM of dopamine was prepared in 0.1 M PBS at pH 7, by weighing dopamine 

hydrochloride in 50 mL 0.1 M PBS. 

(b) 1 mM of serotonin was prepared in 0.1 M PBS at pH 7, by weighing serotonin 

hydrochloride in 50 mL 0.1 M PBS. 

(c) Phenanthrene stock solution of 3 x 10 -6 M was prepared by dissolving in 100 cm3 of 

acetonitrile to attain solubility and later made up to 500 cm3 with distilled water.  10 mL 

solution of acetonitrile (acetonitrile: water = 80:20) containing 0.1 M LiClO4 was used as the 

working electrolyte.  

(d) 500 mM of lindane stock solution was also prepared by dissolving 0.0072 g of lindane 

in 50 mL of 60:40 methanol/water containing 0.05 M TBAB. 

3.3.5 Preparation of the dopamine hydrochloride injection solution 

A 2 mL of the drug (dopamine hydrochloride injection- Dopamine HCl-Fresenius®) sample 

was diluted to 100 mL with distilled de-ionised water. About 2 mL of the diluted solution 

was pipette into five 50 mL volumetric flask and all except one were spiked with different 

concentration of standard dopamine solution, and made to volume with phosphate buffer pH 

7.0. The concentration of each test aliquot solution was determined using square wave 

voltammetry. Four different injections from the same batch were analysed using the same 

procedure. The experiment was repeated 3 times for each sample. 
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3.4 Electrode Pre-treatment and Modification 

3.4.1 Electrode pre-treatment  

Electrodes were prepared using the following procedures. The GCE surface was cleaned by 

gentle polishing in aqueous slurry of alumina oxide nanopowder on a SiC-emery paper and 

then to a mirror finish on a Buehler felt pad. The electrode was then subjected to ultrasonic 

vibration in ethanol to remove residual alumina particles that might be trapped at the surface.  

 

3.4.2 Electrode modification 

3.4.2.1 Drop-dry / electrodeposition method 

About 20 L drop of the nanocomposites of MWCNT, MO, PANI, Nylon 6,6, and Nylon 

6,6/MWCNT solution were droped on the bare glassy carbon electrode respectively and dried 

in an oven at 50 oC for 5 min [292, 293]. The modified electrodes obtained are denoted as 

GCE-MWCNT-MO, GCE-PANI-MO and Nylon 6,6/MWCNT/MO (where MO = NiO, ZnO 

and Fe3O4).  

3.4.3 Electrochemical Studies 

The unmodified GC and modified GC electrodes were characterized by cyclic voltammetry 

and electrochemical impedance spectroscopy (EIS). For the CV characterization, the 

electrodes were examined by cyclic voltammetry using 5 mM potassium ferricyanide solution 

prepared in 0.1 M PBS at pH 7 (by evaluating the oxidation peak current and peak potential). 

The voltammograms were performed between −0.2 V and 1.2 V at 25 mV/s. The electrodes 

were electrochemically pre-treated by cycling the potential scan between −0.2 V and 1.2 V in 

1 mM potassium ferricyanide solution at the scan rate of 25 mV/s to 1000 mV/s. While the 

EIS was conducted for the electrodes in 0.1 mol/L PBS at pH 7 containing 5 mM Fe(CN)6 

3−/4−; the potential was set at 0.2 V in the frequency range from 10 kHz to 1Hz.  
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3.4.3.1 Electron Transport Experimental Procedure 

The electron transport (ET) of the redox-active nanomaterials (MWCNTs, PANl and Nylon 

6,6/MWCNT),  MO (ZnO, Fe3O4 and NiO) and MWCNT/MO, PANI/MO and Nylon 

6,6/MWCNT/MO nanocomposites were interrogated in a solution containing an outer-sphere 

redox probe 5 mM [Fe(CN)6]
3−/[Fe(CN)6]

4− using cyclic voltammetry (CV) and 

electrochemical impedance spectroscopy (EIS). This usually represents a preliminary 

experiment conducted to establishing the successful modification and the electrical properties 

of the redox active nano materials on the modified electrodes. Bare and modified GCE 

electrodes were used as the working electrodes. Ag|AgCl, sat’d KCl and platinum electrodes 

were employed as reference and counter electrodes respectively. From the voltammogram 

obtained, the following electrochemical parameters were determined for the electrodes:  

E1/2 = Formal potential 

∆E = Change in potential 

Ep = Peak potential 

Ip= Peak current 

Ic = Catalytic current 

Ip/Ic = Ratio of peak current to catalytic current 

These parameters are envisaged to give insight into the electron transport properties of the 

respective fabricated sensors. The EIS experiment was conducted by running the bare and the 

modified GCE electrodes in [Fe(CN)6]
3−/[Fe(CN)6]

4− solution ( E1/2 0.2 vs. Ag|AgCl in sat’d 

KCl) between 10 mHz and 1 kHz using a 5 mV rms sinusoidal modulation. The data points 

generated were fitted with a particular equivalent circuit and the charge transfer resistant 

(Rct) which controls the electron transfer kinetics of the redox probe at the electrode interface 

will be determined from the EIS fitting.  
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3.4.4 Electrocatalytic and Electroanalysis Experiment  

3.4.4.1 Electrocatalytic procedure 

Experiments for electrocatalytic oxidation of the analytes (e.g. dopamine, serotonin, 

phenanthrene, and lindane,) were carried out using nitrogen purged supporting electrolytes. 

Cyclic voltammetry (CV) and electrochemical impedance (EIS) experiments were conducted 

to investigate the electrocatalytic behaviour of the electrodes towards the analyte. For CV, the 

experiment will be carried out at scan rate of 25 mVs-1 and within the oxidation potential 

window at which maximum oxidation of the analyte is visible. A comparative study of the 

electrocatalytic behaviour of the modified electrodes towards the analyte was investigated. 

From CVs experiment, electrochemical parameters such as peak current (Ip), peak potential 

(Ep), ∆E and formal potential (E1/2) were measured. In addition, square wave voltammetry 

(SWV) and differential pulse voltammetry (DPV) was carried out for the analytes to monitor 

their kinetic at the electrode, and to monitor the interfering effect of ascorbic acid (AA) on 

dopamine (DA) and serotonin at the best modified electrodes. In every case of measurement, 

the bare or modified electrode is the working electrode while Ag|AgCl, sat’d KCl and 

platinum electrodes are the reference and counter electrodes respectively. EIS experiment 

was done by fixing the peak potential (Ep) at which the analyte was best catalyzed (vs 

Ag|AgCl, sat’d KCl) or its half potential (E1/2) especially for a reversible electrocatalytic 

process. 

3.4.4.2 Electroanalysis procedure 

The effect of scan rate (25 to 1000 mVs-1) on the electrode kinetics during analyte oxidation 

was investigated using the best electrode from the electrocatalytic experiment. Several kinetic 

parameters such as Ep, Ip, and the peak-to-peak separation (ΔEp) were obtained. The plot of 
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the anodic (Ipa) peak current against square root of scan rate (1/2) which is an indication of 

diffusion-controlled reaction, was investigated.  

As part of the analysis experiment, concentration study on each analyte was carried out using 

square wave voltammetry or differential pulse voltammetry experiment. Analysis of the 

analytes was carried out at their respective peak potential of catalysis. Different aliquots of 

the stock analyte solution (corresponding to different concentrations) were injected into 50 or 

100 mL of supporting electrolyte solution and the mixture stirred thoroughly for 5 min. The 

modified electrode was run in both the supporting electrolytes and the analyte solutions. 

From the plot of peak current response Ip versus different analyte concentration [analyte], 

sensitivity and the limit of detection (LoD =3.3 s/m [294] where s is the relative standard 

deviation of the intercept and m, the slope of the linear current versus the concentration of 

analyte) were estimated. 
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4.1 METAL OXIDE NANOPARTICLES / MULTI-WALLED CARBON 

NANOTUBE NANOCOMPOSITE MODIFIED ELECTRODE FOR THE 

DETECTION OF DOPAMINE  

There is significant interest in developing electrochemical techniques for determination of 

neurotransmitters such as dopamine (DA). DA is ever-present neurotransmitter in 

mammalian brain tissues that plays an important physiological role in the functioning of 

central nervous, renal, hormonal and cardiovascular systems as an extra cellular chemical 

messenger [295, 296]. DA belongs to the family of inhibitory neurotransmitters; its function 

is to regulate neural interactions by reducing the permeability of gap junctions between 

adjacent neurons of the same type. In addition, neuro degeneration of DA-containing neurons 

contributes to late-onset neurological diseases, including Parkinson’s and Alzheimer’s 

diseases, and possibly to normal ageing of the brain [297].  Besides, numerous reports have 

shown its coexistence in biological systems [298, 299]. Therefore, investigation of 

neurological behavior and also simultaneous determination of DA is of great importance for 

the elucidation of its precise physiological functions.  

 

4.1.1 Characterization of the electrodes 

4.1.1.1 Morphological characterization  

The surface morphology of the material was examined with SEM and transmission electron 

microscope (TEM).  

The TEM images for the nanocomposites as shown in Figure 4.1a (i-iv)  The MWCNT 

showed disperse spiral tubes (Figure 4.1 a (i)), whilt the TEM images of the metal oxide 

nanoparticles were porous, crystalline and somewhat aggregated, possibly due to strong 

electrostatic interactions between the oxide molecules. TEM image of ZnO nanoparticles 

(Figure 4, 1 a (iv)) shows dark layers of several nanoparticles on top of one another and they 

have either spherical or rod-like structure. The average diameter of MWCNT nanoparticles is 
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about 8–11 nm. The relatively mono disperse Fe3O4 particles have an average diameter of 10 

nm. The sizes of ZnO NP were 50 ± 15 nm.  

  

  

 

 

Figure 4.1a: Typical TEM images of (i) MWCNT (ii) NiO (iii) Fe3O4 and (iv) ZnO 

nanoparticles.  

 

ii i 

iv iii 
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Figure 4.1b: Typical SEM images of (i) MWCNT (ii) NiO (iii) Fe3O4 and (iv) ZnO 

nanoparticles. 
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Figure 4.1c: The typical SEM images of (i) MWCNT-NiO (ii) MWCNT-ZnO and (iii) 

MWCNT-Fe3O4 nanocomposites.  

 

Samples were prepared for scanning electron microscopy (SEM) by mounting on the SEM 

stubs using double-sided graphite tape and then sputter coated with gold using a Balzers’ 

union sputtering device. The samples were viewed using a TESCAN Vega TS 5136LM 

typically at 20 kV at a working distance of 20 mm. The SEM images of MWCNT and the 

synthesised metal oxide nanoparticles were represented in Figure 4.1b (i-iv). Figure 4.4.1b (i) 

show the SEM image for the carbon nanotube materials, showing the appearance of loose 

curly CNTs together with some amorphous-like particles. These nanotubes seemingly have a 

broad length distribution. The nanotube diameters range from 20 to 60 nm. The SEM image 

Figure 4.1b (ii) indicates the formation of a flower-like conglomerate structures nickel oxide 

nanoparticles. Figure 4.1b (iii) shows aggregated ZnO microstructures. It can be clearly seen 

that the flower is made of taper shape rods that are 400 - 500 nm long and 100 - 150 nm 

thick. The Fe3O4 particle (Figure 4.1b (iv)) showed an aggregated film probably due to the 

method of preparation. The average sizes of Fe3O4 nanoparticles are estimated to be 40-100 

nm. Figure 4.1c show the SEM images of MWCNT doped with NiO, ZnO and Fe3O4 oxide 
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nanoparticles respectively. There was also a change in morphology of the MWCNT after 

been doped with synthesized nickel, zinc and iron oxide nanoparticles. The SEM image 

Figure 4.1ci indicates the formation of flower-like hierarchical structure MWCNT-nickel 

oxide nanocomposites and nanofibers like structure was observed in the case of MWCNT-

Fe3O4. 

4.1.1.2 Ultraviolet-Visible Spectroscopy 

The optical absorption spectrum of nickel oxide nanoparticle is shown in Figure 4. 2. It can 

be seen that the strongest absorption peak of the NiO sample appears at around 330 nm, 

which is closer to 355 and 320 nm reported for NiO nanoparticles [300, 301]. The different in 

absorption bands can be attributed to the different methods of preparation of the 

nanoparticles. The absorption bands at 330 nm for the NiO shifted to lower absorption band 

at around 280 nm in the presence of MWCNT suggesting the successful formation of 

MWCNT-NiO nanocomposite.  

The Uv-vis absorption spectrum of ZnO sample shows excitonic peak with absorbance 

intensity at wavelength of 280 nm. Another absorption peak observed at around 350 nm is 

characteristic of ZnO nanoparticles [302]. For ZnO of wide band Gap of 3.37 eV, an 

absorption peak is expected at ~358 nm [303]. In the MWCNT-ZnO nanocomposite, aside 

the ZnO absorption bands at 350 nm two new absorption bands emerged at around 530 and 

650 nm respectively and a reduction in the ZnO band intensity also confirming successful 

transformation of ZnO to MWCNT-ZnO nanocomposite. The Uv-vis absorption spectrum of 

Fe3O4 sample shows broad absorption peak ranging from 350 to 400 nm and was suggested 

to originate primarily from the absorption and scattering of light by magnetic nanoparticles. 

This observed absorption peak is in accordance with the literatures [304]. The high 

absorption band at 385 nm could indicate the formation of a least agglomerated nanosize 
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particle which was observed at 410 nm in a related study [305]. However, in the MWCNT-

Fe3O4 nanocomposite, a shift in the absorption band of Fe3O4 at 350 nm to 280 nm, plus 

reduction in the Fe3O4 band intensity further confirm the transformation of Fe3O4 to 

MWCNT-Fe3O4 nanocomposite. From the results, it can be observed that the UV absorption 

ability of MWCNT-MO nanocomposite decreased as demonstrated by reduction in the band 

intensity of the MO nanoparticles after incorporated into MWCNT. This behaviour has been 

described previously by authors as the characteristic of the adsorption of the assembled CNTs 

[306]. It can also be attributed to the smooth and pure nature of the MWCNTs, with the 

absence of other light absorbing groups that may lead to an increased absorption band. 

4.1.1.3 Raman spectroscopy  

Figure 4.3a shows the Raman spectra of MWCNT and the metal oxide nanoparticles 

synthesized in this study. The Raman spectra of MWCNTs showed two charateristics sharp 

peaks at 1600 and 1380 cm-1 respectively. The sharp band at 1600 cm-1 (G band) is attributed 

to the in-plane vibration of the C–C bond [307], while the band at 1380 cm–1 (D band) is 

attributed to activation by the presence of disorder in carbon systems [308]. The Raman 

spectrum of NiO nanoparticles exhibited a strong, broad peak at 550 to 600 cm-1 which is due 

to the NiO stretching mode, also reported at 518 cm−1 for NiO in another study [309]. The 

Raman spectrum of Fe3O4   showed a strong band at 667 cm-1 which is characteristic of Fe3O4 

nanoparticles [310]. The Raman spectrum of ZnO nanoparticles showed ZnO stretching 

modes at 442, 571 and 1103 cm-1 characteristic of ZnO nanoparticles [311]. 

There was a successful incorporation of the metal oxide nanoparticles into MWCNT which is 

confirmed by  the first-order transverse optical (TO, ~ 340 cm−1), longitudinal optical (LO, ~ 

670 cm−1), and two two-photon (2TO at 877 cm−1 , 2LO at 1086 cm−1) peaks belonging to 

NiO and ZnO nanoparticles, while  the first-order transverse optical (TO, 301 cm−1), 



72 

 

longitudinal optical (LO, 491 cm−1) [309, 311], and two two-photon (2TO at 808 cm−1 , 2LO 

at 1014 cm−1) peaks belonging to Fe3O4 nanoparticles [310].  
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Figure 4.2:  The UV-vis spectra of MWCNT, MO metal oxide nanoparticles, and MWCNT-

MO nanocomposites. 
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Figure 4.3a: The Raman Spectra of MWCNT, MO metal oxide nanoparticles, and MWCNT-

MO nanocomposites. 
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4.1.1.4 Fourier Transform Infra-red spectroscopy 

The FTIR spectra showed several significant absorption peaks Figure 4.3b. The broad 

absorption band in the region of 500–600 cm−1 is assigned to Ni–O, Zn-O and Fe-O 

stretching vibration mode; the broadness of the absorption band indicates that the metal oxide 

powders are nanocrystals [312]. The weak band near 1635 cm−1 is assigned to H–O–H 

bending vibrations mode due to the adsorption of water in air during FTIR sample 

preparation. These observations provided the evidence to the effect of hydration in the 

structure. The serrated absorption bands in the region of 1000 – 1500 cm−1 are assigned to the 

O–C=O symmetric and asymmetric stretching vibrations and the C–O stretching vibration, 

but the intensity of the band has weakened, which indicated that the ultrafine powers tend to 

strong physically adsorbed H2O and CO2 [313]. There are distinct absorption peaks at 1582, 

2920, 2850 and 3446 cm−1. The spectra show a band around 3446 cm−1 which can be 

attributed to the hydroxyl group (νOH) of adsorbed water molecules. The band between 1582 

– 1653 cm−1 can be attributed to vibration mode of C=C bonds of graphite in MWCNTs, 

while bands around 2920 and 2850 cm−1 are due to asymmetric and symmetric C–H 

stretching in the MWCNTs. In the  MWCNT-MO spectra, upon modification of the MO 

nanoparticles with MWCNT, the peaks around 500 - 600 cm−1 becomes more pronounced 

due to drastic reduction in the intensities of the MO peaks indicating that the MO have now 

been transformed to MWCNT-MO. There are also evidences of new peaks around 1200 – 

1600 cm−1 in the MWCNT-MO nanocomposite but absent in MO nanoparticles alone. This is 

also an evidence of the successful formation of the MWCNT-MO nanocomposite through 

electrostatic interactions.  
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Figure 4.3b: Comparative FTIR Spectra of MWCNT, MO and MWCNT-MO 

nanocomposites.  
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4.1.1.5 Energy Dispersed X-ray spectroscopy 

EDX spectra in Figure 4.4 show the elemental compositions of the MWCNT (i) and the 

synthesised metal oxide nanoparticles (ii – iv). The MWCNT spectrum is predominantly 

characterised with prominent carbon peak (C = 92.22 %). The prominence of nickel, zinc, 

iron and oxygen peaks in the EDX spectra of Figure 4. 4 (ii) to (iv) confirm the successful 

synthesis of NiO (ii), ZnO (iii), and Fe3O4 (iv) nanoparticles. The elemental components for 

the metal oxides nanoparticles are NiO (Ni = 72.98 %, O = 25.56 %), ZnO (Zn = 87.34 %, O 

= 11.88 %) and Fe3O4 (Fe = 75.58 %, O = 21.70 %). 

EDX spectrum Figure 4.4b gives insights to the elemental compositions of nanocomposite 

formed when the MWCNT was doped with nickel, zinc and iron oxide nanoparticles 

respectively. The atomic Fe and O ratio obtained by the EDX analyses for MWCNT- Fe3O4 

was close to 3:4 which further confirms the presence of Fe3O4 nanoparticles on the MWCNT 

surface. On the other hand the appearance of peaks for nickel, zinc, and oxygen proves the 

successful functionalization of MWCNT with the NiO and ZnO and Fe3O4 nanoparticles and 

prominent peak of carbon further proved successful functionalization of MWCNT with the 

three metal oxides nanoparticles. 

4.1.1.6 X-ray Differaction 

XRD analysis was used to determine the crystalline phase and the purity of the metal oxides 

nanoparticles incorporated into MWCNT. The results revealed that the nanocomposite 

formed were crystalline. Observed peaks diffraction indicated a high phase purity of metal 

oxide nanoparticles and also diffraction peaks at 2Ɵ = 26.3° and 43.2° corresponding to 

reflections of (002) and (100) crystallographic plates of MWCNT. In Figure 4.5, XRD 

analysis of the nanocomposites indicates that MWCNT is decorated with the metal oxides 

nanoparticles. The diffraction lines typical of cubic crystal structures of magnetite are well-

defined in the XRD pattern for MWCNT-Fe3O4 (Figure 4.5c). The formation of MWCNT-
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NiO composites are confirmed by the presence of (002) plane of CNTs and 5 planes of NiO 

in XRD spectra (Figure 4.5a) and the formation of MWCNT-ZnO composites are 

characterized by the diffraction peaks situated at 2 Ɵ =31.8°, 34.5°, 36.2°, 47.5° and 56.7° 

corresponding to (100), (002), (101), (102) and (110) orientation planes of ZnO. 

 

  

   

 

Figure 4.4a: The typical EDX spectra of: (i) MWCNT (ii) NiO (iii) Fe3O4 and (iv) ZnO 

nanoparticles. 

 

(i) (ii) 

(iii) (iv) 
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Figure 4.4b: The typical EDX spectra of: (a) MWCNT (b) MWCNT-NiO (b) MWCNT-ZnO 

and (c) MWCNT-Fe3O4 nanocomposites. 
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Figure 4.5: The typical XRD spectra of: (a) MWCNT-NiO (b) MWCNT-ZnO and (c) 

MWCNT-Fe3O4 nanocomposites. 
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Scheme 4.1: Schematic diagram showing electrode modification procedure and the 

electrocatalytic behavior of the GCE-MWCNT-MO electrodes towards oxidation of 

dopamine. 
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Figure 4.6: Cyclic Voltammograms of Bare GCE in 5mM Fe(CN)6]
4−/[Fe(CN)6]

3− solution 

prepared in 0.1M PBS ( scan rate: 25-1000 mVs-1; inner to outer). 
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4.1.2 Electrochemical characterization of electrodes 

The Schematic diagram showing electrode modification procedure, the electron transport and 

electrocatalytic behaviour of the GCE-MWCNT-MO electrodes towards oxidation of 

dopamine is shown in Scheme 4.1. Scheme 4.1 is the schematic diagram summarising the 

electrochemical response of the GCE-MWCNT-MO electrodes in 5 mM 

Fe(CN)6]
4−/[Fe(CN)6]

3− redox probe prepared in 0.1 M PBS at pH 7.0 and in 0.1 mM DA 

prepared in 0.1 M PBS (pH 7.0). The cyclic voltammograms study (scan rate, 25 – 1000 

mVs-1) of the bare GCE electrode in 0.1 M PBS and 5 mM Fe(CN)6]
4−/[Fe(CN)6]

3− solution 

prepared in 0.1M PBS at pH 7 is presented in Figur 4. 6. The bare GCE did not show any 

peak in PBS (Figure 4.6a) while it showed a pair of redox peaks AA’ in the regions of 0.16 

and 0.24 V (attributed to the Fe(CN) 6]
4−/[Fe (CN) 6]

3- redox process ( E1/2 ≈ 0.2 V and 

ΔEp ≈ 0.1 V) as shown in Figure 4. 6b. 

To evaluate the charge transfer properties of the GCE-MWCNT-MO modified electrodes 

where MO represents NiO, ZnO and Fe3O4 nanoparticles, we performed the cyclic 

voltammetry experiment for the modified electrodes in 5 mM Fe(CN)6]
4−/[Fe(CN)6]

3− in 0.1 

M PBS (scan rate, 25 mVs-1) and the result is presented in Figure 4.7. Two pairs of redox 

peaks were observed for the NiO modified electrodes (Figure 4.7a). The first redox peaks 

AA’ ranging from the regions of 0.0 to 400 mV is attributed to the Fe(CN)6]
4−/[Fe(CN)6]

3- 

redox process. Similar redox peaks was observed in Figures. 4.7b and 4.7c. Another pair of 

redox peaks BB’ in the regions of 543 and 491 mV is attributed to Ni(II)/Ni(III) redox 

process. Second redox peaks BB’ around 879 mV attributed to Zn(II)/Zn(III) redox process 

was observed on the ZnO modified electrodes (Figure 4.7c). There is no observable peaks 

corresponding to Fe(II)/Fe(III) redox process on the Fe3O4 modified electrodes probably 

because of the faster electron transfer at the electrode, or overllap between the 

Fe(CN)6]
4−/[Fe(CN)6]

3- peaks and the Fe3O4 redox peaks. Generally, the GCE-MWCNT-NiO, 
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GCE-MWCNT-ZnO and GCE-MWCNT- Fe3O4 electrodes gave higher current response 

compared with bare GCE, GCE-MWCNT and GCE-MO (MO = NiO, ZnO, Fe3O4) modified 

electrodes electrodes. Thus, the GCE-MWCNT-MO electrodes have demonstrated faster 

charge transport behaviour in this study.  

 

The synergy between MWCNT and MO nanoparticles in enhancing the electron transport 

process obtained at the GCE modified electrodes cannot be overemphasised. The conductive 

nature of the MO nanopartilses and the MWCNTs due to its facile electronic nature, plus the 

ionic interaction between the MO nanoparticles and MWCNTs are some of the factors 

responsible for this significant electron transport at the GCE-MWCNT-MO modified 

electrodes. Similarly, the large surface area created by the porous MWCNT on the electrode 

for free flow of electrolytes and charges between the base electrode and the electroactive 

species at the electrode surface is also another important factor for the great feat at the GCE-

MWCNT-MO electrode. Similar results have been reported for modified electrodes in 

literature [314-317]. The peak-to-peak potential separation (ΔEp) for the three GCE-

MWCNT-MO electrodes is ⩾100 mV, which is greater than the theoretical 59.8 mV expected 

for a fast one-electron transport. Also, the ratios of the anodic to the cathodic peak current 

response (Ipa/Ipc) for GCE-MWCNT-NiO electrode is pproximately unity, indicative of 

reversible electrochemical process, while that of GCE-MWCNT-ZnO and GCE-MWCNT-

Fe3O4 are less than unity suggesting a quasi-reversible electron transfer process at these 

electrodes.  

Using the Randles-Sevcik equation, 𝐼𝑝  =  2.69 × 105𝑛
3
2

  𝐴𝐷
1
2

    𝜐
1
2

   𝐶𝑜 
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Figure 4.7: Cyclic Voltammograms of (1) GCE-MWCNT-MO, (2) GCE-MWCNT, (3) 

GCE- MO and (4) GCE in 5mM Fe(CN)6]
4−/[Fe(CN)6]

3− solution prepared in 0.1M PBS at 

scan rate 25 mVs-1. (MO: (a) NiO, (b) Fe3O4, and (c) ZnO nanoparticles.  
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where n is the number of electron transfer,  is the electron transfer coefficient, A is the 

electroactive surface area, C is bulk concentration (5 mM) of Fe(CN)6]
4−/[Fe(CN)6]

3− and D is 

the diffusion coefficient. The electroactive surface area for the electrodes GCE-MWCNT-

NiO, GCE-MWCNT-ZnO and GCE-MWCNT-Fe3O4 were calculated to be 1.18, 1.50   and 

0.5 cm2 respectively. Therefore, the anodic current response (in current density) of each 

electrode in Fe(CN)6]
4−/[Fe(CN)6]

3− redox probe follows the order: GCE-MWCNT-Fe3O4 

(1800 µAcm-2) ˃ GCE-MWCNT-ZnO (366.7 µAcm-2)  ˃ GCE-MWCNT-NiO (211.9 µAcm-

2). Therefore, GCE-MWCNT-Fe3O4 has demonstrated the best electron transport properties 

with current density approximately 5 and 9 times current produced at GCE-MWCNT-ZnO 

and GCE-MWCNT-NiO electrodes respectively. This could be attributed to the presence of 

four (4) oxygen atoms with lone pair of electrons in Fe3O4 thereby contributing to the net 

electron cloud and electron transport process at the GCE-MWCNT-Fe3O4 electrode as 

compared with NiO and ZnO modified electrodes with one oxygen atom each. 

The scan rate study (scan rate, 25 – 1000 mVs-1) of the GCE-MWCNT-MO electrode was 

carried out in 5 mM Fe(CN)6]
4−/[Fe(CN)6]

3− solution prepared in 0.1M PBS (pH 7) using 

cyclic voltammetry experiment. Both anodic current (Ipa) and cathodic current (Ipc) increase 

with increase in scan rates (25 to 1000 mVs−1) (Figure 4.8).  

 

The plot of the anodic peak currents (Ipa) varies linearly with square root of scan rate and the 

regression equation for the different electrodes is given below.   

9931.0;103108)( 252
1

4   rxxAI p  (GCE-MWCNT-NiO) 

9671.0;105101.2)( 242
1

3   rxxAI p  (GCE-MWCNT- ZnO) 

9980.0;106102.5)( 242
1

3   rxxAI p  (GCE-MWCNT- Fe3O4). 
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The apparent charge transfer rate constant (ks) and the charge transfer coefficient () of a 

surface-confined redox couple can be evaluated from the cyclic voltammetric experiments by 

using the variation of anodic and cathodic peak potentials with logarithm of scan rate. The 

Epa shifted to more positive values with increasing the scan rate (v). The transfer coefficient 

(i.e. α) and the number of electrons involved in the rate-determining step can be evaluated. 

Based on the slope of Epa versus log (v), (1-α)nα was calculated to be 0.74, 0.34 and 0.33 for 

electrodes GCE-MWCNT-NiO, GCE-MWCNT-ZnO and GCE-MWCNT-Fe3O4 respectively.  

The values of ks were evaluated to be 0.12, 0.17 and 0.15 cms-1 for electrodes GCE-

MWCNT-NiO, GCE-MWCNT-ZnO and GCE-MWCNT-Fe3O4   respectively using equation 

(4.1). 

log ks =  log (1-) + (1-) log  - log (RT/nFn) - (1-) nFE/2.3RT (4.1) 

Furthermore, from the slope of the linear plot of I vs. v, the surface concentration of the 

electroactive species (Γ) can be estimated according to equation 2.4 in chapter 2.where (Γ) is 

the surface coverage, A is the electrode surface area, F is the Faraday constant. The 

calculated surface coverage was 5.9, 6.7 and 2.2 nmol/cm2 for GCE-MWCNT-NiO, GCE-

MWCNT-ZnO and GCE-MWCNT-Fe3O4 respectively. It should be pointed out that the 

calculated surface coverage is an efficient attribute (per cross section of the electrode) and 

does not reflect the actual amount of MWCNT-MO per area of exposed glassy carbon. 

4.1.2.1 Electrochemical impedance spectroscopic (EIS) studies  

 

EIS is a complex electrochemical process that gives insightful information about reaction at 

the electrode-electrolyte interface. The result obtained is presented in Nyquist plot, which 

includes a semi-circular portion corresponding to the electron-transfer-limited process and a 

linear part resulting from the diffusion process [318]. The diameter of the semicircle 



86 

 

corresponds to the electron transfer resistance (Rct) of the redox probe at the electrode 

interface. A smaller Rct value implies that the probe has a higher interfacial electron transfer 

rate. 
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Figure 4.8: Cyclic Voltammograms obtained for (a) GCE-MWCNT-NiO, (b) GCE-

MWCNT-ZnO and (c) GCE-MWCNT-Fe3O4 in 5 mM Fe(CN)6]
4−/[Fe(CN)6]

3− solution 

prepared in 0.1 M PBS ( scan rate: 25-1000 mVs-1; inner to outer). 
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The Nyquist plots obtained from the impedance experiment (at fixed potential of 0.2 V vs 

Ag/AgCl, sat’d KCl) and between 10 KHz and 1 Hz are presented in Figure 4.9a-c, while the 

circuit model used in the fitting of the impedance data is represented in Figure 4. 8d (i and ii). 

Where circuit 4.9di represent the EIS data fitting for bare GCE and 4.9dii represent that of the 

NiO, ZnO, Fe3O4, MWCNT, MWCNT-NiO, MWCNT-ZnO and MWCNT-Fe3O4 modified 

GCE electrodes. In this circuit model, Rs is the solution resistance, Cdl represents the double 

layer capacitance, Q or CPE is the constant phase element, and Rct is the charge transfer 

resistance. The values obtained from the fitting of the raw impedance spectra with this circuit 

are presented in Table 4.1.   

From the Rct values, the electron transport is faster for the GCE–MWCNT–MO electrode 

compared to others. The bare GCE exhibited a larger semicircle with an Rct value of 1.572 

kΩ when compared with MWCNT-ZnO, MWCNT-NiO and MWCNT-Fe3O4 modified GCE 

(38.2, 6.86 and 5.26 Ω) respectively, revealing the fast electron transfer at MWCNT-MO 

modified electrode. The rapid electron transfer at the nanocomposite can be ascribed to the 

excellent conductivity of MWCNT, which acts as a good electron conducting wire between  

MO and the electrode surface. The n values are less than the ideal 1.0 expected from an ideal 

capacitive behaviour, thus suggesting pseudo-capacitive properties for these electrodes.  
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Figure 4.9: Typical Nyquist plots obtained for the electrodes in 5 mM 

[Fe(CN)6]
4−/[Fe(CN)6]

3− solution (PBS pH 7.0) at a fixed potential of 0.2 V (vs. Ag|AgCl, 

saturated KCl). The data points are experimental while the solid lines in the spectra represent 

non-linear squares fits. (Figure 4.9 di and dii) represent the circuit used in the fitting of the 

EIS data for bare GCE and GCE-MWCNT, GCE-MWCNT-MO, and MO respectively. 
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Table 4.4.1. Impedance data obtained for the bare GCE and the modified electrodes in 5 mM 

Fe(CN)6]
4−/[Fe(CN)6]

3− solution at 0.2 V (vs. Ag|AgCl saturated KCl). All values were 

obtained from the fitted impedance spectra. The values in parentheses are percent errors of 

data fitting. 

Electrodes Electrochemical impedance spectroscopy data 

  R
s
 ()               Q (x 106 nF )                     R

ct
 ( )                 C

dl
 (u F) 

GCE 126.60 (0.04) 8.44 (1.19) 1237.00 (0.44) 2.13 (2.25) 

GCE-NiO 104.60 (1.62) 940.00 (3.95) 442.00 (2.14) 22.63 (2.42) 

GCE-ZnO 70.80 (1.10) 3200.00 (1.38) 38.20 (3.34) 83.30 (4.94) 

GCE-Fe
3
O

4
 55.80 (8.93) 334.00

 
(9.50) 1915.00 (4.37) 10.61 (3.84) 

GCE-MWCNT-NiO 66.60 (2.17) 1410.00 (4.05) 6.86 (23.39) 10.90 (3.81) 

GCE-MWCNT-ZnO 53.90 (1.39) 5800.00
 
(1.89) 5.33 (13.23) 4.06 (30.17) 

GCE-MWCNT-Fe
3
O

4
 60.30 (0.59) 8270.00 (1.99) 5.26 (8.75) 18.12 (17.60) 

GCE-MWCNT 85.30 (0.59) 7770.00 (5.94) 73.10 (7.551) 1.73 (7.71) 

 

4.1.3 Electrooxidation of DA at the surface of the Electrodes 

Figure 4.10, shows the electrochemical response of dopamine at bare GCE, GCE-MWCNT, 

GCE-MO and GCE-MWCNT-MO electrodes in 0.1M phosphate buffer solution (pH 7.0). 

The CV evolution of electrodes in DA is typical for DA oxidation process where the anodic 

peak corresponds to dopaminoquinone (DA+) (Figure 4.10, scheme 4.2) and the cathodic 

peak corresponds to reduction of dopaminoquinone to leucodopanoquinone [319]. The results 

showed that DA was oxidized with well-defined sharp DA oxidation peak at lower potentials 

and significantly enhanced DA oxidation current at the GCE-MWCNT-MO electrodes 

compared with other electrodes investigated (Figure 4.10).  
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Scheme 4.2: Mechanism of DA oxidation at modified GCE-MWCNT-MO electrodes. 

 

The oxidation peak potentials of DA on the GCE-MWCNT-MO modified electrodes were at 

around 0.20V vs. Ag/AgCl. On the other hand, the indistinguishable and broad peak at a bare 

GCE and GCE-MO electrodes indicate a slow electron transfer kinetic at the electrode. In 

addition, the enhanced DA currents at lower potential at the GCE-MWCNT-MO indicate that 

the modified electrode plays a catalytic effect on the oxidation of DA. The DA oxidation 

current at the GCE-MWCNT-MO electrodes follow the order: GCE-MWCNT-NiO (145 μA) 

˃ GCE-MWCNT-ZnO (76 μA) and GCE-MWCNT-Fe3O4 (72 μA). In terms of current 

density, the DA oxidation current at the electrode follows the order: GCE-MWCNT-NiO 

(1557 μAcm-2) ˃ GCE-MWCNT-ZnO (1085.7 μAcm-2) and > GCE-MWCNT-Fe3O4 (1028.6 

μAcm-2) thus suggesting GCE-MWCNT-NiO electrode as the best electrode for DA 

oxidation in this study. The higher DA oxidation current at these electrodes indicates that the 

MWCNT has provided large surface area for effective diffusion of more DA molecules in 

and out of the electrode surface for maximum electrocatalytic oxidation by the MO 

nanoparticles compared with the bare GCE and other electrodes investigated. Similar results 

have been reported for DA oxidation on modified electrodes [320-322]. 
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Figure 4.10: Cyclic voltammograms of 1 x 10-4 M DA on different electrodes (a) GCE-

MWCNT-NiO, (b) GCE-MWCNT-ZnO and (c) GCE-MWCNT-Fe3O4 and (d) background 

subtracted CVs. 
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4.1.4 Effect of varying scan rate 

Cyclic voltammetry experiments were carried out with the GCE-MWCNT-MO to establish 

the impact of scan rate at constant concentration (10-4 M) of dopamine in pH 7.0 PBS 

solutions. In all cases, we observed a shift in potential with increase in scan rate (Figure 

4.11). From the Randles–Sevˇcik equation for an anodic oxidation process equation (2.3, 

chapter 2), the plot of the peak currents (Ip) against the square root of scan rate (ν1/2) (Figure 

4.11) for scan rate ranging from 25 to 1000 mVs-1, gave a linear relationship with equations;  

𝐼𝑝𝑎 = 2697.1 𝑣1/2 − 467.92;       𝑅2 = 0.992,      𝐼𝑝𝑐 = −2572.4  𝑣1/2 + 551.82;           𝑅2 = 0.991 

𝐼𝑝𝑎 = 2719.2 𝑣1/2 − 487.96;       𝑅2 = 0.9931,      𝐼𝑝𝑐 = −2574.7  𝑣1/2 + 553.96;         𝑅2 = 0.9931 

𝐼𝑝𝑎 = 3004.8 𝑣1/2 − 656.35;       𝑅2 = 0.9931,      𝐼𝑝𝑐 = −2454.5  𝑣1/2  +  545.33;       𝑅2 = 0.9931 

and approximately zero intercept, confirming a diffusion-controlled process but with some 

levels of adsorbed reaction intermediates. The linear relationship of the plot confirmed that 

the nanocomposites were electroactive, conducting and confined to the surface. This was 

further confirmed by the plots of log of peak current against log of scan rate (graphs not 

shown) which gave a slope of 1 as expected for the electrochemistry of surface-absorbed 

species as shown by relationship below [323]. 

GCE-MWCNT-NiO:  0.9907  R        ;5007.2log0544.1 2  paI  

GCE-MWCNT-ZnO:  0.9651  R        ;7936.2log0827.1 2  paI    

 GCE-MWCNT- Fe3O4:  0.9987  R     ;7727.2log0721.1 2  paI      
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Figure 4.11: Cyclic voltammograms scan rate study of modified electrodes (a) GCE-

MWCNT-NiO, (b) GCE-MWCNT-ZnO and (c) GCE-MWCNT-Fe3O4 in 1 x 10 -4 M DA at 

various scan rates: 25-1000 mVs−1 (d-f are the linear plots of current versus square root of 

scan rate for GCE-MWCNT-NiO, GCE-MWCNT-ZnO and GCE-MWCNT-Fe3O4 

respectively. 
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The charge transfer coefficient () for the reaction can be evaluated from cyclic voltammetric 

experiments by using the variation of anodic and cathodic peak potentials with logarithm of 

scan rate. Based on the slope of Epa with log (v), (1-α)nα was calculated to be 0.86, 0.84 and 

0.85 for electrodes GCE-MWCNT-NiO, GCE-MWCNT-ZnO and GCE-MWCNT-Fe3O4 

respectively. In order to get information on the rate determining step, the peak potential, Ep, 

is proportional to log ν (graph not shown). The slopes of Ep vs. log ν for the different 

electrodes were 0.226, 0.190, and 0.196 V for electrodes GCE-MWCNT-NiO, GCE-

MWCNT-ZnO and GCE-MWCNT-Fe3O4 respectively. The tafel slopes may be estimated 

according to the equation (4.2) for the totally irreversible diffusion controlled process [324]. 

So, the respective values of b for these electrodes were obtained as 0.452, 0.380 and 0.392 

Vdec-1. These values are higher than the theoretical 0.118 V dec-1 for a one-electron process 

involved in the rate-determining step. Therefore the high Tafel values suggest adsorption of 

dopamine or its reaction intermediate at the electrode surface since high Tafel values have 

been attributed to the adsorption of reactants or intermediates on the electrode surfaces and/or 

reactions occurring within a porous electrode structure [325]. Adsorption process at the 

electrode can be linked with the porous CNT layer [326].  

constant
b

E p 







 log

2
 (4.2) 

If α was assumed equal to 0.5, nα was 1.7 (approximately 2) for all the electrodes indicating 

that the redox reaction of DA on the GCE electrodes GCE-MWCNT-NiO, GCE-MWCNT-

ZnO and GCE-MWCNT-Fe3O4 was two protons coupled two electrons process. Also, the 

electron transfer rate constant for the GCE-MWCNT-MO electrode can be determined using 

equation 4.2 above, and assuming (1-)n =0.56, v is the sweep rate and all other symbols 

having their conventional meanings. The value of ks was evaluated to be equal to 0.65, 0.81 

and 0.05 cm s-1 for electrodes GCE-MWCNT-NiO, GCE-MWCNT-ZnO and GCE-MWCNT-
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Fe3O4 respectively. According to the kinetics of electron process, when the rate constant is 

larger than 10-2 cm/s , the electron transfer process is very fast, and the electrode reaction is 

reversible, and when 10-4 <ks < 10-2 cm/s, the electrode reaction is a quasireversible process. 

So the electrode reaction of DA on the proposed electrodes is reversible process. 

The stability of electrocatalytic activity of modified GCE towards oxidation of DA was 

checked by repetitive scanning at scan rate of 25 mV s-1. The results show that the modified 

electrode has a good stability in aqueous solution after repeated twenty cyclic voltammogram 

of modified GCE-MWCNT-MO in 1 x 10-4 M of DA at pH = 7.0 phosphate buffer solution 

between -0.2 to 0.8V (scan rate: 25 mVs-1) (graph not shown). The peak current was 

considered as factors indicating the stability of these electrodes at various conditions of 

operations. The anodic peak current decrease for about 7, 8 and 4% at electrodes   GCE-

MWCNT-NiO, GCE-MWCNT-ZnO and GCE-MWCNT-Fe3O4 respectively after twenty 

cyclic voltammogram in the supporting electrolyte. 

Impedance studies were also carried out to monitor the mechanism of the electron transfer 

process during the electrocatalytic oxidation of 10-4 M DA at fixed potential 0.2 V and 

frequencies between 10 kHz and 1.0 Hz. the impedance spectra (Nyquist plots) obtained for 

the electrodes are presented in Figure 4.12a, while Figure 4.12b shows the equivalent circuits 

used in the fitting of the impedance data. 
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Figure 4.12: Typical Nyquist plots obtained for the electrodes in 1 x 10-4 M DA solution 

(PBS pH 7.0) at a fixed potential of 0.2 V (vs. Ag|AgCl, saturated KCl). The data points are 

experimental while the solid lines in the spectra represent non-linear squares fits. (d) 

Represent the circuit used in the fitting of the EIS data in (a-c). 

 

However the GCE-electrodes were successfully fitted with minimum error values especially 

for the Rct data using circuit model RQ (RC) (Figure 4.12). The charge transfer resistance Rct 

is lower at GCE MWCNT-MO compared with the bare GCE, GCE-MWCNT and GCE-MO. 

The finding further confirms the CV data and also indicates that the electron transfer process 

is faster at GCE-MWCNT-MO electrodes with GCE-MWCNT-NiO > GCE-MWCNT-ZnO 

and > GCE-MWCNT-Fe3O4 as shown in Table 4.2. This was achieved because of the 

presence of MWCNT on the electrode. The MWCNT creates a porous and large surface area 

that mediates the analyte/catalyst electrocatalytic process.  

(d) 
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Table 4.2: Impedance data obtained electrodes in 1 X 10-4 M DA solution in pH 7.0 PBS (at 

0.2 V vs. Ag/AgCl saturated KCl). The values in parentheses are percent errors of data 

fitting. 

Electrodes Electrochemical impedance spectroscopy data 
R

s
 ()                          Q (x105 nF )                      R

ct
 ( )                           C (n F) 

 GCE 54.70 (9.05) 2.77 (1.33) 98.40 (4.63) 163.70 (10.56) 
 GCE-MWCNT 80.40 (0.50) 307.00

 
(3.25) 8.50 (7.77) 78.50 (15.72) 

 GCE-NiO 62.60 (8.53) 2.65
 
(1.31) 104.80 (4.72) 152.30 (10.72) 

 GCE-ZnO 81.20 (7.95) 80.30 (3.04) 80.40 (7.47) 180.90 (16.73) 
 GCE-Fe

3
O

4
 134.60 (3.18) 80.30 (3.04) 319.00 (2.586) 8.66 (3.54) 

 GCE-MWCNT-NiO 74.60 (0.57) 350.00 (3.80) 9.50 (7.18) 63.00 (14.82) 
 GCE-MWCNT-ZnO 80.10 (0.49) 332.00 (3.45) 10.48 (6.59) 72.49 (12.74) 
 GCE-MWCNT-Fe

3
O

4
 78.90 (0.65) 235.00 (6.64) 33.30 (5.19) 93.30 (5.15) 

 

4.1.5 Electroanalysis of Dopamine  

Since the proposed MWCNT-MO GCE electrodes have demonstrated favourable 

electrochemical response towards DA, they have been used for determination of DA. To 

improve the sensitivity of the developed sensors in detection of DA, square wave 

voltemmetry (SWV) technique has been used. Results showed that the electrochemical 

oxidation current is linearly proportional to its concentration in the range 4.0 × 10−11 mol/L to 

6.25 × 10−6 mol/L for electrodes GCE-MWCNT-NiO, GCE-MWCNT-ZnO and GCE-

MWCNT-Fe3O4 respectively, (Figure 4.13). The respective detection limit for the electrodes 

were calculated based on the relationship LoD = 3.3 δ/m [294] where δ is the relative 

standard deviation of the intercept of the y-coordinates from the line of best fit, and m the 

slope of the same line to be 7.99 x 10-12, 3.74 x 10-7, and 1.389 x 10-6 mol/L (𝑆/𝑁 = 3) for 

electrodes GCE-MWCNT-NiO, GCE-MWCNT-ZnO and GCE-MWCNT-Fe3O4 respectively. 

The nano molar limit of detection obtained for GCE-MWCNT-NiO compared favourably and 

even better that the limit of detection reported for other electrodes in literature (see Table 

4.3). 
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Figure 4.13: SWV of GCE-MWCNT-NiO, GCE-MWCNT-ZnO and GCE-MWCNT-Fe3O4 

in 1 x 10-4 M DA and their respective current vs concentration of DA graphs. 
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Table 4.3: Comparison of different electrochemical sensors for the determination of 

dopamine. 

Electrode material Techniques Interference Detection Limit 

(molL-1) 

References 

SWNT/Ppy,Surf.cov.bend SWV AA 5.00 x 10-6 [336] 

MWCNT/B-CD modified GCE SWV AA 6.70 x 10-6 [337] 

Fe3O4/rGO/GO SWV AA 1.20 x 10-7 [338] 

GCE/MWCNT-NiO SWV AA 7.99 x 10-12 This work 

GCE/MWCNT-ZnO SWV AA 3.74 x 10-7 This work 

GCE/MWCNT-Fe3O4 SWV AA 1.39 x 10-6 This work 

 

 

4.1.6 Interference study: Detection of DA in the presence of AA 

Figure 4,14 is the cyclic voltammetric responses of (a) bare GCE (b) GCE-MWCNT-ZnO, 

(c) GCE-MWCNT-NiO and (d) GCE-MWCNT-Fe3O4 in 0.1 M pH 7.0 PBS containing 

mixture of 10-2 M AA, approximately 1000 times concentration of DA. On the bare electrode 

the detection of DA in the presence of AA was not successful (Figure 4.14a). That is, AA 

signal interferes with the DA signal thus no signal separation for the two analytes. However 

at the GCE-MWCNT-MO modified electrodes, AA signal which was initially observed at 

0.05 V in the absence of DA remained at the same potential after the addition of DA, while 

the DA signal was observed at 0.25 V. The simultaneous detection of AA and DA even at 

AA concentration (9.09 mM ) which is 1000 times as high as DA concentration (9.09 µM ) 

was successful at the GCE-MWCNT-MO electrodes with potential separation of about 170 

mV, 190 mV and 150 mV observed at GCE-MWCNT-NiO, GCE-MWCNT-ZnO and GCE-

MWCNT-Fe3O4 electrodes respectively. The height and amplitude of the peak corresponding 

to DA signal increases as the concentration DA increases.  The simultaneous determination of 

DA in the presence of AA has also been carried out using more sensitive techniques such as 

differential pulse voltammetry (DPV) (Figure 4.15), square wave voltammetry (SWV) 

(Figure 4.16) and chronoamperometric (CA) techniques ( Figure 4.17).  A well resolved 

signal difference at large enough potential peak separation was observed for the modified 
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electrodes using SWV and DPV respectively as compared to CV. For example using SWV, 

potential peak separation of about 200 mV, 500 mV and 250 mV observed at GCE-MWCNT-

NiO, GCE-MWCNT-ZnO and GCE-MWCNT-Fe3O4 electrodes respectively,  while DPV 

gave peak separation of  400 mV, 300 mV and 600 mV observed at GCE-MWCNT-NiO, 

GCE-MWCNT-ZnO and GCE-MWCNT-Fe3O4 electrodes respectively. Figure 17 represent 

the amperometric measurements recorded at an applied potential of +0.20 V vs. Ag/AgCl on 

MWCNT-NiO, GCE-MWCNT-ZnO and GCE-MWCNT-Fe3O4 modified electrodes by 

continuous addition 1 mL DA and AA respectively. From the chronoamperometric study, 

there is no significant change in DA current response after addition of different concentration 

of ascorbic acid (AA). GCE-MWCNT-NiO and GCE-MWCNT-ZnO gave comparable DA 

recovery current compare with GCE-MWCNT-Fe3O4. 
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Figure 4.14: Cyclic voltammograms responses of: (a) bare GCE in PBS (pH 7.0),  10-2 M AA 

alone and 10-2 M AA + different volume of 10-4 M DA  solutions; (b) GCE-MWCNT-ZnO, 

and (c) GCE-MWCNT-NiO in (i) 0.1M pH 7.0 PBS (ii) 10-2 M AA alone, (iii) mixture of 

9.09 mM AA/ 9.09 µM DA, (iv) mixture of  8.33 mM AA /16.7 µM DA (v) mixture of 7.69 

mM AA / 23.0 DA µM (vi) 7.14 mM AA/28.6 µM DA (vii) 6.67 mM AA/ 33.0 µM DA (viii) 

6.25 mM AA / 37.5 µM DA (ix) 5.88 mM AA/ 41.2 µM DA (x) 5.56 mM AA / 44.0 µM DA 

(xi) 5.2 mM AA / 47.0 µM DA and (xii) 5 mM AA / 50 µM DA concentrations. 
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Figure 4.15: DPV profiles of (a) GCE-MWCNT-NiO, (b) GCE-MWCNT-ZnO and (c) GCE-

MWCNT-Fe3O4 in pH 7.0 PBS containing 10-2 M AA and 10-4 M DA solutions respectively. 
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Figure 4.16: SWV profiles of (a) GCE-MWCNT-NiO, (b) GCE-MWCNT-ZnO and (c) 

GCE-MWCNT-Fe3O4 in pH 7.0 PBS containing 10-2 M AA and 10-4 M DA solutions 

respectively. 

 

 

 

 

 

 

 



104 

 

0 100 200 300 400 500 600

0.00

0.04

0.08

0.12

(a)

I 
/ 

m
A

t / s

AAAA

AA DA
DA

DA

DA

0 100 200 300 400 500 600

0.00

0.05

0.10

0.15

(b)

t / s

I 
/ 

m
A

AA
AA

DA
AA

DADA

DA

DA

0 100 200 300 400 500 600

0.00

0.02

0.04

0.06

0.08

(c)

AA

AA

DA DADA

DA

AA

DA

 I
 /

 m
A

t / s
 

Figure 4.17: Chronoamperometric curves of (a) GCE-MWCNT-NiO, (b) GCE-MWCNT-

ZnO and (c) GCE-MWCNT-Fe3O4 in pH 7.0 PBS containing 10-4 M DA and different 

concentration of AA (1000 times DA concentration). 
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4.1.7 Analytical performance of the proposed sensors for determination of DA in 

pharmaceutical sample 

The proposed sensors were tested for determination of DA in dopamine hydrochloride 

injection samples. The SWV method was used for the determination of DA in Pharmaceutical 

samples. The samples were prepared and adjusted to 3.5 x 10 -4 M DA in 0.1 M PBS (pH 

7.0), by dilution of DA ampoule contents (2.5 mL of 40 mg/mL DA hydrochloride injection 

solution). The standard addition experiment was carried out by addition of different 

concentrations of DA to the drug sample and its DA concentration evaluated using SWV. The 

obtained equations for the plot of peak current versus concentration of DA (graph not shown) 

are: 

0.9999  R          DAAI 2

pa  ;0008.00004.0)(   (GCE-MWCNT-NiO) 

0.9815  R          DAAI 2

pa  ;0006.000005.0)(  (GCE-MWCNT-ZnO) 

 0.9999  R          DAAI 2

pa  ;0009.00004.0)(   (GCE-MWCNT-Fe3O4) 

The analytical results obtained are presented in Table 4. 4. The result clearly indicates that 

dopamine can be reliably assayed from its drug using the proposed GCE-MWCNT-MO 

sensor. 

 

Table 4.4: Results of detection of DA in dopamine hydrochloride injection (n=5). 

Electrode  Added 
(mg/mL) 

Detected 

(mg/mL) 

Recovery (%) RSD % 

GCE-MWCNT-NiO  40  44.9 112.4 0.10 

GCE-MWCNT-ZnO  40  39.1 97.8 0.13 

GCE-MWCNT-Fe
3
O

4
  40  36.1 90.3 0.3 
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4.2 METAL OXIDE NANOPARTICLES / MULTI-WALLED CARBON 

NANOTUBE NANOCOMPOSITE MODIFIED ELECTRODE FOR THE 

DETECTION OF SEROTONIN  

5-Hydroxytryptamine (serotonin (SE)) is an important and major biogenic monoamine 

neurotransmitter as well as neuromodulator [327], which are largely distributed in human 

brain and makes an important contribution in wide variety of biological, physical, 

psychopathological processes including sleep regulation, depression, eating disorder, 

alcoholism, infantile autism, anxiety disorders, muscle contraction, liver regeneration, 

endocrine regulation, obsessive – compulsive disorder and psychosis [328, 329]. Therefore 

on this note the determination of SE is instructive in the diagnosis of various diseases and 

hence makes it the subject of biologically and pharmacologically oriented research [330]. To 

date, a variety of analytical methods such as spectrophotometry [331], fluorometry [332-334], 

enzyme immunoassay [335, 336], radioimmunoassay [337], capillary electrophoresis (CE) 

[338] and GC–MS [339], have been developed for the determination of serotonin. Serotonin 

is usually assayed by HPLC with either electrochemical or fluorometry detection [340, 341]. 

However, these reported techniques are expensive and require time-consuming derivatization 

step and also in some cases low sensitivity and selectivity makes them unsuitable for a 

routine analysis and also with the fact that the concentration of SE is very low in biological 

systems. The other problem which must be solved in the electrochemical detection of SE is 

the co-existence of many interfering compounds in biological systems. Among these 

interfering compounds, ascorbic acid (AA), and dopamine (DA) are particularly important 

because they can all be oxidized at similar potentials resulting in overlap of voltammetric 

responses. The oxidation potential of SE (0.38 V at pH 7) is close to that of DA (0.22 V) and 

AA (0.2 V) on the unmodified glassy carbon electrodes. To overcome these problems, one of 

the most common ways is using a modified electrode to improve the measuring sensitivity of 

serotonin (SE) and remove the interference of ascorbic acid (AA) and dopamine (DA) to SE 
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detection. Therefore, different electrochemical methods using various modified electrodes 

were also proposed for the determination of (SE). 

There are several literatures on the electro-oxidation of serotonin on modified electrodes 

[342-349]. For example, Rajendra et al. developed a gold nanoparticles modified ITO 

(Au/ITO) electrode using electrochemical method and used it for the detection of dopamine 

and serotonin in the presence of a high concentration of ascorbic acid [350]. Kangbing et al. 

reported a chemically modified electrode based on the carbon nanotube film–coated glassy 

carbon electrode (GCE) for the simultaneous determination of dopamine (DA) and serotonin 

(5-HT) and lowers oxidation over potentials [351]. In similar attempt, Zong-hua et al. 

reported that multiwall carbon nanotube (MWNT) film–coated GCE exhibits a marked 

enhancement effect on the current response of DA and 5-HT [352]. 

Despite this huge literature, the use of carbon nanotubes and nylon 6,6 nanofiber 

nanocomposites decorated with metal oxide nanoparticle is limited and to the best of our 

knowledge, no consideration has been given to this type of investigation, whereby the 

synergy between three different metal oxides (NiO, ZnO and Fe3O4) and multi-walled carbon 

nanotubes  and nylon 6,6 nanofiber nanocomposites towards serotonin detection in the 

presence of interfering molecules such as ascorbic acid was investigated.  
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4.2.1 Electrocatalytic response of the modified electrodes towards the oxidation of 

serotonin (SE)  

Scheme 4.3 shows the schematic diagram of the electrochemical response of the GCE-

MWCNT-MO electrodes in 5 mM Fe(CN)6]
4−/[Fe(CN)6]

3− prepared in 0.1 M PBS (pH 7.0) 

and in 0.1 mM SE prepared in 0.1 M PBS (pH 7.0). 

  

Scheme 4.3. Schematic diagram showing electrode modification procedure and the 

electrocatalytic behavior of the GCE-MWCNT-MO electrodes towards oxidation of 

serotonin. 

 

The electrochemical behaviour of different modified electrodes in the presence of 0.1 mM SE 

in 0.1 M PBS (pH 7.0) was investigated by cyclic voltammetric (CV) technique at a scan rate 

of 25 mV/s and presented in Figure 4.18. All the electrodes showed well defined serotonin 

oxidation peak at potential ˃ 0.35 V. From the CV obtained, serotonin oxidation current (and 

oxidation potential) are 4 A (0.38 V) at the bare GCE, 5.8 A (0.36 V) at GCE-NiO, 5A  

(0.38 V)  at GCE-ZnO and 5A (0.38 V) at GCE-Fe3O4 electrodes respectively. The result 

clearly indicate that there is no significant difference in SE oxidation current at bare GCE 

electrode compared with the GCE-MO (MO = NiO, ZnO and Fe3O4) modified electrodes. 
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However, the GCE-MWCNT-NiO, GCE-MWCNT-ZnO and GCE-MWCNT-Fe3O4 showed 

higher current response (at around 0.38 V) than that of the bare and other modified electrodes 

and these results indicate that the GCE-MWCNT-MO electrodes have better electrocatalytic 

activity and demonstrated enhance current response towards SE (Figure 4.18a-c). After 

background current subtraction (Figure 4.18d), SE current response on the GCE-MWCNT-

MO electrodes follow the order: GCE-MWCNT-NiO (309.85 A) > GCE-MWCNT-ZnO 

(128.53 A) > GCE-MWCNT-Fe3O4 (118.7 A). These current are in the order of 77, 32 and 

30 times higher than SE current at bare GCE electrode. Thus, GCE-MWCNT-NiO electrode 

demonstrated the best electrocatalytic behavior towards SE oxidation. Similar results have 

been obtained and reported in literature for modified electrodes [342-349]. For example, 

Kangbing et al. reported simultaneous determination of dopamine (DA) and serotonin (5-HT) 

at lower oxidation over potentials using carbon nanotube film–coated glassy carbon electrode 

(GCE) [343]. Zong-hua et al. reported that multiwall carbon nanotube (MWNT) film–coated 

GCE exhibits a marked enhancement effect on the current response of DA and 5-HT [344].  

The enhanced SE current at the nanocomposite modified electrodes can be attributed to the 

high electrical conductivity of the metal oxide nanoparticles and the MWCNT, large porous 

surface area created by the MWCNT for easy diffusion of the analyte and electrolyte in and 

out of the electrode surface, uniform structure of the nanocomposite, improved catalytic 

properties of the surface electroactive materials due to the synergy between MWCNT and the 

metal oxide nanoparticles and biocompatibility of the nanocomposite with the analyte [362, 

363-365]. It is believed that the existence of MWCNT is an ideal support material and acts as 

an effective electron promoter for electrocatalytic oxidation of SE [343, 344].  Since GCE-

MWCNT-MO electrodes gave better SE electrochemical response, further studies are carried 

out using this electrodes platform.  
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Impedance studies were also carried out to monitor the mechanism of the electron process at 

the electrode-electrolytes interface during the electrocatalytic oxidation of 10-4 M SE at fixed 

potential 0.2 V and frequencies between 10 kHz and 1.0 Hz. The impedance spectra (Nyquist 

plots) obtained for the electrodes are presented in Figures 4.19a-c, while Figure 4.19d shows 

the equivalent circuits used in the fitting of the impedance data. The GCE modified 

electrodes were successfully fitted with minimum error values (Table 4.5). In the circuit 

model (Figure 4.19d), Rs is the solution resistance, Cdl is the double layer capacitance, Rct is 

the charge transfer resistance and Q is the constant phase element. The Rct value is lower at 

GCE-MWCNT-NiO (54.2 Ω), GCE-MWCNT-ZnO (57.2 Ω) and GCE-MWCNT-Fe3O4 (63.4 

Ω) electrodes compared with the bare GCE (100.2 Ω), GCE-NiO (115.2 Ω), GCE-ZnO 

(144.4 Ω) and GCE-Fe3O4 electrodes. The result further confirms that MWCNT-MO 

nanocomposite can form a good electron pathway between electrode and electrolyte/analyte 

during electrocatalytic oxidation of serotonin compared with the bare GCE or GCE-MO 

modified electrodes. Therefore, the electron transfer process is fastest at GCE-MWCNT-NiO 

electrode and follow the order, GCE-MWCNT-NiO > GCE-MWCNT-ZnO > GCE-

MWCNT-Fe3O4 for the GCE-MWCNT-MO modified electrodes. This results is also in good 

agreement with SE oxidation peak current values obtained from the CVs experiment 

discussed above where GCE-MWCNT-NiO ˃ GCE-MWCNT-ZnO (57.2 Ω) ˃ GCE-

MWCNT-Fe3O4. The MWCNT creates a porous and large surface area that mediates the 

analyte /catalyst electrocatalytic process. Similar results have been reported for chemically 

modified electrodes [353]. Since GCE-MWCNT-MO electrodes gave better SE 

electrochemical response, further studies are carried out using this electrodes platform. 
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Figure 4.18: Cyclic voltammograms of GCE and (a) GCE-NiO, GCE-MWCNT-NiO, (b) 

GCE-ZnO, GCE-MWCNT-ZnO and (c) GCE-Fe3O4, GCE-MWCNT-Fe3O4 in pH 7.0 PBS 

containing 0.1 mM SE at a scan rate of 25 mV/s.  (d) Comparative current response of GCE-

MWCNT-NiO, GCE-MWCNT-ZnO and 
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Figure 4.19: Typical Nyquist plots (a-c) obtained for the electrodes in 0.1 mM SE solution 

(PBS pH 7.0) at a fixed potential of 0.2 V (vs. Ag|AgCl, saturated KCl) (d) represents the 

circuit used in the fitting of the EIS data (a-c). 
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Table 4.5: Charge transfer resistance values for the electrodes in 0.1 mM SE in pH 7.0 PBS 

(at Ag/AgCl saturated KCl). Note that the values in parenthesis are percentage errors of the 

data fitting. 

 

Electrodes Electrochemical impedance spectroscopy data 
R

s
 ()                          Q (x10  nF )                      R

ct
 ( )                           C (n F) 

GCE 134.70 (1.28) 1.19(2.52) 100.2 (16.23) 1.99 (8.39) 

GCE-NiO 59.40 (12.36) 1.89(1.08) 115.2 (8.912) 123.30 (16.28) 
GCE-ZnO 49.60 (14.05) 1.73 (1.13) 144.4 (11.64) 134.70 (16.51) 
GCE-Fe3O4 45.10 (12.79) 1.21 (1.01)    99.2 (4.59) 149.30 (14.17) 
GCE-MWCNT-NiO   2.28 (100) 2.65 (4.36)   54.2 (7.19) 234.80 (15.58) 

GCE-MWCNT-ZnO   6.62 (0.00) 2.12 (4.19)   57.2 (10.46) 184.20 (22.26) 
GCE-MWCNT-Fe3O4 19.99 (100) 5.16 (4.09)   63.4 (8.56) 144.40 (18.09) 

 

4.2.1.1 Effect of scan rate on the electrocatalytic oxidation of serotonin (SE) at 

modified electrode  

The influence of scan rate on the electrochemical response of SE at GCE-MWCNT-MO 

electrodes was investigated by cyclic voltammetry, and the results are shown in Figure 4.20. 

The oxidation peak currents gradually increased with increasing scan rate in the range of 25-

500 mV/s (Figures 4.20a-c). When the peak current (Ipa) was plotted against the square root 

of scan rate (v1/2), a linear relationship with a regression coefficient ˃ 0.98 was obtained for 

the GCE-MWCNT-MO electrodes (Figures 4.20d-f). This behaviour suggests that the 

oxidation of SE at the modified electrodes GCE-MWCNT-NiO, GCE-MWCNT-ZnO and 

GCE-MWCNT-Fe3O4 is diffusion controlled. A positive shift of the anodic peak potential 

(Epa) with increase in scan rate was also observed in Figure 4.20. The apparent charge 

transfer rate constant (ks) and the charge transfer coefficient () of a surface-confined redox 

couple can be evaluated from cyclic voltammetric results, and by using the variation of 

anodic peak potentials with logarithm of scan rate.  It was found that Epa increased linearly 
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with ln (scan rate) (graph not shown). The number of electrons involved in the reaction can 

be calculated according to the Laviron’s equation [354]. Accordingly, the slope (b) of the Ep 

vs. ln(ν) plot is represented in equation 4.2,  

b = 2.3RT/nF (4. 2)  

Where b is the slope.  The values of the charge transfer coefficient (α) of GCE-MWCNT-

NiO, GCE-MWCNT-ZnO and GCE-MWCNT-Fe3O4 electrodes were calculated as 0.55 0.96 

and 0.49 respectively. The obtained value for n is approximately 1, which indicates that one 

electron is involved in the oxidation of serotonin. The electrode reaction standard rate 

constant (ks) for the modified electrodes were obtained by using equation 4.1 to be equal to 

0.27, 0.47 and 0.52 cms-1 for GCE-MWCNT-NiO, GCE-MWCNT-ZnO and GCE-MWCNT-

Fe3O4 electrodes respectively. 

According to the kinetics of electron process, when the rate constant is larger than 10-2 cm/s, 

the electron transfer process is very fast, and the electrode reaction is reversible, and when 10 

-4 ˂ ks ˂ 10 -2 cms-1, the electrode reaction is a quasireversible process [354]. So the electrode 

reaction of SE on the proposed electrodes is reversible process. 

In order to get information on the rate determining step. The peak potential, Ep, is 

proportional to log ν (graph not shown). The slopes of Ep vs. log ν for the different electrodes 

are 0.0617, 0.1083, and 0.1217 V for electrodes GCE-MWCNT-NiO, GCE-MWCNT-ZnO 

and GCE-MWCNT-Fe3O4 respectively. The Tafel slopes (b) may be estimated according to 

the equation (4.4, chapter 4) for totally irreversible diffusion controlled process [324]. So, the 

values of b for GCE-MWCNT-NiO, GCE-MWCNT-ZnO and GCE-MWCNT-Fe3O4 

electrodes are 123, 216 and 243 mVdec-1 respectively. 
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Figure 4.20:  Effect of scan rate (25 – 500 mVs-1) on the cyclic voltammograms of (a) GCE-

MWCNT-NiO (b) GCE-MWCNT-ZnO and (c) GCE-MWCNT-Fe3O4 in 0.1 mM SE. The 

plots of current (I) against square root of scan rate (ν2) are presented in Figure 8(d-f) for 

GCE-MWCNT-NiO, GCE-MWCNT-ZnO and GCE-MWCNT-Fe3O4 electrodes respectively. 
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These Tafel values are higher than the theoretical value of 118 mVdec-1 for a one-electron 

process involved in the rate-determining step. Therefore, higher Tafel values are attributed to 

the adsorption of reactants or intermediates on the electrode surfaces, or reaction occurring 

within porous electrode structure [325]. The result further confirm the porous nature of the 

GCE-MWCNT-MO modified electrodes which despite their porous and adsorptive nature 

gave better performance towards SE oxidation in terms of oxidation potential, current 

recovery, stability and resistance to fouling effects. 

 

4.2.2 Electroanalysis of serotonin (SE) 

Concentration study was carried out in PBS (pH 7.0) containing 5 x 10-6 µM to 2.30 µM 

serotonin (SE) using square wave voltammetry (SWV) measurements. The result obtained is 

represented with the Square wave voltammogrammes of GCE-MWCNT-Fe3O4 (Figure 

4.21a). Inset in Figure 4.21a is plots of current (I) against concentration of SE using GCE-

MWCNT-Fe3O4, while Figure 4.21b is the linear plots of current (I) against concentration of 

SE (5 x 10-6 µM to 2.30 µM) at GCE-MWCNT-NiO electrode.  

From Figure 4.21, the dependence of the oxidation peak currents on the concentration of SE 

showed that the anodic peak current increased as the concentration of serotonin (SE) 

increases. The detection limit was calculated based on the relationship LoD = 3.3 /m where 

 is the relative standard deviation of the intercept of y-coordinates from the line of best fit, 

and m is the slope of the same line [294]. The obtained limit of detection and the sensitivity 

of the modified electrodes are 50.8 nM (2.0 x 10-4 µA/µM), 60.6 x nM (42.468 µA/µM) and 

10.9 x 10-8 M (10.248 µA/µM) for GCE-MWCNT-NiO, GCE-MWCNT-ZnO and GCE-

MWCNT-Fe3O4 sensors respectively.  
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Figure 4.21: Square wave voltammogrammes of (a) GCE-MWCNT-Fe3O4 in PBS pH 7 

containing 5 x 10-6 µM to 2.30 µM SE concentration (Inset is plots of current (I) against 

concentration of SE) and (b) GCE-MWCNT-NiO in PBS pH 7 containing 5 x 10-6 µM to 

2.30 µM SE concentration (Inset is plots of current (I) against concentration of SE). 
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Table 4.6: Comparison of different electrochemical sensors for the determination of 

serotonin. 

 

Electrode material Techniques Ep(V) (Ag/AgCl) Detection Limit (M) References 

GCE(OX) SWV 0.4 3 x 10-8 [368] 

TPyP-31P/FTO CVs 0.2 2.2 x 10-4 [369] 

F-MWCNTs/BR9 DPV 0.21 9.0 x 10-6 [370] 

GN-SPEs CVs 0.28 1.0 x 10-4 [371] 

GCE/MWCNT-NiO SWV 0.36 50.8 x 10-9 This work 

GCE/MWCNT-ZnO SWV 0.37 60.6 x 10-9 This work 

GCE/MWCNT-Fe3O4 SWV 0.38 10.9 x 10-8 This work 

 

The performances of the present electrochemical sensors were compared with those reported 

in the literatures (Table 4.6). The low-detection-limit (at nano molar SE concentration) 

obtained in the present study compare favourably and even better than previously reported 

limit of detection for SE using various electrochemical methods with different modified 

electrodes (Table 5.2) [355 – 358]. Since the concentration of serotonin in healthy human is 

in the range of 0.5 to 1.4 mM [359], the present sensor system with a low-detection-limit (at 

nano concentration) especially GCE-MWCNT-NiO and GCE-MWCNT-ZnO are well 

suitable for the analysis of serotonin in diluted physiological samples. The present sensor 

system was then subjected to stability and interference studies and for the determination of 

serotonin directly from physiological samples (urine). 

 

4.2.3 Stability and reproducibility of the modified Electrodes 

The stability of the modified electrodes (GCE-MWCNT-NiO, GCE-MWCNT-ZnO and GCE-

MWCNT-Fe3O4) towards determination of serotonin (SE) was examined by measuring the 

current response at fixed concentration of SE (2x10-4 M) in pH 7.0 PBS (not shown). The 
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electrodes were repetitively scanned (20 scans) in a 2×10−4 M serotonin at 25 mVs−1. A 

decrease in peak currents (˂10%) was usually observed for the three composite modified 

electrodes after the first scan, which is a typical behaviour for a poisoned electrode. However, 

on rinsing the electrodes in a fresh PBS (pH 7.0) solution, the electrode surface was renewed 

and more than 95% of the initial catalytic current was obtained, indicating the 

electrochemical stability and reusability of the electrode after analysis. Similarly, after 

storage for four weeks in a refrigerator, no significant change in serotonin current was 

observed which confirmed the electrode stability towards the analyte. 

 

4.2.4 Interference study 

Since serotonin (SE), dopamine (DA) and ascorbic acid (AA) have similar oxidation 

potentials at most solid electrodes, separate determination of these species is a great problem 

due to their overlapping signals. In order to establish a sensitive and selective discrimination 

between SE, DA and AA on our developed sensor, the electrochemical oxidation of the 

mixture containing these three species at the MWCNT-MO modified GCE was studied. As 

shown in Figure 4.22, the CV of the mixture solution containing DA and AA shows broad 

and overlapped anodic peaks at bare GCE, so the peak potentials for SE, DA and AA are 

indistinguishable and therefore, it is impossible to separate the analytes from the broad and 

overlapped voltammetric peak. However, at the GCE-MWCNT-MO, the overlapped 

voltammetric peak is resolved into three well-defined anodic peaks at about 0.37, 0.2 and 

0.07 V (A), corresponding to the oxidation of SE, DA and AA respectively. The separations 

of peaks were 300 mV, 170 mV and 130 mV between SE and AA, SE and DA, and DA and 

AA, respectively, which were large enough to determine SE, DA and AA individually and 

simultaneously. Thus, the GCE-MWCNT-MO electrodes can conveniently detect SE in 

physiological medium without interference from DA or AA. 
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Figure 4.22: Cyclic voltammogram of 10-4 M of AA, DA and SE ( in PBS pH 7.0) at (a) Bare 

GCE (b) GCE-MWCNT-NiO (c) GCE-MWCNT-ZnO and (d) GCE-MWCNT-Fe3O4 

electrodes. 

 

4.2.5 Determination of serotonin (SE) in human urine sample 

Since SE concentration in urine is an important marker for various diseases and ageing 

related physiological conditions, it is considered necessary to detect these biomolecules in 

biological fluids [360] and therefore there are several literatures on its determination in urine 

samples [361, 362]. Also, whenever a compound is traceable in urine, sampling of urine 

always gets preference over blood sample due to its non-invasive nature. Hence the 
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developed method was applied for detection of SE in urine samples. For this purpose urine 

samples of laboratory personnel were collected for estimation of serotonin. Urine samples 

were diluted 200 times with 0.1 M phosphate buffer of pH 7.0 prior to analysis in order to 

reduce matrix complexity. Diluted urine samples were then spiked with different amounts 

of SE and the amounts of the analyte at GCE-MWCNT-NiO, GCE-MWCNT-ZnO and GCE-

MWCNT-Fe3O4 were determined. The results obtained are presented in Table 5. 3. GCE-

MWCNT-NiO and GCE-MWCNT-ZnO gave better recovery as compared with GCE-

MWCNT-Fe3O4, and the result agreed with their detection limits towards SE. This result 

further confirmed the suitability and reliability of GCE-MWCNT-MO electrodes as a 

potential sensor for the analysis of SE. 
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Table 4.7: Recovery data for serotonin determination in human urine samples at modified   

GCE electrodes. 

(A) 

   Sr.no/Electrode 

GCE-MWCNT-NiO 

Amount 

added (mmol l-1) 

Amount 

detected (mmol l-1 ) 

Recovery % 

1 2.00 2.28 114 

2 2.00 2.20 110 

3 2.00 2.08 104 

4 2.00 2.20 110 

The RSD % for n = 4 is 3.77% 

 

 

(B) 

Sr.no/Electrode 

GCE-MWCNT-ZnO 

Amount 

added (mmol l-1) 

Amount detected 

(mmol l-1) 

Recovery % 

1 2.00 2.08 104 

2 2.00 2.00 100 

3 2.00 1.92 96 

4 2.00 1.96 98 

The RSD % for n = 4 is 3.43% 

 

(C) 

Sr.no/Electrode 

GCE-MWCNT-Fe3O4 

Amount 

added (mmol l-1) 

Amount detected 

(mmol l-1) 

Recovery 

(%) 

1 2.00 1.92 96 

2 2.00 1.84 92 

3 2.00 1.92 96 

4 2.00 1.96 98 

The RSD % for n=4 is 2.64% 
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4.3 METAL OXIDE NANOPARTICLES / Nylon 6, 6/MWCNT NANOCOMPOSITE 

MODIFIED ELECTRODE FOR THE DETECTION OF DOPAMINE AND 

SEROTONIN  

4.3.1 Characterization of the electrodes 

4.3.1.1 Morphological characterization  

The surface morphology of the material was examined with SEM. The SEM images in Figure 

4.23 show a change in morphology of the Nylon 6, 6 nanofibers before and after 

functionalization with zinc and iron oxide nanoparticles. From the images it is obvious that 

there is a change in the morphology and the diameter of the functionalized nylon nanofibers 

increases and varies from 298 nm to 350 nm compare to the unfunctionalized nylon 6,6 

nanofibers [363]. The incorporation of multi-walled carbon nanotubes and metal oxide 

nanoparticles increased the viscosity and improved the conductivity of the solution. A more 

viscous solution produces thicker fibres and the increase in conductivity favours the 

stretching of thinner fibres [363]. 
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Figure 4.23: The typical SEM images of (i) Nylon 6,6 (ii) Nylon 6,6 /NiO (iii) Nylon 6,6 

/ZnO and (iv) Nylon 6,6 /Fe3O4 nanofibers. 

 

 

 (i)  (ii) 

 (iv)  (iii) 
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4.3.1.2 Fourier Transform Infra-Red Spectroscopy 

The FTIR spectra for nylon 6, 6 nanofibers and their respective nanocomposites are shown in 

Figure 4.24  the Nylon 6, 6 nanofibers is characterized by O-H stretching vibration around 

3950 cm-1, N-H stretching vibration at 3317 cm-1, C-H stretching vibration at 2939 cm-1 and  

CH2 bond along with amide peaks at 1652, 1202, 1271 and 1363 cm−1  [364]. The band 

between 1582 – 1653 cm−1 can be attributed to vibration mode of C=C bonds of graphite in 

MWCNTs, while bands around 2920 and 2850 cm−1 are due to asymmetric and symmetric 

C–H stretching in the MWCNTs incoporated into the nylon 6,6/MO nanofiber [365]. The 

peaks between 700 - 500 cm−1 reveal the successful incorporation of NiO, ZnO and Fe3O4 

nanoparticles in Nylon 6, 6 nanofibers [366]. 
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Figure 4.24: FTIR of Nylon 6,6/MWCNT, MO and Nylon 6,6/MWCNT/MO 

nanocomposites. 



127 

 

 

4.3.2 Electrochemical characterization of electrodes 

To evaluate the charge transfer properties of the Nylon 6,6/MWCNT/MO modified electrodes 

where MO represents NiO, ZnO and Fe3O4 nanoparticles, we performed the cyclic 

voltammetry experiment for the modified electrodes in 5 mM Fe(CN)6]
4−/[Fe(CN)6]

3− in 0.1 

M PBS (scan rate, 25 mVs-1) and the result is presented in Figure 4.25. Two pairs of redox 

peaks were observed at the modified electrodes (Figure 4.25). Only one redox peaks ranging 

from the regions of 0.0 to 400 mV is attributed to the Fe(CN)6]
4−/[Fe(CN)6]

3- redox process. 

There were no observable peaks corresponding to Ni(II)/Ni(III), Zn(II)/Zn(III)  and 

Fe(II)/Fe(III) redox processes on the nanocomposites of NiO, ZnO and Fe3O4 modified 

electrodes probably because of the faster electron transfer at the electrode, or overllap 

between the Fe(CN)6]
4−/[Fe(CN)6]

3- peaks.  

Therefore, the anodic current density of each electrode in Fe(CN)6]
4−/[Fe(CN)6]

3− redox 

probe follows the order: Nylon 6,6/MWCNT/ZnO (17.80 mAcm-2) ˃ Nylon 6,6/MWCNT 

/NiO (16.97 mAcm-2)  ˃ Nylon 6,6/MWCT/Fe3O4 (0.58 mAcm-2). Therefore Nylon 

6,6/MWCNT/ZnO has demonstrated the best electron transport properties with current 

density higher than that of Nylon 6,6/MWCNT /NiO and Nylon 6,6/MWCT/Fe3O4 

electrodes. 
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Figure 4.25: Comparative cyclic voltammogrammes for GCE/Nylon 6,6/MWCNT/NiO, 

GCE/Nylon 6,6/MWCNT/ZnO and GCE/Nylon 6,6/MWCNT/Fe3O4 at scan rate, 25 mVs-1 in 

5 mM Fe(CN)6]
4−/[Fe(CN)6]

3− solution prepared in 0.1M PBS (pH 7). 

 

The scan rate study (scan rate, 25 – 1000 mVs-1) of the Nylon 6,6 /MWCNT/MO electrode 

was carried out in 5 mM Fe(CN)6]
4−/[Fe(CN)6]

3− solution prepared in 0.1M PBS (pH 7) using 

cyclic voltammetry experiment. Both anodic current (Ipa) and cathodic current (Ipc) increase 

with increase in scan rates (25 to 1000 mVs−1) Figure 4.26.  
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Figure 4.26: Effect of scan rate (25 – 1000 mVs-1) on the cyclic voltammograms of (a) 

GCE/Nylon 6,6/MWCNT/NiO (b) scan rate (25 - 500 mVs-1)  GCE/Nylon 6,6/MWCNT/ZnO 

and (c) scan rate (25 – 500 mVs-1) GCE/Nylon 6,6/MWCNT/Fe3O4 in 5 mM 

Fe(CN)6]
4−/[Fe(CN)6]

3− solution prepared in 0.1M PBS (pH 7). (d-f) linear plots of Ipa/pc 

versus square root of scan rate for modified electrodes GCE/Nylon 6,6/MWCNT/NiO, 

GCE/Nylon 6,6/MWCNT/ZnO and GCE/Nylon 6,6/MWCNT/Fe3O4  respectively. 

 

 



130 

 

The apparent charge transfer rate constant (ks) and the charge transfer coefficient () of a 

surface-confined redox couple can be evaluated from the cyclic voltammetric experiments by 

using the variation of anodic and cathodic peak potentials with logarithm of scan rate. The 

Epa shifted to more positive values with increasing the scan rate (v). The transfer coefficient 

(i.e. α) and the number of electrons involved in the rate-determining step can be evaluated. 

Based on the slope of Epa versus log (v), (1-α) nα was calculated to be 0.46, 0.38 and 0.40 for 

electrodes Nylon 6,6/MWCNT/NiO, Nylon 6,6/MWCNT/ZnO and Nylon 

6,6/MWCNT/Fe3O4 respectively.  The values of ks were evaluated to be 0.27, 0.067 and 

0.069 cms-1 for electrodes Nylon 6,6/MWCNT/NiO, Nylon 6,6/MWCNT/ZnO and Nylon 

6,6/MWCNT/Fe3O4  respectively using equation 4.2. 

 

 

4.3.3 Electrochemical impedance spectroscopic (EIS) studies  

EIS is a complex electrochemical process that gives insightful information about reaction at 

the electrode-electrolyte interface. The result obtained is presented in Nyquist plot, which 

includes a semi-circular portion corresponding to the electron-transfer-limited process and a 

linear part resulting from the diffusion process [367, 368]. The diameter of the semicircle 

corresponds to the electron transfer resistance (Rct) of the redox probe at the electrode 

interface. A smaller Rct value implies that the probe has a higher interfacial electron transfer 

rate. 
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Figure 4.27: Typical Nyquist plots (a-c) obtained for the electrodes in in 5 mM 

Fe(CN)6]
4−/[Fe(CN)6]

3− solution prepared in 0.1M PBS (pH 7) at a fixed potential of 0.2 V 

(vs. Ag|AgCl, saturated KCl) (d) Inset represents the circuit used in the fitting of the EIS data 

(a-c).  

 

The Nyquist plots obtained from the impedance experiment (at fixed potential of 0.2 V vs 

Ag/AgCl, sat’d KCl) and between 10 KHz and 1 Hz are presented in Figure 4.27 a-c  for 

modified electrodes Nylon 6,6/MWCNT/NiO, Nylon 6,6/MWCNT/ZnO and Nylon 

6,6/MWCNT/Fe3O4 respectively. The circuit model used in the fitting of the impedance data 

is represented in Figure 4.27d. In this circuit model, Rs is the solution resistance, Cdl 

represents the double layer capacitance, Q or CPE is the constant phase element, and Rct is the 

charge transfer resistance. The values obtained from the fitting of the raw impedance spectra 

with this circuit are presented in Table 4.8.   

(d) 

(d) 

http://www.sciencedirect.com/science/article/pii/S157266571000175X#tbl1
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Table 4.8: Impedance data obtained for the bare GCE and the modified electrodes in 5 mM 

Fe(CN)6]
4−/[Fe(CN)6]

3− solution at 0.2 V (vs. Ag|AgCl saturated KCl). All values were 

obtained from the fitted impedance spectra. The values in parentheses are percent errors of 

data fitting. 

Electrodes Electrochemical impedance spectroscopy data 

          R
s
 ()                     C

dl
 (n F)                 R

ct
 ( )                   Q (x 103 )                      

    

GCE/Nylon 6,6/MWCNT 2396.00 21.56 784.00 0.41 

GCE/Nylon 6,6/MWCNT/ NiO 448.00 0.032 126.60 0.23 

GCE/Nylon 6,6/MWCNT Fe
3
O

4
 1009.00 130.20 321.00 0.25 

GCE/Nylon 6,6/MWCNT/ZnO 9830.00 2.76 11190.00 89.98 

     

 

From the Rct values, the electron transport is faster for the Nylon 6,6/MWCNT/NiO and 

Nylon 6,6/MWCNT/Fe3O4 electrode compared to others. The Rct value was very high at the 

Nylon 6,6/MWCNT/ZnO modified electrode, Nylon 6,6/MWCNT/NiO and Nylon 

6,6/MWCNT/Fe3O4 modified electrode has a higher electron transport because of the low Rct 

value as shown in Table 4.8. The rapid electron transfer at the nanocomposite can be ascribed 

to the excellent conductivity of MWCNT, which acts as a good electron conducting wire 

between Nylon 6,6/MO and the electrode surface. The n values are less than the ideal 1.0 

expected from an ideal capacitive behaviour, thus suggesting pseudo-capacitive properties for 

these electrodes.  

4.3.4 Electrooxidation of DA and SE at the surface of the Electrodes 

Figure 4.28 shows the electrochemical response of dopamine at bare Nylon 6,6/MWCNT 

/MO electrodes in 0.1M phosphate buffer solution (pH 7.0). The CV evolution of electrodes 

in DA is typical for DA oxidation process where the anodic peak corresponds to 

dopaminoquinone (DA+) (Figure 4.28a) and the cathodic peak corresponds to reduction of 
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dopaminoquinone to leucodopanoquinone [369]. On the other serotonin SE was as well 

successfully oxidized at the modified electrodes. The comparative results showed that DA  

and SE were oxidized with well-defined sharp DA and SE oxidation peak at lower potentials 

and significantly enhanced DA and SE oxidation current at the GCE/Nylon 6,6/MWCNT/MO 

electrodes investigated (Figure  4.28a,b) where MO is nickel oxide, zinc oxide and iron oxide 

nanoparticles. 
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Figure 4.28: Comparative cyclic voltammogrammes of (a) 1 x 10-4 M DA and (b) SE on 

GCE/Nylon 6,6/MWCNT/NiO, GCE/Nylon 6,6/MWCNT/ZnO and GCE/Nylon 

6,6/MWCNT/Fe3O4 at scan rate, 25 mVs-1 . 

 

The exchange current density of an electrochemical reaction depends on the reaction and on 

the electrode surface on which the electrochemical reaction occurs. The DA oxidation current 

at the Nylon 6,6/MWCNT/MO electrodes follow the order:   Nylon 6,6/MWCNT/ZnO (31.0 

μA) ˃ Nylon 6,6/MWCNT/NiO (19.5 μA) and Nylon 6,6/MWCNT/Fe3O4 (11.9 μA). For SE 

the oxidation current follows the order:   Nylon 6,6/MWCNT/ZnO (14.3 μA) ˃ Nylon 

6,6/MWCNT/Fe3O4 (6.6 μA) and Nylon 6,6/MWCNT/NiO (2.97 μA).  In terms of exchanged 

current density, the DA oxidation current at the electrode follows the order: GEC/Nylon 

6,6/MWCNT/ZnO (43.85 mAcm-2) ˃ GCE/Nylon 6,6/MWCNT/NiO (27.86 mAcm-2) and 

GCE?Nylon 6,6/MWCNT/Fe3O4 (16.83 mAcm-2).  Thus suggesting GEC/Nylon 
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6,6/MWCNT/ZnO electrode as the best electrode for DA oxidation in this study. While for 

SE the current density of the modified electrodes follows the order GCE/Nylon 

6,6/MWCNT/ZnO (20.43 mAcm-2) ˃ GCE/Nylon 6,6/MWCNT/Fe3O4 (9.43 mAcm-2) and 

GCE/Nylon 6,6/MWCNT/NiO (0.42 μ Acm-2), this result, therefore, confirms GCE/Nylon 

6,6/MWCNT/ZnO electrode as the best electrode for SE oxidation in this study.  The higher 

DA and SE oxidation current at this electrode indicates that the Nylon/MWCNT has provided 

large surface area for effective diffusion of more DA and SE molecules in and out of the 

electrode surface for maximum electrocatalytic oxidation process [370].  

 

4.3.4.1 Effect of varying scan rate at constant concentration (10-4 M) of dopamine in pH 

7.0 PBS 

Cyclic voltammetry experiments were carried out with the Nylon 6,6/MWCNT/MO to 

establish the impact of scan rate at constant concentration (10-4 M) of dopamine in pH 7.0 

PBS solutions. In all cases, we observed a shift in potential with increase in scan rate (Figure 

4.29). From the Randles–Sevˇcik equation for an anodic oxidation process equation (2.3, 

chapter 2), the plot of the peak currents (Ip) against the square root of scan rate (ν1/2) (Figure 

4.29) for scan rate ranging from 25 to 300 mVs-1, gave a linear relationship and 

approximately zero intercept, confirming a diffusion-controlled process but with some levels 

of adsorbed reaction intermediates. The linear relationship of the plot confirmed that the 

nanocomposites were electroactive, conducting and confined to the surface.  
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Figure 4.29: Effect of scan rate (25 – 300 mVs-1) on the cyclic voltammograms of (a) 

GCE/Nylon 6,6/MWCNT/NiO (b) GCE/Nylon 6,6/MWCNT/ZnO and (c) GCE/Nylon 

6,6/MWCNT/Fe3O4 in 1 x 10-4 M DA and their respective linear plots of current versus 

square root of scan rate (d-f).  
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The charge transfer coefficient () for the reaction can be evaluated from cyclic voltammetric 

experiments by using the variation of anodic and cathodic peak potentials with logarithm of 

scan rate. Based on the slope of Epa with log (v), (1-α)nα was calculated to be 0.35, 0.34 and 

0.47 for electrodes GCE/Nylon 6,6/MWCNT/NiO, GCE/Nylon 6,6/MWCNT/ZnO and 

GCE/Nylon 6,6/MWCNT/Fe3O4 respectively. In order to get information on the rate 

determining step, the peak potential, Ep, is proportional to log ν (graph not shown). The 

slopes of Ep vs. log ν for the different electrodes were 0.117, 0.178, and 0.032 V for 

electrodes GCE/Nylon 6,6/MWCNT/NiO, GCE/Nylon 6,6/MWCNT/ZnO and GCE/Nylon 

6,6/MWCNT/Fe3O4 respectively. The tafel slopes was estimated according to the equation 

4.2, for the totally irreversible diffusion controlled process [324]. So, the respective values of 

b for these electrodes were obtained as 0.234, 0.356 and 0.064 Vdec-1. Tafel values at 

GCE/Nylon 6,6/MWCNT/NiO and GCE/Nylon 6,6/MWCNT/ZnO  are higher than the 

theoretical 0.118 V dec-1 for a one-electron process involved in the rate-determining step, 

while at GCE/Nylon 6,6/MWCNT/Fe3O4  the value is lower suggesting no adsorption on the 

surface of the electrode. Therefore, the high Tafel values suggest adsorption of dopamine or 

its reaction intermediate at the electrode surface since high Tafel values have been attributed 

to the adsorption of reactants or intermediates on the electrode surfaces and/or reactions 

occurring within a porous electrode structure [333]. Adsorption process at the electrode can 

be linked with the porous CNT layer [334]. The value of ks was evaluated to be equal to 0.13, 

0.24 and 0.49 cm s-1 for electrodes GCE/Nylon 6,6/MWCNT/NiO, GCE/Nylon 

6,6/MWCNT/ZnO and GCE/Nylon 6,6/MWCNT/Fe3O4 respectively. According to the 

kinetics of electron process, when the rate constant is larger than 10-2 cm/s , the electron 

transfer process is very fast, and the electrode reaction is reversible, and when 10-4 <ks < 10-2 

cm/s, the electrode reaction is a quasireversible process. So the electrode reaction of DA on 

the proposed electrodes is reversible process. 
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4.3.4.2 Electrochemical impedance spectroscopic (EIS) studies  

The Nyquist plots obtained from the impedance experiment (at fixed potential of 0.2 V vs 

Ag/AgCl, sat’d KCl) and between 10 KHz and 1 Hz are presented in Figure 4.30 a-c  for 

modified electrodes Nylon 6,6/MWCNT/NiO, Nylon 6,6/MWCNT/ZnO and Nylon 

6,6/MWCNT/Fe3O4 respectively. The circuit model used in the fitting of the impedance data 

is represented in Figure 4.30 d-e, where circuit Figure 4.30d represent the EIS data fitting for 

bare GCE, GCE/MO and GCE/ Nylon 6,6/MWCNT/NiO, GCE/ Nylon 6,6/MWCNT/Fe3O4 

and Figure 4.30e  represent that of GCE/ Nylon 6,6/MWCNT/ZnO and  GCE/ Nylon 

6,6/MWCNT modified GCE electrodes. In this circuit model, Rs is the solution resistance, Cdl 

represents the double layer capacitance, Q or CPE is the constant phase element, and Rct is the 

charge transfer resistance, Zw is the Warburg impedance. The values obtained from the 

fitting of the raw impedance spectra with this circuit are presented in Table 4.9.  

From the Rct values, the electron transport is faster for the Nylon 6,6/MWCNT/NiO and  

Nylon 6,6/MWCNT/ZnO electrodes compared to others. The Rct value was higher at the bare 

GCE and GCE/Nylon 6,6/MWCNT/Fe3O4 when compared with the other modified 

electrodes. The rapid electron transfer at the nanocomposite can be ascribed to the excellent 

conductivity of MWCNT, which acts as a good electron conducting wire between Nylon 

6,6/MO and the electrode surface. The n values are less than the ideal 1.0 expected from an 

ideal capacitive behaviour, thus suggesting pseudo-capacitive properties for these electrodes.  

 

 

 

 

http://www.sciencedirect.com/science/article/pii/S157266571000175X#tbl1
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Figure 4.30: Typical Nyquist plots (a-c) obtained for the electrodes in in 1 mM dopamine 

solution prepared in 0.1M PBS (pH 7) at a fixed potential of 0.2 V (vs. Ag|AgCl, saturated 

KCl) (d -e) represents the circuit used in the fitting of the EIS data (a-c).  
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Table 4.9: Impedance data obtained for the bare GCE and the modified electrodes in 1 mM 

DA solution at 0.2 V (vs. Ag|AgCl saturated KCl). All values were obtained from the fitted 

impedance spectra. The values in parentheses are percent errors of data fitting. 

 

Electrodes Electrochemical impedance spectroscopy data 

R
s
 (k)                  C

dl
 (µF)                        R

ct
 ( )                 Q (x 106 nF )              

  

GCE/Nylon 6,6/MWCNT Fe
3
O

4
          1.19 (2.49)  0.32 ((17.93)  175.00 (8.63) 143.90 (2.52) 

GCE/Nylon 6,6/MWCNT/NiO          0.72 (1.45) 0.28 ((13.70)   22.65 ((5.67) 222.00 ((1.56) 

GCE 
 

 53700.00 (9.05) 0.15 (10.56) 103.30 (4.63) 27.50 (1.33) 

GCE/NiO  61800.00 (8.53) 0.15 (10.70) 109.10 (4.72) 26.35 (1.31) 

GCE/ZnO  80600.00 (7.95) 0.17 (16.73) 84.80 (7.47) 24.88 (1.36) 

GCE/Fe3O4 117500.00 (0.78) 0.19 (17.95) 37.40 (2.58)   6.59 (3.04) 

 

Electrodes Electrochemical impedance spectroscopy data 

 R
s
 (k)                      C

dl
 (µF)                    R

ct
 ( )                   W x 103 

  

GCE/Nylon 6,6/MWCNT 1.37 (1.98) 0.145 (35.82) 158.80 (15.44) 290.40 ( 0.94) 

GCE/Nylon 6,6/MWCNT ZnO 0.35 (11.00) 14.75 (46.01)     0.30 (19.69) 0.12 (3.26) 

 

 

4.3.4.3 Effect of varying scan rate at constant concentration (10-4 M) of serotonin in pH 

7.0 PBS 

Effect of varying scan rate at constant concentration (10-4 M) of serotonin in pH 7.0 PBS 

were also carried out with the Nylon 6,6/MWCNT/MO to establish the impact of scan rate at 

constant concentration (10-4 M) of serotonin in pH 7.0 PBS solutions. In all cases, we 

observed a shift in potential with increase in scan rate (Figure 4.31 a-c). From the Randles–

Sevˇcik equation for an anodic oxidation process equation (2.3, chapter 2), the plot of the 

peak currents (Ip) against the square root of scan rate (ν1/2) (Figure 4.31 d-f) for scan rate 
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ranging from 25 to 300 mVs-1, gave a linear relationship and approximately zero intercept, 

confirming a diffusion-controlled process but with some levels of adsorbed reaction 

intermediates. The linear relationship of the plot confirmed that the nanocomposites were 

electroactive, conducting and confined to the surface.  

The charge transfer coefficient () for the reaction can be evaluated from cyclic voltammetric 

experiments by using the variation of anodic and cathodic peak potentials with logarithm of 

scan rate. Based on the slope of Epa with log (v), (1-α)nα was calculated to be 0.36, 0.39 and 

0.39 for electrodes GCE/Nylon 6,6/MWCNT/NiO, GCE/Nylon 6,6/MWCNT/ZnO and 

GCE/Nylon 6,6/MWCNT/Fe3O4 respectively. In order to get information on the rate 

determining step, the peak potential, Ep, is proportional to log ν (graph not shown). The 

slopes of Ep vs. log ν for the different electrodes were 0.076, 0.068, and 0.046 V for 

electrodes GCE/Nylon 6,6/MWCNT/NiO, GCE/Nylon 6,6/MWCNT/ZnO and GCE/Nylon 

6,6/MWCNT/Fe3O4 respectively. The tafel slopes may be estimated according to the equation 

4.2 in chapter 4 for the totally irreversible diffusion controlled process [332]. So, the 

respective values of b for these electrodes were obtained as 0.152, 0.136 and 0.092 Vdec-1. 
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Figure 4.31: Effect of scan rate (25 – 500 mVs-1) on the cyclic voltammograms of (a) 

GCE/Nylon 6,6/MWCNT/NiO (b) GCE/Nylon 6,6/MWCNT/ZnO and (b) GCE/Nylon 

6,6/MWCNT/Fe3O4 in in 1 x 10-4 M SE.  (d-f) linear plots of current versus square root of 

scan rate at modified electrodes GCE/Nylon 6,6/MWCNT/NiO, GCE/Nylon 

6,6/MWCNT/ZnO and GCE/Nylon 6,6/MWCNT/Fe3O4 respectively. 
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Tafel values at GCE/Nylon 6,6/MWCNT/NiO and GCE/Nylon 6,6/MWCNT/ZnO were 

higher than the theoretical 0.118 V dec-1 for a one-electron process involved in the rate-

determining step, while at GCE/Nylon 6,6/MWCNT/Fe3O4  the value is lower suggesting low 

adsorption process. Therefore the high Tafel values suggest adsorption of dopamine or its 

reaction intermediate at the electrode surface since high Tafel values have been attributed to 

the adsorption of reactants or intermediates on the electrode surfaces and/or reactions 

occurring within a porous electrode structure [325]. Adsorption process at the electrode can 

be linked with the porous CNT layer [371]. The value of ks was evaluated to be equal to 2.87, 

2.7 and 2.7 cm s-1 for electrodes GCE/Nylon 6,6/MWCNT/NiO, GCE/Nylon 

6,6/MWCNT/ZnO and GCE/Nylon 6,6/MWCNT/Fe3O4 respectively. According to the 

kinetics of electron process, when the rate constant is larger than 10-2 cm/s , the electron 

transfer process is very fast, and the electrode reaction is reversible, and when 10-4 <ks < 10-2 

cm/s, the electrode reaction is a quasireversible process. So the electrode reaction of SE on 

the proposed electrodes is reversible process. 

4.3.4.4 Electrochemical impedance spectroscopic (EIS) studies  

The Nyquist plots obtained from the impedance experiment (at fixed potential of 0.2 V vs 

Ag/AgCl, sat’d KCl) and between 10 KHz and 1 Hz are presented in Figure 4.32 a-c  for 

modified electrodes Nylon 6,6/MWCNT/NiO, Nylon 6,6/MWCNT/ZnO and Nylon 

6,6/MWCNT/Fe3O4 respectively. The circuit model used in the fitting of the impedance data 

is represented in Figure 4.32 (d – e), where circuit Figure 4.32d represent the EIS data fitting 

for bare GCE, GCE/MO and GCE/Nylon 6,6/MWCNT/MO nanocomposites and Figure 

4.32e represent that of GCE/Nylon 6,6/MWCNT modified electrode. In this circuit model, Rs 

is the solution resistance, Cdl represents the double layer capacitance, Q or CPE is the 

constant phase element, and Rct is the charge transfer resistance. The values obtained from the 

fitting of the raw impedance spectra with this circuit are presented in Table 4.10.   

http://www.sciencedirect.com/science/article/pii/S157266571000175X#tbl1
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Figure 4.32: Typical Nyquist plots (a-c) obtained for the electrodes in in 1 mM serotonin 

solution prepared in 0.1M PBS (pH 7) at a fixed potential of 0.2 V (vs. Ag|AgCl, saturated 

KCl) (d -e) represents the circuit used in the fitting of the EIS data (a-c).  
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Table 4.10: Impedance data obtained for the bare GCE and the modified electrodes in 1 mM 

SE solution at 0.2 V (vs. Ag|AgCl saturated KCl). All values were obtained from the fitted 

impedance spectra.  

 

Electrodes Electrochemical impedance spectroscopy data 

        R
s
 ()                     Q (x 106 nF )             R

ct
 ( )                C

dl
 (nF)                     

  

GCE/Nylon 6,6/MWCNT/ ZnO 496.00 (0.61) 100.50 (1.82) 51.20 (14.34) 0.01 (19.78) 

GCE/Nylon 6,6/MWCNT Fe
3
O

4
 92.1 (19.77) 44.20 (2.87) 280.30 (6.21) 4.48 (13.44) 

GCE/Nylon 6,6/MWCNT/NiO 435.00 (1.74) 22.70 (2.61) 23.42 (40.34) 3.09 (75.64) 

GCE 
 

134.70 (1.28) 11.86 (2.52) 100.20 (16.23) 1.99 (8.39) 

GCE/NiO 59.40 (12.36) 18.91 (1.08) 92.70 ((7.44) 123.30 ((16.28) 

GCE/ZnO 49.60 ((14.05) 17.32 (1.13) 86.90 (7.47) 134.70 (16.51) 

GCE/Fe3O4 45.10 (12.79) 12.06 (1.01) 84.20 ((6.23) 149.30 (14.17) 

 

From the Rct values, the electron transport is faster for the Nylon 6,6/MWCNT/NiO and  

Nylon 6,6/MWCNT/ZnO electrodes compared to others. The Rct value was higher at the bare 

GCE and GCE/Nylon 6,6/MWCNT/Fe3O4 when compared with the other modified 

electrodes. The rapid electron transfer at the nanocomposite can be ascribed to the excellent 

conductivity of MWCNT, which acts as a good electron conducting wire between Nylon 

6,6/MO and the electrode surface. The n values are less than the ideal 1.0 expected from an 

ideal capacitive behaviour, thus suggesting pseudo-capacitive properties for these electrodes.  

 

4.3.4.5 Electroanalysis of Dopamine and Serotonin 

Since the proposed Nylon 6,6/MWCNT/MO GCE electrodes have demonstrated favourable 

electrochemical response towards DA and SE, they have been used for determination of DA 

and SE. To improve the sensitivity of the developed sensors in detection of dopamine and 

serotonin, square wave voltemmetry (SWV) technique has been used. Figures 4.33 and 4.34 

shows the square wave voltamogramme of the concentration range 2 × 10−14 mol/L to 9.9 × 
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10−8 mol/L for electrodes GCE/Nylon 6,6/MWCNT/NiO, GCE/Nylon 6,6/MWCNT/ZnO and 

GCE/Nylon 6,6/MWCNT/Fe3O4 in dopamine and serotonin respectively. The respective 

detection limit for dopamine and serotonin on the electrodes were calculated based on the 

relationship LoD = 3.3 δ/m [294] where δ is the relative standard deviation of the intercept of 

the y-coordinates from the line of best fit, and m the slope of the same line to be 1.49 x 10-11, 

1.76 x 10-11, and 4.28 x 10-11 mol/L (𝑆/𝑁 = 3) for dopamine at modified electrodes 

GCE/Nylon 6,6/MWCNT/NiO, GCE/Nylon 6,6/MWCNT/ZnO and GCE/Nylon 

6,6/MWCNT/Fe3O4 respectively. While for serotonin the limit of detection at modified 

electrodes were calculated to be 1.17x 10-10, 3.39 x 10-7, and 1.16 x 10-6 mol/L (𝑆/𝑁 = 3) at 

GCE/Nylon 6,6/MWCNT/ZnO, GCE/Nylon 6,6/MWCNT/NiO and GCE/Nylon 

6,6/MWCNT/Fe3O4 respectively. The best electrode for detection of dopamine was 

GCE/Nylon 6,6/MWCNT/NiO while for the detection of serotonin  the best electrode to be 

considered is GCE/Nylon 6,6/MWCNT/ZnO due to their lowest limit of detections.  A 

comparism of these results is given in Table 4.11 and 4.12 for dopamine and serotonin 

resprctively. 
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Figure 4.33: Square wave voltammogrammes of (a) GCE/Nylon 6,6/MWCNT/NiO (b) 

GCE/Nylon 6,6/MWCNT/ZnO and (c) GCE/Nylon 6,6/MWCNT/Fe3O4 in PBS pH 7 

containing 2 x 10-14 M to 9.9 x 10 -8 M DA concentration.  
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Figure 4.34: Square wave voltammogrammes of (a) GCE/Nylon 6,6/MWCNT/NiO (b) 

GCE/Nylon 6,6/MWCNT/ZnO and (c) GCE/Nylon 6,6/MWCNT/Fe3O4 in PBS pH 7 

containing 2 x 10-14 M to 9.9 x 10 -8 M SE concentration.  
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Table 4.11: Comparison of different electrochemical sensors for the determination of 

dopamine. 

 

Electrode material Techniques Detection Limit (M) References 

Ni NPs@Poly1,5-DAN/GCEc SWV 1.1 x 10-8 [372] 

TPyP-31P/FTO DPV 1.4 x 10-7 [373] 

GCE/Nylon6,6/MWCNT/NiO SWV 1.49 x 10-11 This work 

GCE/Nylon6,6/MWCNT/ZnO SWV 1.76 x 10-11 This work 

GCE/Nylon6,6/MWCNT/Fe3O4 SWV 4.28 x 10-11 This work 

 

 

Table 4.12: Comparison of different electrochemical sensors for the determination of 

serotonin. 

 

Electrode material Techniques Detection Limit (M) References 

TPyP-31P/FTO CVs 2.2 x 10-4 [374] 

F-MWCNTs/BR9 DPV 9.0 x 10-6 [375] 

GCE/Nylon6,6/MWCNT/NiO SWV 3.39 x 10-7 This work 

GCE/Nylon6,6/MWCNT/ZnO SWV 1.17 x 10-10 This work 

GCE/Nylon6,6/MWCNT/Fe3O4 SWV 1.16 x 10-6 This work 

 

 

 

4.3.5 Interference study: Detection of DA and SE in the presence of AA 

Figure 4.35 is the cyclic voltammetric responses of GCE/Nylon 6,6/MWCNT/NiO, 

GCE/Nylon 6,6/MWCNT/ZnO and GCE/Nylon 6,6/MWCNT/Fe3O4 in 0.1 M pH 7.0 PBS 

containing mixture of 10-2 M AA, approximately 1000 times concentration of DA and SE. 

The simultaneous detection of AA, DA and SE even at AA concentration (9.09 mM ) which 

is 1000 times as high as DA  and SE concentration (9.09 µM ) was successful at the 

GCE/Nylon 6,6/MWCNT/MO electrodes with potential separation of about AA/DA 150,170, 
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250, DA/SE 200, 200, 250 mV, and AA/SE 350,370, 500 mV observed at GCE/Nylon 

6,6/MWCNT/NiO, GCE/Nylon 6,6/MWCNT/ZnO and GCE/Nylon 6,6/MWCNT/Fe3O4 

electrodes respectively.  
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Figure 4.35:  Cyclic voltammogram of 10-4 M of AA, DA and SE at (a) GCE/Nylon 

6,6/MWCNT /NiO (b) GCE/Nylon 6,6/MWCNT/ZnO and (c) GCE/Nylon 

6,6/MWCNT/Fe3O4 electrodes in PBS pH 7.0. 
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4.4 METAL OXIDE NANOPARTICLES / PANI NANOCOMPOSITE MODIFIED 

ELECTRODE FOR THE DETECTION OF DOPAMINE  

4.4.1 Spectroscopic and microscopic characterisation 

4.4.1.1 UV-vis spectroscopy result 

UV–vis absorption spectroscopic analyses were performed to confirm the formation of the 

PANI-MO nanocomposites. UV–vis absorption spectra for mtal oxides nanoparticles [Figure 

4.36] showed a strong absorption peak at 340, 370 and 398 nm which are characteristic peaks 

for nickel, zinc and iron oxide nanoparticles. The PANI-MO nanocomposites showed two 

strong absorption peaks at approximately 348 and 622 nm respectively. The absorption peak 

at 348 nm indicates a slight shift in the MO absorption bands suggesting the chemical 

interaction of the MO with the PANI molecules. This shift might be due to the benzenoid π-

π* transition of the PANI molecules in the PANI-MO nanocomposites. This peak at 622 nm 

has been attributed to π-π* transition of quinine-imines group which also indicate the 

formation of emeraldine base. This result is similar to previously reported results for 

polyaniline powders, thin films, nanotubes, and nanofibers [376, 377].  
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Figure 4.36: Uv-Vis spectra of (a) NiO, PANI and PANI-NiO (b) ZnO, PANI and PANI-

ZnO  and (c) Fe3O4, PANI and PANI-Fe3O4 nanocomposites. 

 

4.4.1.2 Fourier Transform Infra-Red Spectroscopy 

Figure 4.37, shows the FTIR spectra of MO, PANI and PANI-MO nanocomposites. The 

spectra of PANI show the main characteristic peaks at 1580, 1500, 1287, 1147 and 824 cm-1. 

The bands at 1580 and 1500 cm-1 are attributed to stretching vibrations of N=N ring and N-N 

ring for benzenic rings and quinonic rings respectively, while the bands at 1287 cm-1 

corresponds to NH bending, and 1147 cm-1 was assigned to C-N stretching of secondary 

aromatic amine [378]. The out-of-plane bending vibration of C-H on the 1, 4-disubstituted 
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aromatic rings was assigned to the peak at 824 cm-1 [379]. The reduction in the intensity of 

these PANI characteristic peaks in PANI-MO and the reduction in PANI broad band intensity 

at around 2400 cm-1 indicate successful transformation of the PANI molecule to PANI-MO 

nanocomposites.  The peaks between 700 - 500 cm-1 indicate the presence of NiO, ZnO and 

Fe3O4 nanoparticles in the PANI molecules. The presence of the band at 1148 cm-1 in the 

FTIR spectra of the PANI-MO nanocomposites confirms the hydrogen bonding formed 

between the imine group of PANI and metal oxides nanoparticles.  

In Figure 7.2c the peaks of PANI-Fe3O4 spectra shift towards lower wavenumber, probably 

due to the strong interaction of the 3d orbit of Fe3O4 with N atom in PANI to form a 

coordination bond [380-382].  

4.4.1.3 SEM, TEM, EDX and XRD of PANI and PANI-NiO nanocomposites 

4.4.1.3.1 Scanning Electron Microscopy 

The SEM images of the MO, PANI nanofibers and PANI-MO nanocomposites are shown in 

Figure 4.38. Figure 4.38a is the SEM image for the PANI nanofibers which shows that PANI 

has a larger surface area due to its porous morphology. The PANI-MO SEM images (Figure 

4.38 b-c) indicate a formation of aggregate porous layers with the metal oxide nanoparticles 

on PANI molecules. The successful formation of the PANI-MO nanocomposites can be 

attributed to ionic interaction between the PANI and the metal oxides nanoparticles. Similar 

reports on the successful formation of metal oxide/carbon nanomaterial based 

nanocomposites have been attributed to either π-π or electrovalent interaction between the 

metal oxide and the carbon based nano material [383]. 
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Figure 4.37: FTIR spectra of PANI, MO nanoparticles and PANI-MO nanocomposites. 
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From Figure 4.38a the SEM image of PANI-NiO represents formation of aggregate porous 

layers of PANI with well dispersed flower-like NiO nanoparticles embedded in it. The 

successful formation of the PANI-NiO nanocomposites can be attributed to ionic interaction 

between the two nanomaterials. Figure 4.38c shows the SEM for PANI-ZnO which indicate 

that the hexagonal particles of ZnO were hampered on addition of polyaniline after the 

formation of PANI-ZnO nanocomposite. The SEM images for the PANI-Fe3O4 showed a 

clustered morphology of Fe3O4 nanoparticles on multiwalled carbon nanotodes 

4.4.1.3.2 Transmission Electron Microscope 

The TEM images of PANI and PANI-MO nanocomposites are shown in Figure 4.39. The 

morphology of PANI nanofiber (Figure 4.39) shows small, spherical but closely packed 

particles probably due to π-π interactions between the PANI molecules. The estimated length 

of the PANI nanofibers was approximately 85 nm.   The nanocomposites formed after doping 

NiO, ZnO and Fe3O4 into PANI nanofibers (PANI-NiO, PANI-ZnO and PANI-Fe3O4)   

(Figure 4.39 b-d) shows some form of aggregation probably due to π-π and electrovalent 

interaction between the metal oxides nanoparticles and PANI molecules [384, 385]. In 

addition the TEM image of PANI-Fe3O4 nanoparticles Figure 4.39d indicates the formation of 

spherical particles with an average diameter of 65 nm. The monodispersed dark region 

confirms the presence of Fe3O4 nanoparticles in the light colored region supposed PANI.  
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Figure 4.38:  SEM images of (a) PANI nanofibers (b) PANI-NiO (C) PANI-ZnO and (d) 

PANI-Fe3O4 nanocomposites. 
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4.4.1.3.3 Energy  Dispersed X-Ray 

The EDX spectrum of the PANI-MO nanocomposites is presented in Figure 4.40. The 

prominence of the nickel, zinc and iron and oxygen (O ~ 36.88 %) peaks confirmed the 

presence of NiO, ZnO and Fe3O4 nanoparticles in the PANI-NiO, PANI-ZnO and PANI- 

Fe3O4. Generally, the presence of nitrogen (N = 7.94 %) and carbon (C = 6.47%) peaks 

though with lower peak intensity further reveals the presence of PANI molecules and the 

successful preparation of the PANI-MO nanocomposites. 

                

              

 

Figure 4.39:  TEM images of (a) PANI nanofibers (b) PANI-NiO (C) PANI-ZnO and (d) 

PANI-Fe3O4 nanocomposites. 

 

(a) (b) 

(c) (d) 
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Figure 4.40:  EDX spectra of (a) PANI-NiO (b) PANI-ZnO and (c) PANI-Fe3O4 

nanocomposites. 
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4.4.1.3.4 X-Ray Diffraction 

The XRD spectra of PANI and PANI-MO are shown in Figure 4.41. For polyaniline (PANI) 

Figure 4.41a, the characteristics peaks at 2θ = 200 and 260 correspond to (020) and (200) 

crystal planes of PANI [386]. After the incorporation of metal oxides nanoparticles into the 

PANI matrix to form PANI-MO composite, characteristics peaks that appear at 2θ = 200 and 

300  for PANI has a reduced intensity and new peaks at 2θ = 330, 380, and 610 respectively in 

Figure 4.41b, corresponding to (111), (200), and (220) indices confirming the presence of 

NiO nanoparticles in the PANI-NiO nanocomposite formed, for PANI-ZnO nanocomposite 

characteristics peaks at 2θ = 350, 380, 620 and 680 respectively in Figure 4.41c, corresponding 

to (001), (101), (110) and (112) indices confirming the presence of ZnO nanoparticles. Figure 

4.41c, reveals a diffused broad amorphous halo over the 2θ range of lower intensity 

which can be attributed to low crystallinity due to large fraction of PANI PANI-Fe3O4 

nanocomposite. Peaks at 20° and 30° confirm  the presence of PANI and the four 

reflection peaks around 35, 58, 65 and 72° corresponding to (311), (422), (440) and 

(620) indices also confirm the presence of iron oxide nanoparticles in PANI-Fe3O4 

nanocomposite formed [384, 385]. After the incorporation of NiO into the PANI matrix to 

form PANI-NiO nanocomposite Figure 7.6b, characteristics peaks that appear at 2θ = 330, 

380, and 610 respectively, corresponding to (111), (200), and (220) indices confirming the 

presence of NiO nanoparticles well dispersed in the PANI polymer matrix as observed from 

the SEM images. The XRD result further confirms the formation of the PANI-MO 

nanocomposites. Debye-Scherrer formula equation 4.3 below to calculate the crystal sizes of 

the nanoparticles [387].  

 





cosB

K
d   (4.3) 
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where d is the average crystal size; K is a constant (0.89);  is the wavelength (1.78901 nm) 

used; B is the full width at half maximum of the peak,  is the Bragg’s angle of the XRD 

peak, the crystal sizes of the NiO, ZnO and Fe3O4 nanoparticles were estimated from three 

prominent peaks to be ~ 50, 65 and 60 nm respectively.  
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Figure 4.41: XRD spectra of (a) PANI (b) PANI-NiO (C) PANI-ZnO and (d) PANI-Fe3O4 

nanocomposites. 

 

 

 

 

 



161 

 

4.4.2 Electrochemical characterization of electrodes 

To evaluate the charge transfer properties of the PANI-MO modified electrodes where MO 

represents NiO, ZnO and Fe3O4 nanoparticles, we performed the cyclic voltammetry 

experiment for the modified electrodes in 5 mM Fe(CN)6]
4−/[Fe(CN)6]

3− in 0.1 M PBS (scan 

rate, 25 mVs-1) and the result is presented in Figure 4.42. Two pairs of redox peaks were 

observed at the modified electrodes (Figure 4.42). The first redox peaks ranging from the 

regions of 200 to 300 mV is attributed to the Fe(CN)6]
4−/[Fe(CN)6]

3- redox process. There 

was no other observable peaks corresponding to Ni(II)/Ni(III), Zn(II)/Zn and Fe(II)/Fe(III) 

redox processes on the modified electrodes probably because of the faster electron transfer at 

the electrode, or overllap between the Fe(CN)6]
4−/[Fe(CN)6]

3- peaks. Generally, the GCE-

PANI-NiO, GCE-PANI-ZnO and GCE-PANI- Fe3O4 electrodes gave higher current response 

compared with bare GCE, and GCE-MO (MO = NiO, ZnO, Fe3O4) modified electrodes 

electrodes. Thus, the GCE-PANI--MO electrodes have demonstrated faster charge transport 

behaviour in this study. 

Therefore, the anodic current density of each electrode in Fe(CN)6]
4−/[Fe(CN)6]

3− redox 

probe follows the order: GCE-PANI-NiO (86.28 mAcm-2) > GCE-PANI-ZnO (16.29 mAcm-

2) ˃ GCE-PANI-/Fe3O4 (1.004 mAcm-2). Therefore PANI-NiO has demonstrated the best 

electron transport properties with current density higher than that of PANI-ZnO and PANI-

/Fe3O4 electrodes. 
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Figure 4.42: Comparative cyclic voltammogrammes for at scan rate, 25 mVs-1 in 5 mM 

Fe(CN)6]
4−/[Fe(CN)6]

3− solution prepared in 0.1M PBS (pH 7). 
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The scan rate study (scan rate, 25 – 1000 mVs-1) of the PANI-MO electrodes was carried out 

in 5 mM Fe(CN)6]
4−/[Fe(CN)6]

3− solution prepared in 0.1M PBS (pH 7) using cyclic 

voltammetry experiment. Both anodic current (Ipa) and cathodic current (Ipc) increase with 

increase in scan rates (25 to 500 mVs−1) (Figure 4.43) 

The apparent charge transfer rate constant (ks) and the charge transfer coefficient () of a 

surface-confined redox couple can be evaluated from the cyclic voltammetric experiments by 

using the variation of anodic and cathodic peak potentials with logarithm of scan rate. The 

Epa shifted to more positive values with increasing the scan rate (v). The transfer coefficient 

(i.e. α) and the number of electrons involved in the rate-determining step can be evaluated. 

Based on the slope of Epa versus log (v), α was calculated to be 0.51, 0.40 and 0.38 for 

electrodes PANI-NiO, PANI-ZnO and PANI-Fe3O4 respectively.  The values of ks were 

evaluated to be 1.58, 1.75 and 1.79 s-1 for electrodes PANI-NiO, PANI-ZnO and PANI-Fe3O4 

respectively using equation 4.1. 

4.4.2.1.1 Electrochemical impedance spectroscopic (EIS) studies  

EIS is a complex electrochemical process that gives insightful information about reaction at 

the electrode-electrolyte interface. The result obtained is presented in Nyquist plot, which 

includes a semi-circular portion corresponding to the electron-transfer-limited process and a 

linear part resulting from the diffusion process [324]. The diameter of the semicircle 

corresponds to the electron transfer resistance (Rct) of the redox probe at the electrode 

interface. A smaller Rct value implies that the probe has a higher interfacial electron transfer 

rate.  
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Figure 4.43:  Effect of scan rate (25 – 500 mVs-1) on the cyclic voltammograms of (a) PANI-

NiO (b) PANI-ZnO and (C) PANI-Fe3O4 in 5 mM Fe(CN)6]
4−/[Fe(CN)6]

3− solution prepared 

in 0.1M PBS (pH 7), (d-f) plot of current versus square root of scan rate at GCE-PANI- NiO, 

GCE-PANI-ZnO and GCE-PANI-Fe3O4 respectively. 
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The Nyquist plots obtained from the impedance experiment (at fixed potential of 0.2 V vs 

Ag/AgCl, sat’d KCl) and between 10 KHz and 1 Hz are presented in Figure  4.44 while the 

circuit model used in the fitting of the impedance data is represented in Figure 4.44 d-e. 

Where circuit in Figure 4.44d represent the EIS data fitting for bare GCE and Figure 4.44e   

represent that of the NiO, ZnO, Fe3O4, PANI, PANI-NiO, PANI-ZnO and PANI-Fe3O4 

modified GCE electrodes. In this circuit model, Rs is the solution resistance, Cdl represents 

the double layer capacitance, Q or CPE is the constant phase element, and Rct is the charge 

transfer resistance. The values obtained from the fitting of the raw impedance spectra with 

this circuit are presented in Table 4.13.   

 

 

 

 

 

 

http://www.sciencedirect.com/science/article/pii/S157266571000175X#tbl1


166 

 

0 2000 4000 6000

0

500

1000

1500

2000

Z
 '
' 
/ 


(a)

 GCE

 NiO

 PANI-NiO

Z ' / 

 

0 400 800 1200 1600
0

200

400

600

800

 Z
 '
' 
/ 


(b)

 GCE

 ZnO

 PANI-ZnO

Z ' / 

 

 

 

 



167 

 

 

0 800 1600 2400 3200

0

300

600

900

1200

1500

Z ' / 

(c)
Z

 '
' 
/ 


 GCE

 Fe
3
O

4

 PANI-Fe
3
O

4

 

 

 

 

 

 

Figure 4.44: Typical Nyquist plots (a-c) obtained for the electrodes in 5 mM 

Fe(CN)6]
4−/[Fe(CN)6]

3− solution prepared in 0.1M PBS (pH 7) at a fixed potential of 0.2 V 

(vs. Ag|AgCl, saturated KCl), (d –e) represents the circuit used in the fitting of the EIS data 

(a-c). 
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Table 4.13: Impedance data obtained for the bare GCE and the modified electrodes in 5 mM 

Fe(CN)6]
4−/[Fe(CN)6]

3− solution at 0.2 V (vs. Ag|AgCl saturated KCl). All values were 

obtained from the fitted impedance spectra. The values in parentheses are percent errors of 

data fitting. 

 

Electrodes Electrochemical impedance spectroscopy data 

  R
s
 ()               Q (x 106 nF )                     R

ct
 ( )                 C

dl
 (u F) 

GCE 126.60  (0.04)      8.44 (1.19)    1237.00 (0.44)   2.13 (2.25) 

GCE-NiO 104.60  (1.62)  940.00 (3.95)      442.00 (2.14) 22.63 (2.42) 

GCE-ZnO 70.80  (1.10) 3200.00 (1.38) 38.20 (3.34) 83.30 (4.94) 

GCE-Fe
3
O

4
 55.80  (8.93) 334.00

 
(9.50)    1915.00 (4.37) 10.61 (3.84) 

GCE-PANI-NiO    51.20  (43.95) 196.00 (3.27)  276.40 (11.39) 17.20 (4.88) 

GCE-PANI-ZnO 608.00  (2.85) 418.00
 
(2.00)  110.00 (50.75)   10.28 (15.78) 

GCE-PANI-Fe
3
O

4
 69.40  (1.86) 634.20 (0.51) 111.40 (5.70)  3.51 (2.96) 

     

 

From the Rct values, the electron transport is faster for the PANI-MO electrode compared to 

others. The bare GCE exhibited a larger semicircle with an Rct value of 1.572 kΩ when 

compared with PANI-ZnO, PANI-NiO and PANI-Fe3O4 modified GCE (110, 276.4 and 

111.4 Ω) respectively, revealing the fast electron transfer at PANI-MO modified electrode. 

The rapid electron transfer at the nanocomposite can be ascribed to the excellent conductivity 

of PANI which acts as a good electron conducting wire between MO and the electrode 

surface. The n values are less than the ideal 1.0 expected from an ideal capacitive behaviour, 

thus suggesting pseudo-capacitive properties for these electrodes.  
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4.4.3 Electrooxidation of DA at the surface of the Electrodes 

Figure 4.45 shows the electrochemical response of dopamine at bare PANI-MO electrodes in 

0.1M phosphate buffer solution (pH 7.0). The CV evolution of electrodes in DA is typical for 

DA oxidation process where the anodic peak corresponds to dopaminoquinone (DA+) 

(Figure 7.10) and the cathodic peak corresponds to reduction of dopaminoquinone to 

leucodopanoquinone [319]. The comparative results showed that DA was oxidized with less-

defined DA oxidation peak at lower potentials and significantly enhanced DA oxidation 

current at the PANI-MO electrodes investigated (Figure 4.45a-c) where MO is NiO, ZnO  

and Fe3O4 nanoparticles. 
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Figure 4.45: Comparative cyclic voltammogrammes of 1 x 10-4 M DA at 25 mVs-1 on bare 

GCE, GCE-MO and GCE modified electrodes PANI-NiO, PANI-ZnO and PANI-Fe3O4 

respectively 

 

The DA oxidation current at the PANI-MO electrodes follow the order:   PANI-NiO (42.2 

μA) ˃ PANI-ZnO (19.4 μA) and PANI-Fe3O4 (9.8 μA). In terms of current density, the DA 
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oxidation current at the electrode follows the order: GCE- PANI-NiO (59.69 mAcm-2) ˃ 

GCE- PANI-ZnO (27.4 mAcm-2) and > GCE- PANI-Fe3O4 (13.86 mAcm-2) thus suggesting 

GCE- PANI-NiO electrode as the best electrode for DA oxidation in this study. The higher 

DA oxidation current at these electrodes indicates that the PANI has provided large surface 

area for effective diffusion of more DA molecules in and out of the electrode surface for 

maximum electrocatalytic oxidation process [388-390].   

4.4.3.1 Effect of varying scan rate at constant concentration (10-4 M) of dopamine in 

pH 7.0 PBS 

Cyclic voltammetry experiments were carried out with the PANI-MO to establish the impact 

of scan rate at constant concentration (10-4 M) of dopamine in pH 7.0 PBS solutions. In all 

cases, we observed a shift in potential with increase in scan rate (Fig. 4.46a-c). From the 

Randles–Sevˇcik equation for an anodic oxidation process equation (2.3, chapter 2), the plot 

of the peak currents (Ip) against the square root of scan rate (ν1/2) (Figure 4.46d-f) for scan 

rate ranging from 25 to 500 mVs-1, gave a linear relationship and approximately zero 

intercept, confirming a diffusion-controlled process but with some levels of adsorbed reaction 

intermediates. The linear relationship of the plot confirmed that the nanocomposites were 

electroactive, conducting and confined to the surface.  
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Figure 4.46:  Effect of scan rate (25 – 300 mVs-1) on the cyclic voltammograms of (a) GCE-

PANI-NiO (b) GCE-PANI-ZnO and (b) GCE-PANI-Fe3O4 in 1 x 10-4 M DA. Where graphs 

(d-f) represent plot of current versus square root of scan rate at GCE-PANI- NiO, GCE-

PANI-ZnO and GCE-PANI-Fe3O4 respectively. 
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The charge transfer coefficient () for the reaction can be evaluated from cyclic voltammetric 

experiments by using the variation of anodic and cathodic peak potentials with logarithm of 

scan rate. Based on the slope of Epa with log (v), (1-α)nα was calculated to be 0.56, 0.52 and 

0.96 for electrodes GCE-PANI-NiO, GCE-PANI-ZnO and GCE-PANI-Fe3O4 respectively. In 

order to get information on the rate determining step, The peak potential, Ep, is proportional 

to log ν (graph not shown). The slopes of Ep vs. log ν for the different electrodes were 0.049, 

0.022, and 0.078 V for electrodes GCE-PANI-NiO, GCE-PANI-ZnO and GCE-PANI-Fe3O4 

respectively. The tafel slopes may be estimated according to the equation (4.2, chapter 4) for 

the totally irreversible diffusion controlled process [324]. So, the respective values of b for 

these electrodes were obtained as 0.098, 0.044 and 0.156 Vdec-1. Tafel values at GCE-PANI-

Fe3O4 was higher than the theoretical 0.118 V dec-1 for a one-electron process involved in the 

rate-determining step, while at GCE-PANI-NiO and GCE-PANI-ZnO modified electrodes the 

value was lower compared to the therotical value. Therefore the high Tafel values suggest 

adsorption of dopamine or its reaction intermediate at the electrode surface since high Tafel 

values have been attributed to the adsorption of reactants or intermediates on the electrode 

surfaces and/or reactions occurring within a porous electrode structure [325]. Adsorption 

process at the electrode can be linked with the porous polymer nanocomposite layer [325]. 

The value of ks was evaluated to be equal to 1.51, 1.56 and 1.04 s-1 for electrodes GCE-

PANI-NiO, GCE-PANI-ZnO and GCE-PANI-Fe3O4 respectively. According to the kinetics 

of electron process, when the rate constant is larger than 10-2 cm/s , the electron transfer 

process is very fast, and the electrode reaction is reversible, and when 10-4 < ks < 10-2 cm/s, 

the electrode reaction is a quasireversible process. So the electrode reaction of DA on the 

proposed electrodes is reversible process 



174 

 

4.4.3.2 Electrochemical impedance spectroscopic (EIS) studies  

The Nyquist plots obtained from the impedance experiment (at fixed potential of 0.2 V vs 

Ag/AgCl, sat’d KCl) and between 10 KHz and 1 Hz are presented in Figure 4.47. While the 

circuit model used in the fitting of the impedance data is represented in Figure 4.47d-f. Figure 

4.47d represent the circuit used for the EIS data fitting for bare GCE and MO (MO: NiO, 

ZnO and Fe3O4 and PANI-NiO. Figure 4.47e represents that of PANI-ZnO and PANI-Fe3O4. 

In this circuit model, Rs is the solution resistance, Cdl represents the double layer capacitance, 

Q or CPE is the constant phase element, and Rct is the charge transfer resistance. The values 

obtained from the fitting of the raw impedance spectra with this circuit are presented in Table 

4.14.   
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Figure 4.47: Typical Nyquist plots (a-c) obtained for the electrodes in 1 mM dopamine 

solution prepared in 0.1M PBS (pH 7) at a fixed potential of 0.2 V (vs. Ag|AgCl, saturated 

KCl). Figures 7.12 (d-e) represent the circuits used in the fitting of the EIS data (a-c). 
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Table 4.14: Impedance data obtained for the bare GCE and the modified electrodes in 1 mM 

dopamine solution at 0.2 V (vs. Ag|AgCl saturated KCl). All values were obtained from the 

fitted impedance spectra. The values in parentheses are percent errors of data fitting. 

 

Electrodes Electrochemical impedance spectroscopy data 

     R
s
 ()                    Q (x 106 nF )             R

ct
 ( )                 C

dl
 (u F) 

GCE     54.70 (9.05)          2.77 (1.33)     98.40 (4.63) 163.70 (10.56) 

GCE-NiO     80.40 (0.50)      307.00 (3.25)       8.50 (7.77)  78.50 (15.72) 

GCE-ZnO     62.60 (8.53)          2.65 (1.31)   104.80 (4.72) 152.30 (10.72) 

GCE-Fe
3
O

4
     81.20 (7.95)        80.30 (3.04)     80.40 (7.47) 180.90 (16.73) 

GCE-PANI-NiO   161.60 (1.16) 131.00 (1.89)     64.00 (10.48)      1.93 (9.34) 

GCE-PANI-ZnO   143.60 (0.53)      187.40
 
(0.87)     13.08 (34.18)  253.80 (39..23) 

GCE-PANI-Fe
3
O

4
   131.10 (0.79) 206.40 (1.38)     81.50 (8.24)    42.90 (9.39) 

     

 

From the Rct values, the electron transport is faster for the PANI-MO electrode compared to 

others. The bare GCE exhibited a larger semicircle with an Rct value of 1.572 kΩ when 

compared with PANI-ZnO, PANI-NiO and PANI-Fe3O4 modified GCE (13.08, 64 and 81.50 

Ω) respectively, revealing the fast electron transfer at PANI-MO modified electrode. The 

rapid electron transfer at the nanocomposite can be ascribed to the excellent conductivity of 

PANI which acts as a good electron conducting wire between MO and the electrode surface. 

The n values are less than the ideal 1.0 expected from an ideal capacitive behaviour, thus 

suggesting pseudo-capacitive properties for these electrodes. 

 

4.4.4 Electroanalysis of Dopamine at PANI-MO modified electrodes 

Since the proposed PANI-MO glassy carbon electrodes have demonstrated favourable 

electrochemical response towards DA, they have been used for determination of DA. To 

improve the sensitivity of the developed sensors in detection of dopamine, square wave 

voltemmetry (SWV) technique has been used. Figure 4.48, is the square wave voltammogram 
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at the PANI-MO modified electrodes. The electrochemical oxidation current of dopamine at 

these electrodes is linearly proportional to its concentration in the range 2 × 10−14 mol/L to 

9.9 × 10−8 mol/L. The respective detection limit for dopamine on the electrodes were 

calculated based on the relationship LoD = 3.3 δ/m [294] where δ is the relative standard 

deviation of the intercept of the y-coordinates from the line of best fit, and m the slope of the 

same line to be 6.33 x 10-10, 1.15 x 10-10, and 3.14 x 10-6 mol/L (𝑆/𝑁 = 3) at modified 

electrodes GCE-PANI-NiO, GCE-PANI-ZnO and GCE-PANI-Fe3O4 respectively. The best 

modified electrode based on the limit of detection is the GCE-PANI-ZnO. The limit of 

detection obtained for GCE-PANI-NiO, GCE-PANI-ZnO and GCE-PANI-Fe3O4 were 

compared favourably and found to be better than the limit of detection reported for other 

electrodes in literature (see Table 4.15) 
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Figure 4.48: Square wave voltammogrammes of (a) GCE-PANI-NiO (b) GCE-PANI-ZnO 

and (c) GCE-PANI-Fe3O4 in PBS pH 7 containing 2 x 10-14 M to 9.9 x 10 -8 M DA 

concentration represented as B-G.  

 

Table 4.15: Comparison of different electrochemical sensors for the determination of 

dopamine. 

 

Electrode material Detection Limit (M) References 

CNS/Pt/PANI/GCE 0.6 x 10-6 [391] 

PANI-NF/Pt 33.3 x 10-6 [392] 

PANI/AgCl/GCE 5.4 x 10-8 [393] 

GCE-PANI-NiO 50.8 x 10-9 This work 

GCE-PANI-ZnO 60.6 x 10-9 This work 

GCE-PANI-Fe3O4 10.9 x 10-8 This work 
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4.4.5 Interference study: Detection of DA and SE in the presence of AA 

Figure 4.49 is the cyclic voltammetric responses of GCE-PANI-NiO, GCE-PANI-ZnO and 

GCE-PANI-Fe3O4 in 0.1 M pH 7.0 PBS containing mixture of 10-2 M AA, approximately 

1000 times concentration of DA and SE. The simultaneous detection of AA, DA and SE even 

at AA concentration (9.09 mM ) which is 1000 times as high as DA  and SE concentration 

(9.09 µM ) was successful at the GCE-PANI-MO electrodes with potential separation of 

about AA/DA 400, 350, 200 mV, AA/SE 600, 550, 350 mV and DA/SE 2000, 200,150 mV 

observed at GCE-PANI-NiO, GCE-PANI-ZnO and GCE-PANI-Fe3O4 electrodes 

respectively.  
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Figure 4.49: Cyclic voltammogram of 10-4 M of AA, DA and SE at (a) GCE-PANI-NiO (b) 

GCE-PANI-ZnO and (c) GCE-PANI-Fe3O4 electrodes in PBS pH 7.0. 
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4.5 Electrochemical Detection of Phenanthrene Using Nickel Oxide Doped PANI -

based Modified Electrodes 

The search for effective method in the determination and quantifications of contaminants in 

the environment has been a great concern in the heart of researchers. Pollution free 

environment is truly the desire of everyone. PAHs are among the organic pollutants that have 

been identified as teratogenic, mutagenic and carcinogenic in nature [394]. They have 

dangerous effects on both aquatic organisms and human beings through natural and 

anthropogenic activities, which are generated from industrial, agricultural and domestic 

waste. Examples of the PAHs are anthracene, phenanthrene, fluoranthene, pyrene [395, 396]. 

On the other hand nickel oxide (NiO) is an important transition metal oxide with cubic lattice 

structure. It has attracted variety of applications such as in catalysis [397], battery cathodes 

[398, 399], gas sensors [400], electrochromic films [401], and magnetic materials [402]. It 

possesses anodic electrochromism, excellent durability and electrochemical stability, large 

spin optical density and various manufacturing possibilities [403]. 

 

4.5.1 Spectroscopic and microscopic characterisation: see section 4.4.1 

4.5.1.1 Electrochemical characterization of modified electrodes 

Figure 4.50 is the cyclic voltammograms of polyaniline nanofibers on glassy carbon electrode 

(GCE-PANI) in 1 M H2SO4 solution at a scan rate of 25 mVs-1. In this electrolyte, three redox 

peaks AA1, BB1 and CC1 at (0.2/0.12 V), (0.4/0.32 V) and (0.52/0.42 V) oxidation/ reduction 

potentials respectively were observed. The oxidation state increases from completely reduced 

leucoemeraldine to emeraldine and to the fully oxidized form pernigraniline. However not all 

the possible PANI states are conductive, actually PANI emeraldine form is the only 

conductive form [394]. The first redox peak AA' is due to the conversion of leucoemeraldine 

to emeraldine salt while the third redox peaks CC' is due to the conversion of emeraldine salt 
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to pernigraniline form. The redox couple BB' at the centre is due to impurities such as the 

benzoquinone and the hydroquinone in the polyaniline [404, 405-406].   

The current density increases with the number of cycles which indicates the transition of 

emeraldine to pernigraniline form as well as the uniform growth of the PANI layer [404, 

407]. The variation of Ip with v ½ was carried out for the first oxidation peak to ensure the 

reversibility of the polymer. The peak current (Ip) depends linearly on the square root of scan 

rate (v 1/2) (not shown) indicating the diffusion-controlled process.  
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Figure 4.50: Cyclic voltammogram of GCE-PANI nanofibers modified electrode in 1 M 

H2SO4 at a scan rate of 25 mV s-1. 
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A comparative cyclic voltammetry study was also performed on the modified electrode GCE, 

GCE/PANI and GCE/PANI-NiO in 1 M HCl at scan rate, 20 mVs-1. The CV curve shows 

two sets of distinct redox activities for all the electrodes as indicated by the two pairs of 

anodic and cathodic current peaks (Figure 4.51a). The first redox couple which appears 

between 0 and 0.15 V (vs. Ag/AgCl) is associated with the conversion of the fully reduced 

leucoemeraldine base to the partially oxidized emeraldine, and the second couple occurring 

between 0.56 and 0.60 V vs. Ag/AgCl indicate the conversion of emeraldine to the fully 

oxidized pernigraniline form [404, 405-406]. From the overlaid cyclic voltammetry shown in 

Figure 4.51a. It is obvious that the GCE/PANI-NiO have a higher current response than the 

other electrodes. The result indicate that the modification of the PANI-NiO nanocomposites 

onto the GC electrode surface increase the peak current in 1 M HCl (Ipa: 59.8A) compared 

to GCE-PANI (Ipa: 17.8 A) and the unmodified GC electrode (Ipa: 0.43 A). This could be 

attributed to the aggregated layers of the PANI nanofilms with high surface area and good 

electrical conductivity which facilitate faster and more electron transport between the 

electrolyte and the base GC electrode. The embedded conducting NiO nanoparticles also 

form a synergy with the PANI nanofibers forming PANI-NiO nanocomposites with newer 

functionalities and enhanced electron transport behaviour than PANI or GC electrode alone. 

Similar results have been reported for modified electrodes in literature [404, 405-406].     

Therefore to further investigate the kinetics of electrode reactions, cyclic voltammograms at 

different scan rates was obtained for the modified GCE-PANI-NiO electrode.  
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Figure 4.51: (a) Comparative cyclic voltammograms for GCE, GCE/PANI and GCE/PANI-

NiO in 1 M HCl at scan rate, 20 mVs-1. (b) Nyquist plot of the EIS measurement for GCE, 

GCE/PANI and GCE/PANI-NiO in 1 M HCl. (bi) the Randle’s equivalent circuit used for 

fitting the Nyquist plots for GCE and (bii) the Randle’s equivalent circuit used for fitting the 

Nyquist plots GCE/PANI and GCE/PANI-NiO respectively. 

 

4.5.1.2 Electrochemical Impedance spectroscopy study 

Electrochemical impedance spectroscopy (EIS) has been an important technique in 

investigating the complex electrochemical process taking place on the surface of an electrode 

or charge transfer process at the electrode/electrolyte interface. It is known to be an effective 

method of probing the extent of electron transport properties of the modified electrodes. 

Electrochemical impedance was used to investigate the charge transport process of the GCE, 

GCE/PANI and GCE/PANI-NiO electrodes in 1 M HCl electrolyte and this was done by 

monitoring charge transfer resistance (Rct) at the electrode/electrolyte interface. The 

measurement was done in 1 M HCl solution (at fixed potential of 0.2 V vs Ag/AgCl, sat’d 

KCl) within a frequency range of 10 KHz to 0.1 Hz. The Nyquist plots obtained for the 

electrodes are presented in Figure 4.51b. The impedance data were fitted with an electrical 

circuit model represented as inset in Figure 8b where Rs is the solution resistance, Cdl is the 

double layer capacitance, Rct is the charge transfer resistance and Q is the constant phase 

element. The circuit RC([RQ]) (i) was used for PANI and PANI-NiO, while R(C[RQ]) (ii) 

(bi) (bii) 
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was used for the bare GCE electrode. It is important to mention at this juncture that the two 

circuits look very the same except that in circuit (i), the solution resistance Rs is not in series 

to Cdl while in circuit (ii) it is directly in series. This slight change in circuit configuration is 

in response to changes in the electronic configuration of the GCE-PANI and GCE-PANI-NiO 

modified electrodes with newer functionalities and enhanced electron transport behaviour as 

compared to GC electrode alone. All the obtained spectra were first subjected to the 

Kramers–Kronig (K–K) test [408, 409]. Failure of the K–K test, signified by a large value of 

pseudo χ2 is usually an indication that no good fit can be obtained using the electrical 

equivalent circuit’s methods. It should be noted that aside from visual inspection of goodness 

of the fitting lines, two accurate ways to establish how well the modelling functions 

reproduce the experimental data sets are the relative error estimates (in %) and chi-square 

functions (χ2) [410], which is the sum of squares of the relative residuals (i.e., sum of the real 

and imaginary χ2), easily obtained from the K–K test.  

The charge transfer resistance (Rct) values calculated after fitting the EIS data to the Randle's 

equivalent circuit in Table 8.1 confirms that NiO nanoparticles decreased the resistance of 

PANI by 172.5 Ω suggesting the suitability of GCE-PANI-NiO as a good conducting 

platform for electrocatalysis. This behaviour may be due to the synergy between the highly 

conducting nickel oxide nanoparticle and the porous conducting PANI nanofibers with large 

surface, thus facilitating more charge flow (at lower transfer resistance) between the 

electrolyte and the GC electrode. The result is further supported by the higher current 

response recorded at GCE-PANI-NiO electrode from the CV experiment. This result also 

agreed with other reports in literatures for enhanced electrochemical responses of chemically 

modified electrodes compared with unmodified electrodes [411, 412]. The exchange current 

can be thought of as a background current to which the net current observed at various over 

potentials is normalized. The exchange current was calculated using the equation 2.7 in 
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chapter 2. Where 𝑖0   is the exchange current, R is the gas constant i.e. 8.314 J mol-1 K-1, T is 

the absolute temperature (K), n is the number of moles of electron transfer, F is the Faraday 

constant and Rct is the electron charge transfer.  The highest value of exchange current 𝑖0 for 

GCE-PANI-NiO electrode as shown in (Table 4.16), suggest that the electrochemical activity 

of the PANI-NiO is superior compared to that of other electrodes studied.  

 

Table 4.16: Charge transfer resistance (𝑅ct), double layer capacitance (𝐶dl), and exchange 

current (𝑖0) for various electrodes in 1 M HCl solution. 

 

Electrodes Rct() Cdl (F) 𝑖0(A) 

GCE 147.4 5.25 1.742 x 10-4 

GCE/PANI 212.7 0.14 1.207 x 10-4 

GCE/PANI-NiO 40.2 0.32 6.386 x 10-4 

 

 

4.5.1.3  Effect of scan rate  

The effect of scan rate (scan rate ranging from 20 – 300 mVs-1) on the current response of 

PANI-NiO modified glassy carbon electrode (GCE-PANI-NiO) was investigated in 1 M HCl 

(Figure 4.52). Result showed there is an increase in anodic peak current as the scan rate 

increases (Figure 4.52a). Therefore the plot of the anodic (Ipa) and cathodic (Ipc) peak 

currents versus square root of scan rate (V1/2) gave a linear relationship (Figure 4.52b) with 

the regression equations 1 and 2 as presented below.  

Ip,a = 2.97 × 10 -6 – 4.92 × 10-6 x v½ (mV s-1)½  ( R2 = 0.9965)    (1) 

Ip,c= -2.94 × 10 -5 + 5.46 × 10-5 x v½ (mV s-1)½  ( R2 = 0.9994 )   (2) 
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The result suggests a diffusion controlled electrode reaction. In addition, with increasing scan 

rate, the peak potential (Ep) shifts to  more positive values and there is a linear correlation 

between the peak potential and the logarithm of scan rate (log v) (graph not shown). In order 

to get information on the rate determining step. The peak potential, Ep is plotted against log ν 

(graph not shown). The slopes of Ep vs. log ν for the modified electrode GCE-PANI-NiO is 

0.0279 V. From the slope obtained, the Tafel value (b) may be estimated according to the 

equation 4.2 for totally irreversible diffusion controlled process [324]. So, the value of b for 

this electrode was obtained as 55.8 mVdec-1. The Tafel value falls within the range of normal 

values (~ 30-120 mV/dec) for a single-electron process involved in the rate determining step. 

This value indicates that a fast electron transfer is followed by a slow chemical step [325].  
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Figure 4.52:  (a) cyclic voltammograms of GCE/PANI-NiO electrode in 1 M HCl solution 

(scan rate range 20 – 300 mVs-1) and (b) Linear plots of Ipa vs 1/2 and Ipc vs 1/2 for 

GCE/PANI-NiO electrode in 1 M HCl solution. 
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4.5.2 Electrochemical response of the electrodes to phenanthrene oxidation 

The polyaniline nanocomposites were developed to enhance the catalytic activity of the 

nanoparticles for the detection of phenanthrene. The electrochemical behaviour of different 

modified electrodes in the presence of 3 x 10 -6 M phenanthrene in 1 M HCl was investigated 

by cyclic voltammetric (CV) technique at a scan rate of 20 mV/s.  Figure 4.53 shows the CV 

responses obtained for the bare GCE, GCE/PANI and GCE/PANI-NiO electrodes in the 

presence of 3 x 10-6 M phenanthrene. At a bare GCE, GCE/PANI and GCE/PANI-NiO, a 

well-defined anodic peak was observed at 1540 mV, 1550 mV, and 1650 mV respectively 

corresponding to phenanthrene oxidation peak potential. This oxidation potential agreed 

closely with phenanthrene oxidation potential reported for some chemically modified 

electrodes [394, 413]. Among the three electrodes, GCE/PANI-NiO gave the best current 

response (750 A) than the other electrodes, GCE/PANI (680 A) and bare GCE (390 A). 

The high phenanthrene current response at GCE/PANI-NiO electrode (~ 8 times that at bare 

GCE) is attributed to the synergy between PANI-NiO leading to the improved electrocatalytic 

properties of the surface nanocomposites material [412]. The lower phenanthrene oxidation 

potential on this electrode suggest large surface area created by the porous PANI material 

allowing easy contact between the analyte and the NiO catalyst thus faster reaction kinetics at 

lower energy. These results indicate that the GCE/PANI-NiO has high electrocatalytic 

activity towards the oxidation of phenanthrene. It is believed that the existence of NiO 

nanoparticles in the PANI nanofibers play an important role in the electron transfer between 

the surface electroactive catalyst and the base GC electrode after phenanthrene oxidation. The 

result obtained in this study agreed with similar observation for phenanthrene oxidation on 

graphenated polyaniline-doped tungsten oxide nanocomposites on glassy carbon electrode  

which was reported to be better compared to the bare GCE and other developed sensors 

signifying the importance of chemically modified electrodes in catalysis [394]. Since 



193 

 

GCE/PANI-NiO electrode demonstrated excellent catalytic properties towards phenanthrene 

oxidation in this study, further studies were carried out using this electrode unless otherwise 

stated. 
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Figure 4.53: CyclicVoltammograms of GCE, GCE/PANI and GCE/PANI-NiO in 3 x 10-6 M 

phenanthrene in 1 M HCl at scan rate 20 mVs-1. 

 

4.5.2.1 Effect of scan rate  

The effect of scan rate (scan rate, 10 - 300 mVs-1) on the response of 3 x 10-6 M phenanthrene 

at PANI-NiO modified glassy carbon electrode was investigated in 1 M HCl (Figure 4.54a). 

Result showed that there is an increase in anodic peak current as the scan rate increases. The 

plot of the anodic peak current of phenanthrene against square root of scan rate (ν1/2) over the 

scan range study showed a linear relationship (Figure 4.54b) with a linear regression equation 

Ipa = 3.15×10-6 - 6.08v½ (R2 = 0.9985). This indicated that electrochemistry of the process 

was limited by rate of diffusion of phenanthrene from the solution to the surface of the 
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electrode. It was also observed that the oxidation peak potential were shifting to more 

positive potentials which further confirms that the electrode process was diffusion- controlled 

[412]. This indicated that the surface electrochemistry was limited by diffusion of solution of 

electrolyte/analyte to the surface of the electrode [412]. 

The slopes of Ep vs. log ν for the modified electrode GCE-PANI-NiO is 0.1135 V. The Tafel 

slopes (b) may be estimated according to the equation 4.2 for totally irreversible diffusion 

controlled process. So, the value of b for this electrode was obtained as 227 mVdec-1. This 

Tafel value is higher than the theoretical value of 118 mV dec-1 for a one-electron process 

involved in the rate-determining step. Therefore higher Tafel values are attributed to the 

adsorption of reactants or intermediates on the electrode surfaces. These also indicates that 

the electrode surface is porous and despite this fact the modified electrodes still gave better 

performance towards phenanthrene in terms of oxidation potential, current recovery, stability 

and resistance to fouling effects.  
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Figure 4.54: (a) Scan rate dependence cyclic voltammograms of GCE/PANI-NiO sensor in 1 

M HCl containing 3 X10-6 M phenanthrene (b) linear plot of the anodic peak currents against 

square root of scan rate. 
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4.5.3 Electroanalysis of phenanthrene 

A concentration study was carried out using square wave voltammetric (SWV) method. 

Result indicates that the electrochemical response of phenanthrene at GCE/PANI-NiO 

modified electrode gave phenanthrene oxidation peak current that is linearly proportional to 

its concentration in the range 7.6 pM – 1.4 x10-11 M (Figure 4.55). The detection limit was 

calculated based on the relationship LoD = 3.3 δ/m [294] where δ is the relative standard 

deviation of the intercept of the y-coordinates from the line of best fit, and m the slope of the 

same line. The limit of detection and sensitivity of the GCE/PANI-NiO electrode in 

phenanthrene are 0.732 pM and 1.04 x 106 A/M respectively. The 0.732 pM reported for 

phenanthrene agreed closely with 5.0 x 10 -13 M recently reported [394] but of higher 

magnitude lower compared with 19 nM reported on dendritic 7T-Polythiophene modified 

electrode [413].  
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Figure 4.55:  SWV of PANI-NiO in 1 M HCl containing different concentration of 

phenanthrene. (b) Is the plot of current (I) against phenanthrene concentration.  
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4.5.4 Stability, reproducibility and interference studies 

Reproducibility of the PANI-NiO modified electrode was investigated towards the 

phenanthrene oxidation in the presence of 3 × 10-6 M phenanthrene in 1 M HCl solution. CV 

analysis was repeatedly performed (20 scans) and monitored in a solution of 1 M HCl 

containing 3 × 10-6 M phenanthrene. The phenanthrene oxidation current was stable with less 

than 10 % drop in the peak current between the 1st and 20th scan as shown in Figure 4.56. 

Thus, the GCE/PANI-NiO electrode has demonstrated good stability to electrode fouling 

effect during phenanthrene oxidation. However, on rinsing the electrodes in a fresh PBS (pH 

7.0) solution, the electrode surface was renewed and more than 90% of the initial catalytic 

current was obtained, indicating the electrochemical stability and reusability of the electrode 

after analysis. Similarly, after storage for four weeks in a refrigerator, no significant change 

in serotonin current was observed which confirmed the electrode stability towards the 

analyte. Interference study was also carried out with the modified electrode in the presence of 

inorganic ions such as Cl−, SO4
2− and NO3− which may probably present in water samples 

along phenanthrene. Result indicates no interference from these ions at 3 × 10-6 M 

phenanthrene concentration.  
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Figure 4.56: Repetitive cyclic voltammograms (20 scan) showing the current response and 

the stability of PANI-NiO modified electrode in 1 M HCl containing 3 x 10-6 M 

phenanthrene, scan rate 20 mVs-1. 
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4.6 A SENSOR FOR DETERMINATION OF LINDANE USING PANI/, ZINC, 

IRON (III) OXIDES AND NYLON 6,6/MWCNT/ ZINC, IRON (III) OXIDES 

NANOFIBERS MODIFIED GLASSY CARBON ELECTRODE 

Organochloride insecticides, such as hexachlorocyclohexane generally known as lindane are 

serious environmental pollutants and are normally extremely resistant to biodegradation 

[414]. Lindane (y-hexachlorocyclohexane) is also used in formulation of lotions and 

shampoos to treat lice and scabies [415]. Lindane has been known to cause immunotoxicity 

and retards reproduction and growth of animals, aquatic organisms and human [416]. Large 

scale production and application of this insecticide in agriculture deteriorates the environment 

owing to its long period of persistence [417] and the fact that there is no natural degradation 

of lindane. Moreover, it has moderate volatility and can be transported by air to remote 

locations [418]. It has deteriorating effects on the central nervous system of mammals, 

provoking seizures and in some cases causing death [419]. Microbial degradation of -HCH 

under aerobic conditions has been reported [420]. Anaerobic degradation of lindane with 

95% removal efficiency has also been reported [421]. Different methods has been used for 

the detection and estimation of lindane such as colorimetric measurement of chloride ions 

[422, 423], phenol red based colorimetric method [424], colorimetric measurement using zinc 

in acetic acid [425], determination of complete mineralization to 14CO2 [426], thin-layer 

chromatography [422, 423] and gas chromatography [426,427]. The major demerits of these 

methods has to do with the use of rigorous approach involving solvent extraction, is time-

consuming, very expensive, and also not suitable for on-site monitoring [427]. Therefore, 

quantitative analysis of lindane is an important area in the context of environmental 

protection.  
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Scheme 4.4:  Schamatic diagram of modification of electrode towards reduction of lindane. 

 

4.6.1 Cyclic voltammetric response of lindane at PANI/Zn, Fe(III) and 

Nylon6,6/MWCNT/Ni, Zn, Fe(III) Oxides nanofibers modified electrodes:  

PANI/Ni, Zn, Fe(III) and Nylon6,6/MWCNT/Ni, Zn, Fe (III) Oxides nanocomposites 

modified electrode was fabricated to obtained the optimized analysis parameter for lindane 

reduction. Scheme 4.4 is the schemmatic diagramm of the electrode modification of glassy 

carbon with Nylon 6,6/MWCMT/MO based nanocomposites. From the voltammogram in 

Figure 4.57 well defined irreversible reduction peaks around −1.61 and -0.89 V, were 

observed on  the bare GCE, and there was a shift to more positive potential at the 

Nylon6,6/MWCNT/ Zn, Fe (III) Oxides nanofibers modified electrode in 500 M  lindane in 

60:40 methanol/water containing 0.05 M TBAB. The measured reduction current was 12 A 

on the bare GCE, while on the modified electrodes as shown in Table 4.17, there was an 

increase in reduction current for lindane. The comparative response at the modified 

electrodes studied reveal that the reduction peak current is higher at Nylon6,6/MWCNT/NiO, 
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Nylon6,6/MWCNT/ZnO modified electrode  and more positive potential than the bare 

electrode which may be due to the enhanced diffusion of lindane molecules through the 

micropores of Nylon 6,6/MWCNT/MO nanofibers [428, 429]. The cyclic voltammetric 

response of 500 mM lindane at the modified electrodes. After 10 cycles of multiscans, only a 

small decrease in peak current is observed. This also further confirms that the reduction 

process of lindane at the modified electrodes is diffusion controlled. If the adsorbed species 

on the electrode surface completely block the mass transport, it then expected that there may 

be disappearance of the peak after multiscans. Therefore the absence of adsorption processes 

during the electroreduction of lindane at these modified electrodes is expected to improve the 

sensitivity of the sensor compared to the bare GCE sensor. 

Table 4.17:  Values obtained for the reduction potential  (Epa) current (Ipa) and charge 

transfer coefficient () using cyclic voltammetry of the  500 M  lindane in 60:40 

methanol/water containing 0.05 M TBAB, with PANI-Zn, Fe (III) and Nylon6,6/MWCNT/, 

Zn, Fe(III) Oxides nanocomposites. 

 

Electrodes Epa (mV) Ipa () 

GCE-PANI-ZnO -0.82 98 0.20 

GCE-PANI-Fe3O4 -0.73 101 0.23 

GCE/Nylon 6,6/MWCNT/ZnO -0.58 258 0.25 

GCE/Nylon 6,6/MWCNT/Fe3O4 -0.49 23 0.15 

 

 

Figure 4.57: Comparative cyclic voltammogrammes for (a) GCE, GCE/Nylon 

6,6/MWCNT/ZnO and GCE/Nylon 6,6/MWCNT/Fe3O4  and (b) GCE, GCE-PANI-ZnO and 

GCE-PANI-Fe3O4  at scan rate, 50 mVs-1 in 500 M  lindane in 60:40 methanol/water 

containing 0.05 M TBAB. 
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The cyclic voltammogram scan rate study of the modified GCE electrodes PANI- Zn, Fe (III) 

and Nylon6,6/MWCNT/Zn, Fe (III) Oxides nanofibers was studied.  The Figures 4.58 and 

4.59 show the scan rate study for Nylon 6, 6 and PANI based nanocomposites respectively 

The linear relationship between the peak current and square root of the scan rate as shown in 

Figures 4.58 and 4.59 obtained for modified GCE electrode of the PANI-Zn, Fe (III) and 

Nylon6,6/MWCNT/Zn, Fe(III) Oxides nanocomposites show that lindane undergoes a 

diffusion controlled reduction process. A high slope value is obtained which also indicate that 

the reduction process is electrotransfer (ET) [430]. The number of electrons transferred 

during the reduction of lindane is calculated from the Randles–Sevcik equation for 

irreversible reduction processes by substituting the diffusion coefficient value of 0.89 x 10-5 

cm2 s -1 for lindane reported in the literature [431]. 

In order to get information on the rate determining step, the peak potential, Ep, is 

proportional to log ν (not shown). The slopes of Ep vs. log ν whose relationship is shown by 

equation 4.2, for the different electrodes were 0.148, 0.131, 0.120 and 0.202 V for electrodes 

GCE/PANI-ZnO, GCE/PANI-Fe3O4, GCE/Nylon 6,6/MWCNT/ZnO and GCE/Nylon 

6,6/MWCNT/Fe3O4 respectively. The value of  is calculated from the Tafel equation 4.4 

below. From the slope of the Tafel plot the experimental electron transfer coefficient is 

determinedThe high value of is clear evidence that a large double layer effect is present 

for the charge reactants [432].  

𝑠𝑙𝑜𝑝𝑒 =
1.15𝑅𝑇

𝐹
 (4.4) 

Where T is the absolute temperature, R is the gas constant α is the so called "charge transfer 

coefficient", the value of which must be between 0 and 1 as shown in Table 4.17.  Also from 

the table the smaller values offurther support the fact that electron transfer process (ET) 

and bond breaking are concerted [433]. Therefore the number of electrons (n) involved in the 
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reduction process is determined to be 6 which also support the earlier reports for benzene 

formation [434]. 
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Figure 4.58: Effect of scan rate (25 – 300 mVs-1) on the cyclic voltammograms of (a) 

GCE/Nylon 6,6/MWCNT/ZnO and (b) GCE/Nylon 6,6/MWCNT/Fe3O4 in 500 M  lindane 

in 60:40 methanol/water containing 0.05 M TBAB (c) and (d) are the plots of current (I) 

against square root of scan rate ν (mVs-1) for GCE/Nylon 6,6/MWCNT/ZnO and (c) 

GCE/Nylon 6,6/MWCNT/Fe3O4 respectively. 
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Figure 4.59:  Effect of scan rate (25 – 300 mVs-1) on the cyclic voltammograms of (a) 

GCE/PANI/ZnO and (b) GCE/PANI/Fe3O4in 500 M  lindane in 60:40 methanol/water 

containing 0.05 M TBAB (c) and (d) are the plots of current (I) against square root of scan 

rate ν (mVs-1) for  GCE/PANI/ZnO and GCE/PANI/Fe3O4 respectively. 
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4.6.2 Electroanalysis of Lindane 

To improve the sensitivity of the proposed method in detection of lindane, square wave 

voltammetry (SWV) has been used. From Figure 4.60, it is found that the electrochemical 

reduction peak current is proportional to lindane concentrations in the range of 9.9 × 10−12 

mol/L to 5 × 10−6 mol/L for modified PANI/Ni, Zn, Fe(III) and Nylon6,6/MWCNT/Ni, Zn, 

Fe(III) Oxides nanocomposites electrodes respectively. The detection limit was calculated 

based on the relationship LoD = 3.3 δ/m [294] where δ is the relative standard deviation of 

the intercept of the y-coordinates from the line of best fit, and m the slope of the same line. 

The respective detection limits for the electrodes are shown in Table 4.18. These values are 

found to be lower than LoD values reported at NiCo2O4   and cellulose acetate modified 

glassy carbon electrode [435, 436].  
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Figure 4.60: Square wave voltammogrammes of (a) GCE/ Nylon 6,6/MWCNT/ZnO (b)  

GCE/ Nylon 6,6/MWCNT/Fe3O4 (c) GCE/PANI/ZnO and (d) GCE/ PANI/Fe3O4 in 9.9 × 

10−12 mol/L to 5 × 10−6 mol/L lindane in 60:40 methanol/water containing 0.05 M TBAB 

concentration. 

 

Table 4.18: Comparative values obtained for the concentration study of 500 M  lindane in 

60:40 methanol/water containing 0.05 M TBAB, at modified PANI/Ni, Zn, Fe(III) and 

Nylon6,6/MWCNT/Ni, Zn, Fe(III) Oxides nanocomposites electrodes using square wave 

voltammetry. 

Electrodes Concentration range (mol/L) LoD   R2 

DME - Not reported [437] 

MWCNT-GCEs - 0.1 mg L -1 [438] 

GCE/PANI-ZnO 9.9 × 10−12 - 5 × 10−6 239.0 nM 0.9133 

GCE/PANI-Fe3O4 9.9 × 10−12 - 5 × 10−6 44.7 nM 0.8277 

GCE/Nylon 6,6/MWCNT/ZnO 9.9 × 10−12 - 5 × 10−6 51.0 nM 0.8349 

GCE/Nylon 6,6/MWCNT/Fe3O4 9.9 × 10−12 - 5 × 10−6 32.0 nM 0.9733 

GCE/PANI-ZnO 9.9 × 10−12 - 5 × 10−6 239.0 nM 0.9133 
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4.6.3 Interference studies 

The interference study was carried out using cyclic voltammetry. The interfering substances 

considered in this work may be present in water or soil from industrial areas and agricultural 

land [439]. The possibility of the interference of several inorganic ions on the reduction of the 

signal of lindane was studied by analyzing concentrations of interfering substances and 

lindane at a ratio of 1: 1 (Figure 4.61). The variation of reduction signal for interfering 

substances with respect to lindane is represented as a percentage in the Figure 4.61. The 

inorganic ions such as NH4+, Mn2+, K+, Na+, Fe2+and Co2+ did not interfere with lindane 

reduction signal.  
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Figure 4.61: Interference study of 500 M inorganic metal ions on the reduction signal of 

500 M lindane at the Nylon 6,6/MWCNT/Fe3O4 in 0.05 M TBAB 60 : 40 methanol–water 

scan rate 25 mVs-1.  
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4.6.4 Real sample analysis 

Real sample analysis was carried out by using Nylon6,6/MWCNT/Zn, Fe(III) Oxides 

nanocomposites sensors to determine the concentration of lindane in tap water samples. A 

sample containing different amounts of lindane was prepared in 60:40 (v/v) methanol–tap 

water (20 mL). The values of recovery were in the range from 99% to 102%, suggesting the 

accuracy of Nylon 6, 6/MWCNT/Fe3O4, and Nylon6, 6/MWCNT/ZnO nanofibers based 

sensor. 
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5.1 Conclusion  

This thesis describes the electron transport and electrocatalytic properties of chemically 

synthesized metal oxides MO (where MO = NiO, ZnO, Fe3O4) nanoparticles supported on 

multiwalled carbon nanotubes (MWCNT), polyaniline (PANI) and Nylon 6,6 nanofiber 

platforms towards the electrocatalytic oxidation of important molecules such as dopamine, 

serotonin, phenanthrene and lindane It has been demonstarted that glassy carbon electrode 

modified with funtionalised polymer nanocomposites exhibit enhanced electrochemical 

response towards electro-oxidation of these analytes.  

The flowing conclusions can be drawn from this study: 

5.1.1 Conclusion for section 4.1 and 4.2 

It is shown that the GCE-MWCNT-MO nanocomposite modified electrode gave better 

electron transport as well as better dopamine and serotonin response compared with other 

electrodes investigated. Under the comparative studies with modified electrodes GCE-

MWCNT-NiO, GCE-MWCNT-ZnO and GCE-MWCNT-Fe3O4, the modified electrode 

GCE-MWCNT-NiO has proven to be the best electrode in terms of dopamine and serotonin 

oxidation current and lower limit of detection. DA and ascorbic acid (AA) signal were well 

resolved using SWV and DPV techniques compared to CV techniques. Electrocatalysis of 

DA on the GCE-MWCNT-MO electrodes was through diffusion and surface-confined 

electrode process. The study also showed that the GCE/MWCNT/NiO modified electrode can 

be successfully used for the assay of dopamine in DA real life samples.   Simultaneous 

voltammetric determination of serotonin (SE), ascorbic acid (AA) and dopamine (DA) was 

successful at the MWCNT-MO modified GCE electrodes without AA and DA signals 

interfering with serotonin. The present sensor system exhibited very good recovery limits for 

the determination of SE directly from urine sample. The method developed is simple, fast and 
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accurate and opens new avenues for quick simultaneous estimation of physiologically 

important compounds. 

5.1.2 Conclusion for section 4.3   

The comparative study at GCE/Nylon 6,6/MWCNT/NiO, GCE/Nylon 6,6/MWCNT/ZnO  

and GCE/Nylon 6,6/MWCNT/Fe3O4 nanocomposite modified electrode gave better electron 

transport as well as better dopamine and serotonin response compared with other electrodes 

investigated. GCE/Nylon 6,6/MWCNT/ZnO  electrode has proven to be the best electrode in 

terms of DA  and SE oxidation current and lower limit of detection. DA, SE and ascorbic 

acid (AA) signal were well resolved using SWV techniques compared to CV techniques, 

Electrocatalysis of DA and SE on the GCE/Nylon 6,6/MWCNT/MO electrodes was through 

diffusion and surface-confined electrode process. The study suggest that the GCE/Nylon 

6,6/MWCNT/ZnO modified electrode can be successfully used for the assay of dopamine and 

serotonin  in real life samples.    

5.1.3 Conclusion for section 4.4   

The comparative study at GCE-PANI-NiO, GCE-PANI-ZnO and GCE-PANI-Fe3O4 

nanocomposite modified electrode gave better electron transport as well as better dopamine 

response compared with other electrodes investigated. GCE-PANI-ZnO electrode has proven 

to be the best electrode in terms of DA oxidation current and lower limit of detection. DA, SE 

and ascorbic acid (AA) signal were well resolved using SWV techniques. Electrocatalysis of 

DA on the GCE-PANI-MO electrodes was through diffusion and surface-confined electrode 

process. The study suggest that the GCE-PANI-ZnO modified electrode can be successfully 

used for the assay of dopamine in DA real life samples. 

5.1.4 Conclusion for section 4.5 

This work describes the electron transport and electrocatalytic properties of chemically-

synthesized nickel oxide nanoparticles (NiO) supported on PANI nanofibers towards 
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phenanthrene oxidation. It is shown that the PANI–NiO nanocomposites modified GC 

electrode (GCE-PANI-NiO) yielded the fastest electron transport as well as the best 

electrocatalytic behaviour towards phenanthrene compared with the bare GCE and GCE-

PANI electrodes investigated. The GCE-PANI-NiO electrode gave LoD of 0.732 pM towards 

phenanthrene. This enhancement and low LoD is associated with high electrical-conducting 

PANI which forms a synergistic behaviour with nickel oxide (NiO) nanoparticles. 

Electrocatalysis of phenanthrene on the PANI-NiO was predominantly diffusion-controlled, 

with some adsorption of reaction intermediates. 

5.1.5 Conclusion for section 4.6 

This work describes the electron transport and electrocatalytic properties of chemically-

synthesized metal oxide nanoparticles (Fe3O4 and ZnO) supported on polyaniline and multi-

walled carbon nanotubes-nylon 6,6 nanofibers platforms towards lindane reduction. It is 

shown that the PANI/Zn, Fe (III) and Nylon6,6/MWCNT/Zn, Fe(III) oxides nanocomposites 

modified electrode offers a high sensing current and lesser reduction potential for lindane 

than the bare GCE electrode. The Nylon6,6/MWCNT/Zn, Fe(III) Oxides nanocomposites 

modified electrode gave a lower limit of detection for lindane than the PANI/MO 

nanocomposites modified electrodes. It was also highly stable and reproducible with respect 

to time, so that the electrode can be used for multiple detection of lindane.  

5.2 Future work  

The following further investigations are recommended as a future work to the research 

activities. 

1.  Application of the fabricated sensors on real sample analysis. 

2.  Long shelf life properties of the fabricated sensors will be investigated. 
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3. Stability of the polyaniline based nanocomposites in dopamine will also be 

investigated 

5.3 Recommendation 

This work recommends the use of these polymer nanocomposites to researchers and they 

should take the subject of adsorption pheneomenon as a major concern, in reducing the effect 

on the limit of detection of fabricated sensors. Wider scope of application of these fabricated 

sensors for enviromental pollutant control and pharmaceutical applications should be 

maximized. The proposed method of preparation through chemical method has proven to be 

efficient. However, electrochemical method of preparation of the nanocomposite is 

recommended.  

The development of the sensor devices using gold, platinum and printed electrodes should be 

explored in other to produce more specific and sensitive sensor devices. 

Also, more electrocatalysis of other biological and enviromental molecules can be studied on 

these polymer nanocomposite. 
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