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ABSTRACT

Efavirenz (EFV) is commonly used as an antiretroviral drug to treat HIV/AIDS and is known
to undergo photoreactions that could be exploited for photodegradation applications. In
addition, there is limited information on the photoreactivity of EFV. This work focuses on two
case studies to assess the photocatalytic properties of EFV supported by experimental and

molecular modelling (commonly referred to as computational chemistry).

The first case study deals with the design of an innovative electrochemical sensor for the
detection of EFV, using titanium dioxide nanoparticles (TiO>-NPs) doped on glassy carbon
electrode (GCE) with nafion as an anchor agent (GCE/TiO2-NPs-nafion). TiO.-NPs were
synthesized using Eucalyptus globulus leaf extract and characterized using Fourier transform
infrared spectroscopy (FTIR), ultraviolet-visible spectroscopy (UV-vis), scanning electron
microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), and
energy-dispersive spectroscopy (EDS). The electrochemical and sensing properties of the
developed sensor for EFV were assessed using cyclic voltammetry (CV), electrochemical
impedance spectroscopy (EIS), differential pulse voltammetry (DPV) and chronoamperometry.
The oxidation peak current response for EFV on the GCE/TiO2-NPs-nafion electrode was
greater compared to the bare and modified GCE/TiO2-NPs electrodes. A linear dynamic range
of 4.5to 18.7 uM with a 0.01 uM limit of detection was recorded on the electrode using DPV.
The electrochemical sensor demonstrated good selectivity as well as practicability for the
detection of EFV drugs with excellent recoveries ranging from 92.0-103.9%. The density
functional theory (DFT)-based quantum chemical modelling was used to establish the chemical
reactivity for EFV, suggesting the benzoxazine ring as the active site. Monte Carlo (MC)
simulations revealed a strong electrostatic interaction on the GCE/TiO2-NPs-nafion-EFV
(substrate-adsorbate) system. The results showed good agreement between the MC computed
adsorption energies and the experimental CV results for EFV. The stronger adsorption energy
of nafion onto the GCE/TiO2-NPs substrate contributed to the catalytic role in the signal

amplification sensing of EFV.

The second case study deals with the assessment of the photocatalytic degradation of EFV in
combination with green synthesized TiO»-NPs. The photocatalytic activity of TiO2-NPs was
examined by the degradation of EFV in an aqueous medium and a maximum degradation

efficiency of 91.77% was observed at a reaction time of 5 h. In addition, the electronic spectra



of the EFV complex bound to single TiO2-NPs in a gas- and solution-phase were investigated
using time-dependent density functional theory (TD-DFT) calculations. The calculated spectra
obtained in this work were benchmarked against the gas-phase photodecomposition of the
EFV- TiO2-NPs complex using UV-vis spectrophotometry.

Overall, the results show that the biosynthesized TiO2-NPs have the potential for sensing
pharmaceutical applications and their degradation. The results provide an effective way to
explore the design of new 2D materials for the sensing of EFV, which is highly significant in

the field of medicinal and materials chemistry.

Keywords: Electrochemical sensor, photodegradation, Efavirenz, Titanium dioxide, Monte

Carlo, density functional theory
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CHAPTER ONE: INTRODUCTION

This chapter presents a brief overview of antiretroviral (ARV) drugs with emphasis on the
pharmaceutical compound, efavirenz (EFV) used in drug monitoring. This is followed by the
aims, objectives, and thesis outline.

1.1 EFAVIRENZ AS ANTIRETROVIRAL DRUG

Antiretroviral (ARV) drugs are essential for the treatment of acquired immunodeficiency
syndrome known as (AIDs) (Eggleton and Nagalli 2020). In 2020, public health reported that
33 million people have been affected by HIV-AIDs (Simon et al. 2020). Antiretroviral drugs
used against viral infections caused by HIV-AIDs and hepatitis are still in demand for drug
monitoring. Efavirenz (EFV) is of great importance among ARVs due to its therapeutic
properties and contemporary use in the fight against AIDs and hepatitis in combination with
other anti-HIV-AIDs products (Tittikpina et al. 2020).

EFV is a cost-effective option for first-line antiretroviral therapy (ART) (Masenga et al. 2021)
that plays a crucial role in HIV treatment strategies (Tittikpina et al. 2020). EFV has been
shown in a recent study to be cytotoxic against cancer cells, with the potential to be repurposed
as an anticancer agent (Hecht et al. 2013). The combination of EFV with other drugs of abuse
for recreational purposes triggers toxicity (Thapliyal et al. 2015). EFV is also known to
undergo photoreactions that could be exploited for use in photocatalytic degradation. For
instance, a validation method using HPLC, and UV light was developed for the determination
of degraded substance in efavirenz. The results were observed between 320 nm and 400 nm
(Hamrapurkar et al. 2010). In addition pH rate profile and degradation kinetics of efavirenz
and identification of hydrolysis product were developed using liquid chromatography photo
diode array-mass spectrometry (LC-PDA-MS) for bulk sample of efavirenz (Gadkari et al.
2010). However, there is limited information on the photocatalytic reactivity of EFV.
Therefore, the development of a reliable and cost-effective analytical tool for qualitative and
quantitative measurement of EFV in pharmaceutical products with a fast response time is
crucial. Currently, various analytical assays including chromatographic (Dogan-Topal, Ozkan
and Uslu 2007; Lakshmi Sailaja et al. 2007; Notari et al. 2008; Martin et al. 2009; Kim et al.
2011; Srivastava et al. 2013; Tamilselvi et al. 2018; dos Santos Martins et al. 2019; Masenga



et al. 2021), spectrophotometric methods (Slabiak et al. 2018; Tittikpina et al. 2020), and
electrophoresis (Zanolli Filho et al. 2011; Guichard et al. 2021) have expanded in the
development of EFV. However, these techniques are costly, require long time for experimental
measurements, sample pre-treatment, instrumentation optimisation, and skilled analysts
(Thapliyal et al. 2015; Hareesha et al. 2021). These limitations can be overcome at least in part
with the use of electrochemical assays. Electrochemical methods including voltammetry,
impedance metrics have attracted the attention in the field of drug analysis due to their rapid
detection, low cost, and high sensitivity without requiring tedious extraction or pre-treatment
procedures. However, very few reports are available on the electrochemical methods for the
analysis of the EFV on fabricated electrodes/sensors (Dogan-Topal, Uslu and Ozkan 2009;
Castro et al. 2011; Thapliyal et al. 2015; Raj et al. 2017). Current trends in the application of
electroanalytical chemistry for the detection and degradation of pharmaceuticals involve the
use of nanostructured materials to modify the electrodes’ surfaces, resulting in significant
signal amplification, and enhancing the sensitivity, stability and selectivity of the synthesized
sensors/biosensors. These enhancements are attributed to the critical role of the nanomaterials,
which can create the effect of synchronization between the catalytic activity, electrical
conductivity, and biocompatibility based on accelerating the signal transduction (Jeong et al.
2021).

Different Semiconducting metal oxides nanoparticles such as copper (11) oxide CuO, titanium
dioxide (TiO), zinc oxide (ZnO), iron oxide (Fe203) and tungsten oxide (WOs3) have vast
application in thin films transistors transparent electrode (Zaleska-Medynska 2018), gas
sensitive layers of the sensors for industrial processes (Martins et al. 2018; Sharma and Sharma
2022). CuO have found application in sensing of glucose with acceptable stability and
sensitivity owing to their precise surface area and good electrochemical activity (Asrami et al.
2018). ZnO possesses an interesting properties such as high electrical conductivity and
chemical steadiness, and are cost effective (Shetti et al. 2019a). Fe3Os is also an idea choice
for semiconductor oxide that has been used for glucose oxidation (Shetti et al. 2019a). WO3
are rarely used but a promising additive for (TiO2-NPs) since its photochemical property with
regards to visible light is reduced. (He et al. 2002). Some of the drawbacks are the need of high
temperature for their operability (Yang et al. 2019b). In addition more understanding is
required for cytotoxic effect and corresponding mechanisms for their safe application (Stankic
et al. 2016). Among many semiconductors, titanium dioxide (TiO2-NPs) turns out to be the



most attractive and promising semiconductor due to their unique properties. TiO2-NPs are the
most extensive metal oxide nanomaterials employed in the modification of electrodes because
of their high surface area, thermal stability, low toxicity and a wide band gap (Oliveira and
Morais 2018; Shetti et al. 2018; Tarahomi et al. 2018). TiO>-NPs are also widely employed as
photocatalysts due to their band gap energy which enhances the photocatalytic properties. The
photocatalytic activity of TiO2-NPs has been estimated by the degradation of organic pollutants
(Chen et al. 2020), pesticides (Akbari Shorgoli and Shokri 2017) and heavy metals (Sethy et
al. 2020). In addition, there is a growing application of computational modelling tools such as

quantum mechanics and molecular mechanics or force field.

Density functional theory (DFT) is the most used method because it employs different
functional types that involve exchange and correlation for either accessible or close shell.
Moreover, it mainly helps us to calculate the electronic and vibrational properties, while Monte
Carlo simulations provide a better understanding of molecular interactions of biomolecules
with surfaces via atomic and molecular levels imitating experimental procedures. Unlike
molecular dynamics simulations, Monte Carlo simulations do not need resolving the Newton’s
equation of motion. This allows for the generated trial configurations within statistical
mechanics. Furthermore, Monte Carlo simulation are generally easily compared to other

techniques. (Ramachandran, Deepa and Namboori 2008).

1.2 PROBLEM STATEMENT

Antiretroviral treatment is limited by the high cost and limitations that are accompanied by
resources, which makes it difficult for patients to obtain treatment. Thus, drug monitoring is
very important for the identification and prevention of the unnecessary switching to more
expensive ARV regimens (Hugen et al. 2002). Furthermore, there is a need to combine
antiretroviral drug monitoring methods that are sensitive and efficient for detection, which is
an important treatment for HIV type 1. The current qualitative and quantitative analysis of EFV
require long analysis time, purification steps and elaborate extraction, which are expensive and
therefore limit their application in routine laboratories. Hence, it is imperative that alternative
methods be investigated, based on the incorporation of nanomaterials, which provide a more
user-friendly option with an improved signal amplification strategy. Additionally, despite the
importance of EFV drugs, improper disposal of unused and expired EFV drugs can result in
the contamination of the soil and aquatic environments. According to (Schoeman, Dlamini and
Okonkwo 2017), ARV drugs including EFV and nevirapine (NVP) are emerging contaminants



which can be environmentally persistent due to their poor solubility in water. Thus, posing a
potential risk to human health. Exposure to EFV can result in neuropsychiatric disorders
(Nwogu et al. 2021) depending on the source, dose and length of exposure. Therefore,
monitoring the stability of EFV residues in water is imperative. Previous studies have reported
an increase in nanomaterials usage for many social, economic and industrial benefits (Maurer-
Jones et al. 2013). Currently, researchers such as (Wu et al. 2019; Zhu et al. 2019) reported

that nanomaterials are effective and are of utmost importance to science and technology.

Hence, this study focuses on the design of a novel electrochemical sensor for the detection of
EFV and to study its photodegradation properties based on the interaction of EFV with TiO,.
NPs in aqueous media supported by computational methods. The electrochemical behaviour of
EFV on the fabricated electrode was studied using CV for qualitative purposes, EIS used to
probe the interfacial properties of the fabricated electrode and DPV for quantitative analysis.

1.3 AIM AND OBJECTIVES

1.3.1 Am
The aim of this study is to develop a cost-effective electrochemical sensor for the detection of
EFV and to evaluate its photocatalytic degradation under UV radiation using TiO2-NPs

supported by computational modelling.

1.3.2 OBJECTIVES
< To synthesize TiO>-NPs using Eucalyptus globulus leaf extract and to characterize it using
FTIR, UV-vis, XRD, SEM, EDS and TEM.

% To fabricate the electrochemical sensor using the synthesized TiO2.NPs through
modification of the working electrode with nafion as an anchor agent (GCE/ TiO2-NPs-

nafion).

¢ To measure the electrocatalytic performance of the fabricated electrodes towards EFV

using CV, EIS and DPV.

K/
°e

To study the photodegradation properties of EFV in combination with TiO2.NPs under UV
light.



%+ To perform computer experiments using MC simulations to predict the adsorption sites and

to assess the intermolecular interactions of the fabricated electrode surfaces.

% To validate the spectroscopic properties obtained experimentally by TD-DFT calculations.

1.4 THESIS OUTLINES

Chapter 1 provides an overview of ARV drugs with emphasis on EFV in drug monitoring.
Chapter 2 discusses the literature review of EFV and an insightful understanding of previous
analytical instruments used for the detection of EFV. Additionally, electrochemical
applications in the detection of EFV are also discussed.

Chapter 3 outlines the theoretical principles used for both the experimental and computational
procedures and provides a brief overview of the analytical instruments used followed by the
theoretical principles associated with DFT calculations and MC simulations.

Chapter 4 describes the materials and methods used for the experimental and computational
work used in this study.

Chapter 5 deals with the results obtained from the two case studies, based on the design and
characterization of the electrochemical sensor and the photocatalytic effect of TiO2-NPs on
EFV.

Chapter 6 provides a summary, the conclusions and recommendations of this work



CHAPTER TWO: LITERATURE REVIEW

This chapter describes the literature review of efavirenz (EFV). This section further includes
an insightful understanding of previous analytical instruments used as well as electrochemical
detection applications for the detection of EFV.

2.1 EFAVIRENZ

Efavirenz is chemically described as (S)-6-chloro-4-(cyclopropylethynyl)-1,4-dihydro-4-
(trifluoromethyl)-2H-3,1-benzoxazin-2-one with a molecular mass of 315.68 and empirical
formula of C14HoCIF3sNO». The 3D structure of EFV is presented in Figure 2.1. EFV is a white
to slightly pink crystalline powder, practically insoluble in water (<10 ug/ml), with a melting
point ranging from 136-141 °C and a weak acid with pKa of 10.2 (Manns et al. 2005).

Figure 2.1: 3D structure of efavirenz drawn using materials Studio (Biovia 2016)

Efavirenz is one of the most recommended first-line antiretroviral combination therapies for
the management of HIV in patients either infected with only HIV or co-infected with
tuberculosis (Leary et al. 2013);(Rifkin-Graboi et al. 2013). Efavirenz provides a low risk of
treatment and is available in small sizes. Recently, the world health organisation (WHO)
recommended EFV as the preferred fine non-nucleoside reverse transcriptase inhibitor
(NNRTIs), under the treatment of 2.0 initiative (Falzon et al. 2011; Organization 2019).
Another review that analysed trial data comparing nevirapine (NVP) and EFV, concluded that
EFV has a superior virological efficacy to NVP (Tang, Hull and Rothenberg 2012). In general,
EFV appears to be better tolerated and has much less risk than NVP. Clinical evidence has
shown EFV to be superior to NVP since it presents fewer adverse events and less risk of
resistance (Turneaure et al. 2003).



2.2 METHODS OF DETECTION FOR EFV
2.2.1 CHROMATOGRAPHIC AND SPECTROSCOPIC METHODS

The current various analytical essays including chromatography (Dogan-Topal, Ozkan and
Uslu 2007; Lakshmi Sailaja et al. 2007; Notari et al. 2008; Martin et al. 2009; Kim et al. 2011,
Srivastava et al. 2013; Tamilselvi et al. 2018; dos Santos Martins et al. 2019; Masenga et al.
2021), spectrophotometry (Slabiak et al. 2018; Tittikpina et al. 2020), and electrophoresis
(Zanolli Filho et al. 2011; Guichard et al. 2021) have been utilized for the detection of EFV.
Chromatographic analysis has been used for the determination of efavirenz in human plasma,
covering different phases of analytical research. However, it has limitations, such as being
time-consuming during the separation of compounds with sophisticated processes, which

results in high detection times (Ramachandran et al. 2006; More et al. 2013).

Capillary zone electrophoresis (CZE) is another powerful, economical and eco-friendly that
has been used for the detection of EFV in tablets and human serum (Pereira, Micke and Tavares
2005) (Guichard et al. 2021). Nevertheless, CZE suffers from low sensitivity which provides
real limitations (Guichard et al. 2021).

The spectrophotometric is a conventional and inexpensive technique that has been used for the
determination of efavirenz in plasma, however, it is less sensitive (Slabiak 2016; Tosin et al.
2016)

The limitations of the conventional assays (chromatographic, spectrophotometric and
electrophoresis) could be resolved by introducing electrochemical methods as sensors.

2.2.2 ELECTROCHEMICAL METHODS

Electrochemical methods such as voltammetry (cyclic, square wave and differential pulse
voltammetry) and potentiometry (electrochemical impedance spectroscopy) on chemical or
biosensors have been prominently used in the field of drug analysis (Kaya et al. 2021) due to
their rapid detection. However, very few reports are available on the electroanalytical methods
for the analysis of the EFV (Dogan-Topal, Uslu and Ozkan 2009; Castro et al. 2011; Thapliyal
et al. 2015; Raj et al. 2017) on fabricated electrodes (designed sensors).



Dogan-Topal et al. (2009) investigated the electrochemical behaviour using differential pulse
voltammetry and quantified the EFV in commercial tablets at dSDNA modified disposable
pencil graphite electrode. In another study, researchers (Aguiar Castro et al. 2011; Arnaldo
Aguiar et al. 2011) developed a DPV procedure at the mercury film electrode to measure the
concentration of EFV. Thapliyal and co-workers (2015), reported the nanocomposites of nickel
oxide-zirconia (NiO-ZrO.) synthesis and characterization using; TEM, SEM, EDS and XRD.
GCE for the estimation of EFV, based on NiO-ZrO, using CV. The preparation of the
nanoparticle-compounds of NiO-ZrO, was challenging and time-intensive and required high-
energy mechanical milling for periods greater than 10 h. In addition, the nature of the NiO-
ZrO2 nanoparticles was also affected during milling. To overcome these challenges Raj and co-
workers (2017), established a rapid one-pot synthesis method and the synthesized nanoparticles
were used as an electrode modifier for the EFV sensor, with a detection limit similar to that
reported by Thapliyal (2015). The analysis was carried out using electrochemical techniques
to study the behaviour of EFV. The established work by Raj (2017) was based on an
electrochemically reduced graphene oxide (ErGO) attached with platinum nanoparticles and
nafion hybrid nanocomposite (ErGO-Pt-nafion) at the surface of edge plane pyrolytic graphite
(EPPG). This experiment demonstrated significant electrocatalytic activity towards the
oxidation of EFV at the developed sensor, and further revealed a linear relationship over the

range of concentrations.

2.3 ELECTROCHEMICAL SENSORS

Electrochemical sensors detect information linked to the reaction between an electrolyte and
an analyte (electrochemical reaction) into an applicable electric signal (qualitative and
quantitative) corresponding to the concentration of the analyte using electrodes (Shetti et al.
2019b; Dhinakaran et al. 2020; Mustafa et al. 2021). The main component of electrochemical
sensors are the transducer which is the working electrode (the reaction site of the sensor), and
the chemical recognition element (receptor) (Shetti et al. 2019b; Mustafa et al. 2021). The
transducer converts the energy into a discernible analytical signal and the receptor converts the
chemical information into a form of energy (Madhura, Devi and Ramaraj 2021).
Electrochemical sensors have the advantages of fast analysis, superior sensitivity and
selectivity with simple instrumentation, (analysis with a small volume of sample) and low cost

over conventional assays (Hussain and Kecili 2019; Madhura, Devi and Ramaraj 2021).



In a simple setup as presented in Figure 2.2 for the illustration of an electrochemical sensor
which consists of a sensing or working electrode (WE), counter-electrode (CE), reference
electrode (RE) in an electrochemical cell comprising an electrolyte, the potentiostat and the
monitor (computer). The working electrode is the most important component of an
electrochemical cell; it is used as a sensing electrode which senses the concentration of the
analyte (Putra et al. 2019). The counter electrode which is also called an auxiliary electrode is
considered to be an electrode which is used to enclose the current in the electrochemical cell
(Zhang et al. 2014). Whilst the reference electrode provides a standard for electrochemical
measurements, the potential of the reference electrode is not perturbed by the current being
drawn from the cell which gives excellent control over the potential of the working electrode
(Raccichini, Amores and Hinds 2019). The potentiostat drives the electrode, and the monitor

which displays the electric signal.

Electrochemical Detection

Electrochemical
workstation
(Potentiostat/
Galvanostat)
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- electrode

Interface
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(Nanobiomolecules, nano-
sheets, metal & metal oxides
nanoparticles etc.)
Output signal

Enhanced sensitivity

(Arsenic Detection) & Selectivity

Figure 2.2: Schematic illustration of an electrochemical sensor set-up (Nnamchi and Obayi 2018;
Lalmalsawmi, Tiwari and Kim 2020)



The behaviour of electrochemical sensors is enhanced by modification of the working electrode
surface with nanomaterials such as metal nanoparticles, metal oxide nanoparticles and carbon-
based materials, polymers, and metal-organic frameworks (Lalmalsawmi, Tiwari and Kim
2020; Milani and Sowwan 2020; Kegili and Denizli 2021; Xu 2021). These improvements are
ascribed to the role of nanomaterials, which can produce the effect of synchronization between
the catalytic activity, electrical conductivity, and biocompatibility based on accelerating the

signal transduction (Jeong et al. 2021; Kegili and Denizli 2021).

2.4 NANOMATERIALS

Nanomaterials (NMs) are considered to be materials with at least one exterior dimension and
an interior structure that measures one external dimension and an internal structure that
measures between one to 100 nm (Yang et al. 2019a). Nanomaterials are grouped into different
classes based on their attributes, shape or sizes. The application of nanomaterials ranges from
electronic, medicine, sensors, fuel and solar cells to catalysts (Marzbani, Afrouzi and Omidvar
2015). There are different types of nanomaterials such as carbon-based, inorganic-based,
organic-based or composite-based nanomaterials (Kanniyappan, SaravanaKumar and
Muthukumaran 2017).

The most commonly used are carbon-based nanomaterials which contain carbon and are
created from the laser ablation, arc, discharge and chemical vapour deposition method (Shende
et al. 2021). Normally they occur as hollow tubes, ellipsoids and spheres which include
fullerenes, carbon nanotubes, carbon black graphene and carbon ions (Kshetri et al. 2020).

Inorganic-based hybrid nanomaterials are composed of organic materials and inorganic
materials; this nanomaterial is comprised of the metal and metal oxide nanoparticles, such as
silver (Ag), iron oxide (FesOs), titanium dioxide (TiO2-NPs), copper oxide (CuO), and zinc
oxide (ZnO) (Dtugosz et al. 2021).

Organic-based nanomaterials are non-covalent with weak interactions for the patterns and
designs of molecules, which serve to convert organic nanomaterials into desired structures such
as lipids or polymeric, dendrimers, micelles, liposomes and polymers compounds

(Jeevanandam et al. 2018).

Composite nanomaterials are based on multi-phase NPs where one phase is accompanied by a

nanoscale dimension, which combines NPs with other NPs or combines NPs with enormous or
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bulk type materials such as hybrid nanofibers or more complicated structures such as metal-
organic frameworks (Jeevanandam et al. 2018). Normally the composite can be any
combination of carbon-based NMs with any form of metal or organic-based NMs with any

form of metal, ceramic, or polymer bulk materials.

2.4.1 CLASSIFICATION OF NANOMATERIALS

Nanomaterials can be categorised according to size, shape, composition and aggregation
(Yadav, Mandal and Dubey 2020). Some nanomaterials can be zero dimension (0D), whereas
the rest of the dimensions are measured within the nanoscale one dimension (1D), two
dimension (2D) and three dimension (3D) as shown in Figure 2.3. The 1D and 2D are outside
the nanoscale where, the 2D exhibits a plate-like shape, while the 3D materials are unrestrained
to the nanoscale in any dimension. This can contain bulk powder dispersions of nanoparticles,
bundles of nanowires and nanotubes as well as multi nanolayers (Tripathi 2019; Hu et al. 2021).

The morphology of nanomaterials combines the characteristics of their size, shape and spinel

structure, which could be classified as flat, spherical, hexagonal, irregular and helical (Cheng
et al. 2020).

= >

3D (N;lnomaterials)

2D Nanomaterials (plate)

Figure 2.3: Type of nanomaterial (0D, 1D, 2D and 3D) (Ali 2020)

2.4.2 APPLICATION OF NANOMATERIALS
There are different applications of nanomaterials ranging from the chemical industry, optics,

solar hydrogen, fuel cells, batteries, sensors, pharmaceuticals to the cosmetic industry (Ali
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2020). In pharmaceutical and medicine nanomaterials are widely used for accurate and safer
imaging of diseased tissues and novel forms of therapeutics (Chen et al. 2013; Sharma and
Hussain 2020). The application of nanomaterials within the pharmaceutical field is claimed to
be a safer method for drug delivery and efficacy as well as bioavailability (Ahmed et al. 2021).

Different attempts have been used for the synthesis, characterization and modification of metal
oxide semiconductors such as WOs, CuO, Fe203, ZnO and TiO2 with applications to chemical
sensing (Zappa et al. 2017), gas sensor (Tyagi et al. 2022), fabric (as anti-bacterial agents)
fabric (Dastjerdi and Montazer 2010), and biomedical (Applerot et al. 2012). Literature reports
the use of WOs in photocatalytic and photo electrocatalytic activity under visible light owing
to its broad range of energy band gap values (Eg) 2.6-3.3 eV and 2.7—-2.8 eV optical transition
of indirect type (Gillet et al. 2003). However, WOz is seldomly used since, its photochemical
properties reduce recombination and visible light activity (Hepel and Luo 2001). Copper oxide
(CuO) is a p-type semiconductor that is mainly applied in solar cell and organic photo
oxidation. Although they can used as a semiconductor, but they are more difficult to use (Hepel
and Luo 2001; Izaki et al. 2007). Iron oxide (Fe20s3) is another example of visible light active
semiconductor oxide with energy band gap of approximately 2.2 eV (Li et al. 2021). Fe2O3
have a reasonable chemical stability, and does not photo corrode, however the location of
valence and conduction bands resist the OH radical and hydrogen production, hence making it
ineffective for the photocatalytic application in organic oxidation (Saeidi et al. 2020). Just like
TiO2, ZnO can be prepared in a variety of forms and structure. ZnO is the common alternative
semiconductor particularly for the use of photocatalysis with similar energy band gap of Eg 3.3

eV, low cost, and non-toxicity, but it is known to photo-corrode (Saeidi et al. 2020).

2.4.3 TITANIUM DIOXIDE NANOPARTICLES (T102-NPs)

Titanium dioxide (TiO2-NPs) is one of the well-considered metal oxide nanoparticles because
of its attractive electronic surface and catalytic properties. TiO2-NPs occur in three
polymorphs, namely anatase, and brookite and rutile as shown in Figure 2.4. Among these
three, tetragonal crystallographic anatase and rutile with a band gap of 3.2 and 3.0 eV
respectively (Nabi, Raza and Tahir 2020) are the most common. While brookite has an
orthorhombic crystal structure with a band gap of 3.0 to 3.6 eV (Khare et al. 2011; Honarmand
et al. 2019). Although anatase and rutile are well recognized, brookite and anatase phases are
considered to be thermodynamically more stable than rutile structures under heat treatment at

temperatures exceeding ~ 600°C (Medvids et al. 2021). Brookite is often unnoticed due to
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reduced photo-reactivity when prepared it is usually prepared as a composite of anatase-
brookite (Lu et al. 2011).

Figure 2.4: 3D representation of the polymorphs of TiO>-NPs (a) anatase (b) rutile and (c)
brookite (Biovia 2016).

2.4.3.1 Application of titanium oxide nanoparticles in electrochemical sensors

Several applications such as gas sensors and solar energy have used TiO2-NPs because of their
photocatalytic activities (Pathakoti et al. 2013; Verma et al. 2021). TiO2-NPs are known for
their biocompatibility, low toxicity, high surface area, thermal stability and a wide band gap
which makes them popular in sensor applications (Oliveira and Morais 2018; Shetti et al.
2018; Tarahomi et al. 2018). Table 2.1 shows the application of TiO2-NPs in electrochemical

SENSOrs.
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Table 2.1: TiO,-NPs based sensors summarize

Electrodes Methods Analyte LODs (nm) Reference
Glassy carbon DPV Vitamin B 0.05 (Revin and John 2012)
Carbon paste DPV Vitamin B 0.7 (Nezamzadeh-Ejhieh and

Pouladsaz 2014)

Glassy carbon SWV Vitamin B 8.4 (Gribat et al. 2017)

Carbon paste DPV Buzepide 8.2 (Kalanur, Seetharamappa
methiodide and Prashanth 2010)

Gold LSV Hydrazine 3.0 (Aslisen and Kogak 2022)

Gold LSV Nitrite 10.0 (Aslisen and Kogak 2022)

2.4.3.2 Application of titanium oxide nanoparticles in photocatalysis

Across all metal oxides, TiO.-NPs are the most remarkable metal oxides because of their
photocatalytic, antimicrobial, and antibacterial effective applications which make them
superior to others. In fact, TiO2-NPs polymorphs are suitable for applications in photocatalysis
(Jietal. 2017; Chen et al. 2021). Review papers highlighted the photocatalytic activity of TiO»-
Nps focusing on the photocatalytic process reaction, mechanisms and applications (Xu et al.
2018a).

According to Paumo and co-workers, anatase is considered to be more active than the rutile
form regarding photocatalytic properties (Paumo et al. 2021). TiO>-NPs has been used in
photocatalytic studies of organic pollutants effectively in wastewater treatment (Im, Kim and
Lee 2008; Mondal and Sharma 2016). In another study synthesized TiO2-NPs were used for
the photocatalytic activity of propene oxidation with variable hydrochloric acid (Cano-
Casanova et al. 2018). Propene has been selected as a representative substance for volatile
organic compounds such as petrochemical plants (Cano-Casanova et al. 2018). In 2020, Le and
co-workers investigated the effect of chemical structure degradation of organic dyes using
TiO2-NPs particles (Le et al. 2020). Recently Aravind and the team investigated the
photodegradation of methylene blue dye using both green synthesized TiO2-NPs and
chemically synthesized TiO2-NPs (Aravind, Amalanathan and Mary 2021).
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The sensitivity of electrochemical sensor is affected by surface modification technique,
electrochemical transduction mechanism and choice of the recognition receptor molecules. The
most common strategy way to enhance the sensors performance is to chemically modify the
surface of working electrode. Metal oxides (Elhag 2017), carbon nanotubes (Zaporotskova et
al. 2016) and polymers (Lanzalaco and Molina 2020) have been frequently used to modify the
sensors electrode. Nafion with it hydrophobicity property has been used as an electrode
modifier for sensor electrode fabrication, enhancing the stability of graphene modified
electrode due to its excellent film foaming ability (Wu et al. 2013). Electrochemical sensor of
Biotin using nafion also shows the importance of using nafion on the modified electrode, where
the selectivity and sensitivity of nafion forms a stable layer on the surface of Boron Doped
Diamond electrode (BDD) for sensitive detection of Biotin (Buzid et al. 2018).

2.4.4 NAFION

Nafion is a sulfonated tetrafluoroethylene-based fluoropolymer-copolymer (Zhao et al. 2021).
Nafion has been considerably used as an electrode modifier, because of its outstanding
antifouling capacity, high permeability to cations and strong adsorption ability (Nigovic,
Marusi¢ and Juri¢ 2011). In another study, nafion has been used as a proton exchange
membrane in polymer electrolyte fuel cells, particularly for low-temperature hydrogen-oxygen
fuel cells (Singh et al. 2016). Table 2.2 represents the application of nafion in an

electrochemical sensor.
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Table 2.2: Application of nafion in electrochemical sensors

Electrode Analyte Detection Detection Sensitivity Linear Interference References
Method Limit range

AG-nf- DA DPV 0.33 - 0.5-3.5 Acetaminophen (Kim, Lee

GC and Piao
2017)

GQD-nf- DA DPV 0.0045 - 0.005-100  AA, Au (Pang et al.

GC glucose, NaCl,  2016)

Ca(NOs3)s,
ZnS04,mgCl;
G-nf-GC DA LSV 1.0 7.695 0.1-1.1 AA, UA (Yusoff et al.
Aum-? 2015b)

G-nf-GC AA SWV 748 - 4000-10.00 DA, UA (Gong, Wang
and Yang
2017)

SsDNA-  HIV-1 EIS 2.3x10-8 - 1.0 x107- - (Yusoff et al.

G-nf-GC  gene 0.001 2015a; Gong,
Wang and
Yang 2017)

G-nf-GC NO SWV 11.61 62pA Mm- 50-450 DA, AA (Yusoff et al.

! 2015a)

nf- Bilirubin  SWV 0.84 - 2-20 UA, AA (Aslihan

ERGO- Avan, Aydar

GC and Filik
2015)

MB- H20, Amperometric 1.5 0.19 pAM  10-100 - (Chen, Sun

SGO-nf- cm? and Hou

GC 2016)

Gox-Rgo- Glucose  Amperometric 170 3.8uA 2000- AA, UA (Choi et al.

nf film Mm™cm?2  20.000 2011)

AG-nf, Activated graphene-nafion; Gox, glucose oxidase; GQDs-nf, graphene quantum dots-nafion; HIV, human virus; LSV,

immunodeficiency linear sweep voltammetry; mb-SGO-nf, myoglobin-sulfonated graphene oxide-nafion; nf-ERGO, nafion-

electrochemically reduced graphene oxide; NO, nitric oxide; sSDNA-G-nf, single-stranded deoxyribose nucleic acid-graphene-

nafion.

Table 2.3: Application of non-nafion electrochemical sensors

Electrode Analyte Detection Detection Sensitivity Linear range Interference References
Method Limit

N- DA DPV 0.25 0.5-170 UA (Wang and Dai

GR/GCE 2015)

rGo- DA DPV 0.0015 0.01-450 AA, Au (Sheng et al.

CDs/GCE 2012)

TiO,- DA DPV 5-200 2.00 AA (Fan et al.

GR/GCE 2011)

N-GR, Nitrogen graphene; rGo-CDs,reduced graphene caarbon dot ; TiOg, titanium dioxide.
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2.5 SYNTHESIS OF NANOPARTICLES

The synthesis of NPs using the chemical method, which is divided into two categories: top-
down and bottom-up approaches, has evolved over the past few years (Sorbiun et al. 2018),
while the biological methods involve the use of different parts of plant extracts, and micro-

organisms including algae, bacteria and fungi (Kamaruzaman et al. 2022).
2.5.1 CHEMICAL SYNTHESIS METHODS

2.5.1.1 Down chemical method of synthesis

This method entails the decomposition of the starting material into smaller nanosized structures
(Agarwal and Brem 2017). For example, the most common techniques are lithographic
techniques (i.e., UV, electron or ion beam, scanning probe, laser-beam processing, and

mechanical techniques (i.e., machining, grinding, and polishing).

() Mechanical milling. Unlike many of the methods, mechanical attrition produces its
nanostructures not by cluster assembly but by the structural decomposition of coarse-grained
structures because of plastic deformation. In a mechanical milling medium, a high-energy mill
comprises a powder charge, typically a blend of elements (Jeevanandam, Chan and Danquah
2016; Korni and Khalil 2017; Jeevanandam et al. 2022). Different kinds of ball milling can be
used for the synthesis of nanomaterials in which balls influence the powder charge (Koch and
Whittenberger 1996). Magnesium or copper-based nano alloys, have been synthesized with
high yields, including the synthesis of different kinds of aluminium (YYadav, Yadav and Singh
2012).

(b) Physical vapour deposition (PVD): PVD is a technique that can be used to produce thin
films and coatings. PVD is a process, where the material goes from a condensed phase to a
vapour phase and then back to a thin film condensed phase. The more familiar processes:
sputtering and evaporation are explained below (Moarrefzadeh and Branch 2012).

In sputtering synthesis, atoms are bombarded with ions and driven out until they encounter a

substrate of their choice from which they wish to strike.

Sputtering is in thin films, nanostructures, coating and different materials such as metallic
oxides, nitride, and carbide films (Ohta et al. 2018; Lopez-Acosta et al. 2019). The sputtering

can be used for the deposition of oxides and nitrides, as reactive sputtering (Rane et al. 2018).
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The greatest advantage of using this technique is to ensure the purity of the NPs and a narrow

size distribution while producing a high surface area (Vasudev, Thakur and Bansal 2016).

Evaporation processes are used in processing industries including food, pharmaceuticals,
chemicals, and pulp and paper mills. The objective is to produce concentrated final products in
the food industry (fruit juices and pastes, jams, condensed milk, etc.) or concentrated streams
that can be further processed to produce crystallised products by crystallisation or powder

products by drying (Hussein et al. 2020).

(c) Laser ablation is a technique that uses light amplification by stimulated emission of
radiation (LASER) as a source of energy to remove the solid target (Padmanabhan 2019). This
is a method for producing different kinds of nanoparticles including semiconductor quantum
dots, carbon nanotubes, nanowires, and core shell nanoparticles. The laser parameters such as
wavelength, pulse repetition rate, pulse width and pulse energy, and environmental parameters
such as a vacuum, and a controlled gas or a liquid atmosphere are employed to produce a laser
ablation technique (Gentile et al. 2021). Nanoparticles (NPs) generated by laser ablation are
found to possess high purity of targeted ambient media without contamination from the reactor;
however, it becomes hard to monitor their size distribution, agglomeration, and crystal structure
control (Kim et al. 2017; Sadrolhosseini et al. 2019).

d) Thermal decomposition: Among the various techniques used for the synthesis of NPs.
Thermal decomposition (TD) is a novel method that can be used to produce stable
monodispersed particles such as copper NPs (Aminuzzaman et al. 2018). They are rapidly used
in developed research areas, due to their fast responses, and cleaner and more economical
processes. The synthesis could be achieved by using monodispersed metal nanoparticles
(Sharifi, Steinacker and Saghafian 2016). The advantage of the TD method is the crystalline
structure and size distribution are usually very high (Betancourt-Galindo et al. 2014).

2.5.1.2 Bottom-up chemical method of synthesis

The bottom-up approach exploits the chemical properties of the molecules to cause them to
self-assemble into some useful conformation. Examples include sol-gel, solvothermal,
hydrothermal, micro-emulsion and chemical precipitation (Saiduzzaman 2019; Myrovali
2020).
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(a) Sol-gel method: This is a wet chemistry method which produces both glassy and ceramic
materials, this method is generated to produce various kinds of high-quality metal oxides.
Nanomaterials are normally produced using the sol-gel method by completing several steps,
including hydrolysis, poly-condensation, drying, and heating (Peng et al. 2021). The first step
is the hydrolysis of the metal oxide, taking place in either water or alcohol to form a sol. The
next step takes place in the solvent viscosity to form porous structures such as hydroxo-(M-—
OH-M) or oxo-(M-O-M) bridges, resulting in metal-hydroxo- or metal-oxo-polymer
formation in solution (Bhavani and Wani 2021). During this step, the distance between the
colloidal particles increases while, porosity decreases and the distance between the colloidal
particles increases. In the last step, the drying step, water and organic solvents are removed
from the gel. Lastly, calcination is performed to achieve NPs (Parashar, Shukla and Singh
2020).

(b) Hydrothermal/solvothermal: Synthesis carried out using hydrothermal or solvothermal
method can be achieved through a chemical reaction in an aqueous solution with a boiling point
above that of water (100 °C) (Keskin et al. 2014). This technique is more applicable to different
kinds of NPs, (Ishimoto et al. 2017). The method is generally based on heating both precursor
and solvent at high temperatures in a closed system. The increase in temperature and the
adjustment of the precursor allows the system to generate the desired nanomaterial. According
to (Majidi et al. 2020) the most important parameter is the temperature, which should be high
in order to develop well-structured nanoparticles. The solvent choice is also crucial. Moreover,
there are other important factors to be considered, such as composition, concentration of the

reactant and ratio of solvent to reducing agent.

(c) Precipitation method

The chemical precipitation is one of the promising methods for developing nano catalysts, since
its permits the complete precipitation of metal ions (Li et al. 2018). Normally the precipitation
method involves the removal of metal ions from the aqueous solution (Li et al. 2018). Allowing
the precipitate to settle and then discarded from the solution using the filtration method (Chen
et al. 2018).

Nevertheless, chemical synthesis is costly and regarded as unsafe for both humans and the
environment (Pantidos and Horsfall 2014; Joshi and Adhikari 2019).
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2.5.2 BIOLOGICAL SYNTHESIS METHOD

Biological synthesis is a green chemistry approach that deals with procedures without or with
a minimum negative impact on human health and the environment (Joshi and Adhikari 2019).
The most advantageous approach when it comes to biological synthesis is that they are stable
in contrast to physical and chemical methods. In their involvement, they are more sustainable
and more effective than the physical and chemical methods (Singh et al. 2017). (Adelere and
Lateef 2016) describe the construction of metallic from agro waste, enzymes, and pigments
from biological synthesis.

(a) Synthesis of NPs by plant extract:

Synthesis of NPs by plant extract is the most frequently used method because plants are suitable
to fulfil the high demand for NPs with applications in environmental and biomedical fields.
Different literature reports on the synthesis of metal/metal oxide nanoparticles such as gold
(AuNPs), silver (AgNPs), palladium (PdNPs), copper (CuNPs), iron (FeNPs) (Guan et al.
2022); Fe20s3 (Devi et al. 2019) and TiO2-NPs (Verma et al. 2022) have reported using different
plant extracts including leaves, flowers, seed, fruits, stem and root. Table 2.3 show different
methods used for the synthesis of TiO2-NPs.

Table 2.4: Different methods or plants used for the synthesis of TiO,-NPs

Sr.N NPs Plant used References
1 TiO2-NPs Cassia fistula (Swathi et al. 2019)
2 TiO2-NPs Nyctanthes Arbor- (Sundrarajan and Gowri 2011)
Tristis leaves
3 TiO2-NPs Psidium guajava (Santhoshkumar et al. 2014)
4 TiO2-NPs Jasmine flower (Aravind, Amalanathan and Mary 2021)
5 TiO2-NPs Syzgium cumini (Thakur, Kumar and Kumar 2019; Sethy et al.
2020)
6 TiO-NPs  Azadirachta indica (Thakur, Kumar and Kumar 2019; Sethy et al.
2020)
7 TiO2-NPs  Black pepper (piper (Bhullar, Goyal and Gupta 2021)
nigrum)
8 TiO2-NPs Coriander (Bhullar, Goyal and Gupta 2021)
Coriandrum sativum
9 TiO2-NPs Clove syzguim (Amanulla and Sundaram 2019)
aromatium
10 TiO2-NPs Orange peel (Amanulla and Sundaram 2019)
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In green synthesis involving the use of plant, the leaves are washed rigorously with tap water,
rinsed using distilled water to remove the impurities making that sure no residue is left
thereafter dried in the oven or under sunlight or pulverized and boiled for some minutes. The
mixture is then filtered and used in the synthesis of nanoparticles with a precursor. Research
has documented that plants hold active phytochemicals with reducing, capping and stabilizing
agents in the synthesis of nanoparticles (Vijayaraghavan and Ashokkumar 2017; Aslam,
Abdullah and Rafatullah 2021).

(b) The use of fungi in the synthesis of nanoparticles (NPs)

The synthesis of NPs using fungi can be done, by the binding of polymers and metabolites to
particular polypeptides (Adebayo et al. 2021). Fungi can easily be scaled up even in solid
substrates from the fermentation technique, which is an important attribute of using them in
nanoparticles (Adebayo et al. 2021). The use of fungi in nanoparticles are preferred since the
well-binding and intracellular metal properties make it ideal for nano-biotechnological

applications.

(c) Bacteria in the synthesis of nanoparticles

Biogenic sources such as fungi and bacteria are preferred not only for their ability to produce
higher cytotoxicity for enzymes converting ionic forms into their nanoforms but also for their
convenience in cultivating and regulating the size and morphology of synthesized nanoparticles
(Lahiri et al. 2021). Nanoparticles can also be produced by biosynthesis using bacteria. Many
types of nanoparticles have been synthesized using living and non-living bacteria (Reverberi
etal. 2017; Allam et al. 2019).

(d) Algae in synthesis of nanoparticles

Algae are aquatic filamentous photosynthetic organisms that collapse from a planet. They are
classified into two groups: microalgae (microscopic) and macroalgae (macroscopic). They play
an important role in the field of medicine, pharmaceutical, aquaculture as well as cosmetic
applications (Fon Sing et al. 2013; Jacob et al. 2021). Reports of algae have been observed on
the synthesis of silver nanoparticles using Ulva fasciata extract as a reducing agent
(LewisOscar et al. 2016). Recently, metallic nanoparticles have been synthetized using
different algae such as chlorophyceae and phaeophyceae (diatoms and euglenoids)
(LewisOscar et al. 2016; Sharma et al. 2016; Mal et al. 2021).
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(e) Microbial synthesis, is one of the important techniques being used to produce NPs since
physical and chemical synthesis are costly and utilize chemicals during the synthesis (Paul and
Sinha 2014). While these methods are used in most applications, the use of toxic chemicals
during the synthesis is still a major concern. Microbial synthesis is a rich biodiversity of
microbes, which uses simple microbial cultivation, under cellular, biochemical, and molecular

mechanisms.

Microbial synthesis of NPs can be achieved by micro-organisms, which are intracellular or
extracellular, based on the location of NPs formation (Manivasagan, Nam and Oh 2016;
Siddiquah et al. 2018). Many unicellular and multicellular organisms, such as bacteria
(prokaryotes), fungi (eukaryotes) and viruses, produce either intracellular or extracellular
inorganic materials (Thakkar, Mhatre and Parikh 2010). The development of these inorganic
materials can be manipulated based on their shape and size by controlling the culture parameter.
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CHAPTER THREE: THEORETICAL PRINCIPLES

This chapter outlines the theoretical principles that were used for both the experimental and
computational procedures. A brief overview of the analytical instruments used followed by
theoretical principles associated with Density Functional Theory (DFT), Time-Dependent
Density Functional Theory (TD-DFT) and Monte Carlo (MC) simulations.

3.1 EXPERIMENTAL CHARACTERISATION TECHNIQUES

3.1.1 FOURIER TRANSFORM INFRARED (FTIR)

FTIR is a fast, simple powerful and versatile analytical technique that can identify
biomolecules for capping, reduction, and stabilization for qualitative analysis of both organic
and inorganic compounds (Cheeseman et al. 2021). The basic principle involves the absorption
of light at a particular frequency, which is directly related to atom-atom vibrational energies in
a molecule. The fingerprint region appears when infrared radiation passes through a sample,
resulting in the absorption of the infrared radiation (Gilbert 2017). A typical schematic diagram
of a modern FTIR spectrometer is presented in Figure 3.1.
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Figure 3.1: Schematic illustration of a modern FTIR spectrophotometer (Griffiths and James
2007)
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3.1.2 UV- VisIBLE (UV-VIS) SPECTROPHOTOMETRY

UV-vis is a simple, sensitive, precise and accurate method to determine different samples. This
technique measures both quantitative and qualitative analysis by measuring the absorbance of
ultraviolet or visible light by a sample (Theophanides 2012; Rajeshkumar and Bharath 2017).
The UV-vis spectrophotometry principle is based on the measurement of wavelength and
intensity of ultraviolet and visible light absorbed by the sample as a function of the sample
(Pratiwi and Nandiyanto 2022). The UV radiation corresponds to a wavelength of 180-380 nm,
while the visible (visible light) corresponds to a wavelength of 380-780 nm (Yanenko,
Shevchenko and Golovchanska 2018). Figure 3.2 shows a UV-vis spectrophotometry, where
light is directed onto diffracting grating which divides the incoming light into component

colours of different wavelengths.
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Figure 3.2: Schematic illustration of UV-visible spectroscopy

In general, the basic principle of UV-visible spectroscopy involves light which is either
reflected or transmitted through the sample. Once the light is obtained from the sample it enters
through entrance slit of a monochromator, where it is separated into different wavelengths
using a dispersing element. The light is then focused onto a charge couple device (CCD). The
modern derivation of the Beers Lambert law combines the two laws and correlates the
absorbance of both the concentration and thickness of the material. The absorbance recorded

is related to Beer’s Law, based on the equation 3.1 below:
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A = €bc 3.1

which states that the absorbance (A) is related to incident intensity (lo), transmitted light (1) the
concentration of liquid sample ¢ and path length of the sample (b) and molar absorptivity ()
(Sommer 2012).

3.1.3 TRANSMISSION EMISSION MICROSCOPY (TEM)

TEM is a powerful electron microscope technique that uses a beam of electrons to focus on a
specimen, resulting in highly magnified and detailed images of a specimen. This technique
focuses on obtaining information on the morphology of the sample (Shen et al. 2008;
Venkateshaiah et al. 2020). The working principle of TEM is similar to the light microscope,
however, the difference is that the microscope uses light rays to produce images, whereas TEM
uses a beam of electrons on the specimen to produce images. In TEM a collimated beam of
electrons passes through a sample and interacts and then the high energy can either be scattered
or backscattered after interaction with the sample (Chaba 2018). Interaction of the electrons
are transmitted through the sample to form an image. Furthermore, this technique allows for
the generation of diffraction patterns of materials, therefore crystallography can be determined
(Eggeman 2019) and can provide, dark or bright images that can produce precise particle size

information at a nanoscale level (Calzolai, Gilliland and Rossi 2012; Eggeman 2019).

3.1.4 SCANNING ELECTRON MICROSCOPY (SEM)

The scanning electron microscopy provides structural information about the morphology of a
sample at a nanoscale level (Khan et al. 2017). The principle is based on the initial electrons
which are released from the source thereby providing energy to atomic electrons of the
specimen, which can be further released as a secondary electron and thus an image is produced
(Kwiecinska, Pusz and Valentine 2019). This technique has been used in the field of science
for research, quality control and failure analysis such as nanotubes, nanofibers (Rennhofer and
Zanghellini 2021), nano emulsions, solid lipid nanoparticles, and nanostructures (Saupe,
Gordon and Rades 2006; Wu et al. 2021).

3.1.5 ENERGY-DISPERSIVE X-RAY SPECTROSCOPY

Energy-dispersive-X-ray spectroscopy can also be called EDs, EDX or EDXA, this technique

is capable of resolving the elemental composition of an analyte. It works by permitting the
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capacity of high energy electromagnetic radiation (X-ray) to core electrons from an atom. The
principle is also called Moseley’s Law which describes a direct correlation between the

frequency of light and the atomic number (Dunlap 2018).

3.1.6 X-RAY DIFFRACTION (XRD)

XRD is one of the most extensive methods used for phase identification in crystalline materials
(Cicchi, Cordero and Giomi 2011). The principle of XRD is based on constructive interference
of monochromatic X-rays and crystalline samples (Hany 2022). Typically, XRD provides
information regarding the crystalline structure, nature of the phase, lattice parameters and grain
size of nanoparticle. The broadening of the most intense peak of an XRD measurement for a
specific sample (Dhungana et al. 2018) the crystalline phase (D) is evaluated using the Scherrer
equation (Eq 3.1). XRD uses an X-ray source of Cu a-radiation beam with excitation
wavelength for analysis. In addition, XRD can be utilized to determine the charge distribution
of crystalline materials such as nanomaterials. A typical schematic illustration of XRD is given
in Figure 3.3, where the X-ray diffraction pattern generated from the crystalline material

provides a unique fingerprint of crystals present in the sample.
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Figure 3.3: Schematic illustration of the X-ray diffractometer
The crystalline phase (D) is obtained by using the Scherrer equation
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The corresponding equation 3.2 based on D, k, A, B and 0 correspond to particle size (nm),
crystallized form factor (0.94), wavelength (0.154 nm), full width at half maximum (in radian)

and angle of diffraction respectively.

3.1.7 CyCLIC VOLTAMMETRY (CV)

CV is one of the most used electrochemical methods in electrochemistry, it can provide both
quantitative and qualitative analysis with a fast and reliable characterization tool. CV provides
information to elucidate the kinetics of electron transfer, chemical reaction, thermodynamics
and stability of reaction products (Wang and Jiao 2000; Gu et al. 2017). CV is based on the
principle of linear sweep voltammetry that is used to measure the current while the potential is

swept linearly as a function of time (Kim et al. 2020).

The curve obtained is called cyclic voltammogram as presented in Figure 3.4. Important key
parameters measured in CV include the anodic and cathodic peak current (Ipa, Ipc) and the
anodic and cathodic peak potentials (Epa, Epc). Furthermore, peak-to-peak separation (AEp),
ratio of anodic and cathodic peak current (lpa:lpc), active surface area (A), oxidation and
reduction peak potential (Epa and Epc) and peak currents recorded at the electrodes can also
be determined (Nnamchi and Obayi 2018).
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Figure 3.4: Typical CV showing important peak parameter

Equation 3.3 describes the CV voltammogram of a reversible process known as the Randle-
Sevcik equation, with the planar electrodes and the peak current generated by reversible

oxidation or reduction of an electrochemically active species.
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Ip = 2.686 x 10°n3/24CDY?y1/? 3.3

where Ip is peak current, A is the area of the electrode (cm?), D is the diffusion coefficient

(cm?/s), C, is the concentration mol cm=and v is scan rate potential Vs™.

The different types of cyclic voltammogram, namely reversible, quasi reversible and
irreversible are illustrated in Figure 3.5. An electrochemically reversible/irreversible system is
one where the electron transfer rate is sufficiently fast that equilibrium is achieved in a short
time scale and maintained as the potential is varied. In other external systems with relatively
slow electrode kinetics is classed as irreversible. In this case, equilibrium is not attained on the
timescale of the experiment and a significant overpotential must be applied to drive the
reaction; the system displaying intermediate electrode Kinetics are termed quasi reversible
(Batchelor-McAuley et al. 2008; Del Angel-Goémez et al. 2022).
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Figure 3.5: Typical CV for reversible, quasi-reversible and irreversible voltammogram.

3.1.8 DIFFERENTIAL PULSE VOLTAMMETRY (DPV)

DPV is used as quantitative chemical analysis to study the mechanisms, Kkinetics,
thermodynamics of chemical reactions and to derive a linear sweep voltammetry with a series
of voltage pulses, which are superimposed on the potential linear sweep (Mukhopadhyay and
Nag ; Laborda, Bolea and Jimenez-Lamana 2014; Karimi et al. 2022). In DPV, the current is
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measured in two points, the first point is measured before the application of the pulse and the

second point is at end of the pulse as shown in Figure 3.6 (Scholz 2015).

Figure 3.6: Typical Differential pulse voltammogram

It is generally the same as normal pulse voltammetry (NPV) in that its potential is also scanned
with a series of pulses, with NPV being appropriate for both reversible and irreversible systems,
producing high sensitivity (Northrop and Cole 2018). The voltammogram is a staircase-shaped
signal and increases through the direction of potential Figure 3.7. DPV differs from NPV

because here each potential pulse is fixed between (10-100 mV).
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Figure 3.7: Typical staircase (Vilasd-Cadre et al. 2020)

In a staircase-shaped signal, the potential sweep is a series of steps and the current is measured

at the end of each potential change.
3.1.9 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY (EIS)

EIS can be used to investigate the behaviour of the electrode surface or electrolyte material and
they are useful in characterizing the conductivity and nanostructured surface area of
nanomaterials (Shervedani and Lasia 1999; Torabi, Shervedani and Amini 2021). It can be

employed for other studies including corrosion and electrodeposition. A sinusoidal ac voltage
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probe is applied and the current response is determined (Randviir and Banks 2013). The
impedance is produced when the redox reaction takes place, while the latter dc-based
impedance and its electrical properties are generated by a double layer capacitance. The ac
signal is scanned over a wide range of frequencies (100 000 - 0.1 Hz) to generate an impedance
spectrum. Figure 3.8 shows a Nyquist plot, which provides an insight into the dynamics of the
system. Rt is inversely proportional to the rate of electron transfer arising from mass transfer
limitations, while Rs is primarily from the electrolyte resistance and is useful in conductivity
sensors, with all these components connected to the charge transfer resistance (Barua and Paul
2020). Warburg (W) represented by the semi-infinite straight line and assigned to the diffusion

pathway of the electrodes, and constant phase element accordingly.
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Figure 3.8: Shows a simple Randle’s equivalent circuit for an electrochemical cell (Randviir and
Banks 2013)

3.1.10 CHRONOAMPEROMETRY

Chronoamperometry is a time-dependent technique in which square wave potential is applied
to the working electrode; in this principle, the current of the electrode is measured as a function
of time (Guy and Walker 2016). Basically, chronoamperometry deals with the study of the
variation of current response with time under potentiostat control (de Kruijff et al. 2019),
normally in many experiments where the concentration of an electrode active analyte is not
expected to change. The potential at the beginning value E: at which no faradic process is
taking place to final value E». Figure 3.9 shows the electron transfer occurring sufficiently high

over the potential.
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Figure 3.9: Chronoamperometry output signal (Lee 2014)

For the electrode where linear diffusion dominates, the diffusion limited current (l4) over a
practical timescale is calculated according to equation 3.3.
nFACD/?

Where n is the number of electrons transferred per molecule, F is the Faraday constant, A is
the area of the electrode, D is the diffusion coefficient, t is the corresponding time with respect

to the current and C is the concentration of the redox species in solution.
3.2 COMPUTATIONAL CHEMISTRY

Computational chemistry plays a major role in the field of chemistry by incorporating efficient
computer programs to solve chemistry problems. It is used to calculate the geometrical
structures and properties of molecules, groups of molecules and solids. The main function of
computational chemistry is to complement the experimental results, producing a more accurate
result. Modelling can be used for chemical reactivity, the energy of the molecule and transition
state, molecular geometry and physical properties of the substance. It can be used in some cases
to predict the chemical phenomena and it is widely used in the design of new drugs and
materials. Computational methods, including quantum mechanics and molecular
mechanics/force field methods, with relevant and enough parameters, can provide information

that is comparable and complementary to that obtained from experimental studies.
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3.2.1 DENSITY FUNCTIONAL THEORY METHODS (DFT)

Density functional theory (DFT) methods are used to determine molecular electronic
structures, even though many of the most common functionals use parameters derived from
empirical data, or more complex calculations (Landers, Gor and Neimark 2013). The total
energy in DFT is expressed in terms of the total one-electron density rather than the wave
function. (Jain, Shin and Persson 2016) described the behaviour of electrons using DFT
calculations based on the Schrodinger equation. In this type of calculation, there is an
approximate Hamiltonian and an approximate expression for the total electron density. The
basic idea for the DFT theory is due to Hohenberg and Kohn (1960) who formulated the Hartree
Fock (HF) theory. Similar to the HF orbitals, DFT methods can be very accurate with low
computational costs. The quality of a given result can be determined by comparing it with the
experimental results obtained in similar systems. The basis for DFT methods is that the electron
density determines the ground state electronic energy, there is a complete relationship between

the electron density of a system and the energy (Yang 1991).

While some DFT methods are parameterized, for example, the generalized gradient
approximation (GGA) methods with the Becke, Lee, Yang and Parr (BLYP) functional, ab
initio methods are based on first principles, namely, the computations are derived solely from
the laws of quantum mechanics. Generally, DFT methods are computationally less intensive

than ab initio methods while producing comparable results in terms of quality.

Fiolhais et al. (2003) used DFT for calculating the properties of solid state physics and
molecules. According to Lundqvist and March (2013), Hohenberg and Kohn (1964) and Kohn
and Sham (1965) established papers based on the information for calculating the properties of
solid state physics and molecules for replacing many body wave functions by one-electron
orbitals (Hohenberg and Kohn 1964; Kohn and Sham 1965).

The first theorem explains the electron density that has a significant influence on the external
potential. The second theorem was for several positive definite trial densities such as (rt),
namely, [pt (r)dr=N then E [pt]>E.. This can provide direct proof of the above-mentioned
theorem; where the first theorem was lengthened with a degenerated state (Levy 2010; Dreizler
and da Providéncia 2013).

Based on Hohenberg and Kohn’s first theorem, it can be noted that trial density establishes a

sole trial of the Hamiltonian and therefore, the wave function can be expressed as (V);
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E[pt]=(wt|H|yt)> E,, which is derived from the Schrddinger equation on the variational
theorem E[pt]=(wt|H|yt)> E,. this equation is from the first theorem of Hohenberg and Kohn
used to define the trial density of Hamiltonian and the wave function to be (W¥);
E[pt]=(wt|H|wt)> E,. Equation 3.4 illustrate variational theorem derived from the Schrddinger.
This formula restrains the DFT to discover on the ground state level particularly. Little addition
permits the variation with regards to the excited state which can be assured intersecting with

the ground state.

8|Elp] — p(J p(r)dr—N)|=0 3.4

Ground state level can be accomplished using wave function, these theorems set the basic

equation of DFT (Friston, Harrison and Penny 2003).

The original DFT theorem is applied for observing the electronic energy on the ground-state
level of a molecule. Kohn and Sham formulated an approach analogous to the Hartree-Fock
(HF) method in terms of structure (Zhang et al. 2005)

The B3LYP basis sets

Hybrid functions are groups of approximations to the exchange-correlation energy function
used in DFT, it can absorb a portion of the exact exchange from Hartree-Fock theory with the
rest of the exchange energy from other sources, such as ab initio or empirical methods. The
energy is expressed in terms of the Kohn-Sham orbital, apart from the density. One of the most
commonly used methods is the B3LYP; B3 represents the Becke 3 parameter and LYP
represents Lee-Yang-Parr. The B3LYP commonly combines the conventional GGA

functionals with Hartree-Fock. (Sousa, Fernandes and Ramos 2007).

The main purpose of the B3LYP basis sets is to introduce the hybrid nature of solids or
molecules in a mathematical model with different approximations (Becke-1988 (B88), Lee-
Yang-Parr 1988 (LYP88), and VVosko, Wilks, Nusair 1980 (VWNS80) all belonging to the group
of B3LYP hybrid functionals. There are great advantages to using hybrid functionals, such as
significant enhancement over GGA and in many molecular property determinations. However,

the disadvantage of using B3LYP in solid state or in materials containing metals includes poor
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accuracy owing to the calculation of the exchange portion within a plane wave basic set (Sousa,

Fernandes and Ramos 2007).

3.2.2 TIME DEPENDENT DENSITY FUNCTIONAL THEORY (TD-DFT)

TD-DFT is a continuation of density functional theory, it shows how the time dependent wave
function is equivalent to the dependent wave function. The difference between the two is that
TD-DFT uses time-dependent potentials as a magnetic field. According to Marques and the
team, TD-DFT can be used to quantify the excited state properties as well as excitation energies
and UV-vis spectra (Marques and Gross 2004). The theorem for DT-DFT is based on
Hoheburg-Kohn’s time dependent theorem. Hence, the Runge gross theorem is actually based
on the relation between the time dependent external potential with an electron density of the

n(r,t), resulting in the external potential Vex: (r,t) and Ve(r,t) as shown in equation 3.5.
vKS (r,t) = vext (r,t) + vVHARTREE (r, t) + vxc (1, t) 3.5

The time-dependent equation for Kohn Sham is used to approximate V.. Many reports have
successfully used TD-DFT to study the optical properties of complexes, showing a good

comparison between experimental and calculated results.

Schrodinger’s equation can be used to calculate the external potential, energy and properties as
a function of time-dependent electron density. The theorem used to calculate the energy and

electron density accurately is given by the following equation 3.6

n(r,t) = Z|@i(r, t)]i? 3.6

3.2.3 MONTE CARLO (MC) SIMULATIONS

MC simulation methods have increasingly become an effective tool for mimicking the
experimental work, with computational analysis for complex nonlinear systems to provide
more accurate results and predict their interactions (Honerkamp and Weese 1990). It has
become one of the most popular techniques for fluid modelling at an atomic level since it
provides accurate results regarding the experimental results. Furthermore, MC can improve the
understanding at a molecular level (Kalinichev and Kirkpatrick 2007; Raychaudhuri 2008).
MC does not require solving any of Newton’s equations of motion, no dynamic information

can be gathered from traditional MC simulations. Unlike MD simulations, they are free from
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the restrictions of solving Newton’s equations of motion, this allows them to generate trial
configuration with satisfying results. The MC approach has statistical components and can be
out carried using the Material Studio program (Biovia 2016). Basically, these modules
calculate electronic properties based on quantum mechanics and are composed of the following
three parts:

Q) General configuration

(i) Traditional metropolis

(i)  Optimization devices.

When the calculation is done, the results are weighed by Boltzmann distribution to yield
validated results as shown in Figure 3.10. The MC simulation can be carried out using the

following steps.

(1) Choosing initial set of ‘ (2) Computing the ‘
atom position systemn energy (3) Selecting a trail move
for the system random
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5) Accept the new A
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the system has equilibrated and data collecting compare

the desire property

Figure 3.10: Step-by-step diagram of MC simulations

The method has a unique process, whereby the sampling methods of configuration spaces
resulting from the first configuration generate a new configuration by randomly selecting a
molecule, then changing and rotating the molecule in order to generate several internal

structures.
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CHAPTER FOUR: MATERIALS AND METHODS

This chapter describes the materials and methods used for the experimental and computational
work implemented in this study.

4.1 EXPERIMENTAL SECTION

4.1.1 MATERIALS AND METHODS

All analytical grade reagents were used for this study. Sodium phosphate dibasic (Na2HPO4)
and sodium dihydrogen phosphate dihydrate (NaH2PO4.2H,QO) were obtained from Capital Lab
Supplies (Durban, SA). Nitrogen gas of 99.9% purity was obtained from AFROX (Durban,
SA). Alumina powder < 3um was supplied by Metrohm (Durban, SA). N N-dimethyl
formamide (DMF), methanol 99.9% were supplied from the lab, Efavirenz (EFV) reference
standard and titanium tetraisopropoxide (TTIP) and nafion (5% wt) were supplied by Sigma-

Aldrich. All reagents and samples were prepared with de-ionized water.
4.1.2 INSTRUMENTATION

Electrochemical experiments were conducted using Metrohm Auto lab potentiostat PGSTAT
302 with 663A Computrace, controlled by NOVA 2.1.4e in a three-clectrode system. The
system comprises the working (glassy carbon), reference (silver/silver chloride saturated 3 M
potassium chloride), and counter (platinum) electrode in a supporting electrolyte (Phosphate
buffer). Measurements were carried out by application of CV, EIS and DPV. The morphologies
and characterization were obtained from (FTIR), (UV-vis), (XRD (SEM), and (TEM).

4.1.3 PREPARATION OF PLANT EXTRACT

Synthesis of TiO»-NPs was carried out using Harvested Eucalyptus globulus leaves from the
Eastern Cape. The extract from the plant leaves has been used in applications as a stabilizing
or reducing agent (Sharma, Kanchi and Bisetty 2019). Leaves were washed with tap water,
rinsed using deionised water, dried in the oven for 2 h at 50 °C and ground to powder. 25 g of
the dried ground leaf was transferred into a beaker containing deionised water (250 mL). The

solution was heated while stirring at 50 °C for 30 min, then cooled and filtered.
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4.1.4 SYNTHESIS OF TITANIUM (V) OXIDE NANOPARTICLES

TiO2-NPs were synthesized using titanium tetra-isopropoxide (TTIP) (0.1 M, 50 mL). Leaf
extract (20 mL) was added dropwise to the above solution of TTIP. The leaf extract plays the
role of a stabilizing or reducing agent in the synthesis of TiO2-NPs (Sharma, Kanchi and Bisetty
2019).The mixture was stirred for 3 h at room temperature which resulted in a white precipitate
as presented in Figure 4.1. The change of colour from white precipitate to yellowish-grey
confirms the formation of TiO2-NPs. The formed TiO>-NPs were separated by centrifugation
of the mixture at 5000 rpm for 20 min and washed with deionised water (DW) to remove
impurities and then dried in the oven overnight at 100 °C. It was then calcined in a muffle

furnace at 500 °C for 3 h (Ahmad, Jaiswal and Soni 2020).

20 g of extract &
25 g leaf & 250 mL Leaf extract 50 mL of TTIP

‘ deionised water - ‘
Dried 2hrs at M cooled and g’? =
50°C filtered 4 I

P
-
calcining 3 After After Washed at 500 Stirred for 3 hrs at
h;;:f:‘ca' drying washing rmp for 20 min room temp

Figure 4.1: Synthesis of titanium (IV) oxide nanoparticles

4.1.5 ELECTRODE PRE-TREATMENT AND MODIFICATION

Glassy carbon electrode was cleaned by a micro cloth pad containing an alumina nano powder
slurry for polishing the electrode. The electrode was rinsed with a DW, kept in 50% methanol
for a minute, rinsed again with a DW to remove residues of alumina nano powder and to obtain
a mirror like surface, kept in 50% HNOs for 50 s and finally rinsed with DW and dried in the
oven at 40 °C for 2 min. GCE was modified using a drop-drying method. A nanoparticle
modified glassy carbon electrode (GCE/TiO>-NPs) was prepared by weighing TiO2-NPs (3 mg)
into a glass vial followed by the addition of 300 uL of DMF, the mixture was stirred on a hot
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plate for approximately 10 min for complete homogenization. Approximately 2.0 uL of the
resulting paste was dropped onto a bare GCE and oven-dried at 50 °C for a minute to yield
working electrodes GCE/TiO>-NPs. The modified electrode was allowed to cool at room
temperature, thereafter 20 pL of 0.5% nafion was deposited on the modified electrode and
allowed to dry at room temperature, yielding GCE/TiO>-NPs-nafion electrode. Scheme 1

illustrates the design of the sensor for EFV detection.

Nafion o
— —"H
—/ . —o0 2.0
g = s
Pt f . A =
e T o) 210
¢ ﬁ‘ AL » E
WY £ 05
TiO,-NPs .z*r‘ﬁ»_afg Electro-oxidation of EFV 3 .
l Dried at 45 °C for 3
minutes 05
T e 00 03 06 09 12 15
e = Potential (V)
GCE

Scheme 1: Diagram illustration of electrode modification for EFV detection

4.1.6 PREPARATION OF ELECTROLYTE SOLUTION

A supporting electrolyte of 0.1M PBS buffer was prepared by mixing an equal amount of
sodium phosphate monobasic (Na2HPO4:99%) and sodium phosphate dibasic (NaH2P04:99%)
at pH 7.02. mixture with potassium ferrocyanide [Fe (CN)g]*"*.

4.1.7 PREPARATION OF EFV STOCK SOLUTION AND SUB-SOLUTION.

An EFV stock solution of 1 mM was prepared using 0.0078 g and dissolved in 25 mL pure
methanol, wrapped in an aluminum foil and kept in the refrigerator prior to analysis. Working
solutions for the CV, EIS, DPV and chronoamperometry measurements were prepared from
the stock solution by appropriate dilution of a known amount of stock solution. It was covered

with foil and stored in a refrigerator.

38



4.1.8 REAL SAMPLE PREPARATION AND ANALYSIS

Real samples were prepared using a commercially available EFV (Cipla) tablet. The tablet
(1.3120 g) was pulverized into a fine homogenous powder using a mortar and pestle. 10 mg of
EFV ground tablet was dissolved in a 10 mL volumetric flask containing methanol and made
up to mark with methanol. The mixture was sonicated for complete homogenisation and
thereafter filtered to remove particulates. An electrolytic cell containing 10 mL of PBS was
used for a 1 mL sample spiked with different concentrations of EFV standard and analysed
employing DPV. The recovery of analytes in the sample was estimated from a constructed

calibration graph.
4.1.9 CHARACTERIZATION OF T102-NPs

The morphology of TiO2-NPs was examined on a field emission scanning electron microscopy
(FESEM), using the Tescan MIRA SEM, while the energy-dispersive X-ray spectra (EDX)
was obtained employing the Thermo Fisher Nova NanoSEM, with an Oxford X-max 20 mm?
detector and INCA software. The optical property and crystallinity of the synthesized
nanomaterial were investigated using Fourier transform infrared spectroscopy (FTIR),
ultraviolet-visible spectrophotometry (UV-vis), X-ray diffraction (XRD), scanning electron
microscopy (SEM), and transmission electron microscopy (TEM). 5 mM of [Fe (CN)s]*’*
probe solution prepared in a 0.1M of PBS at pH 7 was used for electrochemical characterization
of synthesized TiO2-NPs as well as TiO2-NPs-nafion using cyclic voltammetry (CV), and

electrochemical impedance spectroscopy (EIS).

4.1.10 ELECTROCHEMICAL STUDIES

Metrohm Auto lab potentiostat PGSTAT 302 with 663A Computrace in a three-electrode
system was used to conduct experimental procedures. The system comprises the bare and
modified working glassy carbon (GCE, GCE/Ti02-NPs and GCE/TiO2-NPs-nafion), reference
(silver/silver chloride saturated 3 M potassium chloride), and counter platinum electrodes in
supporting electrolyte. Measurements were carried out by application of CV, EIS, DPV and
CA using bare and a modified glassy carbon electrode (GCE).

4.1.11 ELECTROCHEMICAL PROPERTIES OF EFV

The electrocatalytic properties of the bare and modified electrode towards 4.7x102 mM EFV

were investigated using CV at 25 mV/s within potential windows of -0.2 to 1.4 V. EIS
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measurement 1.2 V was carried out between a frequency range of 100 kHz and 0.1 Hz at
constant potential of 1.2 V for detection EFV and 0.2 V for electrochemical characterization in
a5 mM [Fe (CN)s]*’* solution. Quantitative detection of EFV was conducted using DPV with
control conditions of 0.005 V step potential, 0.025 V modulation amplitude and modulation
time of 0.05 s. Selectivity study of GCE/TiO2-NPs-nafion towards EFV in the presence of

interfering species was investigated using CA.

4.1.12 PHOTODEGRADATION OF EFV

Stock solution was prepared from 0.0078 g of efavirenz (EFV) and diluted in a 25 mL of pure
methanol, while (1.0 g/mL) of TiO2-NPs was used. EFV and TiO2-NPs were mixed in a 250
mL beaker with ratio of (1:1). The mixture was left in the dark under magnetic stirring in order
to establish adsorption-desorption equilibrium (Brooms et al. 2018) (Aravind, Amalanathan
and Mary 2021). An aliquot of the sample was withdrawn hourly from 0-5 h, the sample was
filtered using Whatman filter paper to remove the impurities. The photodegradation was

recorded using UV-visible irradiation.
4.2 COMPUTATIONAL SECTION

4.2.1 MODEL BUILDING

The 3D molecular structures for EFV and nafion were retrieved from the PubChem database,
while the construction of the nanostructures to mimic glassy carbon electrodes were
constructed from Materials Studio (MS) software package developed by BIOVIA (Biovia
2016) performed with the Forcite module used geometry optimization of all 3D model
structures. The Forcite code was implemented to observe the low energy configuration of the
EFV molecule, along with the ‘ultrafine’ quality of the COMPASS force field.

4.2.2 DENSITY FUNCTIONAL THEORY (DFT) CALCULATIONS

In order to understand the chemical reactivity of EFV from its electronic properties (HOMO-
LUMO frontier orbitals), DFT calculations were used to perform the geometry optimization
and frequency analysis of EFV, using the B3LYP density functional (Lee, Yang and Parr 1988;
Becke 1993) and the 6-311+G basis set using the Gaussian 09 package (G.W.T. M. J. Frisch
2016).
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4.2.3 MONTE CARLO (MC) SIMULATIONS

The atomistic interactions between the substrate and the adsorbate were studied using the
Adsorption Locator (AL) module in the MS program on the layers of assembly set at 298 K,
and this was done to understand the molecular interactions at an atomic level. With the
forcefield method, AL was utilized as a preparation and screening tool to produce a ranking of
the energies for each created configuration, indicating the preferable adsorption sites. Because
the adsorbate can be adsorbed at several places on the GCE/TiO>-NPs surface, the AL module
was utilized to determine the optimal adsorption site on the surface with the lowest energy.
The lowest adsorption energy conformers for GCE/TiO2-NPs-EFV and GCE/TiO2-NPs-
nafion-EFV were separately optimized using the Forcite module to attain a stable

conformation.
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CHAPTER FIVE: RESULTS AND DISCUSSION

This chapter deals with the outcome of the two case studies involved in this research.

5.1 CASE STUDY |

DESIGN OF A SENSING PLATFORM FOR EFAVIRENZ
5.1.1 EXPERIMENTAL SECTION

5.1.1.1 Spectroscopic and morphological characterization

The FTIR spectrum of TiO2-NPs is presented in Figure 5.1. The result exhibited significant
peaks at 453 and 832 cm™ corresponding to Ti-O stretching vibrational bands, and Ti-O-Ti
bridge stretching mode accordingly. The peaks at 1215, 1734, 2313 and 3765 cm™ were
assigned to the C-O stretch of the carboxylic group, C=0 of the carbonyl group, C-H group
which demonstrate the reduction of titanium ions (Ti*") of the starting material, and O-H
stretching mode of hydroxyl group respectively. The successful synthesis of TiO2-NP is
confirmed by the vibrational band at 453 cm™ which is close to the previous report (493, 450
cm) in literature (Justh et al. 2017; Sethy et al. 2020).
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Figure 5.1: FTIR spectra for green synthesized TiO»-NPs
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Figures 5.2 A and B show the UV-vis spectra of Eucalyptus globulus leaf extract and
synthesized TiO2-NPs with absorption bands noticed at 360 and 365 nm respectively. The
observed band for TiO2-NPs is close to the band (356) reported in the literature (Sethy et al.
2020). The slight shift in vibration to a higher wavelength suggest the occurrence of interaction
between the leaf extract and TTIP in the synthesis of TiO2-NPs.
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Figure 5.2: UV-vis spectra of (A) Extract and (B) TiO2-NPs
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Morphology of green synthesized TiO».-NPs was observed using SEM, in SEM the high
surface area electrode material enhances the electrochemical performance of supercapacitors.
The SEM analysis was performed to determine the shape of TiO2-NPs which was presented in
Figure 5.3 revealing the agglomeration of nearly spherical-shaped particles.

SEM HV: 5.0 kV SEM MAG: 50.0 kx MIRA3 TESCAN
View fleld: 4,15 pm WD: 518 mm 1 pm
Det: In-Beam SE Date{m/d/y): 03/15/22 University of Cape Town

Figure 5.3: SEM image of green synthesized TiO>-NPs

The XRD pattern of TiO,-NPs shown in Figure 5.4 was conducted in the range of 10-80°.
Characteristics peaks of 29.487, 44.281, 56.427, 63.641, 64.965 and 74.270 indexed to 101,
210, 211, 204, 213 and 215 diffraction planes were recorded. The crystalline size (D) was

calculated to be 5.7 nm for TiO2-NPs and anatase from the 101 plane employing the Debye-

kA
BCosB’

crystallized form factor (0.94), wavelength (0.154 nm), full width at half maximum (in radian)

Scherrer formula: D =

The correlated D, k, A, B and 6 correspond to particle size (nm),

and angle of diffraction orderly. The obtained crystalline size (5.7 nm) is within the reported
range (2.3 - 8.5 nm) in the literature (Bekele et al. 2020; Sethy et al. 2020).
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Figure 5.4: XRD pattern of green synthesized TiO>-NPs

The EDS spectra in Figure 5.5 presents the elemental composition of TiO2-NPs, confirming
the presence of carbon (C), oxygen (O) and titanium (Ti). The emission of C in the TiO2-NPs

C

26.59

spectrum might have resulted from the leaf extract.

0 45.06

Ti 2835

Figure 5.5: EDS image of green synthesized TiO>-NPs
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TEM micrograph of green synthesized TiO2-NPs as presented in Figure 5.6 revealed the shape
of TiO2-NPs to be spherical with some agglomeration of the particles in the cluster. The

agglomeration was observed, which was due to the greater influence of the leaf extract.

Figure 5.6: TEM images for green synthesized TiO2-NPs

5.1.1.2 Electrochemical behaviour of Electrodes

(a) Characterization of electrodes using Cyclic voltammetry

CV was used to investigate the charge transport properties of the bare and modified electrodes
(GCE, GCE/ TiO2-NPs and GCE/TiO2-NPs-nafion) in PBS (Figure 5.7 A) and in a redox probe
solution of [Fe(CN)s]*”* prepared in 0.1 M PBS, pH 7 shown in (Figure 5.7 B) at a scan rate
of 25 mV/s. Figure 5.7 B shows the CV responses at the electrodes with a decreased peak
current noticed at GCE/TiO2-NPs-nafion in contrast to other electrodes, suggesting an electron-
withdrawing effect between the electrode and the redox probe species due to the blocking of
electrode surface area by nafion film (Buzid et al. 2018). However, based on the attractive
properties of TiO2-NPs, such as lager surface area, strong adsorptive ability, excellent catalytic
activity and superior selectivity amidst interfering species, TiO2- NPs with nafion as anchoring

agent was used for the detection of EFV. (Kumaravel and Chandrasekaran 2011).
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Figure 5.7: CVs obtained in (A) 0.1 M PBS and (B) in 0.1 M PBS at pH 7 containing 5 mM of [Fe
(CN)g]*™* at 25 mV/s scan rate

Table 5.1 summarizes the CV parameters including peak-to-peak separation (AEp), ratio of
anodic and cathodic peak current (lpa:lpc), active surface area (A), oxidation and reduction peak
potential (Epa and Epc) and peak currents recorded at the electrodes. The Ipa/lpc values were
approximately unity suggesting a reversible electrochemical process. The AEp suggests a more
sluggish electron transport process at GCE/TiO2-NPs-nafion. The active surface area values of

the electrodes were estimated using Randle’s Sevcik equation 5.1.
I, = (2.69 x 10°)n3/2ACD*/?V1/? 5.1

Where, AE, R, and T represent the peak potential separation, gas constant and temperature
accordingly while Ip, n, AD, C and V represent the peak current (amperes), number of electrons
transferred, the surface area of the electrode in cm?, the concentration of [Fe (CN)s]*”* solution

in mol/cm?® and v is the scan rate in /s, accordingly.

Table 5.1: Summary of CV parameters recorded for the bare and modified electrodes in 5 mM
Fe (CN)g]*/*

Electrodes Epa-Epc A (cm?)
Epa (V) lpa (HA) Epc (V) Ipc (lJ.A) (AE, V) lpa/lpc

GCE 0.2949 20.361  0.0874  -22.000 0.2075 -0.9255  0.0017

GCE/TiO2-NPs 0.2510 20.770  0.1387  -21.697 0.1123 -0.9572  0.0018

GCE/TiO2-NPs-nafion 0.3511 11.749  0.0288  -12.5823  0.3223 -0.9337  0.0010
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(b) Characterization of electrodes using EIS

The interfacial charge transfer properties of the electrode materials were measured using EIS
in [Fe (CN)s]*"* redox probe solution prepared in 0.1 M PBS, pH 7. Nyquist plots achieved
for the different electrodes at a fixed potential of 0.2 V in the frequency range of 0.1 Hz to 100
kHz are depicted in (Figure 5.8 A) while (Figure 5.8 B) is the equivalent circuit applied in the
fitting of EIS data. Rs, Ret, W and Q represent the solution resistance, charge transfer resistance,
which is reflected by the semi-circle, Warburg, represented by the semi-infinite straight line
and assigned to the diffusion pathway of the electrodes, and constant phase element
accordingly. A high R value was recorded at GCE/TiO2-NPs-nafion electrode, suggesting a

resistance to charge electron transport property at the electrode.
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Figure 5.8: (A) Nyquist plots in 5 mM redox probe at the unmodified and modified electrodes, (B)
Electrical equivalent circuit for the electrodes ([R(Q[RW)]).

Table 5.2 summarises the parameters of impedimetric data with Y° connoting the magnitude
of Q and n as the deviation. The values of n indicate the behaviour of electrodes as a capacitor,
inductor or insulator when nis 1, —1 or O properly, depending on the homogeneity of the surface
of the electrode (Uwaya, Wen and Bisetty 2022). The n values at all the electrodes are less than

one, indicating a pseudo capacitive behaviour of the electrodes.
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Table 5.2: EIS data obtained on different electrodes in 5 mM [Fe (CN)g]*/* solution at +0.2 V
fixed potential.

Electrode Rs () Ret () YO (uQ*8™ N 1

GCE 172.31 (2.74) 3765 (2.26) 0.94 (11.29) 0.85 (1.54) 0.3610
GCE/TiO2-NPs 176.64 (2.04) 1279 (2.23) 1.50 (13.67) 0.85 (1.86) 0.2244
GCfZ.E/TiOz-NPs- 217 (1.22) 14179 (1.25) 1.04 (3.74) 0.840 (0.57)  0.0896
nafion

(c) Effect of scan rate variation

To understand the type of electrode reaction the effect of scan rate variation on the peak
potential and current of the redox probe at the GCE/TiO2-NPs-nafion electrode was studied to
understand the type of electrode reaction. Figure 5.9 A shows the recorded CV results at
different scan rates in the range of 25 to 200 mV/s. An increase in the scan rate with a redox
peak current and shifting of peak potentials of the redox probe was noticed. The relationship
between peak current versus square root of scan rate (v’2), and log of peak current versus log
of scan rate (v) (Figure 5.9 B-C) displayed an acceptable linear plot with a 0.999 correlation
coefficient (R?) value, suggesting a diffusion-controlled electrode reaction (Hareesha and
Manjunatha 2021). Figure 5.9 C shows the slope of an ideal diffusion-controlled electrode

process with a value that is close to 0.5.

The plot of peak current (Ipa and Ipc) versus scan rate (v) depicted in Figure 5.9 D revealed a
linear pattern with a regression coefficient of 0.99. based on the slope value of Figure 5.9 D,
the electrochemical surface coverage concentration (I') of the redox probe was estimated to be

1.49x10° mol/cm? on applying equation 5.2.

22

n“F“Tr'Av
L, = 5.2
p 4RT

The investigation of the apparent number of electrons (n) involved and the charge transfer
coefficient (a) of the GCE/TiO2-NPs-nafion electrode was conducted using the congruent
changes in the redox peak potential (anodic and cathodic peak potentials) of Figure 5.9 A as a
function of the logarithm of scan rate. Figure 5.9 E parades the plot of peak potentials versus

the logarithm of scan rates represented with two resulting linear slopes equal to

_i'j;w and (12_'3;;;, corresponding to cathodic and anodic peaks according to (Laviron 1979).

Based on the slope and employing the simultaneous equation, n and o were found to be 0.819
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and 0.51, respectively. The obtained value of o was adjacent to 0.50 for an ideal diffusion-

controlled reaction.
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Figure 5.9: (A) Cyclic voltammograms in 5 mM [Fe (CN)g]*/* solution at various scan rate (25—
200 mV/s) on GCE/TiO2-NPs-nafion electrode. linear plots of (B) log Ip versus log v (C) Ip versus
v¥2 (D) Ip versus scan rate versus and (E) Ep versus log of v.
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(d) Effect of pH solution optimization on EFV

The effect of supporting electrolyte pH solution on the sensitivity of the GCE/TiO2-NPs- nafion
electrode to 47.6 UM EFV was examined using CV, at 25 mV/s within a potential window of
-0.2to 1.4 V in pH ranging from 5 — 8.5 Figure 5.10 A. The choice of the pH range was based
on the physiological pH (7.35 -7.45). The optimal current was obtained at pH 7 Thus, pH 7
was used all through the study. Figure 5.10 B presents the CV response in PBS alone at a scan
rate of 25 mV/s at GCE/TiO2-NPs- nafion electrode.
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Figure 5.10: (A) Cyclic voltammograms in 0.1 M PBS at pH ranging from 5 — 8.5 containing 47.6
UM EFV and (B) in PBS only on at GCE/TiO,-NPs-nafion at 25 mV/s

(e) Cyclic voltammetric detection of EFV bare and modified electrodes

The electrochemical behaviour of 47.6 uM EFV on the GCE, GCE/TiO2-NPs and GCE/TiO»-
NPs-nafion electrode surfaces were examined using CVs TiO2-NPs modified electrode was
coated with nafion to prevent electrode fouling and improve the catalytic activity of the TiO»-
NPs towards EFV. The CVs of 47.6 uM EFV in 0.1 M PBS at 25 mV/s with a peak potential
of 1.2 V on GCE and GCE/TiO2-NPs-nafion, and 1.1 VV on GCE/TiO>-NPs are shown Figure
5.11. The result suggests the electrocatalysis of EFV to be an irreversible oxidation reaction
which is similar to the previous literature report (Thapliyal et al. 2015). The amplified peak

current observed at GCE/TiO2-NPs-nafion electrode indicates an improved electrocatalytic
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capability of TiO2-NPs nafion for oxidation of EFV in the presence of nafion with a rapid rate

of electron transport and high current sensitivity.
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Figure 5.11: Cyclic voltammograms at 25 mV/s obtained at the bare and modified GCEsin 0.1 M
PBS at pH 7 containing 47.6 uM EFV

(F) Electrochemical impedimetric detection of EFV bare and modified electrodes

To gain an insight into the electron transfer mechanism and the behaviour of the electrode-
electrolyte interface during the oxidation of 47.6 uM EFV. Figure 5.12 A shows the Nyquist
plots acquired at the electrodes while (Figure 5.12 B) denotes the Randle’s circuits ([R(QR)])
used in the fitting of EIS data after several iterations of the circuits. The parameter obtained on
fitting the EIS Nyquist plots are presented in Table 5.3, the EIS fitting confirmed the successful
values in parenthesis and the chi square values (). The lowest Rt value was achieved at
GCE/Ti0O2-NPs-nafion, which agrees with the CV measurements. The summary of EIS data of
the electrode is presented in Table 5.3. The n values at all the electrodes are less than one,
indicating a near capacitive behaviour of the electrode-electrolyte interface towards electro-
oxidation of EFV.
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Figure 5.12: (A) Nyquist plots obtained at the bare and modified GCEs in 0.1 M PBS at pH 7
containing 47.6 UM EFV. (B) is the equivalent circuit-[R(RQ)] for the electrodes.

Table 5.3: Impedance data obtained for electrodes in 47.6 uM EFV at a fixed potential of 1.2 V
(vs Ag/AgCl, standard KCI). Results are represented in parenthesis percentage errors of the data
fitting.

Electrodes Rs (Q) Ret (KQ) Y (uQ*S”n) N 1
GCE 263(4.41) 712 (3.37) 0.36 (3.56) 0.76 (0.61) 0.42927
GCE/TiO2-NPs 257(4.32) 671 (4.31) 0.27(5.10) 0.86 (0.81) 0.8977
GCE/TiOz- 222(5.22) 593 (7.17) 1.14 (4.58) 0.73 (0.92) 0.9142
NPs-nafion

Literature reports that the oxidation reaction of EFV involved one electron transfer (n), thus
the number of protons that are involved in the reaction is one (Thapliyal et al. 2015). The
electrooxidation of EFV at GCE/TiO,-NPs-nafion is a one-electron and one-proton process.
Based on the literature report and the DFT calculations performed, a possible reaction

mechanism for the oxidation of EFV is proposed in Scheme 2.

Scheme 2: Proposed reaction mechanism for EFV oxidation on GCE/TiO2-NPs-nafion
electrode

(9) Analytical performance of GCE/TiO2-NPs-nafion electrode
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The DPV for different concentrations of EFV measured within a 0.8 and 1.4 V potential
window is shown in Figure 5.13. The oxidation peak current for EFV decreased with an

increase in concentration from 4.54 — 18.7 uM. The detection limit (LOD) and quantification

(LOQ) were estimated based on the relationship LOD = %; LOQ = %, where SD is the
standard deviation of the intercept of y coordinates from the line of best fits and m is the slope
of the same line. The calculated values of LOD and LOQ of GCE/TiO2-NPs-nafion in EFV
were found to be 0.01 and 0.03 uM, respectively. Table 5.4 shows the comparison of the LOD

obtained with other EFV sensors.
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Figure 5.13: (A) GCE/TiO2-NPs-nafion response to increasing EFV concentrations measured by
DPV. (B) Linear plot of Ipa against concentrations (4.54 — 18.7 UM) in PBS.
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Table 5.4: Comparison with other sensors

Electrodes Methods Supporting Peak Linearity LOD Ref
electrolyte Potential (uUM) (uUM)
mV
PGE*dsDNAP AdSV pH 7.2 PBS 1001 6.33-7.60 1.9 (Dogan-Topal, Uslu
and Ozkan 2009)
Thin Hg®-Film AdSV 2.0 x 10 NaOH -280 0.03 (Castro et al. 2011)
ErGO¢- SWV PBS pH 7.2 1160 0.05-150 1.8x10°% (Raj et al. 2017)
Pt¢/Nafion/EPPG'
NiO%-ZrO:"/GCE DPV PBS 7.2 1200 0.01-10 1.36x10°  (Thapliyal et al. 2015)
GCE/TiO2-NPs- DPV 0.1MPBS, pH 7 1010 45-18.7 0.01 This work
nafion A developed sensor

consists of green
synthesised TiO2-NPs
with linear dynamic
range of 4.5to0 18.7 uM
with 0.01 pM limit of
detection recorded on
the electrode using
DPV

Note a =Pencil graphite electrode, b = anti-double strande, ¢ = Mercury film, d = Reduced graphene oxide, e = Platnium, f

=Edg plane pyrolytic, g = Nickel oxide, h= Zirconia

(h) Real sample analysis

The practical utility of the designed sensor for the determination of EFV in real samples was
evaluated with a pharmaceutical sample (Cipla efavirenz tablet) by the standard addition
method using DPV. The developed sensor displayed satisfactory recovery from the range of 97
— 106% with RSDs in the range of 9.9 — 10.3%. The summary of the obtained results is
presented in Table 5.5.

Table 5.5: Recovery and RSD of EFV on GCE/TiO,-NPs-nafion in Cipla EFV sample

Serial number Amount added Amount found Recovery (%) RSD
n=3

1 8.3 8.8 106 9.9

2 11.5 11.2 97 10

(i) Interference and reproducibility study

In order to test the selectivity of the developed sensor, the influence of several typical
interfering species on the determination of 47.6 uM EFV in PBS pH 7.0 was evaluated using
DPV and chronoamperometry. Figure 5.14 A shows the DPV recorded in 0.1 M PBS
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containing mixtures of EFV, ascorbic acid (AA) and uric acid (UA) of the same concentrations
(47.6 uM) for the first voltammogram, and 90 uM for AA in the second voltammogram in red
on GCE/TiO2-NPs-nafion electrode. Two prominent peaks for UA, 0.55 V and EFV, 1.19 V
and a suppressed signal for AA were noticed for the first voltammogram in black. The second
DPV voltammogram displayed three

distinct peaks with peak potentials for AA, UA and EFV found at 0.31, 0.59 and 1.22 V
accordingly. The peak potential separation between AA and UA, UA and EFV and AA and
EFV were estimated to be 0.28, 0.63 and 0.91 V respectively. The results suggest the possibility
of detecting EFV in the presence of possible interfering species. Figure 5.14 B shows the
chronoamperometric current signals of EFV, AA and UA at a working potential of 1.0 V and
interval of 40 s. EFV (47.6 uM) signal was determined before and after adding 1 mL of AA
(90.9 uM) and 0.5 mL UA (47.6 uM) into 10 mL PBS. The result shows non-interference of

EFV signal after successive injection of AA and UA, indicating selectivity of the electrode.
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Figure 5.14: (A) The simultaneous determination of 47.6 uM EFV, AA and UA on GCE/TiO.-
NPs-nafion by DPV, (B) Chronoamperometric curve of GCE/TiO,-NPs-nafion in pH 7 PBS
containing EFV, AA and UA

(J) Repeatability, reproducibility and storage stability of the result

The reproducibility of GCE/TiO2-NPs-nafion was examined by analysing the DPV responses
of three independent electrodes in the 47.6 uM EFV and the RSD was found to be 5.4%

demonstrating acceptable reproducibility of the designed sensor for EFV detection. The
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electrochemical sensor for 6 repetitive cyclic voltammetry was investigated for repeatability in
47.6 UM EFV (Figure 5.15) An approximate 14.8% decrease in the oxidation current was
observed. Using DPV in 47.6 uM EFV This could be ascribed to saturation of electrode, and
possibly electrode fouling. The electrode was studied for storage stability using DPV in 47.6
MM EFV for 7 days with the electrode stored in the refrigerator when not in use at 4 °C. After
7 days 29.25% of current was recorded using an electrode stored in the refrigerator at 4 °C.

Results indicating that the constructed sensor has demonstrated satisfactory storage stability.
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Figure 5.15: The repeatability of GCE/TiO.-NPs-nafion towards 47.6 uM EFV

5.1.2 COMPUTATIONAL SECTION

5.1.2.1 HOMO-LUMO band gap energy

The frontier molecular orbital calculation helps to determine the significant atom or part of a
molecule for reduction, oxidation or redox reaction (Pamuk et al. 2013). Therefore, to support
the oxidation mechanism of EFV in a more accurate way and to evaluate the chemical reactivity
of EFV, the HOMO-LUMO of EFV was computed from the DFT calculation. It can be seen
from Figure 5.16, that both the HOMO and LUMO electron density is distributed mainly on
the benzoxazine ring with the lowest energy gap, AEgep= 5.171 eV making it more reactive,
suggesting that the benzoxazine ring as the main active site of EFV. The HOMO orbital
energies describe the ability of molecules to donate electrons in general. The smaller value of

Egap in our situation provides a stronger reactivity for removing an electron from the highest
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occupied orbital to the lowest unoccupied orbital, implying that oxidation processes are more
likely to occur because oxidation reactions tend to displace electrons from the HOMO.
Therefore, less energy is required for the oxidation (loss of electrons) in comparison to the
reduction (gain of electrons) reactions. Similarly, LUMO+1 exhibited almost similar
distribution of electron density. In contrast, LUMO+2 and HOMO-2 illustrated electron density
over the whole molecule with only a small part is localised on the oxazine ring for HOMO-2
with the highest energy gap, AEgsp= 7.325 eV. The alkyne, cyclopropyl, and carbonyl
functionality of the oxazine ring were preferred locations for the HOMO+1 electron density.
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Figure 5.16: Frontier molecular orbitals on optimized molecular structure of EFV computed at
B3LYP/6-311+G
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5.1.2.2 Monte Carlo Simulations

In order to assess the interaction patterns of EFV, the simulated annealing job task was applied
using the adsorption locator module of the Monte Carlo (MC) simulations to the substrates
GCE/Ti02-NPs and GCE/TiO2-NPs-nafion loaded with EFV as an adsorbate molecule. For
finding a low energy adsorption site, a MC-based function was utilized to find the most
favourable configuration. Table 5.6 depicts the lowest adsorption energy values for the

adsorbate-substrate system modelled in a systematic way under periodic boundary conditions

Table 5.6: Calculated adsorption energy for the adsorbate-substrate systems

Substrate-Adsorbate Adsorption Energy/kcal mol
GCE/TiO2-NPs-EFV -20.455
GCE/TiOz-nafion-EFV -23.962

Clearly, the adsorption energies process is exothermic and spontaneous since all adsorbates are
negative, indicated when the relaxed adsorbate components are adsorbed on the substrate,
suggesting that TiO2-NPs strongly interact with the GCE substrate. The presence of nafion in
GCE/ TiO2.NPs.nafion-EFV interaction is supported by more highly negative adsorption
energy (-23.962 kcal/mol) in contrast to a higher value (-20.455 kcal/mol) in the absence of

nafion.

As illustrated in (Figure 5.17 A-D), a comparison of the electrode systems was performed to
examine the adsorption behaviour and energy differences in relation to electrode modification
phases. The effect of intramolecular and intermolecular energies on the behaviour of nafion

adsorption was investigated using these models.
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Figure 5.17: System conformations for (A) GCE/TiO2-NPs-EFV and (B) GCE/TiO,-NPs-nafion-
EFV together with their respective distribution field maps (C) and (D) in a periodic cell.

In Figure 5.17 A, the EFV is located above the TiO2-NPs surface in a planar fashion. This is
attributed to the weaker van der Waals forces of interaction between EFV and the TiO2-NPs
surface. In contrast, nafion binds more strongly with the TiO.-NPs (Figure 5.17 B), this
interaction accounts for the lowering of the adsorption energy (-29.050 kcal/mol) and supports
stronger adsorption of EFV with the GCE/TiO2-NPs-nafion substrate. The verification has been
confirmed by the favourable iso-surfaces or heat field maps depicted in (Figure 5.17 C and D),
with the more likely adsorption areas revealed in red. Here, the “observed clouds” indicate the
level of distribution fields of the adsorbed molecule/s location corresponding to the GCE

surface.
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5.1.3 CONCLUSION

A bioinspired green synthesised TiO2-NPs modified electrode with nafion as an anchor agent
was used to study the electrochemical conductivity of EFV. We demonstrated that the enhanced
performance of the modified sensor can be attributed to nafion. According to the MC
simulations, EFV interacts strongly with the GCE/TiO>-NPs-nafion electrode, supporting the
CV and EIS results. Based on the DFT calculations, the active sites of EFV could be predicted,
leading to the proposed mechanism. In addition to its good selectivity and sensitivity, we
observed a low detection limit for this sensor. A GCE/TiO2-NPs-nafion electrode was
successfully used to determine EFV in pharmaceutical samples with satisfactory recovery. It
presents a new and convenient electroanalytical method for the detection of EFV in the absence
of enzymes. This motivated us to investigate the photocatalytic activity of TiO>-NPs on EFV,

which is presented in the second case study.
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5.2 CASE STUDY II
THE PHOTOCATALYTIC DEGRADATION OF EFV

In this study, spectroscopic and computational approaches were used to investigate the
photocatalysis of EFV using TiO2-NPs. Accordingly, the spectroscopic analysis of the EFV-
TiO2-NPs interactions were investigated using UV-visible spectrophotometry and TD-DFT
calculations with the self-consistent reaction field (SCRF) model to account for the effect of

the polarizable solvent (methanol) on the quantum system.
5.2.1 EXPERIMENTAL SECTION

5.2.1.1 UV-visible characterization

The UV-vis absorption spectrum of TiO2-NPs, EFV and EFV-TiO2-NPs were examined in the
range of 200-800 nm as shown in (Figure 5.18 A-C). As discussed earlier, the observed band
for TiO2-NPs (Figure 5.18A) at 365 nm, similar to those reported in literature (Sethy et al.
2020). The experimental spectrum in (Figure 5.18 B) shows the presence of absorbance peaks
at 250 and 294 nm which is expected for EFV. The 250 nm band is assigned to the carbonyl
aromatics which are characterized by n-n" transitions, while the band around 294 nm
corresponds to a n-n” transition state (Abou-Zied and Al-Shihi 2008; Shown, Ujihara and Imae
2010). According to literature the benzene ring is responsible for the m-n* electronic transitions
and the auxochromic electron- donating amino and electron-accepting carbonyl moieties are

responsible for the n-n* electronic transitions (Jordaan and Shapi 2017).
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Figure 5.18: UV-vis spectra of (A) TiO.-NPs (B) EFV in methanol
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5.2.1.2 Optical band gap

The average band gap, Eg of EFV, TiO2-NPs and EFV-TiO2-NPs were evaluated from the
absorption spectrum using the Tauc relation in equation 5.3:

ahv = K(hv — E )™ 5.3

where o is the absorption coefficient, h is the Plank’s constant, v is the frequency of incident
light, k is the optical constant and m is a constant. For m = %2, Eq in equation 5.3 is the direct
allowed band gap (Fakhri and Ahmed 2019; Jawad and Ahmed 2020). The average band gap,
Eg4 estimated from the intercept of the linear portion of the (ahv)? vs hv plots as shown in Figure
5.19 are 3.43, 3.88 and 3.20 eV for EFV, TiO2-NPs and EFV-TiO2-NPs respectively. The slight
disparity in the Eg values suggests the occurrence of probable interaction between EFV and
TiO2-NPs. The Eg value “3.88 eV of TiO2-NPs is close to 3.75 eV of previous work (Mandal
et al. 2019) and higher than the bulk TiO2-NPs (3.2 eV), which could be linked to quantum

confinement.
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Figure 5.19: Tauc’s plot for EFV, TiO,-NPs and EFV-TiO,-NPs

5.2.1.3 Photodegradation performance

Next, we used UV-vis spectrophotometry to investigate the effect of the biosynthesized TiO»-
NPs on EFV in the presence of methanol as a solvent, at a wavelength ranging from 200-800
nm as shown in (Figure 5.20 A). The main purpose of study was not to identify the degradation
products, but to demonstrate the effects of TiO2-NPs on EFV over time. Figure 5.20 A shows
the absorbance spectra obtained for EFV-TiO2-NPs at regular time intervals from 0 — 5 h. The
noticeable shift in absorbance peaks in comparison with (Figure 5.18 A) demonstrates the
interaction between EFV and TiO2-NPs. Also, a significant decrease in the absorbance peaks
with a corresponding increase in treatment times is evident (Figure 5.20 A), suggesting the

degradation of EFV by TiO2-NPs

We then analysed the degradation efficiency of EFV by measuring the concentration of EFV

as a function of time and calculated using equation 5.4.

% degradation = 1 + % x 100 5.4

o

where C, represents the initial concentration of EFV solution and C; signifies concentration of

EFV solution during irradiation. Figure 5.20 B indicate the increase in photodegradation
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efficiency of EFV with increasing UV- visible exposure time, suggesting that longer exposure
time is necessary for complete degradation. According to literature report, photocatalytic
activity is dependent on availability of active species/sites also called holes (Mogomotsi et al.
2020). The mechanism of photodegradation involves the excitation of energized electrons
when UV lights is incident on the photocatalysts resulting to the formation of holes or active
sites. The holes interact with water molecules to give active radicals -OH, which serve as redox
agents while the excited electrons react with oxygen to form super peroxide radicals, -O,. The
greater the availability of active sites the better the degradation efficiency. Therefore, it is

presumed that more active sites were present at 5 h irradiation time, hence the highest
degradation efficiency was recorded.
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Figure 5.20: (A) UV-vis spectra interaction of EFV-TiO,-NPs and (B) degradation efficiency of
EFV-TiO>-NPs.
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5.2.2 COMPUTATIONAL SECTION

5.2.2.1 UV-visible characterization

TD-DFT was used to obtain the UV spectra (Safrany et al. 1999) calculations in gas phase and
in methanol to explain some of the measured UV data for EFV and EFV-TiO2-NPs. Density of
state (DOS) diagrams were obtained using the GaussSum program (O'boyle, Tenderholt and
Langner 2008) to compute the contributions of the molecular orbitals. The TD-DFT
calculations in gas phase and in methanol were carried out using the B3LYP basis set and the
6-31+G™* level of theory. The results showed that there are two main transitions for EFV as in
Figure 5.20, which correlates with the experimental results. EFV was recorded in methanol

showing a strong absorption band at approximately 270 nm and low intensity compared to gas

phase.
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Figure 5.21: Calculated TD-DFT UV Spectra (A) and (B) DOS for EFV in gas phase; Calculated
TD-DFT UV Spectra (C) and (D) DOS for EFV in methanol
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The interaction for EFV and TiO2-NPs were investigated the with comparison of gas phase

interaction with that of methanol (Figure 5.21) shows that the excitation of EFV adsorbed on

TiO2-NPs, should lead to charge transfer from EFV to the CB of the semiconductor, which

would cause light absorption from the UV towards the visible range 245-275 nm approximately

while intensity remains the same.
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Figure 5.22: Calculated TD-DFT UV Spectra (A) and (B) DOS for EFV-TiO>-NPs in gas phase;
Calculated TD-DFT UV Spectra (C) and (D) DOS for EFV-TiO2-NPs in methanol

TiO2-NPs consists of the valence electronic configuration of Ti [3d?; 4s] and O [ 2s%; 2p“], as

shown Figure 5.21, TiO2-NPs has a redshift and thus appears at longer wavelength due to the
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highest occupied molecular orbital (HOMO) in the valence band formed by the hybridization
of the 3d orbitals of Ti and 2p orbital of the oxygen. Furthermore, the bonding molecular orbital
was mainly distributed between two oxygen of TiO2-NPs, resulting in the nucleophilic property
of TiO2-NPs (Saha et al. 2013).

5.2.2.2 Interactions of EFV and TiO2-NPs

The 3D optimized structure showing the interaction of EFV-TiO2-NPs is shown below.

2 D

>

Figure 5.23: The geometry optimized EFV-TiO2-NPs computed at B3LYP/6-31+G* level of theory
(red, green, dark blue, pale blue, white, and grey, denotes the oxygen, chlorine, nitrogen, fluorine,
hydrogen and carbon respectively).

A strong hydrogen bond formation is observed by the dotted lines (Figure 5.22) between the
first oxygen atom (O1) of TiO.-NPs and the hydrogen (H1) of the cyclopropane ring (O1---
H1). This stabilizes the overall structure of EFV-TiO2.NPs. TiO2-NPs have under coordinated
Ti atoms and a peculiar surface chemistry. These undercoordinated sites have a high reactivity
towards oxygen-rich ligands due to their ability to fill the octahedral coordination sites.

Functionalization with organic molecules provides TiO2-NPs with specific binding sites.

Next, we obtained the HOMO-LUMO band gap energies of the EFV-TiO2-NP complex shown
in (Figure 5.23) with band gaps of -3.6049 to -5.7086 eV, which are sensitive to the DFT
functional and basis set used. For that reason, the band gaps presented here have slight
deviations from those reported. According to the results the distribution of molecular orbitals
of HOMO, HOMO-1, HOMO-2, LUMO, LUMO+1, LUMO+2 and their energy gaps
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computed with B3LYP/6-31+G* level of theory shed more light on the nature of EFV

interaction with TiO2-NPs by looking at the charge transfer interactions (Figure 5.23).
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Figure 5.24: The atomic orbital compositions of the frontier molecular of the Interaction of EFV
and TiO2-NPs at B3LYP/6-31+G* level of theory

The HOMO-LUMO (Anomo-Lumo) gaps values for the electronic band is AEgsp. The AHOMO-
LUMO gap for the optimized TiO2-NPs molecule is HOMO and LUMO AEgg = -3.6049 eV;
LUMO+1 and HOMO-1 AEgap = -4.9815 eV and LUMO+2 and HOMO-2 AEgsp = -5.7086 eV.
The HOMO and HOMO-1 is completely localized on the trifluoromethyl and two oxygen
groups of Ti-O atoms, indicating a delocalized orbital within the benzene ring. whereas
HOMO-2, LUMO, LUMO+1, LUMO+2 is completely localised on the trifluoromethyl and the
benzene ring except on the cyclopropyl. EFV is described by a chromophoric benzoxazinone
with hydrogen bonding (H-bonds) that undergoes a proton transfer process (van de Werken et
al. 2014). EFV is also known to be surrounded by many positive regions rather than the
negative regions, which makes it electrophilic reactive as opposed to nucleophilic reactive (Xu
et al. 2018b). This indicates that EFVV molecules are more prone to be adsorbed on the negative
charge surface and can also undergo a possible proton transfer from the surface of the N-H
group which interacts with the O atoms of a neighbouring band gap of the metal oxide, through

a red shift of the adsorption band from the UV to the visible range.
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Figure 5.25: Calculated UV spectra for (A) EFV and (B) EFV-TiO2-NPs in methanol using TD-
DFT/B3LYP/6-31G* basis set. The inset shows the HOMO-LUMO plots at the calculated
wavelengths.

In case of EFV in methanol, the inset in (Figure 5.24 A) shows the HOMO to LUMO electronic
transition induced at a calculated value at 270 nm with 86% contribution. The electronic
transition is due to non- bonding to anti-bonding (n to =*) and may be attributed to the carbonyl
group. The other major electronic contribution of 76% is observed at a calculated value at 240

nm for the HOMO-LUMO +1 transition as shown in table 5.7. The electronic transitions are
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due to bonding to anti-bonding (n-7*) and may be attributed to the benzene group. Figure 5.24
B shows a reduced peak absorbance for EFV-TiO.-NPs as confirmed by a smaller
corresponding oscillator strength. Table 5.8 shows the calculated adsorption to be 83% and
69% at 312 nm and 282 nm respectively for the major electronic contributions. Each
corresponding to HOMO-1—-LUMO and HOMO-1—LUMO-1 transitions respectively. The
electronic transition is due to n to «* and may be attributed to the trifluoromethyl and the

benzene ring group.

Next, the Gauss-Sum program was used to calculate the group contributions of the molecular
orbitals and to prepare the density of states (DOS) spectrum in (Figure 5.25 A-B). The DOS
spectrum provides a visual understanding of the HOMO — LUMO plots for EFV and EFV-
TiO2-NPs in the presence of methanol. It is well known that the electronic transport properties
of a molecule are governed by the energy difference between HOMO-LUMO, often referred
to as band gap energy (AE). The red colour represents the positive phase of the orbital (virtual
orbital), while the green colour represents the negative phase of the orbital (occupied orbital).
Figure 5.25 A-B shows the variation of the calculated AE values for EFV and EFV-TiO2-NPs
as 5.23 eV and 4.28 eV respectively. This demonstrates the interaction to strongly absorbed
between EFV-TiO2-NPs.
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Figure 5.26: Calculated Density of States (DOS) for (A) EFV and (B) EFV-TiO,-NPs in methanol
using TD-DFT/B3LYP/6-31G* basis set.
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Table 5.7: Calculated adsorption wavelengths for (a) EFV gas; (¢) EFV methanol using TD-

DFT/B3LYP/6-31G* basis set

Wavelength 270.613/268.45 nm 240.59/242.79 nm
Major contributions  Minor contributions  Major contributions  Minor contributions

EFV gas HOMO->LUMO H-3->L+1 (5%) HOMO->L+1 HOMO->LUMO
(88%) (73%) (3%)

EFV methanol HOMO->LUMO H-3->L+1 (3%) HOMO->L+1 HOMO->LUMO
(86%) (76%) (7%)

Table 5.8: Calculated adsorption wavelengths for (a) EFV-TiO2,-NPs gas; (¢) EFV-TiO>-NPs
methanol using TD-DFT/B3LYP/6-31G* basis set

312.78/312.89 nm

Wavelength 312.78/369.73 nm
Major contributions

EFV-TiO»- HOMO->LUMO (69%)

NPs gas

EFV-TiO2- HOMO->LUMO (71%)

NPs methanol

Minor contributions
HOMO->L+1 (7%)

HOMO->L+1 (7%)

Major contributions

H-1->LUMO (83%)

Minor contributions
HOMO->L+1 (7%)

HOMO->L+1 (5%)

5.2.3 CONCLUSION

This study demonstrates that green synthesized TiO2-NPs can be an effective photocatalyst for

the degradation of EFV in aqueous solution under UV-light. The results obtained shows that

the complete degradation efficiency of EFV can be attained at 91.77% over the period of 5 h.
As predicted by the band gap differences between EFV, TiO2-NPs and EFV-TiO2-NPs a slight
shift has been observed for the interaction of EFV-TiO2-NPs predominantly suggesting the

photodegradation of EFV. Supporting the experimental results, the UV-vis spectra was studied

at TD-DFT level to explore the interaction between EFV and TiO2-NPs. Based on the results,

the charge transfer from EFV to the CB of the semiconductor TiO2-NPs resulted from the UV
towards the visible range, while the calculated AE values for EFV and EFV-TiO2-NPs was 5.23

eV and 4.28 eV demonstrating that there was a interaction between EFV-TiO2-NPs.
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CHAPTER SIX: CONCLUDING REMARKS AND
RECOMMENDATIONS

6.1 CONCLUDING REMARKS

The green synthesized TiO2-NPs was successfully used as applications in sensing and

preliminary studies on the photodegradation of EFV.

The first case study was based on the synthesis of TiO>-NPs using Eucalyptus globulus leaf
extract and its implementation as an electrochemical sensor. A successful synthesis was
confirmed by characterization using ultraviolet—visible spectroscopy (UV-vis), scanning
electron microscopy (SEM), X-ray diffraction (XRD), and energy-dispersive spectroscopy
(EDS). An electrochemical sensor for EFV was designed by doping the green synthesized
TiO2-NPs onto a glassy carbon electrode (GCE) with nafion as an anchor agent (GCE/TiO»-
NPs-nafion). A low detection limit (LOD) of 0.01 uM with a linear dynamic concentration
range from 4.5 to 18.7 uM was recorded on the electrode using DPV. The electrochemical
sensor demonstrated good positive selectivity with excellent recoveries ranging from 92.0—
103.9%. MC simulations revealed a strong electrostatic interaction on the GCE/TiO2-NPs-
nafion-EFV (substrate-adsorbate) system. While the DFT based calculations represented the
chemical reactivity for EFV, suggesting the benzoxazine ring as the active site. In summary,
the results obtained for this case study showed good agreement between the MC computed
adsorption energies and the experimental CV results for EFV. The presence of nafion

contributed to the signal amplification sensing of EFV.

The second case study involved spectroscopic and computational approaches in investigating
the photodegradation of EFV as a preliminary study for future work. The experimental results
revealed that there are two main transitions of EFV in a methanol, which correlates with the
TD-DFT calculated UV spectrum. Further, the UV spectrum recorded for TiO2-NPs and its
band gap energy confirmed it as a semiconductor, which played a role in the photodegradation
study. The noticeable shift in absorbance peaks for EFV, TiO2-NPs, EFV-TiO2-NPs and the
differences in their band gap energies demonstrates the interaction between EFV and TiO»-
NPs. Additionally, the degradation efficiency of 91.77 % over 5 h was recorded with decreasing
absorbance, suggesting the capability of TiO.-NPs as potential photocatalyst. This was
supported by the computational results, which demonstrated that EFV seems to be strongly
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adsorbed on TiO>-NPs, which leads to charge transfer from EFV to the CB of the
semiconductor.  Furthermore, the results from the DOS spectrum provides a visual
understanding of the HOMO — LUMO plots for EFV and EFV-TiO2-NPs in the presence of

methanol.

In summary, this work demonstrated the use of biosynthesized TiO2-NPs for the development
of sensor for the detection of EFV and its photocatalytic properties. The experimental results
were supported by computational studies involving the calculation of the HOMO-LUMO band
gap energies using DFT and TD-DFT for the UV-visible spectra, while the adsorption energies

were calculated by MC simulations.
6.2 RECOMMENDATIONS FOR FUTURE WORK

Based on the findings of the work, we recommend the following to be implemented as future

work

e The electrochemical kinetics of EFV involving the prediction of number of electrons,
charge transfer and diffusion coefficient and electron rate constant could be evaluated
using alternate metal oxide nanoparticles to overcome the challenges in the present

study.
e Photocatalysis of EFV using other metal oxide nanoparticles

e Investigate the performance of anatase, brookite and rutile instead of a single molecular

form of TiO2-NPs in the computational study.

e Molecular dynamics simulations with extended times to monitor the conformational

profile of the complexes, and to compute the binding energies.
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