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ABSTRACT

Bimetallic silver-platinum (Ag-Pt) nanoparticles (NPs) were synthesized via simultaneous
reduction of varying mole fractions of metal precursors H,PtCls.6H,O and AgNO; by sodium
citrate. Kinetics rates of were as follows; Ag NPs (0.079 s™), Ag-Pt NPs 1:1 (0.082 s™) and Pt
NPs (0.006 s™). The UV visible spectrum of Ag NPs exhibited a characteristic absorption
band while Pt NPs and Ag-Pt bimetallic NPs exhibited no absorption peaks. Successful
formation of both monometallic and bimetallic NPs was confirmed via transmission electron
microscopy (TEM); selected area electron diffraction (SAED) and energy dispersive X-ray
(EDX) analysis. TEM images depicted core-shell arrangement in the bimetallic (BM) NP
ratios (1:1, 1:3 and 3:1) with an average patrticle size of 21 nm. The patrticle size trend where
monometallic Ag NPs (60 nm) > Pt NPs (2.5 nm) while in the BM ratios Ag-Pt NPs 1:1 (25
nm) > Ag-Pt NPs 1:3 (20.7 nm). X-ray diffraction (XRD) patterns depicted crystallinity in all
the synthesized NPs with confirmation of the face centred cubic structure formation.
Transducers were fabricated by drop casting the nanoparticless on the glassy carbon
electrode (GCE) and their electrochemical properties studied via cyclic voltammetry (CV).
High diffusion coefficient (D) and surface coverage reported were Ag NPs (6.70 cm? s™,
54.49 mol cm?) and Ag-Pt NPs 1:1 (0.62 cm? s*1.85 mol cm™). Electrochemical band gaps
ranged from 1.45 to 1.70 eV while the Tauc’s model band gaps of nanopatrticles were found
in the range of 2.48 to 3.84 eV. These band gaps were found to be inversely proportional to
particle size, which was attributed to the quantum confinement effect. Both optical and
electrochemical band gap portrayed similar trend as well as an increase in the BM NP
relative to monometallics. These nanoparticles band gaps are within semiconductor range for
most materials. The electrochemical behaviour and surface characteristics were studied
using 0.1 M PBS solution by scan rates variations forthe diffusion coefficient determination of
modified electrodes which ranged from 0.62 to 6.10 x 10° cm? s™. Laviron’s approach for
parameters such as apparent charge transfer rate constant, ks, and charge transfer
coefficient, a, for electron transfer between NPs and GCE were investigated using CV. The
values of electron-transfer coefficients ranged from 0.1 to 0.7 while the charge transfer rate

constant values ranged from 0.74 to 31.13 s™*.

Various detection platforms were investigated in the electrooxidation of NVP by CV and DPV.
BM Ag-Pt 3:1 NPs was found to be the best modifier, with low background current. However,
its use as NVP sensor was hampered by signal instability. The introduction of MWCNT to the
BM resulted in well resolved, good signal stability DPV voltamograms with MWCNT/Ag-Pt
NPs 3:1 film on GCE surface. The sensor was optimised for method parameter and

supporting electrolyte concentration. MWCNT/Ag-Pt NPs 3:1/GCE showed excellent



electrocatalytic activity for the oxidation of NVP under optimal experimental conditions of a
0.01 mol L™ NaOH solution of (supporting electrolyte), pulse amplitude of 25 mV, initial
potential of 0.20 V, and a scan rate of 20 mV s™’. Cyclic voltammetry was used to investigate
the redox properties of MWCNT/Ag-Pt NPs 3:1/GC electrode at various scan rates based on
Laviron’s equation. The apparent charge transfer rate constant (ks) and electron transfer
coefficient (a) between NVP and MWCNT/Ag-Pt NPs 3:1/GC electrode were calculated to be
0.8835 s™ and 0.31 respectively with the diffusion coefficient of 5.2048 x 10" cm?® s*
reported in the electrocatalytic oxidation of NVP. The mechanism of the NVP electrooxidation
process was investigated by CV and found to undergo a 2-electron transfer process. The
oxidation peak current of NVP had a linear range of 7.6 x 10”7 to 4.6 x 10® mol L™ with a
correlation coefficient of 0.9980. Lower detection limit of 0.021 uM coupled with 86 %
reproducibility showed that the repetitive usability exhibited by the proposed modified
electrode are good enough to make it a suitable sensor for the determination of NVP in real
samples with complex matrices such as milk and human urine. The application of the
developed sensor for the determination of NVP in pharmaceutical tablets using standard
addition method showed good recovery of 98 % average. This proposed method was

sensitive and simple.
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PREFACE

Objective and Overview of Thesis

This thesis is focusing on the synthesis of novel Ag-Pt bimetallic-based nanoparticles, the
study of their electrocatalytic properties and application in detection of an anti-HIV drug,
nevirapine. The main objective is to obtain an efficient detection platform, which can be
explored in part by improving its electroactivity, sensitivity, efficiency and reliability. Here are

the outlines of the remaining chapters in this thesis.

» Chapter one of the thesis provides the background of this research work and

explains more on the statement of the problem coupled with objectives of interest.

» Chapter two of the thesis gives the literature review by introducing theoretical
background of anti-HIV drugs including nevirapine, different ways of detecting ARVs
and their fate in the environment. A closer look into the various detection tools for
ARVs such as sensors together with nanopatrticles applications is highlighted.

» Chapter three deals with synthesis, kinetics and particle characterization of bimetallic
silver-platinum nanoparticles. It concentrates on the general experimental procedures
for the chemical synthesis of bimetallic Ag-Pt NPs, their kinetics of formation and
characterization using UV-visible spectroscopy, transmission electron microscopy
(TEM), selected area electron diffraction (SAED), energy dispersive X-ray (EDX)
analysis and X-ray diffraction (XRD).

» Chapter four of this thesis concentrates on the electrochemical characterization of
the synthesized nanoparticles. The electrochemical behaviour and properties of the
synthesized NPs is investigated, reported and discussed. Furthermore, the
electrochemical band gap study was done and compared to the optical band gap

results.

» Chapter five examines the application of the modified GC electrode with
nanocomposite film (MWCNT/Ag-Pt 3:1 NPs) for the detection of nevirapine. Various
optimization studies on the electrooxidation of NVP were done together with recovery

studies.

» Chapter six summarizes the main conclusions and recommendation of this work.
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CHAPTER ONE
INTRODUCTION

1.1 Background

Antiretroviral drugs are used in the treatment of infections by retroviruses, primarily human
immunodeficiency viruses (HIV) that can lead to acquired immunodeficiency syndrome
(AIDS) (Teradal et al., 2012). The scale-up of antiretroviral treatment (ART) in resource-poor
countries has been impressive, both in its scope and in its impact. Treatment of common
infections occurring with HIV is also increasing, as most HIV-infected persons live in areas
where infectious diseases such as tuberculosis (TB) and malaria are prevalent. The use of

over-the-counter and natural health products is also pervasive (WHO, 2005).

Anti-HIV drugs are widely popular with the treatment and management of HIV AIDS in the
health sector of our African society, thus there is a great need to improve on their reported
analytical work in the literature. The growing demand for these drugs stimulates a search for
new and even more effective drugs monitoring techniques, but also calls for higher level of
quality control of these therapeutic substances and preparations. Therefore, it seems
appropriate to develop new and or improve on the existing analytical methods regarding their
gualitative and quantitative analysis. Lately, different analytical methods have been used to
monitor anti-HIV drugs. However, one that has been gaining more and more applications is

the electroanalytical methods.

Amongst the current challenges facing the medical fraternity, environment in general and
researchers in particular is the antiviral drugs. The information on their presence in various
matrices such as human serum, urine and breast milk remains a key, as these helps to
promote safety and efficacy upon drug administration to patients who depend on these drugs
for life support. Due to the widespread usage of ARVs, common challenges like improper
administration of these drugs has resulted to drug resistance and poor treatment in some
cases. The ARVs dose abuse continue to pose challenges in the antiretroviral therapy (ART)
for HIV patients and raised questions on the best monitoring practices available. Therefore,
drug monitoring information would help in the management of ART by minimizing cases of
drug resistance, drug-food interaction and drug-drug interaction for patients taking
combinational therapy, which is widely administered currently. In addition, the knowledge
helps researchers evaluate the extent of drug efficacy thereby reducing the occurrences of

drug resistance among various HIV patients.



Electroanalytical methods are widely used in scientific studies, monitoring of industrial
materials, pharmaceutical, biological and environmental chemicals. Amperometric
techniques are the most widespread electroanalytical methods. For electroanalytical
determinations, cyclic voltammetry (CV), linear sweep voltammetry (LSV), differential pulse
voltammetry (DPV), square wave voltammetry (SWV), and polarography have been used
(Bozal et al., 2011). These methods permit the screening and determination of most organic
compounds especially pharmaceutical substances with a detection limit of 10" M (Bozal et
al., 2011). Electrochemical techniques are also effective in deciphering redox mechanism of
drug compounds and provide important information about DNA-drug interaction (Dogan-
Topal et al.,, 2009). Voltammetric and polarographic analysis of drugs in pharmaceutical
preparations by far is the most common use of electrochemistry for analytical-pharmaceutical
problems. As a rule, many of active compounds of the formulations can be readily oxidized or
reduced. Analysis of drugs in various matrices such as; raw material, pharmaceutical dosage
forms even those involving a complex matrix such as syrups, tablets, creams, suppositories,
ointments, as well as in biological fluids had been reported (Teradal et al., 2012; Zhang et al.,
2013; Shahrokhian et al., 2015). The principal advantage of the modern electroanalytical
methods is that the excipients do not interfere and generally, the separation and extraction is
not necessary. Thus, sample preparation usually consists of dissolving out the active
substance from the pharmaceutical dosage form with a suitable solvent and performing direct
analysis on an aliquot portion of this solution (Ozkan et al., 2003). Electrochemical data are
often correlated to the molecular structure and the pharmacological activity. Therefore,
electrochemical techniques are most suitable for the investigation of the redox properties of a
new drug (like new anti-HIV agents); thus gaining insights into its metabolic fate, drugs
interactions with metal ions or proteins as well as degradation mechanisms processes
triggered by photo- or pH changes (Smith and Vos, 1992; Ozkan et al., 2003; Uslu and
Ozkan, 2007a).

In its broad sense, electrochemistry involves a chemical phenomenon associated with
charge separation at an electrode surface. As voltammetric methods continue to develop, the
range of working electrode materials continues to expand. Both the geometry and
composition of the working electrode material must be considered since they will influence
the performance of the voltammetric method. In addition, the physical form of the working
electrode may influence the diffusion process and the electron transfer processes involved in
the detection of the analyte (Wang, 1988; Hart, 1990; Smith and Vos, 1992; Gosser, 1993;
Kissinger and Heineman, 1996; Wang, 2000; Kellner et al., 2004; Uslu and Ozkan, 2007b).



The current trend in pharmaceutical electroanalytical chemistry is the fabrication of metal
nanoparticles as transducers and sensors using various electrochemical methods for the
electrode madification process in electroanalytical chemistry. This research is aimed at
developing an efficient and effective electroanalytical detection platform that can be applied in
the detection of nevirapine in formulations and biological samples. This will also involve
understanding of the interaction between ARV drugs and metal NPs. The search for highly
effective electrocatalysts and detailed mechanistic understanding has spanned to the
exploration of nanometer-size catalysts. To address these issues, we have synthesized
bimetallic silver and platinum nanoparticles, characterized and interrogated them as possible

probes for the detection of nevirapine.

1.2 Research problem

Many antiretroviral (ARVs) drugs were discovered quite earlier, but their application as
antiviral drugs is relatively recent. Their usage in HIV/AIDs treatment is widely appreciated
more so in Africa. Access to antiretroviral therapy (ART) is improving in the developing
countries, which experience the greatest disease burden arising from HIV infection. The
successful roll-out of ART was achieved by adopting a public health approach to HIV care
and treatment involving cost minimization, delegation of tasks from highly skilled to less
skilled health workers and simplification of the routine laboratory tests that are used to
monitor ongoing efficacy of ART (WHO, 2003; WHO, 2010). Due to cost constraints,
laboratory monitoring of ART efficacy is often limited to the CD4 cell count - a test that has
low accuracy for identifying patients experiencing treatment failure to ART (Bangsberg et al.,
2006; Nachega et al., 2006; Reynolds et al., 2009). The gold standard for treatment failure,
viral load testing, is largely unavailable in developing countries because of its complexity and
costs. Low-cost laboratory tests are needed to optimize ART monitoring in developing
countries such as sub-Saharan Africa. Adherence to ART is critical for treatment success,
but routine clinical measures of adherence (e.g. patient self-report) are subjective and can be

prone to social desirability bias such as traditional cultures.

The confirmation of treatment failure is limited by the high cost of definitive diagnostics (e.g.
HIV viral load and resistance testing). Consequently, in resource-limited settings, it is often
difficult to distinguish patients who are non-adherent from patients with treatment failure
arising from the emergence of drug-resistant virus. International guidelines recommend that
patients with suspected treatment failure to nevirapine-based ART be switched to second-
line regimens being significantly more expensive than first-line regimens (WHO, 2010;
Sempa et al., 2012). Thus, therapeutic drug monitoring (TDM) can be used to identify non-

adherent patients and thereby prevent unnecessary switching to more expensive ART
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regimens (Hugen et al., 2002). Dosing of antiretroviral agents can be complex, due to
significant drug interaction potential, adverse effect profiles, and adherence challenges
(Moyer et al., 1999; Plipat et al., 2004). Therefore, the TDM of ARVs such as nevirapine may
therefore be helpful in individual treatment decisions by assessing the actual nevirapine body
level. The efficient TDM strategies require elaborate analytical methods for the quantification
of drug concentrations, which will assist in maximizing the efficacy and safety of these
regimens and further trace disposal routes. However, TDM can only be recommended if such
methods are accurate, robust, available and affordable in developing countries. To this end,
few studies in sub-Saharan Africa have provided such platforms.

Past studies on quantitative detection of nevirapine are predominantly chromatography and
its spectroscopic hyphens, with mass spectrometer detectors (Ahmed et al., 2011; Zanolli
Filho et al., 2011). The success of the above-mentioned methods, require long analysis
times, elaborate extraction and purification steps, or on-line sample extraction, and are
relatively costly therefore limiting their applications in routine laboratories. Hence, there is an
urgent need to investigate new alternative methods such as the use of nanoparticle
platforms, which provide a more user-friendly option with high sensitivity. Research has
confirmed that nanoparticle based platforms are effective for the identification of chemical
and biological agents, hence, offer substantial benefits to biomedical and environmental
science. These platforms benefit from the availability of a wide variety of core materials as
well as the unique physical and chemical properties of these nanoscale materials (Agasti et
al., 2010).

This study involves nevirapine, which is one of the most commonly prescribed antiretroviral
drugs due to its wide usage as a component of first-line antiretroviral therapy (ART), low
cost, good long-term tolerability, and high efficacy (Havlir et al., 1995; WHO, 2006). These
advantages add to its preference for wide use in reduction of vertical transmission (Parienti
and Peytavin, 2011) and prevention of mother to child transmission (PMCT) in sub-Saharan
Africa. Nevirapine-based regimens are preferred in resource-limited settings because of the
lower cost in comparison with Efavirenz (Lamorde et al., 2014). Due to its low genetic barrier,
resistance occurs rapidly if sub-therapeutic drug levels occur (Gonzalez de Requena, 2005).
Moreover, drug-to-drug interactions may lead to unexpected high or low nevirapine drug
levels (Boffito et al., 2005). Nevirapine concentrations are widely measured in various
biological samples including human serum (Zhang et al., 2013), urine (Teradal et al., 2012)
and saliva (Rakhmanina et al., 2007). These matrices are the most common point source of
anti-HIV drugs that would help monitor their intake and efficacy. In light of numerous use of
nevirapine in HIV-infected patients, a need to pursue this drug in terms of its detection was of

great concern in this study.



The need to develop sensitive and efficient detection methods for antiretroviral drugs
monitoring especially for the NVP, which is widely used in treatment of HIV type 1 is eminent.
This is important, especially in African countries where the majority of antiretroviral treated
adults are women and pregnancy rates in this population are high (Wester et al., 2005). This
challenge has motivated the integration of chemical sensors and natural resources in
designing monitoring technigues. In this regard, an alternative low cost technique based on
electrochemical sensing is proposed and developed. This method will have a potential
application in a wide matrix including biological samples such as human serum, urine and in
recovery studies. Previously, the research work on detection of ARV drugs has been

scarcely reported due to lack of knowledge for efficient detection techniques.

1.3 Research questions

i. What is the structural comparison in the synthesised nanoparticles and their
properties?

i.  What are the appropriate nanopatrticles to employ in the detection of nevirapine?

iii. Are the present methods of determination of nevirapine suitable for application in

various sample matrices?

iv. How best can the current modified electrode be utilised in the detection of

Nevirapine?

v. Are there variations in the methodology between the developed electroanalytical

method of nevirapine analysis and the recovery studies?

14 Objectives of the research

The aim of this study was to develop a better ARVs detection platform using bimetallic
nanoparticles as significant friendly sensing materials modified on an electrode surface using
electroanalytical methods, which are suitable for sensitive and selective ARV drug detection.
With the elaboration of the new electrode modification and voltammetric measurement
method, this study aimed at improving the main analytical performance parameters such as
detection limit and sensitivity compared to the other voltammetric techniques performed with

similar chemically modified electrodes in ARV drug detection.



The specific objectives of the study are:

1) To synthesize chemically silver-platinum bimetallic nanoparticles in various precursor

ratios.

2) To characterize the synthesized Ag-Pt bimetallic nanoparticles by UV-Visible
spectroscopy, cyclic voltammetry (CV), transmission electron microscopy (TEM) and X-ray
diffraction (XRD).

3) To fabricate transducers by modification of the glassy carbon electrode (GCE) surface

with silver-platinum bimetallic nanoparticles and to study their electroactivity properties.

4) Apply the fabricated Ag-Pt bimetallic nanoparticles/GCE as sensor platforms in the
detection of selected ARV drug; nevirapine and further compare the various platforms

developed to obtain the best results.

5) To analyze real samples and validate the developed method.
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CHAPTER TWO
LITERATURE REVIEW

2.1 Antiretroviral drugs (ARVSs)

This chapter presents a review of relevant literature related to antiretroviral drugs and the
various methods used in their monitoring and detection. The various materials potential as
detection probes for ARVs in pharmaceutical samples is equally highlighted. Different
methods are mentioned especially the application of sensors in the detection of analytes
such as drugs and other biological samples. The development of sensitive and effective
detection platforms based on rapid and robust chemical sensors is of great importance in the

search for better ways of improving the monitoring techniques available for pharmaceuticals.

In the half decade since the first large-scale antiretroviral treatment (ART) program for
HIV/AIDS was launched in sub-Saharan Africa, much attention has focused on patients' day-
to-day adherence to antiretroviral (ARV) medications (Gill et al., 2005; Mills et al., 2006). The
most significant advancement in the medical management of HIV-1 infection has been the
treatment of patients with antiviral drugs i.e., medicines that stop or slow virus actions (Stiver,
2003) by suppressing HIV-1 replication to undetectable levels. Viruses are obligate
intracellular parasites, wholly dependent on a living host cell for the replication (Lees, 2000).
The conventional approach to the control of viral diseases is to develop effective vaccines,
but this is not always feasible. Because of their mode of replication, viruses present a larger
therapeutic challenge than bacteria (Fraser et al., 1991). Because of the genetic flexibility of
viruses, new strains constantly emerge, the most well-known example being human
immunodeficiency virus (HIV), the causative agent of AIDS (Anderson et al., 2009). As of
today, there are no approved vaccines to treat HIV viruses. The use of antiviral medicines is
one of several strategies for encountering an antiviral pandemic, which may extend for many
months. Over 30 years since the discovery of HIV, more than 25 anti-HIV drugs have been
approved for the treatment of AIDS according to different categories. The chronic treatment
of individuals infected with the HIV type 1 remains a vital need in the near future, since both

eradication of the virus and an ending to new infections are unlikely scenarios.

2.2 Classification of Antiviral Drugs

Antiviral drugs are classified into two main groups namely antiretroviral (ARVs) drugs and
general antiviral drugs (Non-antiretroviral drugs) (Tyring, 2004). Currently, one-half of all

antiviral agents are antiretrovirals. Presently, four classes of antiretroviral drugs are available
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namely (i) nucleoside/tide reverse transcriptase (NRTI) inhibitors, (ii) non-nucleoside (NNRTI)
inhibitors, (iii) protease (PI) inhibitors and (iv) fusion inhibitors (Rao and Shinde, 2009). More
than 20 US food and drug administration (FDA) approved antiretroviral drugs are available
and many more are in clinical trials. Among protease inhibitors approved in US and Canada
are saquinavir (Invirase), indinavir (Crixivan) and ritonavir (Norvir) (Kumar et al., 1996; Chiba
et al., 1997). Other classes of the antiviral drugs available for commercial use are as shown
in Table 2.1. The (non-antiretroviral) drugs include nucleoside analogs like acyclovir,
famciclovir, valacyclovir, ganciclovir, penciclovir, valganciclovir and ribavirin. These are

important antivirals in the treatment of herpes virus infections (Tyring, 2004).

Table 2.1: Antiviral Drugs in Clinical Use or in Progressive Stages of Development (Anderson

et al., 2009)

Targets / Enzymes / Antiviral Drugs Viruses
Strategies Mechanisms
Viral Polymerase Acyclovir, Ganciclovir, Herpes viruses
enzymes Penciclovir, HBV
Lamivudine, Adefovir, HCV
Entecavir,
Valopicitabine
Protease Amprenavir, Atazanavir, HIV
Ritonavir, Tipranavir VX950 HCV
Neuraminidase Oseltamivir, Zanamivir Influenza virus
Cellular Receptors or | Maraviroc, Vicriviroc, HIV
targets coreceptors TNX355, Pro140
Capping enzyme Ribavirin HCV
Immune response Interferons HBV, HCV
Actilon HCV
Other viral Attachment BMS488043 HIV
targets Proteins
Fusion proteins Enfuvirtide HIV
Disassembly/Uncoating | Amantadine, Rimantadine Influenza virus,
Pleconaril Picornaviruses
Virion maturation Bevirimat UK201844 HIV
Novel Antisense RNA Fomivirsen CMV retinitis
strategies Ribozymes

*(see Glossary for abbreviations)

2.3 Occurrence and fate of antiviral drugs in environment

Antiviral drugs occur in the environment through various aqueous systems such as raw
wastewater, wastewater treatment plant (WWTP) effluents, surface water, ground water and

even drinking water (Ternes et al., 2002; Buchberger, 2007; Kummerer, 2009). Other ways
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include domestic and sewage wastes such as septic tanks, leaking underground sewage
lines, and surface water run-off or indirectly excreted as faeces or urine of unmetabolised
parent compounds. The level to which a compound is transformed in the body depends on its
mechanism of action and structure. The rest may be hydroxylated or conjugated and
excreted in the faeces (Bound and Voulvoulis, 2005). Some antiviral agents, when consumed
are excreted largely unchanged (e.g. acyclovir) whereas others go through extensive
biotransformation prior to removal from the body (Galasso et al., 2002). Some antiviral drugs
have been predicted as toxic towards daphnids, fish and algae (Sanderson et al., 2004).
Some of these drugs or their metabolites are nonbiodegradable (Mascolo et al., 2010). In
addition, disposal of out-of-date or unwanted medicines, which may occur via the sink/toilet
or in household waste then taken to landfill sites and leach to groundwater. Entry into the
environment by this way is dependent on the efficiency of prescription practices leading to
some unfinished prescriptions and the habits of the patient faeces (Bound and Voulvoulis,
2005). The unmetabolised antiviral drugs are excreted via faeces and urine and thus are
present in the wastewater (Accinelli et al., 2007; Prasse et al., 2010). However, most drugs
are partially removed during wastewater treatment (Prasse et al., 2010) and they find their
way to surface and ground water. Usually presence of small concentration of antiviral drugs
in drinking water may cause resistance towards these drugs, ultimately harming animals and

human beings.

Antiviral compounds vary widely in their structure (De Clercq, 2004) and therefore they are
expected to vary in their recalcitrance to wastewater treatment and environmental behaviour.
For example, a number of antiviral medicines were detected in rivers in Germany, sources
being sewage outflows and manufacturing facilities (Prasse et al., 2010). Comparisons of
treated and raw wastewater indicated that the drugs lamivudine, acyclovir and abacavir were
amenable to removal during sewage treatment, whereas nevirapine, zidovudine and
oseltamivir were not (Prasse et al., 2010). These highlights indicate the coverage and fate of
antivirals in the wider environment besides human body. Due to their continuous usage
amongst the HIV infected persons, these drugs have found their way into the environment

because of poor disposal and dose abuse.

2.4 Analysis of Antiviral Drugs

Detection of chemical and biological agents plays a pivotal role in medical, forensic,
agricultural, and environmental sciences (Diamond, 1998). Sensitive methods that allow
identification of drugs provide the prospect of better health and more effective drug
monitoring studies. Technological platforms that provide sensors of high sensitivity,

selectivity and stability are therefore in high demand. Various methods available for the
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determination of antiviral drugs include HPLC, capillary electrophoresis, mass spectrometry,
liquid chromatography tandem mass spectrometry and spectrophotometric methods.
However, most antiviral drugs can be analysed using hyphenated chromatographic
techniques (Swati et al., 2011). Spectrophotometric methods suffer from low sensitivity, high
detection limits, tedious experimental conditions and complex procedures for the preparation
of samples or standard solutions. In general, HPLC and LC/MS/MS based techniques are
expensive and a high degree of resolution has made them choice of the researchers.

2.5 Nevirapine

Currently, nevirapine (NVP) is one of the most prescribed antiretroviral drugs in the
developing world, both as a single drug to prevent mother-to-child HIV transmission and as a
component of currently recommended combined antiretroviral therapy (CART) (Marseille et
al., 1999; Jackson et al.,, 2003; Lallemant et al., 2004; Lockman et al., 2007). The high
efficacy levels of the drug, favourable lipid profile, and suitability for use during pregnancy
have since granted NVP-based regimens a significant role in HIV-1 treatment strategies
(Thompson et al.,, 2010). Nevirapine is recommended for treating HIV infections in
combination with other reverse transcriptase inhibitors such as stavudine and lamivudine
(Gulick et al., 1997; Rey et al., 2004).

Figure 2.1. Structure of Nevirapine.

Nevirapine, 11-cyclopropyl-5, 11-dihydro-4-methyl-6H-dipyrido [3, 2-b: 20, 30-e] [1, 4]
diazepin-6-one (Figure 2.1) is the first member of the non-nucleoside reverse transcriptase
inhibitors (Hollanders et al., 2000). It displays a butterfly-like conformation (Scheme 2.1),
which is verified from the crystalline structure of the pure compound (Mui et al., 1992) and
some complexes with the HIV-1 reverse transcriptase (Stammers et al.,, 1994; Ren et al.,
2000; Ren et al., 2004). Several researchers suggested that this conformation is related to
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the degree of affinity of the drug and to the probability of appearance of viral resistance
(Mager, 1997; Parreira et al., 2001). Based on its widespread usage and availability in HIV
treatment as highlighted in past literature, NVP drug was selected for this study.
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Scheme 2.1 Butterfly model and enantiomeric conformers of nevirapine (Famiglini and
Sllvestri, 2016).

Nevirapine is synthesized in four steps, starting from 2-chloro-4-methyl-3-nitropyridine. This
is reduced to 3-amino-2-chloro-4methlypyridine, which is then condensed with 2-
chloronicotinic acid chloride to the amide (Ren et al., 2004). Reaction with cyclopropylamine,
followed by cyclization, results in the chemical structure for nevirapine represented in Figure
2.1. Nevirapine is weakly basic (pKa= 2.8) and exhibits pH dependent solubility (Sarkar,
2008). At pH values less than the pKa, it is highly soluble in aqueous buffer. In comparison to
other drugs, nevirapine is a poorly soluble hydrophobic molecule (Sarkar, 2008).

2.5.1 Mechanism of action

Nevirapine is a dipyridodiazepinone inhibitor of the HIV-1 reverse transcriptase polymerase
and is remarkably specific for the HIV-1 reverse transcriptase enzyme (RT). It binds directly
to allosteric site on reverse transcriptase and inhibits both the ribonucleic acid (RNA) and
deoxyribonucleic acid (DNA) dependant polymerase activities. At high concentrations,
nevirapine fails to inhibit the RT of HIV-2, simian immunodeficiency virus, or feline
immunodeficiency virus, nor does it inhibit human DNA polymerase-a, -B, 8, or —y (Merluzzi
et al., 1990). As a prototypic member of the NNRTI class of antiretroviral agents, nevirapine
demonstrates non-competitive inhibition with respect to deoxyguanosine triphosphate either
through allosteric binding to the binary (RT: template-primer) or ternary (RT: template-primer:
deoxyguanosine triphosphate) enzyme complex (Koup et al., 1991), and does not cause

chain termination (Gu et al., 1995).
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It exhibits a 50 % inhibitory concentration (ICso) of 0.084 puM (0.023 pug mL™?) in enzyme
assays, and an ICs, of 0.040 uM (0.011 pg mL™) against wild-type HIV-1 replication in cell
culture, where one molecule of inhibitor is sufficient to inactivate one molecule of the RT
enzyme, binding at the tyrosine 181 and tyrosine 188 sites of the enzyme (Grob et al., 1992).
These conserved tyrosine residues of the HIV-RT subunit lie in a pocket that is defined by
two B-sheets of amino acid residues 100 to 110 and 180 to 190 (Shih et al., 1991; Wu et al.,
1991). By binding to this hydrophobic pocket close to the polymerase catalytic site of RT,
nevirapine slows the rate of polymerization catalysed by the enzyme (Spence et al., 1995):
this binding also predicts where RT mutations leading to resistance, would occur.

2.5.2 Detection methods for Nevirapine

Some of the common ARVs detected in past studies include tenofovir, which has been
analysed using high performance liquid chromatography (HPLC) (Jullien et al., 2003),
reversed phase liquid chromatography (Sentenac et al., 2003; Kandagal et al., 2008), Liquid
chromatography-tandem mass spectrometry (King et al., 2006; Gomes et al., 2008), and UV
Spectrophotometry (Shirkhedkar et al., 2009). Indinavir has been detected using lon-pair
reversed-phase high performance liquid chromatography (Li et al., 1999), solid phase
extraction and LC/MS (Rose et al., 2000), high performance liquid chromatography (Remmel
et al., 2000), LC/MS (Jayewardene et al., 2001), capillary electrophoresis (Prado et al.,
2004), UV Spectrophotometry (Sarma and Sastri, 2002; Erk, 2004).

However, for the detection of nevirapine some of the methods that have been reported for its
analysis are shown in Table 2.2. Electrochemical methods have proven to be sensitive and
reliable for the determination of humerous electroactive compounds (Uslu and Ozkan, 2007a;
Gupta et al., 2011). Under some circumstances, electrochemical methods can offer optimal
solutions for drug analysis. Simplicity, low cost and relatively short analysis times make
electrochemical techniques more useful for routine analytical applications thus provides best

alternative approach in this case.

Lately applications of modified electrodes for the determinations of drug molecules has
attracted more attention because the modifiers could greatly enhance/increase the responds
and selectivity for analytes (Hammam, 2004; Radi, 2005; Mashhadizadeh and Akbarian,
2009; Ma et al., 2012). Organic small molecules, polymer, metal nanoparticles, carbon
nanotubes, and graphene have been used as modifiers to fabricate the modified electrodes
(Hammam, 2004; Goyal et al., 2005; Ma et al., 2012). Among them, organic small molecules

grafted electrodes showed super stability, quick response and high sensitivity as potential
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sensors. Based on these concerns, there is a need for improvement on the available

detection methods for monitoring NVP.

Table 2.2: Various detection methods for Nevirapine

Technique Detection method Matrix LODs References
Electrochemical | AASV NVP tablet 0.003 uM Castro et al.,
2011
DPV Human serum 0.05 uM Zhang et al.,
2013
DPV NVP formulation 1.026 uM Teradal et al.,
2012
Chromatographic | HPLC Human plasma 0.2 uM Van Heeswijk et
al., 1998
MALDI-TOF/TOF MS | Human plasma 0.04 uM Notari et al.,
2008
LC-MS/MS Human plasma 3.7uM Chi et al., 2003
MEKC NVP formulation 6.0 uM Sekar and
Azhaguvel, 2008
Capillary Nevirapine - Chen et al., 2010
electrophoresis formulation
HPTLC Tablet, NVP | 10 ng per Kaul et al., 2004
formulation spot
HPLC-UV Human plasma, | 8 ngmL™ Pav et al., 1999
serum, mik and
cerebrospinal fluid
Others Radio-immunoassay Human plasma, urine | 2-5ngmL™ | Kaul et al., 1996

*(see Glossary for abbreviations)

Nanoparticles (NPs) possess several distinctive physical and chemical attributes that make
them promising synthetic scaffold for the creation of novel chemical and biological detection
systems (Rosi and Mirkin, 2005). Indeed, in the last few years nanostructured materials,
such as noble metal nanoparticles, quantum dots, and magnetic nanoparticles, have been
employed in a broad spectrum of highly innovative approaches for assays of metal ions,
small molecules, protein and nucleic acid biomarkers (West and Halas, 2000; Niemeyer,
2001; Parak et al., 2003; Alivisatos, 2004). In this study, an electrochemical sensor was

constructed using bimetallic nanoparticles.

2.6 Sensors

A sensor is a device, which detects a variable quantity usually electronically, and converts
the measurement into signals for recording. They are composed of active sensing surface,
which is connected to a signal transducer (Scheme 2.2). The role of these two important

components in sensors is to transmit the signal from a selective compound or from a change
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in a reaction. These devices produce signals such as electrical, thermal or optical output
signals, which are converted into digital signals for further processing. The most important

aspects of investigation of sensors are sensitivity, selectivity, and stability.

Sensors can be classified, according to the type of energy transfer, as thermal,
electromagnetic, mechanical, and electrochemical (Ahammad et al., 2009). One of the ways
of classifying sensors is based on these output signals. However, from past literature,
sensors have been classified according to multiple criteria (Rodgriguez et al., 2004). The
most common way to group sensors considers either the transducing mechanism (electrical,
optical, mass, thermal, piezoelectric, etc.), the recognition principle (enzymatic, DNA,
molecular recognition, etc.) or the applications (environmental, food, medical diagnosis, etc.).
The general characteristics of chemical sensors include; ability to transform chemical
guantities into electrical signals, responds rapidly, maintain their activity over a long time

period, be small, cheap and specific to a particular analyte (Grundler, 2007).

The classifications following signal transduction include; optical sensors, which relies on
absorbance, reflectance, luminescence, fluorescence, refractive index and light scattering.
Electrochemical sensors among them voltammetric and potentiometric devices that are
based on chemically sensitized field effect transistor and potentiometric solid electrolyte gas
sensors. Electrical sensors include those with metal oxide and organic semiconductors as
well as electrolytic conductivity sensors. Mass sensitive sensors include piezoelectric devices
and those based on surface coustic waves. Magnetic sensors mainly based on paramagnetic
gas properties. Thermometric sensors based on the measurement of the heat effect of a
specific chemical reaction or adsorption involving the analyte. Other sensors are based on

emission or absorption of radiation (Grundler, 2007).

On the other hand, sensors can be broadly classified into two categories as chemical
sensors and biosensors. The biosensors can be defined in terms of sensing aspects, where
these sensors can sense biochemical compounds such as biological proteins, nucleotides
and even tissues (Wilson and Gifford, 2005; Chen and Chzo, 2006; Sakaguchi et al., 2007).
Biosensors are chemical sensors whereby the recognition system is based on the
biochemical or biological mechanisms. Within these sensors, the active sensing material on
the electrode should act as a catalyst and catalyze the reaction of the biochemical chemical
compounds to obtain the output signals (Simoyi et al., 2003; Vasantha and Chen, 2006). The
combination of these two different ways of classifications has given rise to a new type of
sensors, which are called electrochemical biosensors, where the electrochemical methods
are applied for the construction and working of a biosensor (Zhang et al., 2005;

Balasubramanian and Burghard, 2006).
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Scheme 2.2. Series of recognition process typical in sensors (Pirondini and Dalcanale, 2007).

Electrochemical sensors have advantage over other sensors because they can sense the
materials, which are present within the host without doing any damage to the host system.
They have high degree of selectivity and sensitivity. They are frequently used in clinical
diagnostics, occupational safety, medical engineering, process measuring engineering, and
environmental analysis (Ahammad et al., 2009). They are widely used in the determination of

concentrations of various analytes in samples such as fluids and dissolved solid materials.

2.6.1 Sensor signal transduction

Generally, a chemical sensor performs mainly two functions; recognition (sensing) and
transduction. The analyte interacts in a more or less selective way with the recognition or
sensing element, which shows affinity for the analyte. The sensing element may be
composed of distinct molecular units called recognition receptors. The recognition element
can be a material that includes in its composition certain recognition sites or a material with
no distinct recognition sites but capable of interacting with the analyte. In a chemical sensor,
the recognition and transduction function are integrated in the same device. An analytical
device with no recognition function included is not a chemical sensor but a concentration

transducer (Banica, 2012).

As a result of analyte interaction with the sensing element, certain physical or chemical

properties of the sensing element vary as a function of the analyte concentration. A chemical
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sensor converts this change into a measureable physical quantity. This process is called
signal transduction and is reversible. In most chemical sensors, the sensing element is
composed of selective layer (active materials) to improve the sensing ability as shown in
Scheme 2.2. The selection and development of an active material is a challenge. The active
sensing materials maybe of any kind as whichever acts as a catalyst for sensing a particular
analyte or a set of analytes (Yogeswaran and Chen, 2008).

The recent development in the nanotechnology has paved the way for large number of new
materials and devices of desirable properties, which have useful functions for numerous
electrochemical sensor and biosensor applications (Hubalek et al., 2007). New generations
of low power, low cost and portable sensing devices are needed for monitoring in agriculture,
chemistry, physics, medical and manufacturing areas. With the recent developments in
nanoscience and nanotechnology, there is a pressing need for flexible, robust and
environmentally stable sensors. The use of nanostructures including nanotubes and
nanoparticles continues to be a major focus of electrochemical sensor fabrication due to their

unigue chemical and physical properties, such as high surface to volume ratio.

2.6.2 Sensors based on nanoparticles

Some of the emerging approaches for robust applications of sensors rely on nanoparticles
(NPs) with diameters that range from 10 to 100 nm (Xiao et al., 2011). Among the numerous
reasons why exploiting NPs for sensors is promising, is the presumed ability to synthesize, if
not at will, then with much control, nearly any type of NP. Several studies have shown the
ability to control the NPs type (Masala and Seshadri, 2004), starting with cores made of pure
metal (e.g., Au, Ag, Ni, Co, Pt, Pd, Cu, Al), metal alloys (e.g., Au/Ag, Au/Cu, Au/Ag/Cu,
Au/Pt, Au/Pd, and Au/Ag/ Cu/Pd, PtRh, NiCo, PtNiFe) (Cushing et al., 2004), metal oxides,
semiconducting materials (e.g., Si, Ge) (Murphy, 2002), and more (Yin et al., 2011; Millyard
et al., 2012). Secondly, the ability to cap the NPs with wide variety of molecular ligands,
including alkylthiols, alkanethiolates, arenethiolate, alkyl-trimethyloxysilane, dialkyl disulfides,
xanthates, oligonucleotides, DNA, proteins, sugars, phospholipids, enzymes, and more

(Yonezawa et al., 2001; Bhattacharya and Srivastava, 2003).

For sensing applications, this ability implies that one can obtain NPs with a hybrid
combination of chemical and physical functions, which would have a great effect on the
sensitivity and selectivity of the sensors. Thirdly, the ability to vary the nanoparticles size (1-
100 nm) and shape (sphere-, rectangle-, hexagon-, cube-, triangle-, and star-, and branchlike
outlines) and, consequently, the surface-to-volume ratio (Qian and Park, 2010; Yin et al.,

2011). For sensing applications, these features would allow deliberate control over the
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surface properties and the related interaction “quality” with the physical parameters such as
pressure, temperature, plasmon resonance, and more (Shipway et al., 2000; Zamborini et
al., 2011). The fourth reason is attributed to the ability to prepare films of NPs with
controllable porous properties. This allows control over interparticle distance as well as
controllable signal and noise levels, which eventually dominates the device sensitivity on
exposure to either physical or chemical parameters (Krasteva et al., 2002; Haick, 2007). In
addition, the presumed ability of NPs allows easier, faster, more cost-effective fabrication of
flexible sensors compared to those currently in use, which mostly rely on complicated,
multistep processes (Maheshwari and Saraf, 2006; Rogers and Huang, 2009; Takei et al.,
2010).

2.6.3 Fabrication of nanoparticle based sensors

Nanoparticles can either be deposited on substrates at low temperatures as sensing cap-
layers or they can be integrated into the composite of a material. The common procedure for
producing such NPs requires a (metal) salt as precursor, from which NPs are formed by
elevating the temperature, leading to thermolysis of the pressures (Aiken and Finke, 1999;
Liz-Marzan, 2004). The distance between the encapsulated NPs are controlled by choosing
the encapsulating molecules or the assembly/deposition procedure. The application of the
NPs on a substrate is achieved by a number of techniques such as layer by layer (LbL)
(Olichwer et al., 2012), coating from suspension (Xu and Wang, 2009) stamping methods
(Wang et al., 2009), drop casting (Segev-Bar et al., 2013), inkjet printing (Herrmann et al.,
2007), stop and- go convective self-assembly (CSA), (Farcau et al., 2011, Sangeetha et al.,
2012; Moreira et al., 2013) and electrodeposition (Sun and Wang, 2007). Other production
routes include deposition of NPs in a vacuum for strain and gas sensing, using a technique
based on sputtering and condensation of atoms from a metallic target (Tanner et al., 2012;
Skotadis et al., 2013). Additional fabrication methods that do not involve metal salts as
precursors are also reported. For example, carbon NPs are fabricated by a simple flame
synthesis process and then integrated into a poly-di-methyl-siloxane (PDMS) substrate,
providing a durable infrared sensor that also exhibited self-cleaning properties (Yuan et al.,
2011).

For fabrication of sensors, it is important to pay special attention to the way the NPs are
incorporated onto the substrates. Several studies have shown that variation in thickness,
morphology (Segev-Bar et al., 2012) and density (Tang et al., 2012) of the NP films affects
the sensitivity, selectivity and the overall functionality of the NP-based sensors. These
variations might raise concerns regarding the reproducibility of the fabricated sensors.

Nevertheless, recent advances in the fabrication of NP films e.g., layer-by-layer (Olichwer et
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al., 2012) and stop-and-go convective self assembly (Farcau et al., 2011) raise expectations
that NP-based sensors are likely to become a technological reality in the near future. In
general, different substrates have different adhesion properties relative to the NP films.
Additionally, the substrate's mechanical and geometrical properties affect the sensing signal
(Segev-Bar et al., 2013) as well as the sensor's lifetime.

2.6.4 Nanoparticles

Nanoparticles are defined as particulate dispersions or solid particles with a size in the range
of 10-1000 nm (Mohanraj and Chen, 2006). In recent years, noble metal nanoparticles have
been the subject of research due to their unique electronic, optical, mechanical, magnetic
and chemical properties that are significantly different from those of bulk materials (Mazur,
2004). These special and unigue properties could be attributed to their small sizes and large
specific surface area. Monometallic and bimetallic nanoparticles (NPs) are key components
in many catalytic, optical, and magnetic devices. The ability to control the compaosition, shape
(Xiong et al., 2005; Bratlie et al., 2007) and architecture (Park et al., 2004; Zhou et al., 2005;
Alayoglu et al., 2008) of multi-component NP systems is of increasing importance in tailoring

the resulting properties.

Synthetic approaches to NP synthesis have been evolving over the last 100 years, but most
structural/ compositional information is gleaned from TEM and XRD analysis (Chou and
Schaak, 2007; Fan et al., 2008). These methods are quite satisfactory for large NPs (~10
nm), but obtaining similar information for smaller, catalytically relevant particles of less than 5
nm is more challenging (Nashner et al., 1998; Siepen et al., 2000; Garcia-Gutierrez et al.,
2004; Liu et al., 2005; Chen et al., 2008). The vast majority of bimetallic NP catalysts are
prepared by impregnation/ deposition methods that often give well-dispersed, highly active
systems, but the details of structure and local composition are difficult to ascertain and often
remain ill-defined (Nashner et al., 1997; Hills et al., 1999).

Nanoalloys are bi- or multi-component metallic particles in the size range between 1-100 nm
(Ferrando et al., 2008). These nanoparticles are of great interest for both basic science and
technological applications to magnetism, catalysis and optics. This wealth of possible
applications stems from the very high degree of tunability of the physical and chemical
properties of these systems, which is a direct consequence of the great variety of
morphologies that nanoalloys can assume. Nanoalloys can present a variety of geometric
shapes, ranging from crystalline structures, i.e. fragments of bulk crystals, to non-crystalline

structures, the most common being icosahedra, decahedra and polyicosahedra (Rossi et al.,
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2004). However, variety is not limited to the geometric shape, since the atomic arrangement

in nanoalloys can form qualitatively different chemical ordering patterns.

2.6.5 Bimetallic nanoparticles

Bimetallic nanopatrticles consist of two metal nanoparticles and have been reported to have
higher catalytic properties compared to their corresponding monometallic nanoparticles due
to their increased surface area (Zhou et al., 2006). There are two types of bimetallic
nanoparticles namely alloy nanoparticles and core-shell nanoparticles. The difference
between the two arises from their method of preparation where bimetallic alloy nanoparticles
are as a result of simultaneous reduction of the metal salts to nanoparticles while core-shell
nanoparticles result from successive reduction of the more noble metal salt followed by the
reduction of the less noble metal salt. The alloy nanoparticles are homogeneously distributed
over the whole volume on an atomic scale; however, the core-shell metal nanoparticles

constitute the core of the structure and the other NP as an external shell.

Bimetallic nanoparticles are of considerable interest since they posses interesting size
depended electrical, chemical and optical properties (Devarajan et al., 2004). They are of
special importance in the field of catalyst, since they often exhibit better catalytic properties
than their monometallic counterparts (Zhou et al., 2006). The structure, composition, and
architecture of bimetallic nanoparticles are defined by many parameters. For example, the
nanoparticle shape (e.g., cuboctahedral versus truncated octahedral) is a distinct structural
characteristic, in addition to the crystal structure (i.e., fcc vs. hcp) (Martin et al.,, 1991;
Schmid, 1995; Aiken and Finke, 1999). Bimetallic nanoparticles with the same composition,
shape, and crystal structure can have different architectures (i.e., spherical fcc Pt-Rh alloys
and core shell NPs) (Alayoglu and Eichhorn, 2008). They are widely used in the development
of electrochemical sensors and biosensors. Recent studies have shown that shape,
structure, composition (Park et al., 2008) and architecture (Zhou et al., 2005; Alayoglu et al.,
2008) are extremely important parameters affecting catalytic activities of bimetallic
nanostructured materials, and, as such, knowledge of these parameters is critical in

understanding the underlying surface science and catalytic chemistry.

2.6.6 Synthesis of Nanoparticles

The synthesis of nanoparticles is a complex process and hence there is a wide range of
techniques available for producing different kinds of nanoparticles. The result is that it is
impossible to generalize all the synthesis techniques currently available. However, broadly

these techniques essentially fall into three categories: (i) condensation from vapor, (ii)
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synthesis by chemical reaction, and (iii) solid-state processes such as milling (Ghosh and
Paria, 2012). By using the above-mentioned techniques, not only pure nanoparticles but also
hybrid or coated nanoparticles (with hydrophilic or hydrophobic materials depending on the
suitability of the applications) can be synthesized (Ghosh and Paria, 2012). Initially
researchers studied single nanoparticles because such particles have much better properties
than the bulk materials. Later, in the late 1980s, researchers found that heterogeneous,
composite or sandwich colloidal particles have better efficiency than their corresponding
single particles; in some cases, they even develop some new properties (Spanhel et al.,
1987; Youn et al., 1988; Henglein, 1989). More recently, there has been a gradual increase
in research activity because of the tremendous need for advanced nanomaterials fuelled by

the demands of modern technology.

Approaches for nanomaterial synthesis can be broadly divided into two categories: “top-
down” and “bottom-up”. The “top-down” approach often uses ftraditional workshop or
microfabrication methods where externally controlled tools are used to cut, mill, and shape
materials into the desired shape and order. For example, the most common techniques are
lithographic techniques (e.g., UV, electron or ion beam, scanning probe, optical near field)
(Subramanian et al., 1998) laser-beam processing (Hong et al., 1997), and mechanical
techniques (e.g., machining, grinding, and polishing) (Dodd, 2009). “Bottom-up” approaches,
on the other hand, exploit the chemical properties of the molecules to cause them to self-
assemble into some useful conformation. The most common bottom-up approaches are
chemical synthesis, chemical vapor deposition, laser-induced assembly (i.e., laser tapping),
self-assembly, colloidal aggregation, film deposition and growth (Sneh et al., 2002; Yoo et
al., 2009), etc. Currently neither the top-down nor bottom-up approach is superior; each has
its advantages and disadvantages. However, the bottom-up approach can produce much
smaller sized particles and has the potential to be more cost-effective in the future because
of the advantages of absolute precision, complete control over the process, and minimum

energy loss compared with that of a top-down approach.

In order to obtain nanoparticles efficiently and effectively, several physical and chemical
methods have been used for synthesizing and stabilizing nanoparticles (Senapati, 2005).
However, the most popular chemical approaches, include chemical reduction using a variety
of organic and inorganic reducing agents, electrochemical techniques, physicochemical
reduction, and radiolysis. Solution-phase reduction method (Pillai and Kamat, 2004) appears
to be of particular interest since they offer the potential of simple operation, controlling the
size of the synthesized nanopatrticles easily. The nanoparticle synthesis usually makes use
of a soluble metal salt, a reducing agent, and a stabilizing agent. The stabilizing agent caps

the particle and prevents further growth or aggregation. Reducing agents such as citrate
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(Pillai and Kamat, 2004) and sodium borohydride (Turkevich et al., 1951; Yee et al., 1999)
are commonly used for the preparation of metal nanoparticles. Since one can control the
growth process by the choice of the stabilizer, it is possible to manipulate the shape and size
of the metal nanoparticles (Pillai and Kamat, 2004).

Various forms of nanostructures such as nanopatrticles, nanospheres or nanocapsules can
be obtained depending upon the method of preparation. Metal nanostructures have been
synthesized in many forms, such as nanorods, nanowires, nanotubes, and shape-controlled
nanocrystals (Ahmadi et al., 1996; Fu et al., 2002; Melosh et al., 2003, Zhao et al., 2004).
The development of new nanostructured materials with optimal physicochemical
characteristics for specific scientific and technological applications has necessarily promoted
the use of chemical methods, which can obtain materials with controlled particle size and
distribution (Morales et al., 2010).

2.6.7 Properties of nanoparticles

There are numerous properties of nanoparticles, among many others, on a nanoscale are
the small size, which leads to an increased surface area to volume ratio and to an increase in
the dominance of the surface atoms of the nanoparticle over those in its interior (Ghosh and
Paria, 2012) and as a result the domain where quantum effects predominate is entered. The
unique optical properties associated with nanoparticles and their composite materials include
a high- or low-refractive index, high transparency, novel photoluminescence properties,
photonic crystal, and plasmon resonance (Jain et al., 2007). The properties of nanoparticles
are not only size dependent but are also linked to the actual shape. Other nanoparticle
physical and chemical properties such as catalytic activity and selectivity (Wang et al., 1997;
Lee et al., 2006), electrical (Lieber, 1998) and optical properties (Stuart et al., 2005; Millstone
et al., 2009) and melting point (Gupta et al., 2008) are also all highly shape-dependent.
Nanoparticles are very different from their bulk materials in their electronic, optical and
catalytic properties originated from their quantum-scale dimensions (Alivisatos, 1996; Israel
et al., 2001). These properties make most nanopatrticles ideal for variety of applications such

as sensors and catalysts.

2.7 Nanoparticles as sensors

The unique physical and chemical properties of nanostructured materials provide excellent
prospects for interfacing chemical recognition events with electronic signal transduction and
for designing a new generation of sensing probes with novel functions and improved sensing

devices, especially electrochemical sensors and biosensors. Nanoparticles of monometallic,
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bimetallic, metal oxide and semi-conductors have been used for constructing electrochemical
sensors, for example, the use of gold nanoparticles modified glassy carbon electrode (Liu et
al., 2008) as an electrochemical sensor for the determination of trace Cr (VI) has been
developed.

Metal nanoparticles provide three important functions for electroanalysis namely improved
mass transport, high effective surface area and catalytic properties (Luo et al., 2006).
Several monometallic and bimetallic nanoparticles have been used as catalysts and
electrocatalyst due to the unique catalytic properties caused by their high surface area. For
example, Tianyan et al., 2003, prepared a highly sensitive H,O, sensor based on the
modification of carbon film electrode with Pt nanoparticles. In other applications, an
electrochemical nitrate sensor was developed by the modification of glassy carbon electrode
with Au-Fe (lll) nanoparticles (Liu et al., 2009). Silver-gold bimetallic nanoparticles
immobilized on the surface of glassy carbon electrode was used in the electrocatalytic
oxidation of glucose (electrochemical glucose sensor) (Tominaga et al., 2008). Both
bimetallic Pt-based alloy nanoparticles and core-shell nanopatrticles have been used as more
effective heterogeneous catalysts in the development of an efficient energy technology (Long
et al., 2011).

Nanoparticles have excellent conductivity and catalytic properties, which make them act as
“electronic wires” to enhance the electron transfer between redox centers in proteins and
electrode surfaces, and as catalysts to increase electrochemical reactions. Oxide
nanoparticles are often used as labels or tracers for electrochemical analysis. Gold
nanoparticles have been used to immobilize proteins through the covalent bonds formed
between the gold atoms and amide groups and cysteine residues of proteins (Gole et al.,
2002). Other nanoparticles such as Pt, Ag, TiO,, ZrO, and bimetallic nanoparticles such as
Ag-Au and Au-Pt alloy nanoparticles have also been applied in the immobilization of
enzymes. Electrochemical immunosensors based on the immobilization of antigen or
antibody with nanoparticles have also been applied extensively. For example, Zhuo et al.,
2005 developed a reagent less amperometric immunosensor based on the immobilization of
a-1-fetoprotein antibody onto gold nanoparticles and the immunosensor exhibited good long-

term stability.

The introduction of nanoparticles with catalytic effects into electrochemical sensors and
biosensors can decrease overpotentials of many analytically important electrochemical
reactions and even realize the reversibility of some redox reactions, which are irreversible at
common unmodified electrode. For example, Ohsaka and Coworkers, Raj et al.,, 2003

developed an electrochemical sensor for selective detection of dopamine in the presence of
26



ascorbic acid based on the catalytic effect of gold nanoparticles on the ascorbic acid
oxidation. This resulted in the decrease of the oxidation overpotential of ascorbic acid and
the effective separation of the oxidation potentials of ascorbic and dopamine, thus allowing
the selective electrochemical detection.

In addition, nanoparticles have been used to fabricate biosensors whereby certain enzymes
have been attached on nanoparticles-modified electrodes. According to Luo et al., (2006)
both monometallic and bimetallic nanoparticles have several functions in electrochemical
sensors and biosensors. For example, an electrochemical biosensor was developed by the
immobilization of superoxide dismutase (SOD) on gold nanoparticles modified indium /tin
oxide film coated glass (Wang et al., 2008). Moreover, Kang and others developed a novel
glucose biosensor based on immobilization of glucose oxidase in chitosan on GCE modified

with gold-platinum alloy nanoparticles (Kang et al., 2007).

However, enzymes usually lack direct electrochemical communication with electrodes since
the active centers are surrounded by considerably thick insulating protein shells, hence
blocking the electron transfer between electrodes and the active centers. Conductivity
properties of nanoparticles, mostly metal nanoparticles at nanoscale dimensions makes them
suitable for enhancing the electron transfer between the active centers of enzymes and the
electrodes. They act as electron transfer “mediators” or “electrical wires” e.g. Ag and Au
nanoparticles, which have good conductivity and have been used to enhance electron

transfer between proteins and electrodes (Liu et al., 2003).

The labelling of biomolecules, such as antigen, antibody and DNA with nanoparticles plays
an increasingly important role in developing sensitive electrochemical biosensors.
Biomolecules labelled with nanoparticles can retain their bioactivity and interact with their
counterparts. Based on the electrochemical detection of those label nanoparticles, the
amount or concentration of analytes can be determined. Metal nanoparticles labels can be
used in both immunosensors and DNA sensors. Gold nanopatrticles are the most frequently
used among all the metal nanoparticles labels available. For example, Limoges’s group
(Dequaire et al., 2000) has reported a sensitive electrochemical immunosensor for goat

immunoglobulin G (IgG) based on a gold nanopatrticles label.

Nanoparticles are chemically more active than the related bulk materials due to their high
surface energy. For example, MnO, is known to catalyze the decomposition of H,O,, while
MnO, nanopatrticles can react with H,O, directly (Xu et al., 2005). However, the application of
the special reactivity of electrochemical sensors and biosensors has not been extensively

studied. Reviewing the literature revealed a need to develop effective detection platforms for
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the monitoring of various pharmaceuticals such as antiretrovirals. This is further necessitated
by the scourge in AIDS pandemic, which has a global effect on human lives. Until recently,
few studies have reported voltammetric techniques for such applications with the
incorporation of bimetallic nanoparticles as detection probes for pharmaceuticals.
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CHAPTER THREE
RESEARCH RESULTS

KINETICS AND MORPHOLOGICAL ANALYSIS OF NANOPARTICLES

3.1 Introduction

This chapter focuses on the synthesis, kinetics and morphology aspect of bimetallic
nanoparticles with their respective monometallic counter parts. The systematic investigation
on the formation of bimetallic nanoparticles between noble metals using a one-pot synthesis
approach was done. Because the synthetic route is crucial in determining the final metal
distributions of bimetallic nanoparticles, the synthesis rationally makes use of the difference
in reduction kinetics of the various metal precursors. Nanoparticles have vast advantages
including magnetic, catalytic and chemical properties. These properties have enabled their
wide application in different fields including development of sensors. This insight provides
details and understanding of the kinetics of particle formation, shapes, size and structural
design. In this respect, the synthesis and kinetics approach is highlighted with much attention

on the variation of the precursor concentrations.

The morphological properties of the synthesized bimetallic Ag-Pt NPs were investigated
through transmission electron microscopy (TEM) techniques. The chapter elaborates further
on the various contributions of monometallic Ag and Pt NPs in the bimetallic Ag-Pt
nanoparticles formation and structural design. The need to control the composition and
structure of metal nanoparticles in order to have certain desired property has been the major
driving force for researchers to study bimetallic nanoparticles. Therefore, understanding the
kinetics of the synthesis of these Ag and Pt metal nanostructures and their structural
arrangement is extremely important considering their numerous potential applications. In this
study, both silver and platinum were used to demonstrate a simple solution-phase method to
synthesize nanoparticles. Further studies on the effect of morphology, size, composition, and
structure of bimetallic Ag-Pt nanoparticles were done on the various synthesized molar

ratios.

The last two decades have seen remarkable progress in nanoscience and nanotechnology,
particularly in the synthesis of metallic nanomaterials, aiming at better materials that have the
desired characteristics in terms of particle size, shape, elemental composition, and chemical

stability, making them invaluable for many applications (Yang and Ying 2009; Sharma and
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Pollet, 2012). Nanosized particles of metals have attracted considerable interest because of
their potential application in catalysis, microelectronics, electronic, and magnetic devices
(Zhu et al.,, 2000) and as such, the synthesis and characterization of various metal
nanoparticles of outstanding practical importance have come into the focus of cutting-edge
research. The development of new nanostructured materials with optimal physicochemical
characteristics for specific scientific and technological applications has promoted the use of
chemical methods, which can obtain materials with good control on particle size and
distribution (Morales et al., 2010).

The study of bimetallic (BM) nanoclusters has received particular interest because of their
myriad properties and applications in optics, magnetism, catalysis, and others, mainly
because of their high tunability and superior features compared with those of their
monometallic counterparts (Ferrando et al., 2008; Greeley et al., 2009; Khanal et al., 2012).
Bimetallic nanostructured materials such as alloy or core-shell nanoparticles (NPs), have
attracted much recent attention because of their novel catalytic, magnetic, and optical
properties, which could offer significant additional advantages over those of their constituent
single metallic materials (Moghimi et al., 2015). The presence of a second metal modifies the
physical and chemical interactions, thus spatial distribution of atoms changes the chemical

and physical properties of the nanopatrticle (Shibata et al., 2002; Feng et al., 2010).

Depending on the elements, relative concentrations, and details of the synthesis method, the
BM may form core-shell structures, heterostructures, and alloy nanocrystals, and this
diversity potentiates the increase of the mass specific activity (MSA) of the nanoparticles
while also minimizing the cost by using precious metals only on the surface of the particles
(Khanal et al., 2014). Based on the atomic arrangements, bimetallic nanoparticles can also
exhibit the structures of ordered/random mixed-alloy (Ferrando et al., 2008) and multishell
nanopatrticles (Baletto et al., 2003; Cheng et al., 2008). They have unique catalytic, electronic
and optical properties distinct from those of the corresponding monometallic particles. The
nature of the bimetallic particles depends on the mode of preparation and the miscibility, and

kinetics of reduction of metal ions (Pal et al., 2009).

The design and synthesis of bimetallic nanomaterials have attracted considerable attention,
since there is a close relationship between structures and properties; the rational controlled
synthesis of bimetallic nanocrystals is of vital importance for their applications (Wickman et
al., 2011; Kang et al., 2012). Although significant progress has been made in the controllable
synthesis of nanocrystals with well-defined composition, structure, size, and morphology in
recent years (Zhang et al., 2009; Cheng and Sun, 2010; Lim and Xia, 2011), more accurate

control over nucleation and growth stages is required to achieve formation of bimetallic
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nanocrystals (Banin, 2007; Hao et al., 2010). Because the properties of bimetallic
nanoparticles strongly depend on their size, structure and morphology (Habrioux et al., 2009;
Chen et al.,, 2011), the design and control of the spatial arrangement of both metals in
bimetallic nanoparticles are critical for exploiting their potential applications (Shi et al., 2013).
In the recent past, much effort has been devoted to the preparation of bimetallic
nanoparticles with controlled composition distribution (Chen and Chen, 2002; Yashima et al.,
2003; Rodriguez-Gonzalz et al., 2005; Camargo et al., 2007; Fan et al., 2008).

Besides UV-visible spectroscopy application in the characterization of metal and
semiconductor nanoparticles with plasmon resonance lines in the visible range, it has been
used to study the kinetics of particle formation (Cai et al., 2004). The shift in characteristic
absorption peaks monitored over time can be used to determine the rate of reaction involved.
For example, Henglein monitored the stepwise growth of silver clusters by spectroscopic
methods (Tausch-Treml et al., 1978). According to his results; growth follows an autocatalytic
reaction pathway that includes adsorption of metal ions and their subsequent reduction on
the surface of the zero-valent metal cluster. These reactions could be described by a first-

order rate equation (Papp et al., 2007).

Solution based synthesis of NPs typically involves the reduction of precursor. However, the
synthesis requires that nucleation and growth deviate from a thermodynamic to a kinetically
controlled pathway by slowing down precursor decomposition or reduction via a weak
reducing agent or by Ostwald ripening (Xia et al., 2009). Furthermore, establishing control
over the size and shape of nanoparticles requires a detailed understanding of the
mechanism and kinetics of precursor reduction and particle growth (Polte et al., 2010).
Because of its simple preparation procedure, the classical citrate method (Polte et al., 2010)
remains one of the most reliable pathways of nanoparticle synthesis and was used as a

model reaction in the present study on Ag-Pt NPs kinetics of formation.

According to a mechanism proposed by Watzky and Fink at the end of the nineteen-nineties,
slow continuous nucleation followed by fast autocatalytic surface growth results in nearly
monodisperse size distribution (Watzky and Finke, 1997). It has been experimentally proven
that stronger reducing agents promote the formation of nuclei with smaller diameters, which
then continue to grow (Leisner et al., 1996). Growth may proceed in two different ways.
Based on one conception, nuclei formed in the first stage join together, whereas another
theory proposes that already solidified particles are further enlarged by collisions with freshly
reduced metal ions. The notion accepted in special literature is that the final size is
determined by the relative rates of nucleation and growth. This notion is the basis of the most

efficient method of nanoparticle synthesis presently known that is controlled colloidal
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synthesis (CCS), which allows arbitrary variation of particle size by varying the ratio of the
rate of nucleation to that of particle growth. Previous studies (Magno et al., 2010; Tojo et al.,
2009) concluded that the nanopatrticle structure is defined by the difference in the reduction
rates only if both reductions occur at the same rate (an alloy is obtained) or if both reductions
have very different rates (a core-shell structure is obtained).

In the synthesis of bimetallic nanopatrticles, the nucleus develops in a particle by building up
new layers, so that the order of deposition of the metals defines the resulting structure. In
most cases, when the synthesis takes place in a homogeneous media, it is assumed that the
ions with a higher reduction potential are reduced first (Toshima and Yonezawa, 1998; Wu et
al., 2001; Feng et al., 2006; Ferrando et al., 2008; Langile et al., 2012;), so the difference in
the reduction potential of two metal ions is the main factor determining the final structure of
the particles: when one of the reduction reactions is faster, the first nuclei are composed of
the fastest reduction product and since the slower reduction product appears later, the outer
layers show a progressive enrichment in the slower one. This effect is more pronounced as

the difference between both reduction rates increases.

The morphology of nanoparticles can normally be studied using transmission electron
microscopy (TEM) in order to establish nanoparticle arrangement and alignments. Past
studies have focused on the control of particles’ size and their self-assembly into various
dimensional lattice structure with the kinetics of evolution, which play a very important role in
self-assembly acquiring relatively less attention. The morphologies of nanomaterials play a
critical role in determining their properties. Several physical properties of nanoparticles can
be tailored for a specific application by controlling the size, shape and morphology of the
nanoparticles (Alivisatos, 1996; Mubarakali et al., 2011). Size provides important control over
many of the physical and chemical properties of nanoscale materials including luminescence,

conductivity, and catalytic activity (Lieber, 1998).

In this chapter, the synthesis of Ag (core)-Pt (shell) nanoparticles via citrate reduction
method is described. The kinetics involved during formation of bimetallic Ag-Pt nanoparticles
was studied and reported using the UV-visible absorption approach. In addition, the
morphological studies of the BM NPs were investigated using TEM and energy dispersive X-
ray (EDX) spectroscopy. The use of EDX line scans allowed us to study the atomic positions
of Ag and Pt, and to compare the structure of the NPs. To the best of our knowledge, this

work has not been reported elsewhere.
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3.2 Experimental

3.2.1 Reagents and Materials

Silver nitrate; AgNOz (Aldrich, 99.9 %), hexachloroplatinate heptahydrate; H,PtCle.6H,0
(Aldrich, 99 %), trisodium citrate; (NasCsHsO-) (Aldrich, 99 %) were used. Deionised water

purified by a milli-QTM system (Millipore) was used for agueous solution preparation.

3.2.2 Preparation of monometallic nanoparticles

Silver nanoparticles were synthesized by the reduction of AgNO; with trisodium citrate
according to described procedures (Sileikaite et al., 2006). A solution of 1.0 mM AgNO; was
heated to boiling in an Erlenmeyer flask. To this solution, 0.1 M Naz;C¢HsO; was added
dropwise. During the process, the solution was mixed vigorously using a magnetic stirrer and
heated until a pale yellow colour was observed. It was then removed from the heating
surface and stirred until it cooled to room temperature. In the case of Pt NPs, the chemical
reduction of H,PtCls-6H,O in aqueous solution was done according to the literature
(Harriman et al., 1988). A solution of 1.0 mM H,PtCls-6H,O was added to distilled water and
heated to 80 °C with stirring in a 250 mL flask. Sodium citrate solution was then added
dropwise with vigorous stirring. The resulting solution was maintained at 80 °C for about 1
hour until the pale yellow solution turned dark brown. It was then removed from the heating

surface and stirred until it cooled at room temperature.

3.2.3 Preparation of bimetallic nanoparticles

A one-pot synthesis approach was used for the synthesis of bimetallic Ag-Pt NPs with
various molar ratios. In brief, a solution mixture of 10 mM H,PtCls.6H,O and AgNOs;, was
added to distilled water followed by dropwise addition of sodium citrate and the reaction
mixture refluxed with the temperature regulated between 90 °C and 95 °C for 1 hour. In
continued synthesis steps, the volume of the mixture was adjusted in order to prepare Ag-Pt
nanoparticles with molar ratios of 1:1, 1:3 and 3:1. A colourless solution was observed in

each case indicating the formation of nanoparticles.

3.2.4 Kinetic studies

UV-visible absorption studies were performed with Cary 300 dual-beam spectrophotometer
using 1 cm quartz cuvette in the wavelength range of 200-800 nm. In order to determine the

rate of the nanoparticles formation, reactions were carried out in glass-stopper flasks fitted
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with a condenser to minimize evaporation. Required amounts of AgNOs;, hexachloroplatinate
and sodium citrate were introduced into the reaction vessel and thermally equilibrated. The
growth process of the nanoparticles was monitored by measuring the UV-visible
spectroscopy of the solution according to the method of Mie, 1908 by the sampling of
aliquots of the aqueous component periodically and the absorbance noted. The progress of
the reaction was followed by taking aliquots at definite time intervals (min) and measuring the
absorbance at 450 nm for Ag NPs and 430 nm (Amax Of yellow colour) for Pt NPs and Ag-Pt
NPs (1:1, 1:3 and 3:1). The apparent rate constants (Kapp, s™) were calculated from the initial
part of the slopes (between 0 min and 40 min) with an absorbance and fixed time method as
similarly discussed by Huang et al., 1993 and Hussain et al., 2011.

3.2.5 TEM and XRD measurements

The particle size distribution studies of the NPs were performed using a high resolution
transmission electron microscope (HRTEM) from Tecnai G2F20 X-Twin MAT (US). For TEM,
samples were prepared by placing a drop of working solution on a carbon-coated standard
copper grid (300 mesh) operating at 80 kV. An EDX analyzer attached to the TEM operating
in the transmission electron microscopy (TEM) mode was used to analyze the chemical
compositions of the synthesized nanoparticles. The X-ray diffraction (XRD) studies of the
NPs was performed by using a Bruker AXS D8 Advance diffractometer with Cu-Ka radiation
over the scanning range 26 = 20° - 90° at a voltage of 40 kV and 40 mA. The nanoparticles
were typical in slurry liquid forms. Approximately 2 mL of the nanoparticles were dropped on
a copper plate and dried.

3.3 Results and discussion

3.3.1 Kinetic analysis of nanoparticles synthesis

The kinetics of particle formation was monitored based on the synthetic steps involved during
formation of nanoparticles. Within 5 minutes (labelled as 5 min) of boiling, an absorption
band developed around 450 nm in Ag NPs (Figure 3.1a). The peak was low in intensity and
very broad. According to literature, broad peaks in the beginning of formation are attributed
to very small particles (seeds) (Krylova et al., 2005). The absorption band intensity increased
with increase in time (Figure 3.1a) due to continuous reduction of Ag® ions. After about 25
minutes, Ag® formation slows down with maximum absorbance observed around 30 minutes
similar observations have been reported (Sileikaite et al., 2006). The wavelength of Ag NPs

absorption band (450 nm) was not altered in the course of the reaction (Figure 3.1a).

52



0.2541 (a) ——0 min ——0min
- —— 10 min
i 0.75- — 20 min
—— 30 min
0.204 ) —— 40 min
—— 50 min
] [ —— 60 min
g 0.154 g 0.50 ——70 min
—— 80 min
'E 'g ——90 min
3 7] —— 100 min
2 S04 2 025\ —— 110 min
g | ——120 min
— 130 min
0.054 . —— 140 min
0.00+
0.00 +—p—-r—p-or-—vp-r—vp—vr—v—r —
300 400 500 600 700 800 400 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)
1.0
(C) ——0 min
——5 min
—— 10 min
0.8+ Light yellow —— 15 min
$ —— 20 min
3 Pale yellow ——— 25 min
g 0.6- Black
g Brown
a .
< 044 l.lghtbrown
Colourless
0.2-

300 400 500 600 700 800
Wavelength (nm)
Figure 3.1. UV-visible spectra displaying time evolution of the formation of (a) Ag NPs; (b) Pt
NPs and; (c) Ag-Pt NPs 1:1.

For the Pt NPs, the precursor peak observed during the beginning of reduction at around 430
nm was used to study the formation of Pt NPs by monitoring the decrease in its absorption.
The disappearance of the PtCls* absorption band successfully confirmed synthesis of the Pt
NPs after 2 hour 20 minutes (Figure 3.1b) as similarly reported (Hrapovic et al., 2006). In the
case of the bimetallic Ag-Pt NPs 1:1 formation, the spectra readings were taken after every 5
minutes. Notable colour changes were observed during reduction from light yellow during
initial mixture of both Ag and Pt precursors to colourless solution, which indicated formation
of the BM Ag-Pt NPs 1:1 (Figure 3.1c). Further reduction resulted to no significant changes in
the spectrum (Figure 3.1c). Although both Ag and Pt precursors were heated in one-pot
synthesis, the Ag precursor was preferentially reduced because the reduction of Ag was

kinetically more facile (Liu et al., 2014). Fast kinetics resulted in the formation of Ag
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nanoparticles, which seeded the subsequent deposition of Pt as similarly reported elsewhere
(Liu et al., 2014).

The surface plasmon absorption peak of Ag NPs is extremely sensitive to the presence of
the transition metals and this explains the decreasing absorbance after 25 minutes of co-
reduction with Pt precursor (Figure 3.2). This decreasing trend in absorption at 430 nm
during reaction was monitored as a function of time in order to understand the sequence of
steps that lead to the bimetallic Ag-Pt NPs 1:1 formation. The intensity of Pt precursor
absorption band gradually decreased over the reaction time, indicating a possible gradual
increase in the surface coverage by Pt NPs on the Ag NPs SPR. Weak but detectable peak
could still be observed at 15 minutes (Figure 3.1a). This was associated with either a small
fraction of exposed Ag surface or a damping effect on its SPR due to possible shelling of Pt
NPs. Similar results to Ag-Pt NPs 1:1 was obtained with the formation of other BM Ag-Pt
NPs.

3.3.2 Determination of the Rate of Reduction

From the UV visible analysis of each NP, plots of absorbances measured at specific

wavelengths were made against time (Figure 3.2). We characterized the rate of the reduction
process as a whole by the slope of the initial section of the absorbance versus time function.
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Figure 3.2. (a) Absorbance versus time plots for various NPs, (b) Plots of In(l_) as a

function of reaction time (initial time of reduction).
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The apparent rate constants (K.p,) Of particle formation were determined and the
absorbances versus time functions are summarized in Figure 3.2b where a represents
absorbance. For a kinetic reduction of NPs formation reported in this study, the reduction
rates were found to increase with increasing boiling time. Huang et al., 1993, observed
similar kinetic results. The apparent rate constant (Kap,) Was considerably high in the case of
Ag-Pt NPs 1:1 (Figure 3.2b). The K.y, value was high in Ag NPs relative to Pt NPs with
increasing time indicating fast reduction in Ag NPs with respect to monometallic NPs. The
reaction time for the reduction process at boiling temperatures was found to be important for
achieving complete reduction.

The kinetic data for all the NPs were fitted to first order rate equations as shown in Figure
3.2b and revealed that the reduction fit much better to first order kinetics with good
correlation coefficients. The course of the Ag NPs kinetic curve in Figure 3.2, started with a
sharp rising and finally reaching maximum as similarly reported (Papp et al., 2007). Past
study by De Dios et al., 2009 reported similar time of particle formation at 30 minutes. The
course of the function for Pt NPs revealed a slow induction process initially and later the
process accelerated. The initial phase of the reaction was relatively slow and proposed to
correspond to nucleation since no considerable increase in absorbance was observed. The
process was complete in about 2 hours, since absorbance remained nearly constant. In the
case of Ag-Pt NPs 1:1, the reduction process followed an exponential function (Figure 3.2).
The decrease in the precursor absorbance (Anax Of pale-yellow colour 430 nm) with boiling

time was found to be relatively fast (30 minutes) in the particle formation.

3.3.3 Optical studies

The optical properties of nanoparticles vary with their composition, as observed in the
photographs colour variations in Figure 3.3. During synthesis, the change of the colourless
reaction mixture to characteristic pale yellow (Ag NPs) and dark brown (Pt NPs) colours
clearly indicates the formation of the NPs (Figure 3.3). This confirmed that the sodium citrate
moieties were attached to the surface of NPs in solution during synthesis. Metallic
nanoparticles have characteristic optical absorption spectrums in the UV-visible region
(Wang et al.,, 2007). In the case of Ag NPs, the colour of the solution was due to the
excitation of surface plasmon vibrations in the silver nanoparticles (Figure 3.3). Ag NPs are
known to have a SPR band in the visible range. The broad peak at 450 nm was due to
surface plasmon (Basak et al., 2006), which arise from the collective oscillations of valence
electrons in the electromagnetic field of incident radiation and is characteristic of Ag

nanoparticles and was close to the values reported (Lu et al., 2007).
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In the case of Pt NPs, (Figure 3.3), the change in color of the solution from pale yellow to
dark brown after the addition of reducing agent indicates the formation of Pt NPs. The
precursor ion (PtCls®) exhibited a peak under UV-visible spectra (Figure 3.3) around 430 nm
(Morales et al., 2010) arising due to the d-d transition (Grant et al., 2005) in the visible
region, which disappeared upon complete reduction indicating no characteristic peak as
similarly observed (Morales et al., 2010), signifying complete reduction of Pt ions to metallic

atoms.
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Figure 3.3 Absorption spectra of Ag, Pt and Ag-Pt 1:1 nanoparticles and digital photographs
(inset) of Ag, Pt and BM Ag-Pt 1:1 nanoparticles.

Optical absorption spectra of BM Ag-Pt NPs 1:1 showed no plasmon band (Figure 3.3)
depicting a chemical formation between the metals. The Ag-Pt NPs prepared in various
molar ratios solutions were free of precipitates. This ruled out the formation of AgCI that
could have resulted from addition of chlorine-containing compound like H,PtCls.6H,O and
solution containing Ag” ions. From the spectra of BM Ag-Pt NPs 1:1, it was observed that for
all the studied molar ratios, the plasmon band at 430 nm vanished instantly as similarly
discussed (Patel et al.,, 2005). It was clear that the presence of Pt NPs even in small
gquantities strongly affects the spectrum of Ag NPs (Figure 3.3) since the surface plasmon
resonance of Ag NPs is extremely sensitive to the presence of transition metals (Patel et al.,
2005).
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Under these experimental conditions, the optical absorption measurement alone could not
establish whether Ag NPs and Pt NPs formed an alloy or a core-shell structure and this did
not rule out the possibility of either NPs structures. However, our optical absorption spectra
rule out the possibility of the formation of isolated Ag NPs clusters, which would otherwise
give rise to Ag surface plasmon absorption peak in the various ratios. Similar argument was
noted by Patel et al., 2005.

3.3.4 Transmission electron microscopy

Morphological studies of the prepared NPs were done to confirm particle size and structural
alignment. Typical HR-TEM images with low magnifications for Ag, Pt and Ag-Pt BM NPs
ratios (1:1, 3:1 and 1:3) samples are depicted in Figure 3.4a and b respectively. The Ag NPs
showed uneven spheres of sphere-stacked aggregation (Hsieh et al., 2011), as observed in
Figure 3.4a. The aggregation in Ag NPs formation can be ascribed to the fact that as-grown
Ag sphere easily combines with neighbouring spheres at higher temperatures during the
reduction period, generating bulky silver islands (Hsieh et al., 2011). Larger Ag nanoparticle

aggregates were also present with the average diameter of 60 nm.

Even though Ag NPs had a larger particle size, BM Ag-Pt NPs ratios particle sizes were
dependent on outer Pt NPs (shell). De Dios et al., 2009 argued that slower reaction results to
more NPs growth as longer time was taken during formation, which explains the high density
of the Pt NPs (Figure 3.4a) in our case. TEM images of the bimetallic nanopatrticles displayed
a core-shell contrast and have a bright central part and dark out part indicating the formation
of core-shell nanostructure, where the bold central part corresponds to the expected Ag core
(seed) and the chain like out part to the Pt shell. The micrographs readily identified the

components of bimetallic nanoparticles (core-shell).

The Pt shell particles are denser compared to the Ag core in all BM Ag-Pt nanostructures
judging by its distribution with respect to the particles as shown in Figure 3.4. The Pt NPs
particle size was much smaller than Ag NPs as observed (Figure 3.4). The reduction on the
Pt precursor surface to the Pt shell around Ag NPs explains the effect of size variation
majorly contributed by the Pt shelling effect. This leads to reduction in the particle sizes of
BM Ag-Pt NPs ratios. This study reported the average sizes of Ag NPs, Pt NPs and
bimetallic Ag-Pt NPs as shown in Table 3.1.
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Figure 3.4. TEM micrographs of (a) Ag NPs; (b) Pt NPs nanoparticles, Ag-Pt nanoparticles in
the ratio; (c) 1:1; (d) 1:3; and (e) 3:1 with their corresponding SAED image patterns.

58



Table 3.1. Comparison of particle sizes of synthesised the NPs from TEM

Nanoparticles Particle size £ SD (nm)
Ag 60.0+9.4
Pt 2505
Ag-Pt (1:1) 20.7 £ 9.0
Ag-Pt (1:3) 25.0 5.0
Ag-Pt (3:1) 21.7+7.6

A representative detailed section of the selected area electron diffraction (SAED) image in
Figure 3.4a and b further corroborates the crystalline nature of these metal nanoparticles. At
these higher magnifications, the crystalline nature of silver cores is visible by the appearance
of lattice fringes. Electron diffraction reveals that the Ag and Pt bimetallic nanopatrticle are
crystalline with face-centred cubic (fcc) packing arrangements of bulk metals. As can be
seen in Figure 3.4b, presence of rings patterns in the SAED reveals the single face-centred
cubic (fcc) crystalline nature of the spherical nanoparticles with a preferential growth direction
along the Ag (110), (200), (220), (311) and (331) planes as similarly reported (Hussain et al.,
2011; Vidhu and Philip, 2014). The SAED pattern from BM NPs show ring pattern of
randomly overlapped and sharp diffraction spots, from the crystalline Ag-Pt nanoparticles.
The rings observed in SAED patterns correspond to the (111), (200), (220) and (311) face-
centred cubic (fcc) planes, which are similar to the reported planes in Pt-based alloys
(Leteba and Lang, 2013).

The size of the particles obtained from TEM analyses were in the range of 2 nm to 60 nm.
However, when AgNO4/PtCls> molar ratio was introduced, the particles obtained had a
slightly larger average diameter of about 20 nm in the final particles formed with core shell
aligned pattern. The large difference in particle morphology could be due to the surface
segregation for the different compositions or a change in the growth kinetics with
AgNO4/PtCls> molar ratios. Such interaction can be sensitive to the concentration of

precursors and reaction condition.

EDX analyses together with elemental composition of the elongated nanoparticles were
carried out using the TEM showing characteristic peaks of the nanoparticles. In this study,
EDX was used to verify the presence of silver and platinum NPs in their respective
suspensions purified by ultracentrifugation. Sharp strong signal in the silver region of
between 2 and 4 keV (Jang et al., 2011) due to SPR confirmed the presence of elemental

silver of the Ag NPs (Figure 3.5) thus giving confidence that silver has been correctly
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identified. The emission energy at 3 keV indicates the reduction of silver ions to element of

silver.
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Figure 3.5. EDX characterization spectra obtained for Ag, Pt and Ag-Pt 1:1, 1:3 and 3:1

nanoparticles.

For Pt NPs EDX spectra, characteristic signals around 10 keV was noted as similarly
observed (Jang et al., 2011; Feng et al., 2014), which confirmed presence in the NPs
suspension. In EDX for Ag-Pt core-shell (1:1, 1:3 and 3:1) NPs spectra, one can clearly see

five peaks located between 2 keV and 4 keV. The maximum located on the left part of the

spectrum at 0.2 keV clearly comes from carbon. The hardly visible maximum located at 0.5

keV is connected with the oxygen characteristic line. The carbon and oxygen spots in the

examined samples confirm the presence of stabilizers composed of alkyl chains. The peak

was obtained at the energy of 3 keV for silver and some of the weak signals for C, O, Cl, Al,
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and Na were observed. The characteristic signal for Pt was equally visible confirming
presence of Pt NPs. The EDX results clearly showed the nanoparticle suspensions were

composed of the synthesized metal nanoparticles.

Table 3.2. Compositions of Ag-Pt core-shell nanostructures based on atomic weights from EDX

AgNO3/(PtCl,)** Ag-Pt core-shell NPs

feeding molar ratio Ag (atomic %) | Pt (atomic %) | Atomic Composition
11 1.12 0.81 AgsPt;

1:3 0.03 0.16 Ag;Pts

31 0.87 1.31 AgsPts

The atomic percentage and composition of the bimetallic NPs were obtained based on EDX
analysis. The atomic percentage of Ag and Pt in the resultant Ag«Pt, nanoparticles was
slightly higher than that in the precursors fed into the reaction mixtures, suggesting the
amount of unreacted precursors was fairly low (Table 3.2). Although the atomic ratios of Ag
and Pt in the core shell nanoparticles were found to vary, core shell formation was good, as
evidenced by TEM micrographs.

3.3.5 X-ray Diffraction studies

Figure 3.6 shows the XRD patterns of monometallic silver, platinum nanoparticles and
bimetallic Ag-Pt nanopatrticles. The phase of prepared films has been investigated by X-ray
diffraction method and corresponding XRD pattern is shown in Figure 3.6 (a to e). XRD
pattern of Ag NPs (Figure 3.6 a) has shown clear peaks of characteristic face centered cubic
planes at 30.08° (111), 44.18° (200), 64.30° (220), 77.23° (311) and 81.59° (222) as similarly
reported (Peng and Yang, 2008). Thus indicating the crystalline structure of silver
nanoparticles. The XRD spectrum of Pt NPs contains multiple peaks that are clearly
distinguishable, the peaks with 26 values of 33.89°, 45.78°, 66.58° and 84.22° corresponding
to the 111, 200, 220, and 222 crystal planes of face-centered cubic (fcc) structure
respectively as reported (Jingyu et al., 2007; Yang et al., 2008). In the Pt NPs diffraction
pattern the broad peak observed at about 24° 20 belonged to the graphitic carbon used as
the support. In contrast, the XRD patterns of the bimetallic Ag-Pt NPs (Figure 3.6 c to €) are

a superimposition of the two components of Ag core and a relatively crystalline Pt shell.
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Figure 3.6. XRD patterns of (a) Ag NPs (b) Pt NPs and BM Ag-Pt NPs (c to e) (1:1, 1:3 and
3:1) respectively.

All three bimetallic Ag-Pt nanoparticles showed common diffraction peaks around 26 angles
32.85°, 45.77°, 66.58° and 76.85° that could be indexed to (111), (200), (220) and (311)
planes of a face-centered cubic (fcc) lattice. In the XRD patterns for BM NPs, all the peaks
were double peaks except the (111) planes as a result of the close proximity of the Ag and Pt
peaks. Which reflected the fact that the resultant crystalline phase of the bimetallic NPs was
intact throughout. Other diffraction peaks observed were attributed to the support material
used during analysis. The diffraction pattern of the three bimetallic Ag-Pt nanoparticles
displayed mostly the reflection characteristics of both Ag and Pt NPs fcc structure, and the

diffraction peaks were shifted slightly to higher 26 values relative to the same reflections on
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monometallic factions. The relative peak intensities increased in the diffraction patterns of
BM Ag-Pt nanoparticles. The peak positions were slightly shifted in the BM NPs ratios,
suggesting some atomic interaction in Ag-Pt bimetallic. The diffraction peaks of bimetallic
NPs had higher 26 angles than those for pure monometallics and moved to high angles with
the increase of Ag in the molar ratio (3:1). This shift to higher 26 angles was indexed to lower
d spacing possibly due to the inter-atomic interactions, which result in structural
transformation in the bimetallic NPs altering the d-spacing arrangement.

3.4 Conclusion

Synthesis of bimetallic Ag-Pt NPs ratios was successfully achieved by varying amounts of
silver nitrate and hexachloroplatinate precursors resulting in core-shell morphologies
consisting of Ag core and Pt shell. Fast kinetics based on rate constants was observed in
both Ag NPs and Ag-Pt NPs 1:1 formation relative to Pt NPs with the kinetics of particle
formation best fitted to first order reaction. The bimetallic NPs were chemically formed as
confirmed by optical absorption spectroscopy. The optical band gap of the Ag-Pt NPs was
found to be within 3.75 to 3.77 eV range, which was higher than that corresponding
monometallics indicating the existence of strong quantum confinement. Size dependence of
efficient UV absorption spectra of various NPs sizes give evidence for the quantum
confinement effect. A size-dependent opening of the band gap for nanoparticles gives
numerous new opportunities for their use in industrial applications. The TEM data confirmed
the formation of Ag-Pt core-shell nanoparticles with Ag (core)-Pt (shell) alignment while EDX
analysis confirmed the chemical nature of synthesized Ag-Pt core shell nanoparticles. XRD
results confirmed the formation of bimetallic Ag-Pt NPs with crystallinity observed in all the

synthesized nanoparticles.
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CHAPTER FOUR

ELECTROCHEMICAL CHARACTERIZATION OF NANOPARTICLES MODIFIED
ELECTRODE

4.1 Introduction

This chapter focuses on the electrochemical behaviour of synthesized nanoparticles (NPs)
by paying attention on their ability to undergo various redox reactions. This insight opens up
to the possible exploitation of these NPs as potential chemical sensor materials based on
their electroactivity. Many of the unique physicochemical properties at the nanoscale, such
as optical, magnetic and electrical properties can be explored in various applications such as
development of sensors. This can be achieved through the fabrication of a wide range of
electrochemical sensors that exhibit improved analytical capacities. In this chapter, the
fabrication and characterization studies of such electrodes are outlined, and described.
Further studies in this chapter looked into the electrochemical band gap of bimetallic
nanofilms and provide an insight into its correlation with optical band gap. The energy gap
between valence and conduction band is of fundamental importance for the properties of a
material. Most of a material’s behaviour, such as intrinsic conductivity, optical transitions, or
electronic transitions, depends on it. Any change of the gap may significantly alter the
material’'s physics and chemistry. This occurs when the size of a material is reduced to the
nanometer length scale (Sattler, 2002). Therefore, the science and the technology of
nanomaterials need to take into account a band gap, which is different from that of the bulk.

Surface modification of conventional electrodes for enhanced current response is very
important in developing a stable and highly target specific interface. Fundamental studies of
such modified electrodes have also provided a better insight into the nature of charge
transfer, charge transport processes in the thin films and changes in diffusion towards their
altered surfaces amongst other properties. Chemically modified electrodes (CMEs) have
sparked considerable interest in analytical chemistry with respect to catalysis,
electrochemical detection of organic compounds, and chemical sensor development. With
the pioneering work by Lane and Hubbard, over 20 years ago, involving chemisorbed metals
on platinum electrode surfaces, numerous methods have been developed to immobilize

compounds on electrode surfaces (Lane and Hubbard, 1973).
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Several modification techniques of electrode surfaces include covalent attachment, spin
coating, and electropolymerization. Deliberate chemical alteration of the electrode surface
may result in a more favourable interaction between an analyte and electrode surface by
changing the thermodynamic and kinetic behaviour of reactants, products, or intermediates
involved in the redox transformation (Brown and Gray, 2010). Controlled modification of the
electrodes produce surfaces with new and interesting properties that may form the basis of
new applications in electrochemistry and novel devices. These new electrodes possess
properties, which can be exploited to lay a foundation for new and interesting applications
and devices such as electrochromic displays and sensors (Wang, 1996).

The electrochemical methods using chemically modified electrodes (CMEs) have been
widely used as sensitive and selective analytical methods for the detection of the trace
amounts of biologically important compounds (Zheng and Song, 2009; Ganjali et al., 2010).
One of the most important properties of CMEs has been their ability to catalyze the electrode
process via significant decreasing of overpotential with respect to unmodified electrodes. By
relatively selective interaction of the electron mediator with the target analyte in a
coordination fashion, these electrodes are capable of considerably enhancing the selectivity
in the electroanalytical methods (Mazloum-Ardakani et al., 2010). Modified electrodes have
been developed to minimize large overpotentials (AitRamdane-Terbouche et al., 2014). In
addition, CMEs have helped overcome problems arising due to electrode fouling
(Manjunatha et al., 2009). Electrodeposited metal nanoparticles modified electrodes possess
interesting electrochemical activities for the detection of various types of chemical
compounds and biomolecules (Selvaraju and Ramaraj, 2005). Not only limited to single
metal nanoparticles, bimetallic nanoparticles also hold the special electrochemical behaviour
for the detection of important compounds (Luo et al., 2006). Noble metal nanoparticles have
been more favourable and much utilized for the electrode modification process (Thiagarajan
and Chen, 2007).

The rapid development of new nanomaterials and nanotechnologies has provided many new
opportunities for electroanalysis. In electrochemical sensing techniques, the development of
nanomaterials (Aragay et al., 2012) and signal amplification strategies (Justino et al., 2013)
has significantly improved their detection capability. Nanoparticles exhibit high
electrocatalytic activity because of their miniaturized size. The surface area increases due to
the reduction in size. Materials with high surface area to volume ratio react at much faster
rate as more surface area is exposed for reaction and have an effect on enhanced mass
transport characteristics (D’Souza et al., 2015). Redox active metal nanoparticles such as

Ag, Pt, Pd and Ir have been used as catalyst for the electro-oxidation of H,O, (Chakraborty
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and Raj, 2009: Ojani et al., 2010). These unique properties of nhanoparticulate materials can

be exploited to enhance the response of electroanalytical techniques.

Metal nanoparticles provide three important functions for electroanalysis. These include the
roughening of the conductive sensing interface, the catalytic properties of the nanoparticles
permitting their enlargement with metals and the amplified electrochemical detection of the
metal deposits and the conductivity properties of nanoparticles at nanoscale dimensions that
allow the electrical contact of redox-centers (Zheng et al., 2009) with electrode surfaces. In
addition, metal and semiconductor nanoparticles provide versatile labels (Jingyu et al., 2007)
for enhancement of sensitivity in electroanalysis. These unique functions of nanoparticles
were employed for developing electrochemical gas sensors, electrochemical sensors based
on molecular or polymer functionalized nanoparticles sensing interfaces, and for the
construction of different biosensors including immunosensors and DNA sensors (Gao et al.,

2009) and enzyme based electrodes (Can et al., 2009).

Generally, nanoparticle modified electrodes present advantages when compared with macro
electrodes: High effective mass transport catalyzes and controls the local environment (Katz
et al., 2004). Nanoparticle modified electrodes allow convergent rather than linear diffusion,
which results in a higher rate of mass transport to the electrode surface (Simm et al., 2005).
On the other hand, the catalytic properties of some nanoparticles cause a decrease in the
overpotential needed for a redox reaction to occur (Raj et al., 2003). Metal nanopatrticles,
especially noble metal nanoparticles-modified electrodes usually exhibit high electrocatalytic
activities towards the compounds, which have sluggish redox process at bare electrodes
(Huang et al., 2008). Besides provision of more active sites on the electrodes surface, NPs
have exceptional electrocatalytic characteristics, which make them suitable modifiers for the
construction of electrodes. The properties of NPs such as enhanced mass transport and the
promotion of electron transfer in redox reactions in combination with the proposed synergistic
adsorption property of modifiers contribute to the enhancement of current in NPs modified

electrodes.

The modification of electrode surfaces with redox-active metal nanoparticles has led to the
development of various electrochemical sensors. For example, silver nanoparticles have
attracted growing interest in constructing electrochemical sensors due to its conductivity and
excellent catalytic activity (Lu et al., 2011). Previous studies indicated that, Pt nanopatrticles
could increase the surface area and are conducive for electron transfer with strong catalytic
properties. As a result, platinum nanoparticles have been an intensive research subject for
the design of electrodes (Pronkin et al., 2001). Electrodeposited nanostructured Pt films onto

microelectrodes enhanced mass transport characteristics (Birkin et al., 2000) and are shown
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to be excellent amperometric sensors for H,O, over a wide range of concentrations (Evans et
al., 2002). Kim et al. developed a composite hybrid electrode containing Pt-based
nanoparticles and nanowires, which they characterized in terms of its electrocatalytic
activities (Kim et al., 2010), and have attracted more and more interests as transducer in
sensors (Birkin et al., 2000; Hrapovic et al., 2004).

Electrochemical sensors based on nanomaterials such as, silver (Rena et al., 2005) and
platinum (You et al., 2003) have been widely used in environmental, food and clinical fields
owing to the inherent properties such as portable size, high sensitivity, and high selectivity
(Wu et al., 2006). For example, Chen et al. (2007) deposited Pt nanoparticles on carbon
nanotubes by pulsed electrodeposition, the prepared electrode maintained a good catalytic
activity to oxygen and hydrogen peroxide; Selvaraj et al. (2009) prepared electrodes by
mixing the Pt or Pt-Pd nanoparticles with carbon nanotubes, the modified electrode exhibits
well electrocatalytic activity towards formic acid and formaldehyde oxidation. Various
nanoparticles of Pt (Rong et al., 2007), Au/Ag (Tominaga et al., 2008), Au/Pt (Jin and Chen,
2007) and Pt/Ir (Hindle et al., 2008) have been used to fabricate non-enzymatic glucose

sensors, and have shown good catalytic activity.

Various electrochemical properties such as the kinetic characteristics of the modified
electrodes have been investigated using cyclic voltammetry (CV). The importance of surface
coverage in the electrochemical behaviour of our modified electrodes as well as its effects on
standard rate constant of the surface reaction (ks) and A E, obtained from Laviron’s equation
are important parameters in their various applications. These parameters are commonly
used as criteria for the effectiveness of a mediator since their values determine the electron
transfer kinetics between the modifier and the electrode, observed current limitations (kinetic
or diffusion limited), status of the immobilised species or their interaction with the support
(Prodromidis et al., 2000). Furthermore, uneven surface coverage would passivate the
electrode surface and slow down the electron transfer processes at the electrode surface

unlike uniform surfaces. Therefore, knowledge on these parameters is of great need.

Nanoparticles have most of their atoms at surface positions. A surface is a strong
perturbation to any lattice, creating many dangling bonds. These unsaturated bonds are
energetically unfavourable. The particles can lower their free energy by side- and back-
bonding of these bonds. A high concentration of deep and shallow levels can occur at the
surface of nanopatrticles, and these may act as electron hole recombination centers (Sattler,
2002). The distribution of surface states is discontinuous for small clusters, but can be
continuous for nanoparticles, where the surface consists of several facets. When electrons or

holes are within a diffusion length of the surface, they will recombine, with transitions through
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a continuum of states being non-radiative (Sattler, 2002). Nanopatrticle films are interesting
from many points of view. They still may have many properties of the free nanoparticles. The
coupling between the particles however leads to interface formation, which can result in
changes of electronic and optical properties. The particles in the films can form ordered
lattices with translational symmetry. The type of order can be due to the coupling to the
substrate or due to the interaction between the particles.

Cyclic voltammetry (CV) is an easy and effective technique for studying the electroactivity of
nanofilms and to determine the oxidation and reduction potential values. Cyclic voltammetry
is also one of the most useful methods to estimate the band gap energies (D’Andrade et al.,
2005). Under CV, the oxidation and reduction peaks can be correlated directly to electron
transfer at highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO), respectively (Haram et al., 2001). These processes can be measured using
CV method by measuring the redox potentials E,q and E.. These values can be used to
evaluate the ionisation potential (I,), the electron affinity (E,), and the gap between the
HOMO and LUMO, often called the band gap. Knowledge of such values is important in
selection of suitable materials for solar cell devices. Selection of hole- or electron-
transporting materials in the fabrication of light emitting diodes will also benefit (Bredas et al.,
1983; Janietz et al., 1998; Meng et al., 1999; Liu et al., 2000; Inbasekaran et al., 2000; Pei et
al., 2000; Liu et al., 2001; Pei et al., 2001; Charas et al., 2003).

Optical spectroscopy studies of nanoparticles demonstrate their atom like discrete level
structure by showing very narrow transition line widths (Norris et al., 1994; Leon et al., 1995;
Empedocles et al., 1996; Norris and Bawendi, 1996; Banin et al., 1997; Banin et al., 1998).
Optical techniques probe the allowed transitions between valence band and conduction band
states for nanoparticles, which do not have defect or impurity states in the energy gap.
Interpretation of optical spectra often is not straightforward and needs correlation with
theoretical models (Ekimov et al., 1993; Fu and Zunger, 1998; Fu et al., 1998). A method for
probing the band structure of nanoparticles is to measure the optical absorption or
luminescence spectrum. In the absorption process, a photon of known energy excites an

electron from a lower to a higher energy state (Sattler, 2002).

The comparison of the band gap determined from the CV data with those obtained from
other simple methods like optical absorption spectroscopy has been reported in literatures
(Cervini et al., 1997; Beaupre and Leclerc, 2002; Johansson et al., 2003; Muhlbacher et al.,
2003;). Murray and co-workers observed a similar correlation between the optical band-gap
and the electrochemical potentials for quantized thiol-protected gold particles (Chen et al.,

1998; Templeton et al., 2000). Detailed understanding of the electrochemical and optical
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properties of metal nanoparticles band gap is important from a fundamental science point of
view and knowledge gain such as valuable insight into the structural size effects of the new
materials as possible conductors or electrocatalysts. Quantum confinement that manifests
itself in widening of the band gap increases with decreasing crystallite size and its
implications on the electronic structure of the crystallites has generated considerable interest
(Fujishima and Honda, 1972). Generally, band gap is reported to be size dependent and
increases with smaller particle diameter (Wang et al., 2000). The quantum size effect (QSE)
predicts the formation of a band gap with decreasing particle size for metals and widening of
the intrinsic gap for semiconductors (Sattler, 2002). In this chapter, we investigate the
influence of the nature of the nanofilms on the optical and electrochemical properties of band
gap systems. Their optical absorption spectra, oxidation and reduction potentials, were
investigated in detail. Clear correlations between the nature of the band gap and the HOMO
and LUMO levels are affirmed. The band gaps were determined by electrochemical and
optical absorption measurements and both compared with the theoretical calculation from the
Tauc and Bredas models. However, direct observation of the band gap variation upon

particle size from UV-visible and electrochemistry is relatively rare.

This study reports and explores the various electrochemical properties due to surface
modification of GCE electrode by comparison with bare GCE. The contribution of each
monometallic nanofilm in the bimetallic ratios was investigated at the GCE surface and
discussed. These bimetallic Ag-Pt core shell nanoparticles exhibit the desired properties
whose effects on electron transfer within the nanofilms were examined in phosphate buffer
solutions. Each experiment in alkaline solution shows distinct redox characteristic, indicating
that these nanopatrticles prepared by simple drop-cast method can be used as potential
electrode modifiers for enhanced sensitive in electrodes. To the best of our knowledge, no
study has reported the electrochemical characterization of Ag-Pt core shell nanoparticles
modified glassy carbon electrodes.

In this work, we determine experimentally and by comparison, the variation of the energy gap
for the bimetallic nanoparticles. We consider nanoparticles of metals, with sizes typically
smaller than 10 nm, which is the range where size effects become observable. To
demonstrate the quantum size effects in these metal nanoparticles, the particles were
suspended in water and the UV absorption spectra recorded. To substantiate our results an
attempt is also being made to estimate the size dependent band gap shift, Thus, the band
structure parameters for Ag-Pt BM NPs in the size range of 20 nm to 25 nm were determined

using CV and the results were compared with Tauc calculations for the optical gaps.
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4.2 Experimental

4.2.1 Reagents and materials

Silver nanoparticles (Ag NPs), Platinum nanoparticles (Pt NPs) and bimetallic Ag-Pt NPs
ratios (1:1, 1:3 and 3:1) were used as synthesized in chapter 3. The solutions were prepared
from analytical grade reagents and water distilled and purified in a Millipore system. Alumina
micropowder and polishing pads were purchased from United Scientific (SA) and used for
polishing of the GCE. Analytical grade nitrogen (Afrox, South Africa) was bought and used
for electrochemical studies.

4.2.2 Instrumentation

Electrochemical measurements were done using Autolab PGSTAT 101 (Metrohm, South
Africa). All electrochemical experiments were carried out in 0.1 M Phosphate buffer solution
(PBS) pH 7.0, purged with high purity nitrogen gas for 5 min and blanketed with nitrogen
atmosphere during measurements. A conventional three-electrode system consisting of
glassy carbon electrode (GCE) was used as the working electrode (A = 0.071 cm?), a
platinum wire (3 mm diameter) from Metrohm SA and Ag/AgCl (3 M KCI) electrodes from
BAS were used as auxiliary and reference electrodes respectively. All potentials were quoted

with respect to Ag/AgCI. The experiments were carried out at room temperature (25 °C).
4.2.3 Optical band gap measurements

UV-visible absorption studies were performed in a Cary 300 dual-beam spectrophotometer
using 1 cm quartz cuvette in the wavelength range of 200-800 nm. The nanoparticle samples
were run and their plots analysed using Tauc’s model. During the band gap study, the
nanoparticles were suspended in water and the UV absorption spectra recorded.

4.2.4 Electrochemical band gap measurements

Nanoparticles suspensions were drop coated on the surface of polished GCE and their CV

run in 0.1 M PBS pH 7.0 as a supporting electrolyte. The corresponding voltammograms

were analysed using Breda’s equation.
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4.2.5 Preparation of bare and modified GCE

Silver, platinum and bimetallic (BM) nanoparticles were synthesized by the chemical
reduction of their metal precursors as described in this chapter 3. During electrochemical
characterization, modified electrode was prepared by drop coating GCE surface using NPs
suspensions and left for 3 hours in order to allow for the maximum adsorption of the NPs
onto the electrode surface and for the solvent to evaporate at room temperature. This
process yielded GCE/Ag NPs, GCE/Pt NPs and GCE/Ag-Pt NPs ratios (1:1, 1:3 and 3:1).
This fabrication process yielded stable modified electrodes. Prior to modification by drop cast
method, GCE was polished repeatedly with 1, 0.3 and 0.05 um alumina slurries. After each
polishing, electrode cleaning adopted was as follows; successive 5 minutes rinsing with
doubly distilled water, ultrasonication in ethanol and finally with another doubly distilled water

to remove any adsorbed substances on the electrode surface.

4.3 Results and discussion

4.3.1 Electrochemical characterization of modified GCE/Ag-Pt NPs

The modified GCEs were investigated using cyclic voltammetry (CV) in the potential range of
-600 to 1000 mV at 20 mVs™ as shown in Figure 4.1. Typical peaks of the respective NPs
were observed in the voltammograms. Cyclic voltammetry was used to characterize the NPs
to investigate their electroactivity as shown in Figure 4.1. The synthesized Ag NPs, Pt NPs
and Ag-Pt bimetallic nanoparticle (1:1, 1:3 and 3:1) ratios were modified on the GCE
surfaces to give; GCE/Ag NPs, GCE/Pt NPs and GCE/Ag-Pt NPs ratios (1:1, 1:3 and 3:1)
and characterized using CV. The CV responses of GCE/Ag NPs showed both oxidation (A)
and reduction (B) peaks of Ag nanoparticles at 100 mV and -320 mV (corresponding to the
Ag/Ag” redox couple), respectively (Figure 4.1) (versus Ag/AgCl). The absence of this peak
in the CV of bare GCE suggests that, this peak corresponds to the oxidation of the Ag°
species to Ag" on the surface of the modified electrode as indicated by the redox reaction
equation 4.1 and 4.2. This was similarly reported elsewhere (Wang et al., 2009).

The CV responses of GCE/Pt NPs showed oxidation (-465 mV, -250 mV and 515 mV shown
as peaks a, b and c¢) and reduction peaks d of Pt nanoparticles at -15 mV (Figure 4.1). These
peaks did not appear on the CV of bare GCE, suggesting that they correspond to the
electroactivity of Pt ion species on the surface of the modified electrode. In this voltage
range, GCE/Pt NPs faced several oxidation changes. Initially, the peaks a and b were
observed at more negative voltages near -465 and -250 mV due to platinum’s excess

electrons, which resulted in hydrogen atoms bonding to Pt. On the anodic sweep, Pt reacted
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with oxygen in water, forming PtO. A small peak ¢ was formed at 515 mV, which was
assigned to PtO formation (Hudak et al., 2010). Each Pt atom could be bound to a maximum
of two oxygen atoms, resulting in Pt™. On the cathodic sweep, as the voltage falls below 100
mV, the platinum oxide was reduced to elemental Pt (Figure 4.1). The peak d at -15 mV
corresponded to PtO reduction. Both hydrogen desorption and adsorption occurred within
lower E, values. Finally, the peak e at -450 mV indicates hydrogen desorption. Similar to the
literature (Hudak et al., 2010; Lee et al., 2010), not perfectly but roughly symmetrical CV
plots along the potential axis have been observed for Pt.
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Figure 4.1. Cyclic voltammograms of (a) monometallic modifications, (b) Ag-Pt NPs 1:1

modification and (c) Ag-Pt NPs (1:3 and 3:1) bimetallic modification on GCE in 0.1 M PBS pH

-1.0 4

7.0. Scan rate: 20 mV s™.
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In the PBS solution, the CVs of GCE/Pt NPs (Figure 4.1) was characterized by well-known
hydrogen adsorption/desorption peaks at negative potentials, a flat double layer region at
intermediate potentials, and platinum oxide formation and reduction peaks at positive
potentials (Guo et al.,, 2012). The fact that hydrogen adsorption/desorption and the oxide
formation peaks of bulk Pt were readily observed, indicating that Pt was effectively loaded on
the electrodes (Gao et al.,, 2011). Equation 4.3 to 4.6 shows the various Pt NPs redox

reactions involved in each step.

For the GCE/Ag-Pt NPs 1:1, a cathodic peak ¢ was observed around -54 mV while two
anodic peaks a and b were observed at 70 mV and 535 mV (Figure 4.1) respectively. This
showed significant Ag NPs peak contribution due to the redox couple (54 mV and 70 mV)
with 535 mV attributed to Pt NPs. The CV of GCE/Ag-Pt NPs 1:3 showed two anodic peaks
A and B at -630 mV and 710 mV respectively and one cathodic peak C at -30 mV. The two
peaks A and B were attributed to the characteristic peaks of Pt NPs (equation 4.5) with a
high current profile while peak C at -30 mV was due to the presence of Ag NPs that formed
part of the BM NPs. On the other hand, GCE/Ag-Pt NPs 3:1 showed two peaks (A" and B"),
which are typical of Ag NPs redox couple (equation 4.1 and 4.2) suggesting major
contribution by Ag as similarly shown in the molar ratio. The fact that the Ag-Pt bimetallic
nanoparticles showed contributions of individual monometallic peaks in their respective ratios
suggest that the BM NPs were composed of atomically mixed Ag and Pt atoms and not
composed of Ag and Pt metal domains. The equations showing the various reactions taking

place for the redox peaks observed were deduced as follows;

AG% 3 AT H B ettt Equation4.1
AG T 487 3 A ettt Equation4.2
Pt HT 487 > P—H i Equation4.3
Pt—H i > Pl H T 48 s Equation4.4
@ T o @ TR Equation4.5
PO —> Pl 0% 428 oottt sttt Equation 4.6

Furthermore, the oxidation peak potentials in GCE/Pt NPs and GCE/Ag NPs shifted to less
positive potential in the GC BM NPs modified electrodes. This shift was a result of the high
electroactivity of Ag and Pt nanopatrticles attributed to the electron transfer facilitated by both
Ag and Pt NPs. Similar argument on NPs ability to facilitate electron transfer was reported by
(Brown et al., 1996; Hrapovic et al., 2004). These results were in agreement with other

reported work on metal particles-based electrodes (Raj et al., 2003; Sulak et al., 2006). In
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addition, the modification in electronic and geometric structures of surface platinum due to
the formation of Ag-Pt bimetallic contributed to the observed enhancement in electroactivity
in the BM NPs ratios. Such characteristics together with an ease of miniaturization of sensing
devices to nanoscale dimensions make nanoparticles suitable for important applications in

chemical/biochemical sensing (Hrapovic et al., 2004).
4.3.2 Electrochemical band gaps

Cyclic voltammetry (CV) is recognized as an important technique for measuring band gaps
(Al-lbrahim et al., 2005) and electron affinities (Ahn et al., 2001). In this study, CV was used
to confirm the formation of the NPs as shown in Figure 4.1. The CV of each NP was run in
the potential range of -600 and 1000 mV versus Ag/AgCI reference electrode as shown

below (Figure 4.1).

The oxidation process corresponds to the removal of electron from the HOMO energy level,
while the reduction corresponds to the electron addition to the LUMO energy level of the
nanoparticles. The current arises from transfer of electrons between the energy levels of the
electrode and the energy levels of the nanoparticles under study. The onset potentials of
oxidation and reduction of the nanoparticles can be correlated to the ionization potential (lp)
and electron affinity (E,) respectively according to the empirical relationship proposed by
Bredas et al., 1983 based on a detailed comparison between valence effective Hamiltonian
calculations and experimental electrochemical measurements. The correlation can be

expressed as:

| =—|Er=+44pV B, =—|EX 4 44FV Equation4.7

red

Ey = (1) = Ea JBV cooeicrrrnsesseessnsessss s messsssss s Equation 4.8

Where [EO”S“] is the onset oxidation and [EO”S“] is the onset reduction potential versus the

0X red
Ag/AgCI reference electrode. The onset values were estimated by taking the intersection
point between the baseline and the tangent line drawn to the rising portion of the current. The

difference in energy levels of HOMO and LUMO gave the band gaps (equation 4.8).
The CV regarding Ag NPs behaviour depicted a reversible reaction system with respect to

Ag/AgCI (Figure 4.1a). From the CV curve, the shape of CV curve of Pt NPs (Figure 4.1a) is
similar to that of Ag NPs, except with a wider band gap (Table 4.1). In the bimetallic Ag-Pt
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NPs ratios of 1:1, 1:3 and 3:1, much larger band gap values were noted with Ag-Pt 1:3

showing more quantum confinement in the ratios.

Table 4.1. Electrochemical band gap data of synthesised NPs

NPs Eol™ | Eea®™® | E (LUMO) | E (HOMO) | E,*Y (eV)
Ag -0.50 |0.95 -3.90 -5.35 1.45
Pt -0.60 |0.95 -3.40 -5.35 1.55
Ag-Pt 1:1 -0.60 1.00 -3.40 -5.00 1.60
Ag-Pt 1:3 -0.90 |0.90 -3.50 -5.30 1.80
Ag-Pt 3:1 -0.60 |0.90 -3.50 -5.30 1.50

It is interesting to note that, for the Ag-Pt bimetallic nanoparticles, only one reduction and one
oxidation peak was observed. This suggests that the Ag-Pt bimetallic nanoparticles were
composed of atomically mixed Ag and Pt atoms and not composed of Ag and Pt metal

domains.

It is clear from the figure that significant shift to higher band energies were observed in the
case of bimetallic nanopatrticles relative to Pt NPs. The increase in the band gap energies
may arise due to the formation of small sized nanoparticles with little or no aggregation
during synthesis as similarly reported (Niquet et al., 2000). The increase in the band gap of
the Ag-Pt NPs with the decrease in particle size may be due to a quantum confinement effect
(Yang et al., 1995). The data listed in Table 4.1 indicates that increasing the ratio of either Ag

or Pt in the mixture increases the band gap to higher values than the monometallics.
4.3.3 Optical band gap studies

UV-visible spectroscopy is an important tool for characterization of materials. It provides
useful information about the optical band gap of various materials. To correlate nanoparticles
with the optical properties of Ag, Pt and Ag-Pt bimetallic NPs (1:1, 1:3 and 3:1), systematic
optical absorption studies were carried out on the samples. The fundamental absorption
corresponding to electron excitation from the valence band to conduction band was used to
determine the nature and the value of the band gap while the value of the band gap, E; was

determined by using Tauc’s relation (Tauc et al., 1966),

(@V) = AV = B e Equation4.9



where a is the absorption coefficient, hv is the photon energy, A is a fixed constant and
exponent n whose value depends upon the type the transition, which may have the values
1/2, 2, 3/2 and 3 for allowed direct, allowed indirect, forbidden direct, and forbidden indirect
transitions, respectively (Pankove, 1971). In this study, the allowed direct transition of n=1/2
was used to calculate the band gaps as shown in the y-axis component. The band gap, Eg,
values were derived when the straight portion of the (ahv)? versus hv plot is extrapolated to
the x-axis. Band gap for all the samples lie in the range of 3.55 to 4.02 eV and are shown in
Table 4.2.

The band gap energies of the nanopatrticles calculated from the Tauc plots were tabulated as
shown (Table 4.2). Moreover, the optical band gap, calculated with Tauc’s equation, shows
an increase from about 3.96 eV for Ag NPs, to about 4.02 eV for the BM nanoparticles at
higher concentration of silver. This drastic increase in optical band can explain the changes
in UV-visible absorption and clearly indicate a progressive metallization of samples caused
by the Ag doping. This suggests that the band gap is mainly determined by the lateral
confinement. Similarly, Pt NPs with 3.55 eV had a blue shift at higher concentration of the
BM nanoparticles at 3.97 eV. From Figure 4.2, we observed that an increase in Ag molar
concentration resulted in increased Ag-Pt NPs 3:1 band gap energy. Similar observation was
noted by Salem, (2014) in Ag-doped CdO nanoparticles. The E4 values for BM Ag-Pt NPs 1:1
were found to be lower than Ag NPs. This decrease in the value of E; was attributed to the
formation of bonds between Ag and Pt NPs, which form the trap levels between the HOMO
and LUMO energy states, making the lower energy transitions feasible and resulting in the
reduction of optical band gap in line with past-discussed work (Chahal et al., 2011).
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Figure 4.2. Tauc plots for the determination of band gaps (straight lines are linear

extrapolation to the x-axis).
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From our results, the optical band gap increased on average in the final BM NPs as shown in
E, values (Table 4.2) relative to their monometallic counterpart. This indicates that the BM
NPs exhibited strong quantum confinement, which shifts the energy levels of the conduction
and valence bands apart. This gives rise to a blue shift in the transition energy as the particle
size decreases (Lin et al., 2005). Similar trend has been reported in other related studies
(Bhargava et al., 1994). From this observation, we can report that the combination of Pt
nanoparticles with Ag NPs did significantly influence the band gap energy of the bimetallic
Ag-Pt NPs. The blue shift of the absorption spectra for different ratio of nanoparticles arises
due to the quantum size effect (Bhargava et al., 1994; Banerjee et al., 2000) in the
nanoparticles. This phenomenon causes the continuous band of the solid to split into
discrete, quantized levels and the band gap to increase as similarly noted (Revaprasadu and
Mlondo, 2006). The obtained band gap values are in close agreement with those reported in
monometallic nanoparticles (Budhiraja et al., 2013; Kumar and Rani, 2013), core-shell
nanoparticles (Chahal et al., 2011), doped nanoparticles (Sankara et al., 2013) and bimetallic
NPs (Nkosi et al., 2012).

Table 4.2. Optical band gap data of synthesised NPs

Nanopartcles | E;™ (eV)

Ag 3.96
Pt 3.55
Ag-Pt 1:1 3.94
Ag-Pt 1:3 3.97

Ag-Pt 3:1 4.02

Besides the quantum confinement effect, the blue shift in the bimetallic ratios can be
attributed either to the decreasing grain size or to strain present in the nanoparticles. This
has been supported by past work where factors such as impurity, lattice strain, surface effect
(Smith et al., 2009) have been reported to contribute to band gap shifts. In addition, the
increase in band gap energy might be due to the charge transfer transitions (Fang et al.,
2008) between the Ag atom and Pt atom. To our knowledge, no work has reported the

calculations of the band gap of bimetallic Ag-Pt NPs using Tauc’s calculations in this manner.
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4.3.4 Determination of electron-transfer kinetic parameters

The investigation of the kinetic parameters characteristic of the electron-transfer reactions at
electrode surfaces helps get a better definition of the electrode surfaces and the
electrode/solution interface thereby determining fast and slow reactions on the electrode
surfaces. Generally, the current is measured both by the rate of the electrochemical reaction
and by the transport of the reacting species to the interface. For this purpose, it is convenient
to define a few quantities that affects these reactions. In this regard, the electrode potential is
the most important variable that is controlled and thus these quantities can be determined

using Laviron’s equation (Laviron, 1979) which also considers the changes in scan rates.

Scan rates were studied in 0.1 M PBS of pH 7.0 at modified GCE surfaces as shown (Figure
4.3). Both anodic and cathodic peak currents were found to be proportional to the scan rate
in the range between 10 and 150 mV s™ and a corresponding linear correlation values
reported as shown in Figure 4.3. The CVs of the modified GCEs at different scan rates
(Figure 4.3) showed shifts in oxidation peak potential with increasing scan rates towards
more positive potentials confirming the kinetic limitation of the electrochemical reaction
(Mazloum-Ardakani et al., 2011). Which maybe due to: (i) chemical interactions between the
electrolyte ions and the modifier film, (ii) dominance of electrostatic factors, (iii) the lateral
interactions of the redox couples present on the surface and/or (iv) non-equivalent sites
present in the film (Karim-Nezhad et al., 2009). When the potential was scanned at
increasing rates from 10 to 150 mV s™ under the same experimental conditions, a linear
relationship was observed between the peak current, I, and both scan rate, v and the square

root of v (Figure 4.4).

In voltammetry, the nature of the surface reaction taking place at the electrodes can be
determined by the linear plot analysis of both I, versus v2 and plot of I, versus v. Generally,
a linear plot of 1, versus v'?is obtained when the electrode process is diffusion controlled,
whereas the adsorption-controlled process results in a linear plot of I, versus v (Bard and
Faulkner, 1980). In this work (Figure 4.4), a mixture of both adsorption and diffusion
controlled processes was evident based on the correlation values. However linear plots of I,
versus v gave better correlation coefficient values, which indicates that the surface redox

reaction at the modified GCE is an adsorption controlled (Xu et al., 2012) process.
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Figure 4.3. Plots of scan rates for monometallic and bimetallic modified electrodes in 0.1 M

PBS pH 7.0.

From the cyclic voltammograms of GCE/Metal NPs in 0.1 M PBS of pH 7.0 at various scan

rates, the relationships of the redox peak potentials with the scan rate were applied to
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calculate the electrochemical parameters using the following Laviron’s equations (Laviron,
1979):

2 =E° +2'3ilogv .................................................................................. Equation4.10
(1-a)nF
E,=E°- 2'3?— JOQ V.ot Equation4.11
RT AE, .
logks=alog(l-a)+(l—a)loga —log(—) - (1—a)anF ———.............c.......... Equation4.12
nF 2.3RT

Where Ep, and E, are the anodic and cathodic peak potentials, respectively, a is the electron
transfer coefficient, ks the standard rate constant of the surface reaction, v the scan rate, R is
the universal gas constant (8.314 J mol™ K%), T is the absolute temperature (273.15 K), F the
Faraday constant (96485 C/mol), E° the formal potential and n is the electron transfer
number. According to above equation, if the EC is known, E, is in linear with In v and the an
value can be calculated from the slope and ks from the intercept. The E° value can be
deduced from the intercept of E, vs. v plot on the ordinate by extrapolating the line to v = 0,

when v was approached to zero, then E, was approached to E°.
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Figure 4.4. The peak current of modified electrodes versus (a) scan rates, (b) square root of

scan rate at 5to 150 mV s™.
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Figure 4.5 shows the linearity of Ep, and Ep. versus log v respectively. The linear regression
equations of E,, and E. versus log v were deduced with better correlations as shown (Table
4.3). Using Equations (4.10) and (4.11), the values of a was calculated as shown (Table
4.4). The charge transfer coefficient (a) suggests a fraction of the interfacial potential at an
electrode-electrolyte interface, which helps in lowering the free energy barrier for the
electrochemical reaction. Furthermore, based on Equation (4.12), the value of apparent
heterogeneous rate constant ks were calculated (Table 4.3) and found to vary from 0.10 to
31.13 s as evaluated from the experimental results. Small values of ks were observed in
GCE/Ag NPs, GCE/Pt NPs and GCE/Ag-Pt NPs 1:3 indicating the existence of some
nanoparticles domains, which are not directly adsorbed onto the surface of the electrode
(Prodromidis et al., 2000). The ks values were found to be within range of reported values
(Pankratov et al., 2014; D’'Souza et al., 2015). For GCE/Ag-Pt NPs 1:1, higher ks value was
obtained, which was about 40 times higher than most of the values reported on GCE
(Karim-Nezhad et al., 2009; Zheng et al., 2013) indicating that functionalized nanopatrticles
provide fast electron transfer at the surface of electrode as similarly argued (Kang et al.,
2009) and showed significantly high reversibility also contributed by its stability on the GCE
surface. This further suggests that the electronic structure and the surface physicochemistry
of GCE/Ag-Pt 1:1 NPs is beneficial for electron transfer as similarly reported with other
modified electrodes (Fischer et al., 2004; Tang et al., 2009).
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Figure 4.5. Variation of (a) Ep, versus logarithm of scan rate and (b) E,c versus logarithm of
scan rate for the modified GC electrodes in 0.1 M PBS pH 7.0.
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From Table 4.3, the voltammograms of the modified GCE/Ag-Pt NPs 1:1, exhibited small
separation of peak potentials indicating that the electrode process was reversible (Wang,
2000) while the rest of the modified GCEs had greater peak separation potentials (A E, >
59/n mV) than the expected range for a reversible system suggesting that the redox
processes had quasi-reversible behaviour. Furthermore, from the slope of the linear plot of I,
versus v, the surface coverage of the electrode (I') in mol cm™ was determined using the
equation 4.13, where Q is the charge in coulombs, A is the area of the electrode surface in
cm?, and n is the number of electrons transferred during redox transformation. The surface
concentration of the electroactive species of each modified electrode was estimated as

shown (Table 4.4) using anodic peak as similarly discussed (Shap et al., 1979).

Table 4.3. The electrochemical parameters of modified electrodes using Laviron’s equation
(Equation 4.10-4.12)

Electrode Peaks used AES |an ks (5™)
Epa (MV) | Epec (MV) (mVv)

GCE/Ag 100 -32 310 0.52 0.99

GCE/Pt 515 -15 540 1.96 0.74

GCE/Ag-Pt (1:1) 535 -54 10 1.00 31.13

GCE/Ag-Pt (1:3) 630 -30 550 1.74 0.10

GCE/Ag-Pt (3:1) 28 28 120 | 0.90 3.43

From the plots in Figure 4.4, varying trend in diffusion coefficient was reported with GCE/Ag
NPs showing high diffusion in the monometallic NPs while GCE/Ag-Pt NPs 3:1 gave a higher
D value (Table 4.4). Higher D values exhibited by GCE/Ag NPs was attributed to its high film
thickness on the electrode surface. This difference was supported by the nature of the
surface redox reactions, which are mainly adsorption controlled as earlier discussed. The
surface concentration of the electroactive species was higher in the GCE/Ag-Pt NPs 1:3
partly contributed by concentration of Pt NPs shell per unit Ag NP core. The fact that the
surface coverages were much lower in their nmol cm™ range showed that the electron
transfer in each electrode is fast as similarly observed (Murray, 1984). From this
observations, GCE/Ag-Pt NPs 1:1 exhibited fast electron transfer relative to other modified
GCEs.

The degree of surface coverage is a very important parameter in the construction of CMEs

and its value is strictly depended on the morphology (roughness, homogeneity) of the
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surface of the electrode (Prodromidis et al., 2000). The charge contribution of electroactive
modified GCE were estimated based on the charge associated with the film oxidation or

reduction in 0.1 M PBS pH 7.0 and was calculated from integrated charge (Q) of the anodic

peak as shown in Equation 4.14.

Table 4.4. Electrochemical properties of modified electrodes based on Equation (4.10-4.11)

Electrode a r Q Slopes Slopes D
(10 mol cm?) | (10°C) | e VSV | haVS VT | g oz ey

GCE/Ag 0.5 25.79 4.23 0.0036 0.0550 6.10
GCE/Pt 0.1 2.30 0.75 0.0040 0.0627 2.16
GCE/Ag/Pt (1:1) | 0.7 1.85 0.61 0.0011 0.0163 0.62
GCE/Ag/Pt (1:3) | 0.1 54.49 17.88 0.0067 0.1051 1.15
GCE/Ag/Pt (3:1) | 0.4 19.13 6.27 0.0123 0.1858 1.87

l, :(TRFTZ jFAV .................................................................................................... Equation4.13
LI @ o] o TSP Equation4.14

where Q is the charge obtained from the integration of the baseline corrected area under the
oxidation or reduction peak, F is the Faraday constant (96485 Cmol™), n the number of
electrons exchanged per electroactive molecule, and S the geometric area of the electrode
(0.017 cm?). Charge contribution per each NPs was higher in the BM NPs modified GCE
values indicating enhanced conductivity observed mostly in the case of GCE/Ag-Pt NPs 1:3
with GCE/Ag-Pt NPs 1:1 depicting low conductivity. As shown in Figure 4.4, the anodic peak
currents were linearly proportional to the square root of scan rate. This gave various values

of diffusion coefficient as shown (Table 4.4).

4.4 Conclusion

This work demonstrates successful modification of GCE surface with the bimetallic silver-
platinum nanopatrticles in various ratios. The results presented a clear contribution of Pt NPs
on Ag NPs as well as its distribution in the resulting bimetallic structures as characterized by

CV analysis. Band gap of nanoparticles were found in the range of 2.48 eV to 3.84 eV for

90




optical and 1.45 eV to 1.80 eV for electrochemical measurements. The band gap increase in
the BM NP ratios was consistent in both electrochemical and optical results relative to
monometallics. The electrochemical band gaps were found to have an average factor
difference of 1 with the optical band gaps. Although the electrochemically determined band
gaps were found to be lower than the optical band gap, in most cases values portrayed
similar trends. These results depict nanoparticles with band gaps within semiconductor range
for most materials. The cyclic voltammetry based conclusion of interaction was
supplemented by the results obtained from band gap energy. The CV data allowed us to
quantitatively determine the changes in band gap energies of Ag NPs in the presence of Pt
NPs. The Ag-Pt nanoparticles in suspension show the quantum size effect and the
absorption edge shifts to lower wavelength when the particle size falls into nanometer range
(<10 nm). The fact that electrochemical band gaps were found to be smaller than the optical
band gaps with an average factor difference above 1 was attributed to solvation and
electrode surface coverage effects. The electroactive surface coverage, the transfer
coefficient, standard rate constant and diffusion coefficient were calculated from CV
responses. The modified electrodes were found to have better surface attributes that
influence the kinetics of electron transfer on the GCE with significant surface coverages
determined in each case. The nanofilms exhibit facile electron transfer properties in the 0.1
M PBS pH 7.0 and offers good electrical functionality and thus offer broad opportunities in
catalysis and chemical detection. From these results, GCE/Ag-Pt NPs 1:3 depicted improved
properties and therefore proposed as a more efficient platform in electrochemical sensing

amongst other potential applications.
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CHAPTER FIVE

DEVELOPMENT OF ELECTROCHEMICAL NEVIRAPINE SENSOR

5.1 Introduction

This chapter focuses on the potential usage of bimetallic nanoparticles and MWCNT’s
nanocomposite platforms in the development of an electrochemical nevirapine (NVP) sensor.
The need to monitor and analyse pharmaceuticals such as NVP has continued to be of great
concern to most researchers due to its wide usage as an ARV in the treatment of HIV
infection. Electrochemical techniqgues have been utilised in analyses of various drug
molecules since they offer very low detection limits for electroactive molecules (Dogan-Topal
et al.,, 2010; Castro et al., 2011). From 2010, much of the studies on the electrochemical
determinations of nevirapine has been on bare GCE (Teradal et al., 2012), gold electrode
(Esteva et al., 2014), mercury electrode (Castro et al., 2011), carbon paste electrode (Zhang
et al., 2010) with few done on modified electrodes. Some of the reported modifications on
electrodes for NVP detection include CuO NPs/GCE platform (Shahrokian et al., 2015).
These platforms have provided good detection probes though with challenges such as
electrode fouling and low sensitivity. Therefore, there is need to establish highly sensitive
platforms for the determination of nevirapine. Various electrodes were used to detect
nevirapine and the mechanism of reaction proposed based on the electrode interaction with
NVP as an electron transfer process (Teradal et al., 2012; Esteva et al., 2014) with an
irreversible behaviour. This study however, pays attention to the detection of NVP exhibited
on Ag and Pt bimetallic electrode platforms.

Metallic nanoparticles are capable of increasing the activities for many chemical reactions
due to the high ratio of surface atoms with free valences to the cluster of total atoms. In
addition to a high surface area-to-volume ratio for nanoparticle derivatized materials, the size
controllability, chemical stability, and surface tenability provide an ideal platform for exploiting
such nanostructures in sensing/biosensing and catalytic applications (Hrapovic et al., 2006).
The use of metal NPs as modifiers during detection studies significantly enhances the
kinetics of the electrode reaction (Shahrokian et al., 2015) which helps in obtaining well
resolved redox peaks. For example, bimetallic Ag-Pt NPs has been used in the detection of
dopamine (Huang et al., 2014). However, from the literature, little work has been done to the
present date to investigate the electrochemical behaviour of nevirapine on bimetallic Ag-Pt

NPs platforms.
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Metal nanoparticles are comprehensively displayed for the detection methodology of drug
biomolecules in chemical control process, due to their advantages over conventional
chemical analysis methods. In conventional method, the unmodified electrodes for nevirapine
detection have exhibited slower response, surface fouling (Teradal et al.,, 2012), noise,
unstable signals, and lower dynamic range as well as lower sensitivity. Hence, the
modification of the sensor surface with nanomaterials is very significant in order to achieve
higher sensitivity with repeatable and stable responses. Lately, studies on the sensing
properties of bimetallic NPs have been reported (Li et al., 2013; Liu et al., 2013; Yan et al.,
2013). However, very few modified electrodes have been explored on NVP detection.

In this work, MWCNTSs were incorporated on the BM NPs as a result of the relatively unstable
signal resolutions due to the bimetallic Ag-Pt NPs modifications. MWCNT containing
bimetallic Ag-Pt NPs electrode was used for nevirapine detection in order to enhance the
adsorptive accumulation of the analyte increasing the signal resolution thus offering
significant improvement in the electrochemical detection (Hrapovic et al., 2006). In particular,
MWCNTs have much higher stability against electromigration than other small metallic
structures and therefore they find applications as possible links on modified electrodes. For
example, multi-walled carbon nanotubes (MWCNTSs) have been mixed with silver (Ghalkhani
et al., 2009) or cobalt (Shahrokian et al., 2009) nanopatrticles to measure sumatriptan and
thioridazine, respectively. In this regard, part of this chapter highlights a brief discussion on
the fabrication of GCE with metal (Ag-Pt) NPs together with MWCNT to form a
nanocomposite modifier, and its usage as sensor probe for the detection of NVP.
Nanocomposites are combinations of nanomaterials with other molecules or nanoscaled
materials, such as nanoparticles or nanotubes. In order to increase the application areas of
nanoparticles, multi-functionalised materials have been developed (Breuer and Sundararaj,
2004) such as nanocomposites. These nanocomposites combine excellent physical and
chemical properties of their components, but may also provide novel properties (Datta et al.,
2007; Zhang et al.,, 2010c). Among the nanocomposites, metal NPs-carbon nanotube
composites are of great interests, due to their easy fabrication protocols and broad potential

applications.

Carbon nanotubes (CNTs) are one of the most intensively explored nanostructured
materials. In particular, CNTs are unique and ideal templates onto which nanoparticles can
be immobilized to allow construction of designed nanoarchitectures that are extremely
attractive. CNTs have been used in many different types of sensors as a way of increasing
the analytical signal and investigating possible electrocatalytic properties, exploiting the fact
that the reaction sites on the carbon nanotube surface are, in principle, different from those

at a macroscopic glassy carbon electrode (Jacobs et al., 2010). Several advantages of CNTs
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have been noted, such as enhanced mass transport, high effective surface area, high
porosity, more adsorption capability and reactive sites with control over the electrode macro-
environment (Binks et al., 2006; Amiri et al., 2007; Ho et al., 2009). These play a crucial role
in the construction of sensitive, selective and quick responsive biosensors for the detection of
some important analyte molecules (Shahmiri et al., 2013). Both, the CNTs as well as NPs
have exceptional electrocatalytic characteristics, which make them suitable modifiers for the
construction of electrodes (Li and Lin, 2007; Sreeja et al., 2011, Mohan et al., 2015). These
unique properties of CNTs have been explored in this study.

Many ingenious methods of depositing metal nanoparticles onto CNT substrates have been
reported including direct and linked deposition of nanoparticles on CNT. These include
electrochemical deposition (Guo et al., 2004; He et al., 2004) using noble metals like Pt, Pd
and also bimetallic Pt-Ru (He et al., 2004), and physical and chemical methods (Wildgoose
et al., 2006), which have been reported to offer varying degrees of control of particle size and
distribution along the CNT. During deposition, the acid-treated carbon nanotubes are
decorated with nanoparticles by employing several procedures. The nature and extent of
metal coverage can be varied by changing the concentration of the metal compound or by
mild sonication (treatment with ultrasound) (Satiskumar et al., 1996). The metal clusters are
deposited on the acidic surface sites of the nanotubes. The ease in modification surfaces of
metal NPs and the excellent conductivity of carbon nanotube as well as the high surface
area, offers a broad range of applications. Various nanocomposites have been developed,
such as gold-carbon nanotube (Au-CNT) nanocomposites (Choi et al., 2002; Kim and
Sigmund, 2004; Raghuveer et al., 2006; Zhang and Wang, 2007; Zhang et al., 2009b).
These composites are used in a number of applications, such as sensors (Zhang et al.,
2006a; Shimada et al., 2007; Chen et al., 2008; De Oliveira et al., 2009), optics (Ispasoiu et
al., 2000; Qu et al., 2001; Zijlstra et al., 2007), and in the medical area (Bielinska et al., 2002;
Mishra et al., 2007; Lee et al., 2008).

A simple, direct electroanalytical method for determination of nevirapine at MWCNT/Ag-Pt
NPs electrode was developed. A series of experiments were performed to optimize the
conditions with acceptable signal response. Much attention was on the optimization of the
detection platform to achieve the best results. The effect of supporting electrolyte, scan rates
and the bimetallic ratios were investigated. The electrochemical study on MWCNT/Ag-Pt
NPs/GCE, as well as its efficiency for the electrooxidation of nevirapine using differential
pulse voltammetry (DPV) technique is described. Cyclic voltammetry (CV) was used to study
the redox behaviour of NVP and further characterize its reaction on the electrode surface
through analysis of its diffusion and kinetic limitations. Common point sources of

interferences with NVP electrooxidation were studied and discussed. The proposed DPV
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method was further applied in real sample analysis of human urine, milk and application in
the analysis of pharmaceutical NVP tablets. The electroanalytical method exhibited a very
reliable and highly sensitive detection of nevirapine using MWCNT/bimetallic Ag-Pt
nanocomposite. The present approach also depicts a sensitive, easy to handle
electrochemical technique over the existing reported methods. To the best of our knowledge,
this is the first report of a highly sensitive electrochemical detection of nevirapine with
MWCNT/bimetallic Ag-Pt nanocomposite as a detection platform.

5.2 Experimental

5.2.1 Materials, reagents and Instrumentation

Nevirapine standard was purchased from Industrial Analytical South Africa (SA). Sodium
hydroxide and ethanol were purchased from the Sigma Aldrich (SA). MWCNT was bought
from Signa Aldrich (SA). Sodium hydroxide solutions were used to prepare the supporting
electrolyte. Electrochemical measurements were done using Autolab PGSTAT 101
(Metrohm, SA). All electrochemical experiments were carried out in solutions purged with
high purity nitrogen gas for 5 min and blanketed with nitrogen atmosphere during
measurements. A conventional three-electrode system consisting of glassy carbon electrode
(GCE) was used as the working electrode (A = 0.071 cm?). A platinum wire (3 mm diameter)
from Metrohm SA and Ag/AgCl (3 M KCI) electrodes from BAS were used as auxiliary and
reference electrodes respectively. All potentials were quoted with respect to Ag/AgCl and the

experiments were carried out at room temperature (25 °C).

5.2.2 Electrode preparation and modification

GCE was fabricated with monometallic NPs (Ag and Pt), bimetallic NPs (Ag-Pt ratios 1:1, 1:3
and 3:1) and MWCNT/bimetallic Ag-Pt nanocomposites via drop casting method. The
electrodes were left to dry at room temperature before use. Prior to each modification, the
MWCNT was codeposited with the Ag-Pt NPs and GCE was polished repeatedly with 1, 0.3
and 0.05 um alumina slurries. After each polishing, electrode cleaning adopted was as
follows; successive 5 minutes rinsing with doubly distilled water, ultrasonication in ethanol
and finally with another doubly distilled water to remove any adsorbed substances on the
electrode surface. The reference electrode, Ag/AgCI (3 M NacCl) was rinsed thoroughly with
distilled water and used. The counter electrode, platinum (Pt) wire was cleaned by burning in

a gas flame.
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5.2.3 Detection of Nevirapine

Stock solutions of nevirapine (NVP) were prepared in methanol to water 80:20 % v/v
solution. All the stock solutions were kept in the refrigerator. The working solutions of NVP
were freshly diluted from their stocks. 15.0 mL of NaOH solution was kept constant during
measurements. The ratio of voltage versus current (slope of calibration curve) was used to
measure NVP sensitivity while detection limit was measured from the (3 x standard deviation
of blank) in the linear dynamic range of calibration plot.

5.3 Results and discussion

5.3.1 Electrochemical behaviour of Nevirapine at bare and modified GCEs

To investigate the electrochemical behaviour of NVP on different electrodes, both CV and
differential pulse voltammetry (DPV) scans were run with the same experimental conditions
of potential range and scan rate. Different voltammograms were obtained using various
NPs/GC electrodes in 0.01 mol L NaOH solution containing known amounts of NVP as
shown in Figure 5.1 and 5.2. The voltammograms showed an irreversible oxidation peak

between 550 mV and 600 mV, corresponding to the oxidation of NVP.

In order to determine the electrochemical behaviour of NVP, cyclic voltammetry was carried
out at various GCE surfaces (Figure 5.1). From this study, the potential range of
electrooxidation was observed at around 550 to 600 mV in most detection platforms labelled
as “NVP” which denoted the electrooxidation of NVP as shown in all Figure 5.1. This was
within the range of reported work elsewhere (Zhang et al., 2013). All other peaks observed
were characteristic of the modified electrodes as discussed in chapter 4. From Figure 5.1,
better signal resolution due to electrooxidation of NVP was observed in the
MWCNT/bimetallic NPs/GCE platforms than in the corresponding MWCNT/monometallic
NPs/GCE platforms. The CVs also showed the respective peaks of MWCNT/NPs modifiers,
which were intact as observed in the voltammograms. Figure 5.1b on the other hand, the
NPs/GCE platforms exhibited electrooxidation with similar unresolved peak signals. This
peak behaviour was uniform in all of the platforms investigated and was mainly due to the
film stability which reduced with time and affected the conductivity on the electrode surface
during runs. However, by comparison MWCNT/Ag-Pt 3:1 NPs/GCE portrayed a better
detection platform based on its well resolved signal coupled with minimum interference due

to both the monometallic and bimetallic character signals.
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Figure 5.1. Detection of 1.52 pM NVP at various GCE surfaces using CV at 20 mV s™.
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The intensity of the oxidation peak current of NVP on MWCNT/Ag-Pt NPs 3:1/GCE was
equally higher than those determined with the other modified electrodes (Figure 5.1a-h). The

analysis of Figure 5.5 shows that the oxidation peak potential of NVP on the GCE modified
electrode shifted negatively to 550 mV (I, 24.5 pA) compared to 620 mV (I, 10.28 uA)
obtained with bare glassy carbon electrode. This result indicates an effective electrooxidation
of NVP on the MWCNT/Ag-Pt NPs 3:1/GC electrode. This is probably due to the large
surface area of the electrode, which leads to an increased heterogeneous electron transfer

and to a high electron transfer capacity as similarly discussed (Zhang et al., 2013).
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The largest current response was obtained at MWCNT/Ag-Pt NPs 3:1/GC electrode, while
the lowest response was observed at GCE bare electrode (Figure 5.1a and b). Compared to
the peak current response of bare GCE electrode (Figure 5.1a and b), there was a more than
50 % increase in the current response observed at MWCNT/Ag-Pt NPs 3:1/GC modified
electrode using 0.01 M NaOH. The fact that all current responses were positive signifies all
nanofilms irrespective of their nature i.e. monometallic and bimetallic or nanotubes brought
about the improvement in detection. This suggests that the modifiers amplified the detection
signal response with notable magnitudes. Although a higher peak current was observed in
most Ag NPs modified GCE, the best electrode was chosen as MWCNT/Ag-Pt NPs 3:1/GCE

due to the formation of well defined peak with stable peak signal throughout the run.

Table 5.1. Detection of 1.52 uM NVP on various GCE surfaces using DPV at 20 mV s™.

Type of electrode Peak potential (E,/ V) | Peak current (Ipa/ MA)
GCE 0.5672 0.1714
GCE/Ag NPs 0.5154 1.7944
GCE/Pt NPs 0.6486 1.8053
GCE/Ag-Pt NPs 1:1 0.6335 2.8218
GCE/Ag-Pt NPs 1:3 0.6543 2.2425
GCE/Ag-Pt NPs 3:1 0.6047 2.6445
GCE/MWCNT 0.6333 8.8846
GCE/MWCNT/Ag NPs 0.6008 12.6056
GCE/MWCNT/Pt NPs 0.5666 12.5495
GCE/MWCNT/Ag Pt NPs 1:1 0.6028 10.6508
GCE/MWCNT/Ag Pt NPs 1:3 0.5416 9.9962
GCE/MWCNT/Ag Pt NPs 3:1 0.5456 9.6951

Using both CV and DPV as shown in Figure 5.3 a and b, a study was done to determine the
best technique for the detection of NVP and MWCNT/Ag-Pt 3:1 NPs/GCE was used in this
study as the platform of choice. In Figure 5.3a the CV showed the characteristic peaks due to
the Ag-Pt NPs 3:1 while the electrooxidation of NVP was observed at peak “NVP”. However,
the peak signal due to NVP oxidation was not well resolved. From Figure 5.3b, DPV
technique showed a better signal response for the electrooxidation of NVP due to well
resolved, stable signals with relatively high currents (Table 5.1). From both Figures, the
peaks due to the MWCNT/NPs modifiers were equally intact throughout the electrooxidation

confirming minimum interference. The DPV technique was further used to optimize various
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parameters in the detection of NVP at the MWCNT/Ag-Pt 3:1 NPs/GCE surface. From these
results, it was clear and evident that the incorporation of the MWCNT onto BM Ag-Pt NPs 3:1
films facilitated electron transfer thereby improving the signal identity and response.
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Figure 5.3. Detection of 0.76 uM NVP on MWCNT/Ag-Pt 3:1 NPs/GCE using both CV and DPV at

20mVs™

v

Scheme 5.1 shows the behaviour of NVP during electrooxidation. In the presence of
hydroxide ions, the NVP was deprotonated to radical ions using 2-electron transfer. This

electrochemical process occurred with same number of protons and electrons.

A AN \NNAN/

Scheme 5.1. Electrooxidation of nevirapine.
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The probable electrochemical reaction process for nevirapine oxidation at MWCNT/Ag-Pt
NPs 3:1/GCE was summarized in Scheme 5.1 as similarly proposed (Heli et al., 2010;
Antunes et al., 2011; 2012; Zhang et al., 2013).

5.3.2. Choice of supporting electrolyte concentration

The influence of supporting electrolyte on electrochemical behaviour of 1.52 uM NVP at
MWCNT/Ag-Pt 3:1 NPs/GCE was investigated as shown in Figure 5.4. The electrochemical
response of MWCNT/Ag-Pt 3:1 NPs/GCE to nevirapine was further studied by means of DPV

in series of concentrations ranging from 0.001 to 0.1 M as supporting electrolytes.
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Figure 5.4. DPV of 1.52 uM NVP in various NaOH concentrations at 20 mV s™ on MWCNT/Ag-Pt
3:1 NPs/GCE surface.

Based on the ionic strength of each supporting electrolyte, 0.01 M NaOH was supportive for
good conductivity as evident by a low background current. In addition, the oxidation peak
signal was well resolved and stable (Figure 5.4b). Therefore, this concentration was chosen

and used as supporting electrolyte in all further experiments.

5.3.3 Optimization parameters of detection

5.3.2.1 Effect of pulse amplitude and starting potential

The impact of varying the pulse amplitude on the voltammetric current intensity was

determined. This was studied over the range of 5-60 mV (Figure 5.5a) and it was concluded

that in order to assure maximum peak current with well resolved signals, 25 mV pulse
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amplitude was the ideal choice for this operational parameter. The variation of the initial
potential (from -0.03 to 0.50 V) on the nevirapine detection is shown in Figure 5.5b. Several
parameters including the peak potential (Ep), and peak current (l,) were analyzed. When an
initial potential of 0.20 V was used, a well-defined nevirapine peak (E;) at -0.557 V (I, = 12.87
MA) with best background resolution was obtained. Although other initial potential ranges
used showed significant peaks of nevirapine oxidation, they had poor resolution. From Figure
5.5b, beyond 0.20 V, we can conclude that the peak current of NVP decreases as we
increase the initial potential towards more positive potentials (Figure 5.5b). The initial
potential of 0.20 V versus Ag/AgCl was therefore selected and used for further experimental

measurements.
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Figure 5.5. (a) Optimization of pulse amplitude (b) Initial potential for 1.52 uM NVP on the
MWCNT/Ag-Pt NPs 3:1/GCE at 20 mV s™.

5.3.2.2 Effect of scan rate on electrooxidation of nevirapine

Cyclic voltammetry at different scan rates was used to elucidate the redox reaction
mechanisms. The peaks shown at A, B and C are characteristics peaks of the bimetallic Ag-
Pt 3:1 NPs as discussed in chapter 4. The peak at “NVP” corresponds to the electrooxidation
of NVP. The variation of the scan rate was studied using 1.52 pM NVP in 0.01 M NaOH at
MWCNT/Ag-Pt NPs 3:1/GCE, and the responses of the detector to the potential sweep rate

were recorded at different sweep rates ranging from 5 to 100 mV s™ (Figure 5.6a).
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Figure 5.6. (a) The influences of scan rates on the oxidation current. (b) Randles plot (c)
Laviron plots for detection of 3.81 uM NVP on MWCNT/Ag-Pt 3:1 NPs/GCE in 0.01 M NaOH.

The cyclic voltammetric results demonstrated that along with the increase of the scan rate,
the oxidation peak currents of NVP increased gradually. The best scan rate for further
experimental work was 20 mV s™, which was chosen based on best signal response. The
peak current varied linearly with the square root of scan rate according to the linear
regression equation: Iy, (HA) = 7.95E-07v"? and a correlation coefficient of 0.9946 (Figure
5.6b), indicating that the mass transfer and the electrochemical reaction of NVP is diffusion

controlled as similarly noted (Teradal et al., 2012; Shahrokhian et al., 2015).
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5.3.3 Determination of electron-transfer kinetic parameters

From the scan rates variation studies ranging from 5 to 150 mV s, the relationship of the
redox peak potentials with the scan rate was applied to calculate the electrochemical
parameters using the Laviron’s equation (1979) where for an irreversible electrode process,

the oxidation peak potential (E,,) is defined by the following equation,

E g0 2308RT log( RTK, )+ (2'303RT YMogV(MVS ™)., Equation5.1

ba onF onF onF

Where a is the transfer coefficient, ks the standard heterogeneous rate constant of the
reaction, n the number of electron transferred in the electrooxidation of NVP, v the scan rate,
and E°is the formal redox potential, F is the Faraday constant, R as universal gas constant
and T as absolute temperature. Thus the value of an was calculated from the slope of E,
versus log v. In this system, taking T = 298 K, R=8.314 J K mol™, and F = 96480 C mol™.

Figure 5.6¢c reveals a positive shift in peak potential position (E,,) with the log of scan rate
(log v), further confirming that the electrooxidation process of NVP is irreversible. The linear
regression equations of E,, versus log v could be expressed as E,, (mV) = 89.1log v (mV st
+ 481.4 with R* = 0.9866. The plot of E,, versus log v (Figure 5.6¢) yields a straight line with
a slope of 89.1. By using the following equation for irreversible electrochemical oxidation
processes, according to the Laviron theory (Laviron, 1979), and considering number of
electrons involved in the rate-determining step to be n = 2 based on the reaction mechanism
proposed (Scheme 5.1), the charge transfer (a) was calculated to be 0.67. This indicates a
better electrocatalytic mechanism for oxidation of NVP, and the electrode surface is fine and

homogeneous. The value of an was calculated to be 1.3.

Based on these results and as similarly reported (Antunes et al., 2012; Zhang et al., 2013;
Shahrokhian et al., 2015), two-electrons and two-protons are involved in the electrooxidation
of NVP on the surface of the modified electrode. This was equally proposed in the reaction
mechanism shown in Scheme 5.1. Further, based on Equation (5.1), the value of apparent
heterogeneous rate constant ks was found to be 0.8835 st The positive value of ks indicates
that the MWCNT/Ag-Pt NPs 3:1 showed good reversibility of the electron transfer process as
similarly discussed (Wan et al., 2011). The diffusion coefficient in this study was slightly
below reported values for past similar studies done on other anti-HIV drugs like Zidovudine

(Barone et al., 2003) which was studied on a bare electrode surface.
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Table 5.2. Electrochemical parameters obtained from Laviron and Randles-Sevcik’s plots for
3.81 uM NVP

Parameter MWCNTs/Ag-Pt NPs 3:1/GCE
a 0.31
D (10 cm®s™) 5.2048
E° 0.560
Ks (™) 0.8835
Charge transfer (a) 0.67
Randles plot (R?) 0.9946
Laviron plot (R?) 0.9866

5.3.4 Calibration studies of NVP

Nevirapine standard was diluted to make various concentrations (0.76-4.57 puM) in 0.01 M
NaOH solution and used as a target analyte. Differential pulse voltammetry measurements
were carried out at room temperature in the potential range of 300 and 800 mV. The
voltammograms representing the oxidation current versus concentration of NVP obtained
using MWCNT/Ag-Pt NPs 3:1/GCE in 0.01 mol L NaOH is shown in Figure 5.7. The
addition of NVP to the supporting electrolyte solution showed an increase in the anodic peak
current. A linear relationship of 1,, versus NVP concentration was established between of the
oxidation peak current and NVP concentration in the range of 0.76 uM to 4.57 uM. The
equation of the calibration curve was determined as I, (LA) = 0.728C (R? = 0.9980). From
these measurements, the best response with high sensitivity and good linearity was

obtained.

Under the optimum conditions for NVP concentration range, the limit of detection (LOD) and
limit of quantification (LOQ) values were calculated using the equation of LOD =3 s/ m, LOQ
= 10 s / m, where s is the standard deviation of the blank signals (ten runs) and m is the
slope of the calibration plot. According to results from this study, the modified MWCNT/Ag-Pt
NPs 3:1/GC electrode gave a lower LOD and LOQ as shown in Table 5.3. These values are

low compared to those previously reported in the literature (Table 5.4).
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Figure 5.7. (a) Variation of NVP concentrations (b) Calibration plots of NVP on MWCNT/Ag-Pt
NPs 3:1/GCE in 0.01 M NaOH at 20 mV s™.

Table 5.3. Characteristics of NVP calibration plot using DPV at MWCNT/Ag-Pt NPs 3:1/GC

electrode
Parameters Nevirapine oxidation
Regression coefficient (n=5) 0.9980
Limit of detection (LOD) (mol L) 2.09 x 10°®
Limit of quantification (LOQ) (mol L™) 6.98 x 10°®
Linear range (mol L) 7.6x107-4.6x10°
Sensitivity (LA pM™ cm™) 10.25
Peak potential (mV) vs. Ag/AgCl at 20 mV s™ 555+ 11

The low values of LOD and LOQ obtained confirmed the sensitivity of the proposed method
and that the electrode exhibited good catalytic activity for the oxidation of NVP. In the
literature, few electrochemical studies have been carried out on NVP using DPV technique
as reported in this work. By considering the electrochemical oxidation of NVP at MWCNT/Ag-
Pt NPs 3:1/GCE, an analytical method was developed using DPV for the first time.
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Table 5.4. Comparison of major characteristics of various methods for the determination of

nevirapine
Electrochemical methods
Method | Sensor Electrolyte Linear LOD | References
range (M) | (uM)
DPV GCE/MWCNT/Ag- | 0.01 M NaOH 0.76-4.57 0.021 | This work
Pt NPs 3:1
DPV Au Electrode 004 M BR 1.1-38 - Esteva et al., 2014
buffer
DPV Ura/CPE 0.1 M NaOH 0.1-70.0 0.05 | Zhang et al., 2013
DPV Bare GCE PBS pH 10 5.0-350 1.026 | Teradal et al., 2012
AdSV Hg film electrode 2 mM NaOH 0.04-0.5 0.003 | Castro et al., 2011
Non-electrochemical methods
Method Linear range (uM) LOD (uM) References
HPLC 0.2-39.0 0.2 Van Heeswijk et al., 1998
MALDI/TOF MS 0.04-3.8 0.04 Notari et al., 2008
LC-MS 3.7-37.6 3.7 Chi et al., 2003
MEKC 9.3-930 6.0 Sekar and Azhaguvel, 2008

Table 5.4 compares the electrochemical performance of the developed modified electrode in
the present work with previously reported work for the determination of NVP. By comparison,
the developed sensor in this study gave a lower LOD relative to the previous studies. This
was lower than Teradal et al., (2012), Zhang et al., (2013) and Esteva et al., (2014), but
higher than that reported by Castro et al., (2011).

5.3.5 Reproducibility and stability studies

The reproducibility of the MWCNT/Ag-Pt NPs 3:1/GC electrode response was determined by
carrying out the electrode modification using the same fabrication procedure for the
determination of 3.81 pM NVP solutions under DPV technique. The relative standard
deviation (RSD) value of the modified electrode response to 3.81 pM nevirapine for six
successive measurements on the same electrode was 4.3 %. The precision of the proposed
method was obtained by measuring the peak currents of four replicate measurements in 3.81
MM NVP solutions using the same modified electrode. The resulting RSD value of 2.52 %
indicated an acceptable precision for the proposed voltammetric method. Furthermore, the

current response of MWCNT/Ag-Pt NPs 3:1/GCE to 3.81 uM nevirapine was run three times
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with a RSD of 3.3 %, indicating good repeatability. The stability of MWCNT/Ag-Pt NPs
3:1/GCE was tested in the nevirapine solution intermittently. The oxidation current response
to nevirapine was maintained at 86 % even after the electrode was stored dry at room
temperature for 5 days.

5.3.6 Interference studies

Under optimized conditions, the influence of different interferants in the detection of
nevirapine was investigated within the voltammetric response of 0.76 pM nevirapine in 0.01
M NaOH. The results showed that the current response of nevirapine was unaffected even in
the presence of 5-fold concentration of sodium chloride (NacCl), calcium chloride (CacCl,) and
ascorbic acid (AA). In this study, the interferants were chosen based on their point sources
such as food supplements (CaCl,), liquid drips (NaCl) and vitamin supplements (AA), which

are commonly within reach of HIV patients.

Table 5.5. Effect of possible interfering compounds on NVP detection, percent interferants is in

brackets
Interfering Mole ratio of Nevirapine: Interferant
Compound NVP Alone 1.1 1.5 51
NaCl 0.650 0.681(4.78) | 0.721(10.92) | 0.98(3.16)
CaCl, 0.727 0.790(8.67) | 0.919(26.41) | 1.01(6.83)
Ascorbic acid (AA) 0.731 0.828(13.27) | 0.923(26.13) | 1.07(9.60)

Figure 5.8 shows the peak potential for the oxidation of NVP in the presence of NaCl, CaCl,
and AA. From this observation (Figure 5.8), there is significantly little effect on the current
response of NVP even in the presence of 10-fold excess of the interferants (Table 5.5). This
revealed the practical applicability of the proposed electrode for the determination of NVP in

the presence of several other compounds that may be present in clinical samples.
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Figure 5.8. Interference plots of AA, CaCl, and NaCl with 0.76 uM NVP at various interferants :
NVP ratios.

5.3.7 Real sample analysis

5.3.7.1 Determination of NVP in milk and urine samples

In order to evaluate the accuracy of the developed procedure, the prepared MWCNT/Ag-Pt

NPs 3:1/GCE was used for recovery tests in milk and human urine samples. Samples were

spiked with different amounts of standard NVP solutions in the range of 0.76-1.52 uM. The

proposed method was applied to the assay of NVP in spiked milk sample from a local shop.

For this experiment, drug free milk samples were spiked with 0.76, 1.14 and 1.52 pM of NVP

and differential pulse voltammograms were then recorded. The amount of NVP in the milk

sample was calculated from the calibration plot. Similar experiments were conducted for drug

free urine from a volunteer and the results of the analysis are summarized in Table 5.6. The

percent recovery of NVP was determined by comparing the peak currents of the drug in urine

and milk samples with those of pure NVP using the calibration curve. It can be observed that
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the recovery range for nevirapine was between 90 % and 113 %. This shows that the

proposed method is readily acceptable for analytical applications.

Table 5.6. Results of analysis of NVP in spiked milk and human urine samples (n = 3)

NVP uM Recovery, pyM % Recovery % RSD

milk samples 0.76 0.86 112.97+0.4 | 3.89
1.14 1.05 92.04+0.9 1.08
1.52 1.37 90.23+0.8 1.16
urine samples
0.76 0.82 108.89+2.3 | 1.95
1.14 1.15 99.87+1.9 1.87
1.52 1.45 96.05+2.9 3.04

5.3.7.2 Analysis of NVP in pharmaceutical tablets

The practical analytical application of the DPV method was further established by
determining NVP concentrations in tablets. The NVP tablet was crushed and soaked in
methanol for 24 hours. The suspension was filtered, the resulting solution was transferred to
a 100 mL volumetric flask and the volume was completed with methanol. It contained 3.57
mg mL™ of NVP and the working solutions were prepared from this solution. Voltammograms
of sample solutions were recorded as shown in Figure 5.9. The results obtained by means of
the standard addition method showed that the content of NVP tablet was well estimated in
the presence of nevirapine. Three standard additions were used of 2.5, 10 and 15 pL on 0.76
UM NVP equivalent to 1.14, 2.28 and 3.04 uM respectively.

Blank

NVP alone
NVP-1st addition
NVP-2nd addition
NVP-3rd addition

T L T L v T v T ]

0.3 0.4 0.5 0.6 0.7
E V vs. Ag/AgClI

Figure 5.9. DPV plots showing the standard additions of NVP tablet at 20 mV s™.
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Table 5.7. Determination of NVP in pharmaceutical tablet (Aspen Nevirapine, 200 mg)

Standard additions of NVP tablet to NVP
NVP: 5 NVP: 10 NVP: 15
Concentration (uM) 1.26 2.12 2.80
% Recovery 109.2+2.7 92.8+1.1 93.1+0.9
% RSD 4.07 1.43 1.38

The low RSD values highlighted the reproducibility of the results (Table 5.7). Recovery
studies were carried out using a standard addition method. Known quantities of pure NVP
were mixed with defined amounts of pre-analyzed formulations; then the mixtures were
analyzed as before. The total amount of the drug was then determined, and the amount of
drug added was calculated by the difference. The high percentage of recovery indicates that
the commonly encountered excipients in the formulation did not interfere with the proposed
method.

5.4 Conclusion

A sensitive sensor based on MWCNT/Ag-Pt NPs 3:1/GCE for the determination of nevirapine
was developed. The sensor improved on the electron transfer, enhanced the oxidation peak
current of nevirapine, and decreased the oxidation overpotential relative to other detection
platforms in this study, indicating efficient catalytic activity in the detection of nevirapine.
Under the optimum conditions of 0.01 M NaOH and 20 mV s™, the MWCNT/Ag-Pt NPs
3:1/GC electrode exhibited a variety of good electrochemical characteristics including low
detection limit, high sensitivity, and favourable reproducibility besides simple modification.
The present strategy provided a novel insight into the sensitive determination of nevirapine
using only a modified electrode. These results indicate that the proposed sensor based on
MWCNT/Ag-Pt NPs 3:1/GC electrode has a wide potential for analytical application mainly in

pharmaceutical drug monitoring.
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CHAPTER SIX

CONCLUSION AND RECOMMENDATION

6.1 Conclusion

This chapter deals with the conclusions based on the results in this study and makes further
recommendations towards detection of NVP. Synthesis, kinetics and spectroscopic
characterization of bimetallic Ag-Pt NPs was reported in this work. Bimetallic Ag-Pt
nanoparticles were successfully prepared by the reduction of H,PtCls.6H,O and AgNO; with
sodium citrate. During Ag-Pt NPs formation, rate-determining step was linked to the Pt NPs
formation with a fast rate of formation in Ag NPs. The presence of a central Ag metal NP in
the core shell structure of our bimetallic Ag-Pt NPs presented an interesting spectroscopic
phenomenon, which controlled the particle sizes in the various molar ratios. Spectral
characterization explained the unique structures such as the Ag metal's sensitivity to the
presence of Pt NPs resulting to the shelling effect observed in all BM NPs ratios. This was
also possible due to an induced electron transfer between Ag and Pt NPs. The synthesized
nanoparticles gave spectroscopic information typical of their metallic nature. The formation of
chemical composition-dependent core shell of Ag-Pt NP was confirmed by TEM. From the
band gap results, there was a variation in values for the synthesized nanoparticles. This was
attributed predominantly to the particle size and or inter-atomic size variation. General trend
of low electrochemical band gaps with relatively high optical band gaps was observed.
Studies of XRD showed the formation of face centred cubic crystal structure in the
synthesized nanoparticles with confirmation of the intact bimetallic arrangement in the

various ratios.

Nanomaterials Modified GCE electrodes showed good electrochemical properties for
potential application as sensors. A close analysis of the voltammograms of the metal NPs
showed higher electron transfer coefficient, surface coverages and apparent heterogenous
rate constants in the BM NPs relative to monometallic NPs. This was an indication that the
BM NPs obtained in this study were relatively more conducting or electroactive than their
monometallic NP counterparts based on the current densities. However, their signal
instability, disqualified them as sensor. To improve signal stability, bimetallic Ag-Pt NPs 3:1
and multi walled carbon nanotube (MWCNT) were combined to form nanocomposite platform
as an electrochemical sensor (MWCNT/Ag-Pt 3:1/GCE). This provided conduction centers
that facilitated electron transfer between the analyte and the electrode surface. The
voltammetric studies showed that the application of MWCNT/Ag-Pt 3:1/GCE significantly

increased the sensitivity of the determination of NVP. From the optimization of the
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voltammetric method, the use of DPV for the oxidation of the NVP provided the most
sensitive signals. Further optimization studies showed that the scan rate, starting potential
and the pulse amplitude affected the voltammetric responses. The sensor exhibited a strong
electroactivity towards the oxidation of NVP. A significantly low detection limit of about 2.1 x
10® M and high sensitivity was achieved. The detection limit was much lower than those
obtained using chromatographic techniques and was within the concentration range of ARVs
in various clinical samples. Therefore, this method provides sufficient sensitivity for the
determination of NVP without any pre-concentration step. This makes the method better
compared to the spectroscopic techniques reported in literature. This work opens an entirely

new approach in the detection of NVP by the use of bimetallic NPs platform.

The applicability of developed DPV method was tested and proved through the analysis of
NVP in real samples. Conditions for electrochemical analysis of NVP in the presence of
typical natural interferants such as ascorbic acid, sodium chloride and calcium chloride were
evaluated and results showed minimal interferences on NVP detection. The electrochemical
sensor is therefore sufficient in providing high sensitivity for determination of NVP in real
samples at residue levels. The high sensitivity of the sensor was due to the nanostructured
MWCNT/Ag-Pt NPs used for the modification of the GCE surface. The nanofilms provided a
suitable micro-environment and acted as a mediator enhancing the heterogeneous direct
electron transfer with the electrode surface. The high stability of the MWCNT/Ag-Pt NPs film
was due to the electrostatic attachment provided by the hydrogen bonding in the interaction
of MWCNTSs and bimetallic Ag-Pt NPs 3:1. The sensor also demonstrated its simplicity, ease
of construction, rapidity and sensitivity compared to the conventional analytical techniques
corroborating its effective ability in the monitoring of the ARVs at clinical levels on a regular
basis. In summary, bimetallic NPs are excellent electrode materials for electroanalysis, and
there is still much room for the scientific research and application of bimetallic Ag-Pt NPs
based theory and materials. These bimetallic nanomaterials could play an enormous role in
achieving efficiency in various analyte detections. Therefore, the work in BM Ag-Pt
nanomaterials has far-reaching significance. These results contribute to enriching the

knowledge that refers to the electrochemical method of analysis of pharmaceutical drugs.

6.2 Future work and recommendations

Further studies of consideration include the following aspects;

¢ Morphology studies on the thin film structure and surface topography using atomic
force microscopy (AFM) to understand the arrangement of atoms within and on the

surface of the particles.
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Electrochemical impedance studies (EIS) to determine the charge transfer resistance

(Re) and capacitive quality of the electrode/electrolyte interface.

Kinetics work could be carried out within the reaction time to find out when the core
shells are formed. This could be preliminarily carried out with UV-vis spectroscopy,
coupled with TEM analysis.

Further investigation on the effect of the nanofilms concentration on the voltammetric

responses of the NVP detections is equally needed.

Use of scanning electrochemical microscopy (SEM) to measure and optimize areas of
reactivity related to surface morphology. To better understand the NPs catalytic
performance, and tailor selectivity by controlling the spread of reactive sites on the
surface. This will help correlate the catalytic properties of nanoparticles with their
structure and atomic level make-up and to further understand the differences in the

CV response of modified BM NPs electrodes.
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APPENDICES

Appendix A: EDX spectrum for Ag NPs
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Appendix C: EDX spectrum for Ag-Pt NPs 1:1
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Appendix E: EDX spectrum for Ag-Pt NPs 3:1
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Appendix F: Quantification results for Ag-Pt NPs 1:1
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Appendix G: Quantification results for Ag-Pt NPs 1:3
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Appendix H: Quantification results for Ag-Pt NPs 3:1
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