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ABSTRACT

Electrochemical platforms were developed based on pencil graphite electrodes (PGES) modified
electrochemically with reduced graphene oxide metal nanoparticles (ERGO-metalNPs) composite
and used for the high-sensitivity determination of Bisphenol A (BPA) in water samples.
Synergistic effects of both reduced Graphene Oxide sheets and metal nanoparticles on the
performance of the pencil graphite electrode (PGE) were demonstrated in the oxidation of BPA by
differential pulse voltammetry (DPV). A solution of graphene oxide (GO) 1 mg mL™* and 15 ppm
of metal stock solutions (1,000 mg L, atomic absorption standard solution) (Antimony or Gold)
was prepared and after sonication deposited onto pencil graphite electrodes by cyclic voltammetry
reduction. Different characterization techniques such as FT-IR, HR-SEM, XRD and Raman
spectroscopy were used to characterize the GO and ERGO-metalNPs. Parameters that influence
the electroanalytical response of the ERGO-SbNPs and ERGO-AUNPs such as, pH, deposition
time, deposition potential, purging time were investigated and optimized. Well-defined,
reproducible peaks with detection limits of 0.0125 uM and 0.062 M were obtained for BPA using
ERGO-SbNPs and ERGO-AuNPs respectively. The rGO-metalNPs—PGE was used for the
quantification of BPA in tap water sample and proved to be suitable for the detection of BPA

below USEPA prescribed drinking water standards of 0.087 uM.
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CHAPTER ONE

Introduction to the Study

1.1. Problem Statement

1.1.1. Bisphenol A Toxicity

A wide range of substances, both natural and man-made, that can exhibit hormone-like properties,
may interfere with the body’s endocrine system. These substances that are man-maid can alter the
functions of endocrine system and consequently increases the risk of adverse health effects are
generally called endocrine disrupters. A plethora of reports has demonstrated in the past two
decades that sub-pg/L concentrations of endocrine disrupting chemicals (EDCs) are ubiquitous

contaminants in wastewater effluents [1].

Bisphenol A (BPA), a major industrial chemical is being used in a huge number of industrial
processes; for example it is a commonly used raw material in the production of epoxy resins,
polycarbonate plastics, and coatings which are used in food packaging, etc [2,3]. Most phenolic
compounds like BPA are toxic and can be present in the environment due to the degradation
products of plastics or manufacturing processes [4-6]. As regards toxicity, BPA has been
identified as an endocrine disruptor that can cause negative effects on the functioning of the
endocrine system of humans and wildlife by mimicking oestrogen, a female hormone that is
directly linked to development, reproduction and growth of humans [7-9]. A correlation was
found between BPA and an increase in cancer rate, heart diseases, a decrease in semen quality,

diabetes, reduce immune function and elevation of levels of some serum liver enzymes.
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1. 1. 2. Environmental Monitoring

A considerable increase in the demand for clean water as the most essential natural resource for
guaranteeing the basic quality of human life have been evident for some time. In order to secure
wastewater treatment and product quality the water policies need to be focused on automatic
monitoring and continuous surveillance aspects. Chinese Health Standard (GB 13116-91, GB
14942-94) has set a maximum contamination level of 0.05 mg kg™ of BPA to protect water quality

and human health [10].

Nowadays, there is a growing interest in the development of methodologies for detection,
remediation and quantification of endocrine disruptors such as BPA among environmental
communities. The determination of BPA has mostly been carried out using either high-
performance liquid chromatography (HPLC), fluorimetry or gas chromatography-mass
spectrometry (GC-MS) techniques [4,5,11]. However, these methods are expensive, need qualified
staff, and time-consuming. BPA can be determined by electrochemical sensors thanks to its two
electrochemical-active phenolic hydroxyl groups. As a result, electrochemical methods are very
promising in determination of BPA due to their excellent sensitivity, fast response time, low power
consumption, automation, and low cost equipment. However, direct determination of BPA using
bare electrodes is difficult because of the relatively high oxidation potential of phenolic
compounds and poor response of traditional electrochemical sensors to BPA. Moreover, the
electrochemical oxidation analyte molecules containing phenolic groups may inactivate the
electrode surface as the result of the deposition of electropolymerization films and this drawback
is a challenge for the BPA determination because it contains two phenolic moieties [12]. To
overcome these limitations, novel sensing materials and modification of electrode surfaces using

different approaches have been investigated recently.
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1.2. Motivation to the study

One analytical technique which has shown to be capable of meeting the demand of determining
bisphenol A is that of electrochemical stripping voltammetry [13]. Electrochemical stripping
voltammetry is a powerful technique for the measurement of BPA at trace and ultratrace
concentration levels due to the inherent preconcentration step, relative simplicity, low-cost
instrumentation and possibility of system integration and miniaturization. In particular, adsorptive
stripping voltammetry (AdSV) is one of the most useful methods in this field due to its capability
of electrolytically accumulating bisphenol A at the surface of an appropriate electrode, resulting

in high sensitivity and low detection limits [14].

A crucial factor in assuring a favorable performance in an AdSV procedure is to find a suitable
material for the working electrode. Carbon based solid materials has been utilized as an electrode
substrate material in different applications due to their wide potential window and low background
current [15]. The pencil graphite electrode (PGE) as a new type of carbon electrode has been used
in numerous electroanalytical applications in recent years [16,17]. Pencil-graphite electrode (PGE)
offers many attractive features compare to other carbon-based electrodes such as good electro-
conductivity, low cost, no need for time-consuming pretreatments, disposability, low background
current, and availability [18]. The electrochemical reactivity and surface area of a PGE can be
easily improved by surface modification and electrochemical treatments [19]. To eliminate the
fouling effect from the oxidation of BPA, single-use pencil graphite electrode can be used as an

alternative to the modified and unmodified glassy carbon electrodes.

The use of graphene and reduced graphene oxide as a material to modify carbon based electrodes

has attracted lots of attention due to its intrinsic properties such as high surface area, high
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mechanical strength, excellent conductivity, and ease of functionalization [20,21]. Graphene-based
electrodes exhibit superior detection properties as chemical and biological sensors for
environmental analysis [18]. Graphene oxide can be directly electrochemically reduced onto the
electrode surface to develop a highly sensitive working electrode for determination of BPA using

AdSV.

Metal nanoparticles have been incorporated to improve the sensitivity for bisphenol A analysis.
The catalytic properties of metal-nanoparticles make them suitable for catalyzing the redox process
of some molecules with analytical interest which can be studied using electroanalytical methods
[22]. An increasingly attractive route for the preparation of metal-nanoparticles modified electrode
is the electrodeposition of a metal from a solution of its salt onto the electrode surface [23]. Some
metal-nanoparticles (e.g., Au, Pt, Ag, Ni, Cu, Co, Sh) have been the subject of innumerable studies

in producing electrode materials for catalytic applications and electrochemical biosensing.

1.3. Objectives

The objectives of this project are:

To investigate and understand the differential pulse adsorptive stripping voltammetry
technique

e To synthesize graphene oxide and characterize it using FT-IR, Raman spectroscopy and

XRD

e To electrochemically reduce graphene oxide-metal nanocomposite onto pencil graphite to
give the ERGO-MetalNPs-PGE

e To investigate the ERGO-MetalNPs-PGE responses towards BPA
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e To optimize instrumental parameters and determine the analytical parameters of the
ERGO-MetalNPs-PGE for BPA determination
e To develop an analytical procedure for the determination of BPA in water samples using

the ERGO-MetalNPs-PGE

1.4. Research Questions

e Would pencil graphite electrodes be suitable for use in bisphenol A analysis?
e Would coating of the electrode with electrochemically reduce graphene oxide-metal

nanocomposite improve electrode sensitivity for BPA determination?

1.5. Hypothesis

It is possible to modify the PGE electrochemically for the first time with reduced graphene oxide
metal nanoparticles (rGO-MetalNPs) composite to have high-sensitive single use rGO-MetalNPs-
PGE for determination of BPA in water samples using differential pulse adsorptive stripping
voltammety (AdSV). The study will introduce a very simple electrochemically method to modify

PGE as a cheap decomposable electrode with nanocomposite.

1.6. Research Approach

Experiments were designed to understand the effect of:

e Methods of Graphene synthesis;

e Coating techniques of PGEs;

¢ Instrumental parameters on stripping voltammetry process;

e Electrochemically reduced Graphene-Metal nanocomposite pencil graphite electrodes

for improved sensitivities and detection limits towards Bisphenol A;
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e Standard addition method on recovery studies;
e Real samples analysis of electrochemically reduced Graphene-Metal nanocomposite

pencil graphite electrodes.

In this study, real water sample was collected from tap water from Bellville Municipality area in
Cape Town South Africa and graphite powder was obtained from Sigma-Aldrich. The quality of
synthesized graphene was evaluated using morphological and structure characterization
techniques including FT-IR, Raman spectroscopy, XRD and HRSEM. Differential pulse
adsorptive stripping voltammetric measurements were performed using 797 VA COMPUTRACE
instrument (Metrohm, Switzerland) controlled by a personal computer to evaluate the enhanced
detection of graphene-metal nanocomposite based electrodes towards the detection of bisphenol
A. Investigation of instrumental variables, calibration data, and real water samples wad leaded to

this evaluation.
1.7. Scope and Delimitations

The study involves the synthesis of starting reagents obtained from Sigma Aldrich and using the
tap water of Bellville Municipal region in Cape Town, South Africa. Bisphenol A was investigated

using water samples.

The cost effective and environmentally friendly pencil-graphite can show an increasing
improvement in the sensitivity towards bisphenol A at parts per billion range when it coated with
graphene-metal nanocomposite providing good results during voltammetry in the tap water

samples.
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The pencil graphite electrodes were Pentel 0.5 mm HB black lead with HI polymer as they show

good stability and reproducibility.

To produce good quality and reproducible graphene- metal nanocomposite pencil graphite
electrodes without the need for inexpensive instrumentation electrochemical synthesis approach

were applied.

1.8. Thesis Outline

The thesis to follow includes six chapters which cover various aspects of the work.
1.8.1. Chapter One: Introduction to the study

A brief introduction to the toxicity and detection of bisphenol A as an endocrine disrupter has
provided in the chapter one. Moreover, the motivation of utilized techniques in the study, main

objectives, scope and delimitation, research approach and hypothesis were discussed.

1.8.2. Chapter Two: Literature review

Chapter two provides a comprehensive survey of relevant literature to the study. Literature on the
development of cost effective electrode alternatives have been reviewed with emphasis on the
choice of materials, analytical techniques and applications of the graphene-metal nanocomposite
pencil-graphite electrode with consideration to many parameters, like, the sensitivity,
environmental impact, detection limit, peak height, deposition time, potential, electrode rotation
speed, etc. The review is concluded to a summary which will help to understand the reasons behind

every decision that has been made in this study.
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1.8.3. Chapter three: Experimental Approach

The equipment and techniques that have been applied in the work has outlined in chapter three.
Sample preparation and detailed descriptions of sample collection are provided as well as

synthesis, characterization, and protocols for analysis are highlighted.

1.8.4. Chapter four: Morphological and Structural Characterization of

Graphene and reduced Graphene Oxide- metal nano-composite

The morphological and structural changes along the chemical synthesis routs of graphite, graphene
oxide and graphene-metal nanocomposite demonstrated in chapter four. The formation of good
quality few-layer reduced graphene oxide-metal nano- composite as sensing platform for the

determination of bisphenol A was investigated using spectroscopic and microscopic techniques.
1.8.5. Chapter five: Batch preparation of ERGO-Metal NPs-PGE

Chapter five introduces a multiple prepared electrochemically reduced graphene oxide metal
nanoparticles pencil graphite electrode. The preparation steps of multiple ERGO-MetalNPs-PGE

is demonstrated. The advantages of multiple preparation of ERGO-MetalNPs-PGE is discussed.

1.8.6. Chapter six: Reduced Graphene Oxide Metal Nanoparticles Pencil

Graphite Electrode (rGO-MetalNPs-PGE)

Chapter six provides results and discussion related to reduced graphene oxide metal nanoparticles
pencil graphite electrode (rGO-MetalNPs-PGE). The characterization of electrochemical and

microscopic aspects of the rGO-MetalNPs-PGE is demonstrated. The concept is proved by
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conducting recovery studies and calibration curves on known concentration of test solutions. The

potential and suitability of ERGO-MetalNPs—PGE for real water sample analysis is shown.

1.8.7. Chapter seven: Conclusion and Future Work

In this chapter results and discussion verify the hypothesis of this study. Conclusions and future

work arising from the results of the work is specified.
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CHAPTER TWO

Literature Review

2.1. Introduction

This chapter introduces the materials utilized for the application and preparation of
electrochemical sensors for the determination of bisphenol A. It focuses on the use of
nanocomposites specifically graphene-metal nanocomposites and various electroanalytical

techniques for enhanced modified sensors.

2.2. Electroanalytical Techniques for Bisphenol A Detection

2.2.1. General Basis of Voltammetry

Electrochemical techniques are of a great interest to researchers for detection of several analytes
(organic and inorganic) as they offer good sensitivity, cheap instrumentation, rapid measurements,
and a wide linear concentration range [24]. Voltammetry is a section of electrochemistry
developed from the discovery of polarography, which is a class of voltammetry where a hanging
mercury drop is the working electrode discovered in 1922 by the Czech chemist Jaroslav
Heyrovsky. Voltammetric techniques monitor the current resulting from an applied potential

difference between electrodes [25-27].
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Voltammetry measuerements are performed in an electrochemical cell consists of a working
electrode (WE), reference electrode (RE), auxiliary electrode or counter electrode (AE or CE) and
a non-reactive electrolyte (Figure 2.1) [28]. The working electrode, at which the oxidation and
reduction of analyte under investigation occurs offers the surface for electron transfer [29]. The
reference electrode which is usually the silver/sliver chloride (Ag/AgCl) or the saturated calomel
electrode (SCE) is kept under constant potential to measure the working electrode potential [29].
The counter electrode which is commonly made of noble metals or carbon/ graphite, makes an

electrical connection to the electrolyte to act as a counter reaction to the working electrode [25].

Voltammetric analysis determines the quantity of various compounds by applying a potential to
the working electrode that changes the concentration of the electroactive species at the electrode
surface. The change in concentration of the analyte will result in the mass transport and current

to occur [25].

Working Electrode

Reference Electrode
~ ~ Counter Electrode (Pt)

Figure 2.1: Three electrode system for voltammetry
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2.2.2. Common Voltammetric Techniques

This section provides a brief discussion of a wide range dynamic voltammetric techniques that
have been developed to overcome various limiting factors of voltammetry including pulse

methods, cyclic voltammetry as well as different pre-concentration methods.
2.2.2.1. Cyclic Voltammetry

Cyclic voltammetry is a suitable electroanalytical technique for providing information of both
oxidation and reduction half-cell reactions [28]. The potential start from an initial potential and
the direction of the potential scan reverses after ramping the potential to the switching potential.
The forward part of the CV is oxidation if the potential is scanned from negative values. The type
of electrode reaction and the number transfer electrons can be concluded by the shape of the cyclic
voltammograms [28]. Reversible and irreversible reactions have equal and unequal oxidation and
reduction peaks, respectively. The peak current increases with increasing the concentration of the

analyte [30].
2.2.2.2. Differential Pulse Voltammetry

Differential pulse voltammetry (DPV) technique uses a series of potential pulses in which each
potential pulse is fixed of small amplitude (10 to 100 mV) and is superimposed on a staircase-
wave form [25]. The current measurement is made at two points for each pulse, before and after
the application of each pulse; this differences are plotted against the base potential. DPV offers

enhanced sensitivity due to its slow scan rate which makes it attractive for analysis where long
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deposition time is required [29]. Inexpensive instrumentation and improved signal-to-background

response makes it a suitable measurement technique [31].

2.3. Pre-concentration Voltammetric Technique (Stripping

Voltammetry)

Stripping voltammetry technique aims to determine ultra-low levels of trace analyte in order to
provide lower detection limits, good selectivity and good sensitivity. The ability of multi-element
analysis, available instrumentation, very low detection limit, in-situ applications, small size, and
a low power demand make the stripping technique a quick and robust technique [32]. The
stripping voltammetry analysis consists of three steps as following: the deposition or pre-

concentration step, the equilibrium step or rest period, and the stripping step [33].

The accumulation of the analyte onto the working electrode occurs by applying a constant
potential for a definite time under reproducible hydrodynamic condition at the pre-concentration
step [34]. During the accumulation step the solution is stirred at a fixed rate so that more analyte
concentrate onto the working electrode. In the second step, the stirring is stopped and a rest period
is employed to allow the homogeneous dispersal of the anlayte to occur and form a uniform
concentration for the restoration of calm solution conditions to return. The final step (stripping
step) involves re-oxidizing of the analyte from the working electrode back into solution [34]. The
current observed during the stripping step is proportional to the concentration of the analyte. The
basis of pre-concentration voltammetric techniques are as following: anodic stripping
voltammetry (ASV), cathodic stripping voltammetry (CSV), adsorptive stripping voltammetry

(AdSV) [34].
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2.3.1. Anodic Stripping Voltammetry

Anodic stripping voltammetry (ASV) is one of the most sensitive voltammetric techniques
commonly used in heavy metal detections. A negative potential is applied to reduce the analyte
onto the working electrode followed by scanning in a positive direction to strip out anodically the
analyte back into the solution [35]. Peak currents of subsequent voltammograms are related to the

amount analyte present in the solution. The two-step mechanism is illustrated as follows:
Deposition: M™+ns = M (Egn.2.1)

Sreipping Step: M — M"™+ne (Eqn. 2.2)

2.3.2. Cathodic Stripping Voltammetry

Cathodic stripping voltammetry (CSV) is a very sensitive technique to use in a wide range of
organic and inorganic compounds. The deposition potential in the CSV is opposite to the ASV
procedure meaning the oxidizing potential of the analyte is applied to the working electrode at the
accumulation step. Potential then sweeps positively to strip the oxidized species [35]. The
deposited film is reduced into the solution when the potential scan in the negative direction. The

mechanism can be represented as follows:

Deposition: M — Mn+ + ne- (Egn. 2.3)

M™+A™ 5 MA (Egn. 2.4)

Stripping Step: MA+ne > M+A"™ (Eqgn. 2.5)
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2.3.3. Adsorptive Stripping Voltammetry

The adsorptive stripping voltammetry (AdSV) is an extremely sensitive technique and is
characterized by the non-electrolyte nature of the accumulation process; it can be used for the
analysis of a wide variety of compounds where adsorption plays an important role in the pre-
concentration step. The accumulated compound by adsorption will be oxidized or reduced if an

appropriate potential is applied [36].
2.4. Bisphenol A

Bisphenol A [2,2-bis (4-hydroxyphenyl) propane, BPA] is an organic compound that widely used
in the industrial manufacture of polycarbonate plastics and phenolic resins for coating of food and
beverage containers, dental sealants and nursing bottles, optical lenses and powder paints. In vitro
experiments, BPA leached into product has shown estrogenic activity and some antiandrogenic
activity even at concentration as low as 1 ng/l level [13,37-39]. BPA as an endocrine disrupter
can behave in a similar way to estrogen and other hormones in the human body making it possible
to impact human health in various ways. BPA exposure can cause reproductive disorders and
interfere with egg maturation and endocrine function of hypothalamus and the pituitary gland
leading to infertility [3,7-9,40]. Findings suggest that even low-dose BPA exposure could trigger
cardiovascular problems, including heart attack, coronary artery heart disease, hypertension,
angina, and peripheral artery disease [40]. Researches have linked BPA exposure to insulin
resistance and therefore diabetes type 2 [40]. Studies have shown that exposure to BPA before
birth could increase the risk of breast, prostate, and other cancers [40]. Therefore, different

analytical methods have been developed for determination of BPA.
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To date, various methods have been developed for BPA detection, such as fluorimetry [41-43],
high performance liquid chromatography (HPLC) [44-48], enzyme-linked immunosorbent assay
(ELISA) [49], and gas chromatography coupled with mass spectrometry (GC/MS) [41,50,51].
These instrument-based techniques have high sensitivity and low detection limit, but they are
expensive, complicated and time-consuming. In recent years, electrochemical methods have
attracted considerable attention due to the advantages of their high sensitivity, cheap instrument,
low cost, excellent selectivity, fast response, timesaving and simple operation. Furthermore, to
enhance the sensitivity and selectivity often modifications have been applied on the bare electrode.
For instance, glassy carbon electrode modified with gold nanoparticles, silk fibroin, and PAMAM
dendrimers have been investigated for BPA determination [52]. Ling Zhou et al. prepared an
electrochemical aptasensor based the electrochemical behavior of BPA on gold nanoparticles
dotted graphene modified glassy carbon electrode for label-free detection of bisphenol A in milk
with a low limit of detection of 5 nM [10]. Xiuli Niu et al. reported a novel electrochemical sensor
of bisphenol A based on stacked graphene nanofibers/gold nanoparticles composite modified
glassy carbon electrode with a visual detection limit of 30.5 nM [14]. Fernando C. Moraes et al.
studied the effect of the surface organization with carbon nanotubes on the electrochemical
detection of bisphenol A [53]. Lorena Athie Goulart et al. investigated the influence of the different
carbon nanotubes on the development of electrochemical sensors for bisphenol A with a limit of
detection of 84.0 nM [54]. Though some satisfactory results have been obtained, the fouling of
electrode surface by BPA oxidation product is still a challenge for the BPA determination. To
overcome these limitations, novel sensing materials and modification of electrode surfaces using
different approaches have been investigated recently. For example, Ali Ozcan investigated the

synergistic effect of lithium perchlorate and sodium hydroxide in the preparation of
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electrochemically treated pencil graphite electrodes for selective and sensitive bisphenol A
detection in water samples using singled used pencil electrodes [11]. Sujittra Poorahong et al.
prepared amperometric sensor for detection of bisphenol A using a pencil graphite electrode

modified with polyaniline nanorods and multi-walled carbon nanotubes [55].

2.5. Nanoscience

Recently, a great deal of attention has been place on nanotechnology and nanoscience as a popular
area of science. Its application in a large number of fields has attracted many researchers from
chemistry, physics, biotechnology, and engineering fields to dedicate a large amount of funding
in public and private sectors to research in this science field [56]. Scientists use biomimetics to

imitate the nanaomaterials naturally occurring in nature.

Nanotechnology is the science area where design, application, production and characterization of
structures, materials and systems is taking place at the nanometer scale and dimension.
Manipulating the size and structure of nanomaterials poses beneficial properties for a large

number of applications.

The ultra-small size of materials and structures in nanotechnology enable it to deliver a range of
important benefits such as modification and coating of surfaces with transparent, thin or minimal

materials.

Size confinement, quantum mechanics and dominance of interfacial phenomena, are the intrinsic

phenomena of nanoscale [57].

The quantum effects at the nanoscale are responsible for unique properties of nanostructures

through four quantum mechanics:
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e Quantum confinement: when the material is sufficiently small (less than 10 nm) the
optical and electronic properties change due to the bandgap increase resulted from
electrons and holes being squeezed into a critical quantum dimension called the exciton
Bohr radius [58].

e Entanglement: the linkage of quantum effects of two or more objects meaning one cannot
be described without mentioning of the other.

e Superposition: the mathematical probability of constructive and destructive interference
waves overlapping each other.

e Discretization: particles can have only defined energy levels.
Two main approaches are used to synthetize nanomaterial: Top- down and bottom- up approaches.
Top- down: To make nanostructures materials are etched into bulk structures.

Bottom-down: in order to produce self- assembled nano-sized materials atomic and molecular

building blocks are bringing together by non-covalent and covalent interactions [59].

2.6. Graphene

2.6.1. Carbon Allotrope

Carbon is one of the most fascinating elements in the periodic table. Carbon can exist in many
different forms (allotropes). Some common examples of carbon allotropes are diamond, graphite,
fullerene, graphene and carbon nanotubes, or CNTs. Due to the distinct properties of nanoscale

forms of carbon, they have attracted lots of attention [60].
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Figure 2.2: Structures of selected carbon allotropes[61].

2.6.2. Introduction to Graphene

Graphite is the most common form of carbon, which consists of stacked hexagonal sheets of carbon
held together by VVan de Waals force. A single layer of graphite is what we call graphene. Graphene
is two-dimensional allotrope of carbon with a number of remarkable properties such as, being
stronger than steel and very stretchable and it also has very high thermal and electrical
conductivity, which can make it a flexible conductor. These properties make it interesting for both
fundamental studies and device applications [62,63]. Graphene’s amazing properties as the lightest
and strongest material, compared with its ability to conduct heat and electricity better than anything
else, makes this two dimensional material applicable in numerous disciplines, but not limited to:

bioengineering, composite materials, electronics, energy technology and nanotechnology [64].
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2.6.3. Discovery of Graphene

In 2004, graphene was first produced by Andre Geim and Kostya Noveselov using scotch tape to
peel away layers of graphite [65]. Graphene has attracted lots of attention because of its role in the
significant improvement to the sensitivity of various applications due to its rapid electron transfer

and high surface to volume ratio.
2.6.4. Structure of Graphene

Graphene is a quasi-two-dimensional sheet of carbon atoms with an atomic-scale honeycomb
lattice made of sp? bonded carbon atoms that are densely packed [60,66]. It takes at least 10 such
sheets to resemble graphite by stacking on top of each other [67]. The length of carbon-carbon
bond is 0.142 nm. The area of two carbon atoms of the unit hexagonal cell of graphene is

approximately 0.052 nm?.

Figure 2.3: Diagram representing the graphene lattice unit cell [68].
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2.6.5. Properties of Graphene

2.6.5.1. Electrical Properties of Graphene

Graphene is a zero-gap semiconductor theoretically [65]. The transport mechanism changes
entirely in graphene due to not overlapping of the valance and conduction bands at the Fermi level
[69]. The linear dispersion relation of charge carriers in graphene behaving like massless relative

particles was led to the quantum Hall Effect discovery in 1980 [70].

2.6.5.2. Optical Properties of Graphene

Graphene has been used in many fields including transparent displays in electronics due to its
transparency. The absorption rate of incident white light is 2.3 % or ma where o is the fine structure
constant [71]. Compressing and breathing modes in graphene produce the optical bands of the D

and G respectively using Raman spectroscopy.
2.6.5.3. Mechanical Properties of Graphene

Graphene is known as one of the lightest materials while being extremely strong with a breaking
strength of 42 Nm™. The breaking strength of graphene is 100 times greater than steel; it weighs
0.77 mg m2. Atomic force microscopy (AFM) has been applied to measure the tensile strength of

single graphene sheet.
2.6.6. Synthesis of Graphene

A wide range approach for the synthesis of graphene based on the use of instrumentation,

efficiency, cost of material and production have been studied in modern times.

38

http://etd.uwc.ac.za



The first and simplest method with an inexpensive instrumentation that has developed to prepare
thin graphene sheet is the scotch tape method by Geim et al. [63]. The thin sheets of graphite
exfoliated using scotch tape. The transparent sheets are observed after repeated folding of scotch

tape and then they are transferred to silicon wafers for analysis.

Three principle methods present a simple chemical approach for the preparation of graphene from
graphene oxide, which are reported as inexpensive, massively scalable, facile and fast methods
are: Brodie [72], Hummers [73] and Staudenmeier [74]. Complete exfoliation of GO into graphene
oxide sheets, followed by their reduction to reduced graphene oxide nanoplatelets is done by many
different routes. The reduction of graphene oxide to graphene can be done by chemical reduction,
photoreduction, thermal reduction, electrochemical reduction etc. The major drawback of this

approach is the formation of defects in the graphene structure.

The method that promises the production of high quality single graphene sheets is chemical vapor
deposition (CVD). The CVD can be employed to produce single sheets of graphene with high
quality on a large scale [75]. The graphene sheets resulted from CVD do not need further

treatments and can grow on arbitrary surfaces using transition metal catalysts [76].

2.6.7. Application of Graphene

Graphene has attracted lots of attention as an alternative to existing materials such as electrode
materials in laboratories and thanks to its novel electrical, mechanical, thermal and optical
properties it has been used in a wide range of applications. It is being employed as inexpensive
display screens in mobile devices [77], fuel cells [78], hydrogen storage [79], lithium-ion batteries
[80], solar cells, ultracapacitors, light weight gas tanks, electrodes in electrochemical sensors

[20,66,81].
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The use of graphene and reduced graphene oxide as a material to modify carbon based electrodes
has attracted lots of attention due to its intrinsic properties such as high surface area, high
mechanical strength, excellent conductivity, and ease of functionalization. Graphene-based
electrodes exhibit superior detection properties as chemical and biological sensors for
environmental analysis such as heavy metal detection and organic and inorganic materials

determination.
2.7. Metal Nanoparticles

The synthesis and characterization of nanosized of metals have received great interests in the fields
of chemistry, biology, physics, medicine, and material science and their different interdisciplinary
fields due to their unusual physical (structural, electronic, magnetic and optical) and chemical
(catalytic) properties [82,83]. Catalysis is the most important electrochemical application of metal-
nanoparticles that have received increasing attention due to their high ratio of surface atoms with
free valences to the cluster of total atoms and the facilitation of the electronic transfer [82,83]. The
catalytic properties of metal-nanoparticles make them suitable for catalyzing the redox process of
some molecules with analytical interest which can be studied using electroanalytical methods.
Begon et al. have reviewed the electroanalytical applications of various metal-nanoparticles in

electrochemical sensors [83].

An increasingly attractive route for the preparation of metal-nanoparticles modified electrode is
the electrodeposition of a metal from a solution of its salt onto the electrode surface. Some metal-
nanoparticles (e.g., Au, Pt, Ag, Ni, Cu, Co, Sb) have been the subject of innumerable studies in

producing electrode materials for catalytic applications and electrochemical biosensing [23,84].
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2.7.1. Antimony nanoparticles

In the recent years metals, such as Antimony have been applied for the modification of surface
electrodes. In 2007 the antimony film electrode in situ on a glassy carbon (SbFE/GC) was
introduced for the first time as another alternative that approaches the electroanalytical
performance of mercury- and bismuth-based electrodes featuring some interesting characteristics,
such as higher hydrogen overpotential, favorably negative overvoltage of hydrogen evolution, a
wider useful potential window, convenient performance in more acidic media (pH<2), mechanical
stability, easily renewable surface, effective preconcentration in stripping procedures and low
stripping signal for antimony itself [12,16]. Hocevar et al. investigated the use of antimony film
electrode for electrochemical stripping analysis for the first time [16]. Cesarino et al. reported a
glassy carbon sensor modified with reduced graphene oxide antimony nanoparticles for estriol
hormone detection [85]. The reduced-graphene oxide-antimony nanocomposite can be prepared
by a direct electrochemical reduction method at pencil graphite electrode surface making it
possible to control film thickness; the nanocomposite may expand the application area of graphene
and offers great opportunities for new functions due to the synergistic effects of the component

materials.

2.7.2. Gold nanoparticles

Gold nanoparticles (AuNPs) have attracted electroanalytical chemists from a fundamental and
practical point of view because of their high surface-to-volume ratio, excellent conducting
capability, and good biological compatibility. Although Au is known to be a poor catalyst in the
bulk form nanometer-sized Au particles show extraordinary catalytic activity originated from the

guantum scale dimensioned the presence of active sites on the fine particles [82]. Haruta and co-
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workers demonstrated the use of highly dispersed, nanometer-sized Au particles in many important

reactions.
2.7.3. Nanomaterial electrochemical sensors for bisphenol A (BPA) detection

Electrodes modified with different nanomaterials such as graphene have been used in various
studies for BPA detection. Goulart’s group have demonstrated the use of carbon nanotubes films
to develop a high-sensitivity determination of bisphenol A using CV [54]. Ntsendwana et al.
reported a glassy carbon electrode modified with graphene for determination of BPA [86].
Wensheng Huang investigated voltammetric determination of bisphenol A using a carbon paste
electrode based on the enhancement effect of cetyltrimethylammonium bromide (CTAB) [39].
However the sensitivity of the electrochemical sensor for detection of BPA exhibit improved by
using carbon nanotubes or graphene metal nanocomposites due to synergistic effect of graphene
sheets and metal nanoparticles. The use of carbon-based electrodes modified by carbon nanotubes
and antimony nanoparticles to detect BPA using DPV was reported by Moraes et al. [87]. Tu et al.
evidenced the use of multiwalled carbon nanotubes-gold nanoparticles film for bisphenol A
determination using CV [38]. Niu et al. introduced an electrochemical sensor based on stacked
graphene nanofibers (SGNF) and gold nanoparticles (AuNPs) composite modified glassy carbon
electrode (GCE) for determination of bisphenol A (BPA) [14]. Yin et al. reported the
electrochemical behavior of bisphenol A at glassy carbon electrode modified with a composite
made from gold nanoparticles and silk fibroin and PAMAM dendrimers [52]. A label-free
electrochemical aptasensor for bisphenol A (BPA) detection in milk samples on gold nanoparticles
dotted graphene modified glassy carbon electrode was developed by Zhou et al. [10]. Tu et al.
developed a sensitive electrochemical method for electroanalysis of Bisphenol A at a glassy carbon

electrode (GCE) modified with a multiwalled carbon nanotubes (MWCNTS)-gold nanoparticles
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(GNPs) hybrid film [38]. Li et al. coated glassy carbon electrode with carboxylated multi-walled

carbon nanotubes for voltammetric determination of bisphenol A [37].

The above mentioned carbon-based electrodes modified with nanomaterials exhibit significant
improved sensitivity towards detection of BPA and support the use of nanocomposites for

enhanced detection capabilities.
2.8. Pencil Graphite Electrodes

Carbon based solid materials has been utilized as an electrode substrate material in different
applications due to their wide potential window and low background current. The pencil graphite
electrode (PGE) as a new type of carbon electrode has been used in numerous electroanalytical
applications in recent years [17,88]. Pencil-graphite electrode (PGE) offers many attractive
features compare to other carbon-based electrodes such as good electro-conductivity, low cost, no
need for time-consuming pretreatments, disposability, low background current, and availability
[18]. The electrochemical reactivity and surface area of a PGE can be easily improved by surface
modification and electrochemical treatments. Commonly used coating methods to improve the
electrochemical activity of electrode surfaces to create sensitive high performance sensor are drop
casting, passive adsorption and dip coating of chemically reduced graphene oxide solutions
[64,66,89,90]. Electrochemical reduction of graphene oxide onto the electrode surface as a fast
and green synthesis approach is an alternative to the reduction of graphene oxide chemically [91-
94]. A method of direct electrochemical reduction of graphene oxide onto electrode surfaces have
been proposed by Guo et al, and Chen et al. in order to limit the structural defects of graphene
sheets and control film thickness [91,92]. To eliminate the fouling effect from the oxidation of

BPA, single-use pencil graphite electrode can be used as an alternative to the modified and
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unmodified glassy carbon electrodes. Ali Ozcan developed a sensitive and selective method for
determination of BPA using pencil graphite electrodes were activated electrochemically in the

presence of different supporting electrolytes [11].
2.9. Characterization Techniques

The understanding of the properties of synthesized graphene sheets is imperative in evaluating the
quality of graphene oxide (GO) and produced graphene. The purity and defects of graphene,
reduced graphene oxide and reduced graphene oxide-metal nanocomposite is investigated using
various characterization techniques including Fourier transformed infrared spectroscopy (FT-IR),
x-ray diffraction (XRD), Raman spectroscopy and high resolution electron microscopy (HRSEM).

A brief discussion of these techniques is listed below.
2.9.1. Fourier Transformed-Infrared (FT-IR) Spectroscopy

The quantitative and qualitative features of functional groups in organic and inorganic solid, liquid
and gas samples are investigated by the FT-IR spectroscopy. FT-IR as an inexpensive and rapid
detection method measures the absorbed light of a specific wavelength when interference wave

interacts with the sample [95,96].
2.9.2. X-ray Diffraction (XRD)

XRD determines the molecular and atomic structure of crystals. The molecular structure is
determined by measuring the angles and intensities of the diffracted X-ray light beam caused by

the sample. The crystallographic and chemical composition of materials can be obtained [97].
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2.9.3. Raman Spectroscopy

In Raman spectroscopy, the interaction between light and matter is investigated. Samples absorb
and re-emit photons of the laser light. The change of re-emitted photons frequency in response to
the original frequency is measured. The information of functional groups and changes in the

structure of the sample can be provided by the obtained spectra [98].
2.9.4. High Resolution Scanning Electron Microscopy (HRSEM)

Scanning electron microscopy replaces optical light with an electron beam to interact with sample
producing photons which are collected on a photon screen to create an image. The sample surface

topography and composition is determined by the produced signals.
2.10. Summery

From what has reviewed in the literature it can be deduced that: Stripping voltammetry is a widely
used method for determination of bisphenol A. The cost effective and environmentally friendly
pencil-graphite electrode modified with graphene-metal nanocomposite may be used as a high
sensitive electrode providing good results during voltammetry. The literature presented shows that

the study done for this thesis would be successful and produce positive results.
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CHAPTER THREE

Experimental Approach

3.1. Introduction

The experimental procedures and instrumentations applied to obtain the relevant data utilized in

this study including electrode and sample preparation has been detailed in this section.
3.2. Apparatus

Differential pulse voltammetry (DPV) and cyclic voltammetry (CV) experiments were applied
using 797 VA COMPUTRACE instrument (Metrohm, Switzerland) controlled by a personal
computer. The technique employed three electrode system consisting of an electrochemically
reduced graphene oxide metal (antimony and gold) nanoparticles pencil-graphite electrode
(ERGO-SbNPs-PGE and ERGO-AuUNPs-PGE) served as the working electrode. A platinum wire
and Ag/AgCI (saturated KCI) served as the counter and reference electrodes, respectively. All

experiments were performed in a one compartment 20 mL voltammetric cell at room temperature.

Fourier Transform Infrared (FT-IR) spectra were recorded using a (Perkin Elmer Spectrum 100)
coupled to an Attenuated Total Reflectance (ATR) sample holder. FT-IR was used to gain
information and confirmation on graphene oxide. Scanning Electron Microscopy (SEM)

measurements were utilized using a LEO 1450 SEM 30 kV instrument equipped with Electronic
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Data System (EDS) and Windows Deployment Services (WDS); images were taken using the
secondary electron detector. Before SEM observations, the samples were dried in a vacuum oven
and deposit on the silicon grid surface. XRD measurements were employed using a Bruker AXS
D8 Advance diffractometer from BRUKER-AXS Germany with Cu-Ka radiation and Raman
spectroscopy was obtained using a Dilor XY Raman spectrometer with a Coherent Innova 300

Argon laser with a 514.5 nm laser excitation.
3.3. Reagents

All chemicals used in this study are of analytical reagent grade purity. 1,000 mg L* atomic
absorption standard solution from Sigma-Aldrich was provided and diluted as required. Bisphenol
A (BPA, 99%) was purchased from Aldrich. Phosphate buffer solution (0.1 M, pH 7) was
prepared by mixing dipotassium hydrogen phosphate and potassium dihydrogen phosphate
solutions followed by diluting the solution with ultra-pure distilled water (Millipore), this solution
was served as the supporting electrolyte. In order to verify the pH of the supporting electrolyte

(phosphate buffer solution), a pH meter (Metrohm 827 pH Lab.) was used.

3.4. BPA solution

Bisphenol A solution was prepared by dissolving it in ethanol and was diluted with ethanol.
3.5. Phosphate buffer solution (Electrolyte solution)

Appropriate amounts of dipotassium hydrogen phosphate and potassium dihydrogen phosphate

were mixed with ultrapure water in order to prepare 0.01 M phosphate buffer solution (PB).
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3.6. Acetate buffer solution

Acetate buffer solution (0.1 M, pH 4.6) was prepared by mixing glacial acetic acid and sodium
acetate followed by diluting the solution with ultra-pure distilled water (Millipore). Acetate buffer

solution (ABS) was used as the solvent for graphene oxide GO solution.
3.7. Nitric acid solution

In order to prepare 3 M Nitric acid solution on a volume to volume basis, Nitric acid (55%) was

diluted with distilled water. The prepared solution was used for glassware and electrode cleaning.
3.8. Hydrochloric acid solution

HCI (32%) was diluted with high purity distilled water to prepare 1 M hydrochloric acid solution.
3.9. Synthesis of graphene oxide (GO)

Graphite oxide was synthesized from graphite powder according to the Hummers method
[68]with some modifications. Graphite powder (2 g) and sodium nitrite (1 g) were mixed with
sulfuric acid (50 mL) in a clean dry conical flask and stirred at room temperature for 30 minutes,
followed by subsequent mixing in an ice bath for 20 min. Potassium permanganate (7 g) was
added gradually over a 30 minutes period with constant stirring. The resulting solution was
allowed to reach room temperature prior to being placed in a water bath set at 35 °C and, left to
stir for 2 hours. The flask was returned to the ice bath with constant stirring. Ultra-pure water,
150 mL, was added before the addition of approximately 5 mL hydrogen peroxide until
effervescence ceases. The flask was removed from the ice bath and allowed to stir at room

temperature overnight and centrifuged for 20 minutes. Three successive acid washes were
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performed followed by one with ultra-pure water. The resulting product was dried for 48 hours in
a vacuum oven. To prepare a 1.0 mg mL* GO solution, 10 mg of the product (graphite oxide)

was exfoliated in 10 mL of ethanol or ultrapure water.

® COOH, OH, -0-

Graphite SFOERXS + _— S -
GO P
rGO

Figure 3.9.1: Graphic representation of GO synthesis from graphite powder [99].

3.10. Prepration of graphene oxide metal nanoparticles (GO-

MetalNPs) nanocomposite solution for electrochemical reduction

After exfoliating the prepared graphite oxide (10 mg) in 10 mL of 0.1 M acetate buffer solution
ABS (pH 4.6) by ultrasonication for 1.0 hour to give a 1.0 mg mL GO solution, 15 ppm standard
solution of metal (Sh, Au, Ni, Pd, Co, Cu) was added to the GO solution and was sonicated for 2

hours.
3.11. Prepration of pencil graphite electrodes (PGE)

The pencil-graphite rods (Pentel, HB of 0.5 mm in diameter and 6 cm in length) were obtained

from the local book store. A copper wire was attached to one end of the pencil rod to establish
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electrical connection with the potentiostat and a plastic syringe was used to hold them together
into which the pencil rod was inserted into it along with the copper wire exposing 1 cm of the

other end of the pencil rod at one end of the syringe. The attached copper wire passed through the

top of the syringe.

Figure 3.11.1: Photograph of pencil graphite electrode (PGE) made from pencil-graphite rod,

plastic syringe and copper wire.

3.12. Preparation of the multiple electrochemically reduced
graphene oxide metal nanoparticles pencil graphite electrode

(ERGO-MetalNPs-PGE)

In order to eliminate the fouling effect from the oxidation of BPA, single-use pencil graphite
electrode was used but it was time consuming with less reproducible results to prepare one ERGO-
MetalNPs-PGE for each measurement at a time so a new technique was introduced to make
multiple ERGO-MetalNPs-PGE at once. The pencil rod’s tips were immersed in 10 mL of GO-
MetalNPs nanocomposite dispersion (1 mg mL™?) and cyclic voltammetric reduction of GO-
MetalNPs was performed with constant stirring in the fixed potential of (-0.7 V, vs. Ag/AgCl)
and then cycling in a range between (-1.5 V, vs. Ag/AgCl) and (+0.3 V, vs. Ag/AgCl) for five

successive cycles. The instrumental parameters that were used for the electrodeposition
50

http://etd.uwc.ac.za



procedure are as follows; deposition time (120 s), deposition potential (-0.7 V, vs. Ag/AgCl),
equilibration time (10 s), sweep rate (0.1 Vs1), and voltage step (0.005 V). The ERGO-MetalNPs-
PGEs were dried for one hour and then conditioned by applying the potential of (-0.7, vs.
Ag/AgCl) V from (0.0 V, vs. Ag/AgCl) to (1.0 V, vs. Ag/AgCl) in phosphate buffer solution
(PBS) before each measurement. The multiple preparation technique is explained in detail in

chapter 5.
3.13. Procedure DPV analyses

The electrodes were immersed (1 cm) into the electrochemical cell containing, 10 mL of
phosphate buffer (0.1 M, pH 7), and bisphenol A. The solution was stirred for 60 seconds and
after a brief rest period (10 seconds) the potential was scanned from (0.1 V, vs. Ag/AgCl) to (0.9
V, vs. Ag/AgCI)99 by applying differential pulse voltammetry to the ERGO-MetalNPs-PGE.

Experiments repeated three times by applying a new fresh electrode for each measurement.

To investigate the effect of instrumental parameters on the peak heights produced by the current,
each one was varied while keeping the remaining ones constant. The optimum instrumental

parameters were used for all further experiments.

Before each experiment the electrode was run in PBS without BPA in the cell in order to stabilize

the modification on the electrode surface.

Once the preparation of the electrode was developed and an understanding of the technique was

achieved, the electrode was applied for tap water analysis.
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3.14. Quantitation

To determine the concentration of the analyte, standard addition method was used. Each analysis
was repeated four time for reproducibility purposes. The standard addition formula for calculation

of the analyte concentration is as follows:

c(standard)xv x1000
(i1-i)x(V+v)

)

¢ (unknown) =

Where,

C (unknown) = concentration of the final unknown solution
C (standard) = concentration of the standard solution

V = volume of the sample solution

v = volume of the standard solution added

| = peak height of the unknown solution

I = peak height of the unknown solution + standard
3.15. Sample preparation

After collection of tap water in our laboratory 9 mL of it was added to 1 mL of 1 M phosphate
buffer solution and the analysis was performed as described by the procedure in section 3.14 to

determine BPA.
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3.16. Characterization techniques

3.16.1. Fourier Transformed Infrared Spectroscopy (FT-IR)

In order to distinguish between graphene and GO and investigate the presence of oxygen in the
graphite structure in the form of oxygenated functionalities, FT-IR spectroscopy was performed.
10 mg of graphite, graphene oxide, and graphene grounded in a pestle and mortar on the
Attenuated Total Reflectance (ATR) sample holder and Perkin Spectrum 100 FT-IR spectrometer

recorded the FT-IR spectrum.
3.16.2.  X-ray Diffraction (XRD)

A BRUKER AXS X-ray diffractometer with Cu-Ko radiation was utilized to investigate the
structural changes in graphite, graphene oxide and graphene. The list of instrumental operating

conditions is shown in Table 3.1 below.

Table 3.1: Operating parameters for XRD.

XRD Operating Parameters
Radiation Sources Cu-Ka
Radiation Wavelength 1.506 A
Tube Voltage 40 kV
Tube Current 40 mA
Variable Slits 0.28 mm
53

http://etd.uwc.ac.za



3.16.3. Raman Spectroscopy

A Dilor XYRaman spectrometer with a Coherent Innova 300 Argon laser with a 514 nm laser
excitation was used to investigate the change in structure after chemical transformation, from pure
graphite to graphene oxide. 1.0 mg mL™ solutions of graphite and graphene oxide were exfoliated
by ultrasonification and were drop cast onto glass slides in order to form thin film sample for

Raman spectroscopy characterization.
3.16.4. High Resolution Scanning Electron Microscopy (HRSEM)

The high resolution scanning electron microscopy (HRSEM) of the bare PGE, ERGO-PGE and
ERGO-MetalNPs-PGE surfaces was analyzed to characterize their surface morphology. The

graphite electrodes were placed on carbon tape and investigated at various magnifications.
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Chapter Four:

Morphological and Structural Characterization of
Graphene and reduced Graphene Oxide- metal nano-

composite

4.1. Introduction

The morphological and structural changes along the chemical synthesis routs demonstrated in this
chapter. The formation of good quality few-layer reduced graphene oxide-metal nano- composite
as sensing platform for the determination of bisphenol A was confirmed using FT-IR, XRD,

Raman spectroscopy and HRSEM.
4.2. Fourier Transformed Infrared Spectroscopy (FT-IR)

The Fourier Transformed Infrared (FT-IR) spectra of graphite and graphene oxide (GO) are
represented in Figure 4. As expected, graphite shows no significant characteristic IR features.
However, GO exhibits a large compilation of diffused bands attributed to the presence of oxygen
functional groups namely, hydroxyl, epoxides, carbonyl and carboxylic groups [20,100,101]. The
peak at 3117 cm-! is due to O-H stretching vibrations, whereas, the band at 1760 cm™ is attributed
to C=0 stretching vibration [102]. The peak at 1589 cm™ is associated with C=C stretching
vibration [101], while the peak at 1401 cm™ corresponds to the bending C-O-H vibration [101].
The peaks at 1260 cm™ and 1026 cm™ are due to the C-O stretching vibration occurring in alcohols
and epoxides within the graphite structure [102].
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Figure 4.1: FT-IR spectra of Graphite and Graphene Oxide (GO)
4.3. Raman Spectroscopy

Raman spectroscopy investigated the change in structure after chemical transformation, from pure
graphite to graphene oxide. The Raman spectra of graphite and graphene oxide are shown in Figure
5. The Raman spectrum of graphite includes a strong G band at 1575 cm, a significantly weaker
D band at 1350 cm™ and a moderate 2D band at 2721 cm™. The strong G band is because of the
symmetry of the graphite structure which allows first order scattering of the E2g mode (of sp®
hybridized carbon atoms) to occur in the neatly ordered [103]. The ratio of the intensities of the D
and G bands (Ip/lg), measuring defects or disorder within the structure, was calculated as 0.25 for

graphite which confirms the highly ordered structure [104].
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For GO, the G band is decreased, broadened and shifted to 1600 cm™ and the D peak at 1360 cm"
Lis significantly larger than in graphite. The ratio of the intensities (Io/lg) for GO is 0.975,
depicting an increase in structural disorder. This increase is attributed to the significant reduction
in size of the in-plane sp? domains caused by oxidation and ultrasonic exfoliation, and somewhat

disordered graphite crystal structure of graphene nano-platelets
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Figure 4.2: Raman spectra of Graphite (black) and Graphene Oxide (red).
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4.4. X-ray Diffraction (XRD)

The XRD analysis of graphite and graphene oxide (GO) are shown in Figure 6. In the XRD
spectrum of graphite the presence of the strong, distinguishable 002 peak at 26.56° with inter-
planner distance of 0.34 nm imply a highly ordered carbon structure while, the peaks indexed as
100 at 44.54° and 004 at 54.61° are indicative of the crystalline structure of graphite [105]. GO
shows a sharp, tall 001 peak at 9.81° corresponds to an interlayer spacing of approximately 0.7 nm
and confirms the presence of oxygen containing functional groups formed during oxidation which

in turn, cause the graphene oxide sheets to stack more loosely [106].
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Figure 4.3: X-Ray Diffractograms for Graphite and Graphene Oxide.
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4.5. The high resolution scanning electron microscopy (HRSEM)

The high resolution scanning electron microscopy (HRSEM) images of the bare PGE, ERGO-
PGE, ERGO-SbNPs-PGE and ERGO-AuUNPs-PGE surfaces are shown in Figure 1. Surface
roughness with grooves on the surface along the direction of machining can be observed at the
bare PGE surface. Following the electrochemical reduction of graphene oxide flakes of wrinkly
graphene sheets are observed at the ERGO-PGE surface [103]. Little dots on ERGO-AuUNPs-PGE

surface image confirm the presence of gold nanoparticles on the electrode surface.

59

http://etd.uwc.ac.za



Figure 4.4: HRSEM images of bare PGE (a), ERGO-PGE (b), ERGO-SbNPs-PGE (c) and

ERGO-AuUNPs-PGE (d) at 20.00 K (1) and 1000 times magnification (2).
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Chapter Five

Batch preparation method of electrochemically reduced
graphene oxide —metal nanoparticles pencil graphite

electrodes (ERGO-Metal NPs-PGEs5)

In order to eliminate the fouling effect resulting from the oxidation of BPA, single-use the
ERGO-MetalNPs-PGEs were used but their preparation is time consuming since each analysis
run required a fresh ERGO-MetalNPs-PGE. Hence, it was for this reason that a method was
devised to prepare multiple ERGO-MetalNPs-PGEs batches of eight and simply referred to as

the “batch preparation method”.

A plastic container was used to hold the GO-MetalNPs solution and its lid served as a holder into
which the reference electrode (Ag/AgCl saturated KCI), counter electrode (platinum wire) and
working electrode (8 pencil rods connected to each other with copper wire) were inserted at the

holes drilled into it as shown in Figure 5.1.1.

Prior to modification, the PGE electrode surfaces were cleaned with 3M nitric acid, rinsed
thoroughly with deionized water and conditioned three times in PBS by applying the potential of
-0.7 V from 0.0 V to 1.0 V using differential pulse voltammetry. The pencil rod’s tips were
immersed in 10 mL of GO-MetalNPs nanocomposite dispersion (1 mg mL* of GO in acetate

buffer solution and 15 ppm metal) and cyclic voltammetric reduction of GO-MetalNPs was
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performed with constant stirring in the fixed potential of -0.7 and then cycling in a range between
-1.5 and +0.3 V for five successive cycles. A small magnetic stirrer bar was placed into the GO-
MetalNPs solution stir the solution throughout the deposition process. The instrumental parameters
that were used for the electrodeposition procedure are as follows; deposition time (120 s),
deposition potential (-0.7 V), equilibration time (10 s), sweep rate (0.1 Vs™), and voltage step
(0.005 V). The ERGO-MetalNPs-PGEs were dried for one hour and then conditioned by applying
the potential of -0.7 V from 0.0 V to 1.0 V in phosphate buffer solution (PB) before each

measurement.
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Figure 5.1.1: Photograph of apparatus used for coating multiple ERGO-MetalNPs-PGE (a1) side
view, (az) top view. Graphic representation of apparatus used for coating multiple ERGO-

MetalNPs-PGE (b1) side perspective, (b2) top perspective.
5.1. Reproducibility

The reproducibility of the ERGO-MetalNPs-PGEs when they prepared individually and in batch

was investigated. Calibration curves obtained for three sets of electrodes prepared individually
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shown in and in a batch were compared. It was found that the slopes of the calibration curves for

the electrodes prepared in a batch of electrodes were similar in comparison to individually prepared

electrodes.

Figure 5.2.1 shows the calibration curves constructed from three sets of individually prepared

ERGO-SbNPs-PGEs in BPA whilst The calibration curves of three sets of batch prepared ERGO-

SbNPs-PGEs is shown in Figure 5.2.2.

m IstSet Y=1.22 E-6X-5.11E-7
6 e 2ndSet Y=9.52 E-6X+7.76E-7
3rd Set  Y=1.07E-6X +6.35E-7

Current (uA)

T T T T T T T T
1 2 3 4 5

BPA Concentration (uM)

Figure 5.2.1. The standard calibration curves for BPA using individually prepared ERGO-SbNPs-

PGEs (showing linear dependence of the peak current with BPA concentration ranging from 1.0

umol L1 to 5.0 umol LL)
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Figure 5.2.2. The standard calibration curves for BPA using batch prepared ERGO-SbNPs-PGEs

(showing linear dependence of the peak current with BPA concentration ranging from 1.0 pmol

L 1to5.0 umol LL)

It was observed that the slopes of the calibration curves obtained from individually prepared
ERGO-MetalNPs-PGEs have a larger variation in comparison to those prepared using the batch
method. Table 5.2.1 shows a comparison between the individually and batch prepared ERGO-
MetalNPs-PGEs in terms of slopes, correlation coefficient and percentage relative standard
deviation (% RSD). In is clear from the results in Table 5.2.1 that the % RSD of the slopes obtained
using the batch preparation method was 2.389 % in comparison with the 12.429 % obtained when

using individually prepared electrodes. The results clearly demonstrate the high reproducibility of
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the batch preparation method with regards to electrode preparation. Furthermore, the

reproducibility of the batch prepared electrodes yield calibration curves having linear correlation

coefficients much closer to 1 thus highlighting the superiority of the batch preparation method.

Table 5.2.1: The correlation and slope of the linear regression equation of the linear plot of current

vs BPA concentration for multiple and singled prepared ERGO-MetalNPs-PGEs.

Calibration
Curve
Batch Prepared | Individually Prepared
Electrodes Electrodes
Slope R? Slope R?
First Set 1.05 x 10® | 0.991 1.22 x 10® | 0.969
Second Set 1.08 x 10° | 0.994 9.52 x 107 | 0.967
Third Set 1.03 x 10° | 0.994 1.07 x 10° | 0.969
RSD % 2.389 12.429

5.2. Conclusion:

A new method for the multiple preparation of ERGO-MetalNPs-PGE was introduced. The batch

preparation method not only is less time consuming since 8 pencil graphite electrodes can be

modified at once but also improves the reproducibility of the electrodes.
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CHAPTER SIX

Electrochemically Reduced Graphene Oxide Metal
Nanoparticles Pencil Graphite Electrode

(ERGO-MetalNPs-PGE)

6.1. Introduction

The pencil graphite electrode (PGE) as a carbon electrode offers many attractive features compare
to other carbon-based electrodes such as good electro-conductivity, low cost, no need for time-
consuming pretreatments, disposability, low background current, and availability [17,18].
Moreover, the electrochemical reactivity and surface area of a PGE can be easily improved by

surface modification and electrochemical treatments [86].

Recently, Graphene as a versatile material to modify electrode surfaces has attracted lots of
attention because of its role in the significant improvement to the sensitivity of various applications
due to its rapid electron transfer and high surface to volume ratio and this two dimensional material
has become one of the most widely used materials for surface modification to increase the

sensitivity, selectivity, and reproducibility of the developed electrochemical sensors [61].

In the recent years metal nanoparticles, such as Antimony, Gold, and Silver have been applied for
the modification of surface electrodes for electroanalysis purposes. Metal nanoparticles have
shown significant electrocatalytic and electron-conducting characteristics due to their different

size, shape, composition, and crystalline structures [10,14,23,37,38,52,80-85].
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A one-step direct electrochemical reduction technique was utilized in this chapter to prepare
reduced graphene oxide metal nanoparticles pencil graphite electrodes ERGO-MetalNPs-PGEs
from colloidal graphene oxide metal nanoparticles solution. The modified pencil electrodes were

applied for the determination of bisphenol A (BPA) by adsorptive stripping voltammetry.

6.2. Effect of different ERGO-MetalNPs nanocomposite surface on

electrochemical oxidation of BPA

The effect of various metals such as Sh, Au, Ni, Pd, Co and Cu that were used to prepare the
ERGO-MetalNPs nanocomposites and investigated for electrochemical oxidation of BPA. The
enhancement in the oxidation peak of BPA from bhare pencil graphite electrode (PGE) to
electrochemically reduced graphene oxide pencil graphite electrode (ERGO-PGE) to
electrochemically reduced graphene oxide metal nanoparticles pencil graphite electrode (ERGO-

MetalNPs-PGE) was evaluated.

The electrochemical behavior of BPA at the ERGO-MetalNPs-PGE (Metal: Sb, Au, Ni, Pd, Co
and Cu) was evaluated in 0.1 mol L™t PBS pH 7, containing 50 uM BPA by using differential pulse
voltammetry (DPV) experiments with an amplitude of 100 mV, step potential of 2 mV, and an

effective scan rate of 5 mV/s. The results are presented in Figures 6.1, 6.2, 6.3, 6.4, 6.5 and 6.6.

Figure 6.1 shows the electrochemical behavior of BPA at the bare pencil graphite electrode (PGE),
electrochemically reduced graphene oxide pencil graphite electrode (ERGO -PGE) and

electrochemically reduced graphene oxide cobalt nanoparticles pencil graphite electrode (ERGO-
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CoNPs-PGE). The electrochemical response shows no improvement from ERGO —PGE to ERGO-

CoNPs-PGE.
100
— Bare PGE
80 | —— ERGO-PGE
ERGO-CoNPs-PGE
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Figure 6.1: DPV of 0.1 molL* PBS at pH 7 containing 50 uM BPA for the electrode (black) bare

PGE, (red) ERGO-PGE, (green) ERGO-CoNPs-PGE.

The electrochemical behavior of BPA at the bare PGE, ERGO —PGE and ERGO-NiNPs-PGE are
shown in Figure 6.2. There is a slight enhancement in the peak height at the ERGO-NiNPs-PGE

in comparison to the bare PGE and ERGO —-PGE but not significant enough to be used for sensor

applications.
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Figure 6.2: DPV of 0.1 molL™ PBS at pH 7 containing 50 uM BPA for the electrode (black) bare

PGE, (red) ERGO-PGE, (green) ERGO-NiNPs-PGE.

Figure 6.3 represents the increase in the BPA oxidation peak at the bare PGE, ERGO -PGE and
ERGO-PdNPs-PGE. An increase in the peak height is observed from the bare PGE to the ERGO-
PGE. The effect of the synergetic combination of ERGO sheets and Pd nanoparticles yielded to a

significant enhancement in the peak height at the ERGO-PdNPs-PGE.
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Figure 6.3: DPV of 0.1 molL* PBS at pH 7 containing 50 uM BPA for the electrode (black) bare

PGE, (red) Pd Film-PGE, (green) ERGO -PGE, (blue) ERGO-PdNPs-PGE.

The electrochemical response of PBA oxidation at the bare PGE, ERGO —PGE and ERGO-CuNPs-

PGE is represented in Figure 6.4. The peak current has been decreased from ERGO -PGE to

ERGO-CuNPs-PGE.
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Figure 6.4: DPV of 0.1 molL™* PBS at pH 7 containing 50 uM BPA for the electrode (black) bare

PGE, (red) ERGO-PGE, (green) ERGO-CuNPs-PGE.

The electrochemical responses of the bare PGE, ERGO —PGE and ERGO-AuUNPs-PGE platforms
towards BPA are compared in Figure 6.5. A considerable increase in peak height can be seen at
the ERGO-AuUNPs-PGE in comparison to the bare PGE and ERGO —-PGE. The enhanced
conductivity and electron transfer is due to the higher surface area-to-volume ratio of graphene
and gold nanoparticles in the nanometer range (1-100 nm) confirmed by the increased stripping

peak current from the bare PGE to ERGO -PGE and ERGO-AuUNPs-PGE.

72

http://etd.uwc.ac.za



20 — Bare PGE
— ERGO-PGE
ERGO-AuNPs-PGE
154
2
5
O
5
1. _
I T I T 1 i 1 N I ] I T I

0.2 03 0.4 05 0.6 0.7 08 0.9 10
Potential (V)

Figure 6.5: DPV of 0.1 molL* PBS at pH 7 containing 50 uM BPA for the electrode (black) bare

PGE, (red) ERGO-PGE, (green) ERGO-AuUNPs-PGE.

The stripping peak current of BPA at the bare PGE, ERGO -PGE and ERGO-SbNPs-PGE is
shown in Figure 6.6. The DPV voltammetry shows a negative shift for BPA oxidation peak on
bare PGE at 492 mV to 389 mV on ERGO-PGE and ERGO-SbNPs-PGE. Moreover, the BPA
oxidation peak on modified ERGO-SbNPs-PGE shows a 12 times bigger current than the bare
PGE. The enhancement in the oxidation current peak of PBA at ERGO-SbNPs-PGE reflects the

increase of the electroactive surface area by the formed hybrid (rGO-SbNPs).
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Figure 6.6: DPV of 0.1 molL* PBS at pH 7 containing 50 uM BPA for the electrode (black) bare

PGE, (red) ERGO-PGE, (green) ERGO-SbNPs-PGE.

The electrochemical oxidation of BPA increased significantly when ERGO-SbNPs-PGE and
ERGO-AuUNPs-PGE were used as the working electrodes; thus the electrochemical

characterizations of these two electrodes were conducted to investigate them in more details.
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6.3. Electrochemically reduced graphene oxide antimony

nanoparticles pencil graphite electrode (ERGO-SbNPs-PGE)

6.3.1. Influence of the electrodeposition method of GO-SbNPs onto the PGE

The electrodeposition of GO-SbNPs onto the pencil graphite electrode was conducted in three
different methods: (1) Applying fixed potential for 120 s. (2) Cycling for 5 excessive cycles. (3)
Applying fixed potential for 120 s as the conditioning step and then cycling 5 excessive cycles.
The effect of electrodeposition method of GO-SbNPs onto the pencil graphite electrode on the
oxidation peak of BPA was investigated in a 0.1 M phosphate buffer solution (pH 7) containing
50 pug L BPA (Figure 6.7). The sensitivity of the ERGO-SbNPs-PGE improved significantly

when the last method used for the modification step of the pencil graphite electrode.
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Figure 6.7: DPV of 0.1 molL? PBS at pH 7 containing 50 pM BPA for the electrode (black) GO-
SbNPs deposited at a fixed potential of -0.7 V, (red) GO-SbNPs deposited by 5 excessive cycles,

(green) GO-SbNPs deposited at a fixed potential of -0.7 V and 5 excessive cycles.
6.3.2. Influence of the number of GO-SbNPs electrodeposition cycles

The sensitivity and performance of any electrode is influenced by the speed and ease of electron
transfer through the deposited film [107]. The influence of the number of GO-SbNPs
electrodeposition cycles on the oxidation peak of BPA is shown in Figure 6.8. A deposition of five
cycles was selected for the further experiments of detection of BPA at the ERGO-SbNPs-PGE as
it showed the biggest peak current. The peak current decreased after 5 cycles because the thickness

of the graphene- SbNPs film impedes the flow of electrons to the electrode surface. The advantage
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of electrodeposition of the GO-SbNPs onto the pencil electrode using cycling voltammetry is the

ability of controlling the film thickness deposited on the electrode surface.
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Figure 6.8: Effect of number of cycles on the peak currents of BPA at the ERGO-SbNPs-PGE in

0.1 M phosphate buffer solution (pH 7).
6.3.3. Effect of the concentration of the antimony

The effect of the antimony concentration in the GO-SbNPs solution was varied from 5 to 20 ppm
for the modification of the pencil graphite electrode; the oxidation peak of BPA was investigated
in a 0.1 M phosphate buffer solution (pH 7) containing 50 pug L™ BPA (Figure 6.9). The peak
currents increased to a maximum with increasing the antimony concentration followed by the
decrease in peak current with increasing the concentration. The decrease in the peak height can be

due to the enlargement of the antimony nanoparticle sizes as a result of high concentration of the
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antimony in the GO-SbNPs solution [80,81,108]. A concentration of 15 ppm was selected as the

optimum antimony concentration for the detection of BPA at the EGO-SbNPs-PGE.

TN

Current (uA)

5 1 15 20 2
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Figure 6.9: Effect of antimony concentration in the GO-SbNPs solution for modification of pencil

graphite electrode on the oxidation peak of BPA in 0.1 M PBS (pH 7) containing 50 pg L™* BPA.

6.3.4. The effect of the electrodeposition time of GO-SbNPs

The influence of the electrodeposition time of GO-SbNPs in the pencil graphite electrode
modification step on the peak current of BPA was studied over the time interval from 60 to 300
seconds (Figure 6.10). The peak current is observed to be increased up to 120 s after which the

peak height level off suggesting surface saturation of the electrode. As a consequence of this
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behavior a deposition time of 120 s was selected for the developing the electrodeposited GO-Sb

NPs-PGE.
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Figure 6.10: Effect of the electrodeposition time of GO-SbNPs for modification of pencil graphite

electrode on the oxidation peak of BPA in 0.1 M PBS (pH 7) containing 50 pg L™ BPA.

6.3.5. Microscopic Characterization of Electrodeposited Graphene- SbNPs

Modified Pencil Electrode ERGO-SbNPs-PGE

Figure 6.11 shows the surface morphologies of the bare PGE, EGO-PGE, and ERGO-SbNPs-PGE

with high resolution scanning electron microscopy (HRSEM). The grooves along the surface in
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the direction of machining was observed at the bare PGE at low magnification, Figure 6.11 (a),
while graphene fake sheets at higher magnification are observed at EGO-PGE, and ERGO-SbNPs-
PGE, Figure 6.11 (b) and 6.11 (c). Antimony nanaoparticles on top of the graphene sheets can be

seen at the ERGO-SbNPs-PGE at higher magnification in Figure 6.11(c).

Figure 6.11: HRSEM images of bare PGE (a), EGO-PGE (b), and ERGO-SbNPs-PGE (c) at 20.00

k times magnification (1) and 1000 times magnification (2).
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6.3.6. Antimony nanoparticles on the ERGO-SbNPs-PGE

The presence of the antimony nanoparticles on the electrode surface was investigated
electrochemically in HCI solution to confirm the observation in HRSEM images (Figure 6.12).
The ERGO-SbNPs-PGE was run in a 1 M HCI solution with differential pulse voltammetry and a
big oxidation peak at -0.1 V was observed confirming the presence of antimony nanoparticles on

the electrode surface.
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Figure 6.12: Stripping voltammetry of antimony nanoparticles ina 1.0 M HCI solution at ERGO-

SbNPs-PGE.
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6.3.7. Electrochemical characterization of ERGO-SbNPs-PGE in Ferricyanide

solution

Potassium ferricyanide was used as a redox marker to investigate the electrochemical properties
of electrochemically reduced graphene oxide antimony nanoparticles pencil graphite electrode.
The measurements of impedance, CV, and effect of scan rate were carried in 0.1 M KCI solution

containing 5 mM [Fe (CN) ¢] ¥/*".
6.3.7.1. Impedimetric analysis

Figure 6.13 shows electrochemical impedance analysis of the bare PGE, ERGO-PGE, and ERGO-
SbNPs-PGE in 0.1 M KCI solution containing 5 mM [Fe (CN) ]¥*. The electrochemical
properties of the film modified on the pencil graphite electrode are studied by using the associated
equivalent circuit model. The semicircle parameters of the Nyquist plots of the bare PGE, ERGO-
PGE, and ERGO-SbNPs-PGE correspond to. the double layer capacity (Car) of the film and the
electron transfer resistance (Rct) [L09-111]. A semicircle area (Ret = 1204 Q) is observed at bare
PGE which is larger than ERGO film (Rct = 269.6 Q); this area has decreased at ERGO-SbNPs
film (Rct = 209.8 Q) in comparison to other two electrodes indicating the lower electron transfer
resistance at ERGO-SbNPs film which improves the electron- transfer kinetics process as a faster

one and more suitable for the electrocatalytic activities, respectively [110,112,113].
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Figure 6.13: EIS response of the bare PGE (black), and ERGO-PGE (red), and ERGO-SbNPs-

PGE (green) in 0.1 M KCI containing 5 mM [Fe (CN) ¢]*/*.

6.3.7.2. Electrochemical characterization of the pencil graphite electrode after

the modification

Figure 6.14 shows the electrochemical response of the pencil electrode before and after each
modification step in ferricyanide solution. The oxidation and reduction response of 5 mM [Fe (CN)
6]°’*in 0.1 M KClI solution at bare PGE, ERGO-PGE and ERGO-SbNPs-PGE was measured with
cyclic voltammetry at 50 mV s scan rate. The broad peaks of [Fe (CN) s]*’* redox couple at bare
pencil graphite electrode can be seen and the separation of anodic and cathodic peaks is 0.71503

V, 0.11582 V, and 0.10071 V for bare PGE, ERGO-PGE, and ERGO-SbNPs-PGE, respectively.
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This result is consistent with the decrease in Rt observed using EIS. There is an enhancement in
the peak size after each modification step showing a better sensitivity in the electrode surface due

to the higher surface to volume ratio and faster electron transfer [87,107].
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Figure 6.14: CV voltammograms of 5 mM [Fe (CN) ¢]*/* in 10 mL of 0.1 M KClI solution at bare

PGE (black), ERGO-PGE (red), and ERGO-SbNPs-PGE (green).

6.3.7.3. The effect of scan rate

The dependence of peak currents on the scan rate over the 10 mV s to 100 mV s range is shown
in the Figure 6.15 (a). The oxidation and reduction peak currents exhibit a linear increase with
increasing the square root of the scan rate (Fig 6.15 (b)) indicating the process is diffusion
controlled. A correlation of 0.996 was obtained for both anodic and cathodic peak current versus

the square root of the scan rate.
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Figure 6.15: Cyclic voltammograms overlay at different scan rates from 10 to 100 mV s in10
mL 0.1 M KClI solution containing 5.0 mM [Fe (CN) s]** at ERGO-SbNPs-PGE (a) and The plot

of peak currents vs square root of scan rate (b).

6.3.8. The synergetic effect of graphene sheets and antimony nanoparticles in

electrochemical response of BPA

Figure 6.16 shows the change of the oxidation peak height of 50 uM BPA with DPV at bare pencil
graphite electrode and modified pencil graphite electrode. There is an improvement in the
electrode sensitivity when it is modified with antimony nanoparticles (Figure 6.16 a).There is a
chance the antimony is deposited on the electrode surface as a film which can explains why the
sensitivity of the electrode is not improved significantly. A big enhancement in the peak height is
observed from bare PGE to ERGO-PGE shown in Figure 6.16 b. Figure 6.16 ¢ shows a significant
increase in the oxidation peak of BPA when the pencil electrode is modified with both graphene

and antimony nanoparticles.
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Figure 6.16: The comparison of DPV measurements of 0.1 molL™ PBS at pH 7 containing 50 pM
BPA at bare PGE and SbNPs-PGE (a), bare PGE and ERGO-PGE (b), and bare PGE, ERGO-PGE

and ERGO-SbNPs-PGE (c).

6.3.9. The fouling effect of BPA

The adsorption behaviour of BPA was investigated using adsorptive stripping differential pule
voltammetry. Figure 6.17 illustrates 9 differential pulse voltammograms carried out in 0.1 mol L™
PBS (pH 7.0) containing 5.0 umol L™* of BPA, in a potential range between +0.3 and +1.0 V using
the same ERGO-SbNPs-PGE for all measurements without electrochemically cleaning of the
electrode. The BPA oxidation process decrease by each measurement showing the well-known
fouling effect of BPA caused by the phenol group owing to the formation of a polymeric film on
the electrode surface [11,12,54]. Attempts were made to clean the ERGO-SbNPs-PGE

electrochemically in order to remove fouling from the electrode.
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Figure 6.17: 9 successive differential pulse voltammograms at ERGO-SbNPs-PGE, in 0.1 mol

Lt of PBS pH 7.0 containing 5.0 pmol Lt of BPA.
6.3.10. Electrochemically cleaning of the ERGO-SbNPs-PGE in PBS

The influence of electrochemically cleaning on the recovery of the original response of BPA at
ERGO-SbNPs-PGE was investigated using DPV. Figure 6.18 shows the dependence of the
oxidation peak of BPA at the same ERGO-SbNPs-PGE on the electrochemically cleaning of the
electrode in PBS at -0.2 V. It can be observed in the Figure 6.18 that the oxidation process
decreases significantly after the first measurement at the fresh ERGO-SbNPs-PGE and it starts to
increase again after the second measurement by applying the cleaning potential to the electrode

but the complete recovery was not obtained due to fouling effect of the phenol groups. The single-
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use modified pencil graphite electrode was used to overcome these restrictions for the further

measurements in the study.
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Figure 6.18: Effect of electrochemically cleaning on the adsorptive stripping peak current of BPA

at the ERGO-SbNPs-PGE in a 0.1 M PBS (pH 7.0) containing 5.0 uM BPA.

6.3.11. Reproducibility

Since the complete recovery was not obtained by applying the cleaning potential (-0.2 V) to the
ERGO-SbNPs-PGE, the use of a new modified pencil graphite electrode was used each time to
overcome the restrictions due to fouling. The oxidation peak current of BPA showed little variation
when the batch modification method was used to prepare the ERGO-SbNPs-PGE. The adsorptive
differential pulse voltammograms of 50.0 uM BPA in 0.1 M PBS at single-use ERGO-SbNPs-

PGE is shown in figure 6.19. The range of relative standard deviation of 2- 5 % was calculated for
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the oxidation peak of BPA showing the good reproducibility in preparing the ERGO-SbNPs-PGE.

The modified electrodes were stored in a refrigerator in between the measurements.

180

1st

160+

140+

Current (uA)
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Figure 6.19: DPV of 0.1 molL™ PBS at pH 7 containing 50 uM BPA at single- use ERGO-SbNPs-

PGE.
6.3.12. Preconcentration time optimization

The influence of pre-concentration time on the peak current of BPA while stirring was investigated
over the time interval from 30 to 180 seconds (Figure 6.20). A significant enhancement of
adsorptive stripping peaks was observed as the pre-concentration time increased since, a longer
time allowed for more BPA to be adsorbed onto the electrode surface. As the peak heights has not
increased significantly after 60 seconds a pre-concentration time of 60 s was chosen for further

analysis.
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Figure 6.20: Effect of pre-concentration time on the peak current of 5.0 uM BPA in 10

mL 0.1 M PBS at ERGO-SbNPs-PGE using DPV.

6.3.13. Effect of scan rate on the electrocatalytic oxidation of BPA at ERGO-

SbNPs-PGE

Figure 6.21 shows the cyclic voltammograms of BPA at the ERGO-SbNPs-PGE when the scan
rate (v) varies from 10 t0100 mVs™. As is shown in Fig 6.21 (a), the oxidation peak currents
increased linearly in an irreversibly electrode process, indicating that the oxidation of BPA at the
ERGO-SbNPs-PGE is adsorption-controlled. Moreover, not linearity of the plot of the peak current
(Ipa) against the square root of scan rate (v2), confirms the adsorption-controlled BPA oxidation
(Fig 6.21 (d)) [52,114,115]. The linear regression equations for oxidation peak (lpa) current is: lpa
=409.44 v + 1.6547 with the correlation coefficients of 0.9984 (Fig 6.21 (b)). As shown in figure

6.21 (c) there is a linear relationship between the peak potential (Ep) and the natural logarithm of
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scan rate (Inv) for the ERGO-SbNPs-PGE. As for an irreversibly electrode process, the number of

electrons involved in the reaction can be estimated according to the Laviron's equation as follows:
Ep = E® + (RT/anF) [In (RTks/onF) — Inv] (Eqgn. 6.1)

Where a is the electron transfer coefficient, ks is the standard rate constant of the surface reaction,
T is the temperature (298 K here), v is the scan rate, R the gas constant (8.314 JK *mol™), n is the
electron transfer numbers, F the Faraday constant (96,480 C mol™?) and E® the formal redox
potential. The an value can be calculated from the slope of the linear regression equation of the
linear plot of E, with respect to In v of E = 0.0248 In(v) + 0.4649, R?>= 0.998. RT/anF was 0.0248
here, then the value of an= 1.035 was obtained. Generally, for a totally irreversible electron
transfer, o was assumed to be 0.5. Thus, the nwas calculated to be 2.07 showing that two electrons

were involved in the oxidation of BPAon the ERGO-SbNPs-PGE.
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Figure 6.21: (a) Cyclic voltammetric responses of 10 uM BPA at ERGO-SbNPs-PGE in 0.1 M
PBS (pH= 7.0) at scan rates, (inner to outer) 10, 20, 30, 40, 50, 60, 70, 80, 90, 100 mVs™. (b and

d) The plots of peak currents vs scan rate and square root of scan rate, respectively. (c) The
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6.3.14. pH optimization

The effect of pH on the adsorptive stripping peak current (Ip) and peak potential was studied by
differential pulse voltammetry measurements at pH ranging from 5 to 10 containing 5.0 uM BPA
(Figure 6.22). The highest peak current (Ip) was observed at 7.04. Therefore pH 7.04 was chosen
as the optimum pH for use in subsequent BPA measurements. The linear shifting of the peak
potential to more negative values with increasing pH with a slope of -61.24 mV/pH which was
close to the theoretical value 57 mV/pH indicates equal number of protons and electrons are

involved in the BPA oxidation (a two-electron-two-proton process) [11,86,115].

450

E (mV)
(vn) |

400

Figure 6.22: Effect of pH on the peak current (blue) and peak potential (red) of 1.0 uM BPA in

10 mL 0.1 M PBS at ERGO-SbNPs-PGE using DPV.
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6.3.15. Interference studies

The effect of various possible interfering molecules was examined on the determination of 50 uM
bisphenol A by DPV measurements in the absence and presence of the interferences (Figure 6.23).
The electroinactive molecules that were tested were as following: O-Nitrophenol, Potassium
Chloride, Cerium (I11) nitrate hexahydrate, sodium chloride, 4-cumylphenol. As it shown in the
Figure 8 no electroactivity and change was found in the voltammetric response of 50 uM BPA in
the presence of two-time excess concentration (100.0 uM) of these species except 4-cumylphenol.
The oxidation peak response of the BPA increased significantly in the presence of 4-cumylphenol
indicating the interfering effect of 4-cumylphenol on electrode response towards BPA

measurement.

94

http://etd.uwc.ac.za



:

Percentage %
3

8

200
&&

S \°<‘x > \0£
X0 — & ﬁ\
PN > \\\ R\ &
J 2 C S p
N X X0 S 7 S x w
< R° o i >
> - S 3§
A Qg?'
Interferents

Figure 6.23: Percentages of the oxidation peak current of 50 uM of the BPA in absence and

presence of 100 uM O-Nitrophenol, Potassium Chloride, Cerium (111) nitrate hexahydrate, sodium

chloride, 4-cumylphenol.

6.3.16. Detection limit

The detection limit was calculated from BPA calibration curve using the DPV optimized
conditions as previously described at the rGO-SbNPs-PGE electrode to investigate its
electrochemical response as a function of the BPA concentration (0.4 uM to 5.0 uM). As it was
shown in Figure 6.24 there was a linear relationship between the BPA concentration and peak

current with a correlation coefficient of 0.999 (n = 9).
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The linear regression equation of the average of calibration curves (n=5) was used to calculate the
detection limit as the following equation:

I(LA) = 1.1 (LA p™' =) [BPA] (umol L) + 0.0715 (HA) (Eqn. 6.2)

The detection limit was determined to be 0.012415 uM using a 3o/slope ratio, where o is the

standard deviation of the mean value for 10 voltammograms of the blank.
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Figure 6.24: DPV voltammograms for rGO-SbNPs—PGE nanocomposite electrode, with the
optimised parameters (a). The BPA concentrations range from 0.4 pmol L™ to 5.0 umol L2, linear

dependence of the peak current with BPA concentration(b).

The detection limit of this method was found to be comparable to those reported in the literature.

The analytical parameters obtained in this study and those reported previously is shown in Table
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6.1. However lower detection limits have been reported but fouling problem as the main challenge
for the analysis of BPA and phenols in general still exist [11], [12], [54]. The use of ERGO-
SbNPs-PGE electrode involves no complex modification protocols and the fouling was completely

eliminated by using single used electrodes.

Table 6.1. Comparison of the proposed method with some of the previously reported ones.

Electrode Linear range (UM) Detection limit (uM) Reference
ETPGE-LP/SH 0.05-5.0 0.0031 [11]

EG 1.56-50 0.76 [13]
GCE-MWCNT 0.01-10 0.005 [37]
Graphene/GCE 0.05-1 0.046 [86]

MWCNT- 0.5-5.0 0.005 [87]
SbNPs/GCE
ERGO-SbNPs-PGE 0.4-5.0 0.012 This study

*ETPGE-LP/SH: sodium hydroxide in the preparation of electrochemically treated pencil
graphite electrodes, EG: exfoliated graphite, GCE-MWCNT: glassy carbon electrode modified
with carboxylated multi-walled carbon nanotubes, Graphene/GCE: graphene- modified Glassy
carbon electrode, MWCNT-SbNPs/GCE: glassy carbon electrode modified with carbon

nanotubes modified with antimony nanoparticles.
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6.3.17. Analytical application of ERGO-SbNPs-PGE

The potential and suitability of ERGO-SbNPs—PGE was tested in the determination of BPA in real
water sample. The ERGO-SbNPs—-PGE was used for the quantification of BPA in tap water
sample, prepared as described in the experimental section. Bisphenol A determinations were
performed three times in tap water samples spiked with 0.2 uM BPA using standard addition
method (Figure 6.25). The recovery percentages between 95.2% and 102.8% for BPA in tap water
were very satisfactory. The range of relative standard deviation of 1.8- 4 % was calculated for the
oxidation peak of BPA in tap water samples showing less than 5 % error in the quantification of

BPA in tap water sample using the ERGO-SbNPs-PGE.

y =1.1578x + 0.2359
R?=0.9923

Current (pA)

-1.5 -
BPA Concentration (LM)

Figure 6.25: Linear dependence of the peak currents and BPA concentrations. Tap water sample

spiked with 0.2 uM BPA and 0.5 uM BPA was added three times.
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6.4. Electrochemically reduced graphene oxide gold nanoparticles

pencil graphite electrode (ERGO-AuUNPs-PGE)

6.4.1. Electrochemical characterization of ERGO-AuUNPs-PGE in Ferricyanide

solution

The electrochemical properties of electrochemically reduced graphene oxide gold nanoparticles

pencil graphite electrode was evaluated in 0.1 M KCI solution containing 5 mM [Fe (CN) ¢]*"*.

CV measurements in 5.0 mmol L of Ks[Fe (CN)s] were used to investigate the electrocatalytic
effect of the ERGO-AuUNPs nanocomposite with a scan rate of 50mV/s as shown in Figure 6.26.
The oxidation and reduction peak have been increased significantly from bare PGE to ERGO-
AUNPs-PGE and the difference between cathodic and anodic peaks (Aep) has been decreased from
1.012 V at bare PGE to 0.18 V and 0.11 V at ERGO-PGE and ERGO-AuUNPs-PGE respectively.
These changes are attributed to the faster electron transfer and higher surface to volume ratio at

ERGO-AuUNPs-PGE [38,87,107].
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Figure 6.26: Cyclic voltammetry at bare PGE (black), ERGO-PGE in absence of AuNPs (red) and

ERGO-AuUNPs-PGE (green) in 5.0 mM Fe(CN)g in 0.1 M KCI solution.

6.4.2. Impedimetric analysis

Figure 6.27 shows electrochemical impedance analysis of the bare PGE, ERGO-PGE, and ERGO-
AuNPs-PGE in 0.1 M KCI solution containing 5 mM [Fe (CN)s]*’*. The electrochemical
properties of the film modified on the pencil graphite electrode are studied by using the associated
equivalent circuit model. The semicircle parameters of the Nyquist plots of the bare PGE, ERGO-
PGE, and ERGO-AuUNPs-PGE correspond to the double layer capacity (Cai) of the film and the
electron transfer resistance (Rct) [109-111]. A semicircle area (Rt = 1971.9 Q) is observed at bare

PGE which is larger than ERGO film (R¢t = 458.94 Q); this area has decreased at ERGO-AUNPS
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film (Rt = 224.04 Q) in comparison to other two electrodes indicating the lower electron transfer
resistance at ERGO-AUNPs film which improves the electron- transfer kinetics process as a faster

one and more suitable for the electrocatalytic activities, respectively [110,112,113].
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Figure 6.27: EIS response of the bare PGE (green), and ERGO-PGE (red), and ERGO-AuUNPs-

PGE (black) in 0.1 M KCI containing 5 mM [Fe (CN) ¢]*"*

6.4.3. The effect of scan rate

It is shown in Figure 6.28a the CV measurements of the 5 mM KsFe(CN)s at ERGO-AUNPs-PGE
at different scan rates from 10 to 100 mV s™. The linear relationship between the square root of
the scan rate and oxidation and reduction peak current of KzFe(CN)e (Fig. 6.28b) indicates that
the process is diffusion controlled[15]. Anodic and cathodic peak current versus the square root of

the scan rate obtained a correlation of 0.9998 and 0.998, respectively.
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Figure 6.28: Cyclic voltammograms overlay at different scan rates from 10 to 100 mV s-1 in10

mL 0.1 M KClI solution containing 5.0 mM [Fe (CN) ¢]*/* at ERGO-AuNPs-PGE (a) and The plot

of peak currents vs square root of scan rate (b).

6.4.4. Influence of the number of GO-AuUNPSs electrodeposition cycles

The effect of the number of cycles to modify the pencil graphite electrode with GO-AuNPs on the

oxidation peak of BPA was investigated in a 0.1 M phosphate buffer solution (pH 7) containing

50 pug Lt BPA (Figure 6.29). The optimum number of cycles of 5 was selected for the further

analysis as the peak heights decreased after 5 cycles due to the ERGO-AuUNPs film thickness

causing less electron flow to the electrode surface.
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Figure 6.29: Effect of number of cycles on the peak currents of BPA at the ERGO-AuUNPs-PGE

in 0.1 M phosphate buffer solution (pH 7).

6.4.5. Effect of the concentration of the gold

The influence of gold concentration in the GO-AuNPs solution before its electrodeposition onto
the pencil graphite electrode was studied in a 0.1 M phosphate buffer solution (pH 7) containing
50 pug L BPA (Figure 6.30). It was observed in Figure 10 that the electrochemical response of
BPA at ERGO-AuUNPs-PGE changes with increasing the gold concentration in GO-AuNPs
solution. A 15 ppm concentration of Au solution gives the highest oxidation peak current. The
gold nanoparticles sizes probably enlarge with increasing the gold concentration in the solution
and it causes the shorter oxidation peak heights at solution concentrations greater than 15 ppm of

Au [80,81,108].
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Figure 6.30: Effect of gold concentration in the GO-AuNPs solution for modification of pencil

graphite electrode on the oxidation peak of BPA in 0.1 M PBS (pH 7) containing 50 pg L™ BPA.

6.4.6. The effect of the electrodeposition time of GO-AuNPs

The effect of the electrodeposition time of GO-AuNPs varying from 30 s to 300 s for the
modification of the pencil graphite electrode on the oxidation peak of BPA was investigated in a
0.1 M phosphate buffer solution (pH 7) containing 50 pug L™t BPA (Figure 6.31). The peak currents
increased to a maximum at 120 s with increasing the electrodeposition time followed by the
decrease in peak current with increasing the electrodeposition time more than 120 s suggesting
surface saturation of the electrode. The optimal deposition time of 120 s was chosen for further

analysis.
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Figure 6.31: Effect of the electrodeposition time of GO-AuNPs for modification of pencil graphite

electrode on the oxidation peak of BPA in 0.1 M PBS (pH 7) containing 50 pg L™ BPA.

6.4.7. Microscopic Characterization of Electrodeposited Graphene- AuNPs
Modified Pencil Electrode (ERGO-AuNPs-PGE)

The high resolution scanning electron microscopy (HRSEM) images of the bare PGE, ERGO-PGE
and ERGO-AuUNPs-PGE surfaces are shown in Figure 6.32. Surface roughness with grooves on
the surface along the direction of machining can be observed at the bare PGE surface (Figure
6.32a). Following the electrochemical reduction of graphene oxide, flakes of graphene sheets can
be seen at the ERGO-PGE surface at high magnification (Fig 6.32b). Gold nanaoparticles on top
of the graphene sheets are observed at the ERGO-AuNPs-PGE (Figure 6.32c). The gold

nanopaeticles sizes varies from 20 to 50 nm (Fig 6.32d)
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Figure 6.32: HRSEM images of bare PGE (a), EGO-PGE (b), and ERGO-AuUNPs-PGE (c) at

20.00 k times magnification (1) and 1000 times magnification (2). HRSEM image of ERGO-

AuNPs-PGE at 100.00 k times magnification (d).
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6.4.8. Effect of the ERGO-AUNPs nanocomposite surface on electrochemical

oxidation of BPA

The electrochemical response of BPA on the ERGO-AuNPs-PGE was evaluated in 0.1 mol L
PBS pH 7, containing 50 uM BPA by differential pulse voltammetry (DPV) experiments with
amplitude of 100 mV, step potential of 2 mV, and an effective scan rate of 5 mV s*. The results
are presented in Fig 6.33. The DPV voltammetry shows a negative shift for BPA oxidation peak
on bare PGE at 542 mV to 461 mV and 416 mV on ERGO-PGE and ERGO-AuNPs-PGE,
respectively. Moreover, the BPA oxidation peak on modified ERGO-AuUNPs-PGE at 20.2 pA
shows a 9 times bigger current than the bare PGE at 2.39 pA. The enhancement in the oxidation
current peak of PBA at ERGO-AuUNPs-PGE reflects the increase of the electroactive surface area

by the formed hybrid (ERGO-AuUNPSs).

107

http://etd.uwc.ac.za



20 = Bare PGE
= ERGO-PGE
ERGO-AuNPs-PGE

154

104

Current (uA)

02 03 04 05 06 0.7 08 0.9 10
Potential (V)

Figure 6.33: DPV of 0.1 molL™ PBS at pH 7 containing 50 M BPA for the electrode (black) bare

PGE, (red) RGO-PGE, (green) ERGO-AUNPs-PGE

6.4.9. Preconcentration time optimization

The pre-concentration time of BPA oxidation was optimized over the time interval from 0 to 120
seconds at ERGO-AuUNPs-PGE using differential pulse voltammetry (Figure 6.34). As a longer
pre-concentration time allowed for more analyte to be adsorbed onto the electrode, the peak current
increased with increasing pre-concentration time. A pre-concentration time of 60 s was used for

further measurements.
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Figure 6.34: Effect of pre-concentration time on the peak current of 5.0 uM BPA in 10 mL 0.1

M PBS at ERGO-AuUNPs-PGE using DPV.

6.4.10. Effect of scan rate on the electrocatalytic oxidation of BPA at ERGO-
AuNPs-PGE

Figure 6.35 shows the cyclic voltammograms of BPA at the ERGO-AuUNPs-PGE when the scan
rate (v) varies from 10 to100 mVs™. As is shown in Fig 6.35 (a), the oxidation peak currents
increased linearly in an irreversibly electrode process, indicating that the oxidation of BPA at the
ERGO-AuUNPs-PGE is adsorption-controlled [52,114,115]. Moreover, not linearity of the plot of
the peak current (lps) against the square root of scan rate (v*2), confirms the adsorption-
controlled BPA oxidation (Fig 6.35 (d)). The linear regression equations for oxidation peak (lpa)

current is: lpa = 0.478 v + 1.64 with the correlation coefficients of 0.9984 (Fig 6.35 (b)). As
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shown in Figure 6.35 (c) there is a linear relationship between the peak potential (Ep) and the
natural logarithm of scan rate (Inv) for the ERGO-AUNPs-PGE. As for an irreversibly electrode
process, the number of electrons involved in the reaction can be estimated according to the
Laviron's equation as follows:

Ep = E® + (RT/onF) [In (RTks/anF) — Inv] (Eqgn. 6.3)

Where a is the electron transfer coefficient, ks is the standard rate constant of the surface reaction,
T is the temperature (298 K here), v is the scan rate, R the gas constant (8.314 JK *mol ™), n is the
electron transfer numbers, F the Faraday constant (96,480 C mol ™) and E® the formal redox
potential. The an value can be calculated from the slope of the linear regression equation of the
linear plot of Ep with respect to In v of Ep =0.0211 In(v) + 0.515, R2=0.998. RT/anF was 0.0248
here, then the value of an=1.21 was obtained. Generally, for a totally irreversible electron transfer,
a was assumed to be 0.5. Thus, the n was calculated to be 2.43 showing that two electrons were

involved in the oxidation of BPAon the ERGO-SbNPs-PGE.
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Figure 6.35: (a) Cyclic voltammetric responses of 10 uM BPA at ERGO-AuUNPs-PGE in 0.1 M
PBS (pH= 7.0) at scan rates, (inner to outer) 10, 20, 30, 40, 50, 60, 70, 80, 90, 100 mVs™. (b and
d) The plots of peak currents vs scan rate and square root of scan rate, respectively. (c) The

variation of peak potential vs In v.
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6.4.11. pH optimization

The influence of pH on the oxidation peak current of BPA on ERGO-AuUNPs-PGE was studied
with pH ranging from 5 to 10 as shown in Figure 6.36. The oxidation peak at pH 7 showed the
highest peak current. Thus pH was selected as the optimum pH electrolyte for subsequent
experiments. The linear shifting of the peak potential to more negative values with increasing pH
with a slope of -61.24 mV/pH which was close to the theoretical value 57 mV/pH indicates equal
number of protons and electrons are involved in the BPA oxidation (a two-electron-two-proton

process) [11,86,115].
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Figure 6.36: Effect of pH on the peak current of 1.0 uM BPA in 10 mL 0.1 M PBS at ERGO-

AUNPs-PGE using DPV.
6.4.12. Interference studies

The influence of possible interfering molecules for the oxidation measurements of 50 pM

bisphenol A in the absence and presence of interfering molecules was studied using adsorptive
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stripping differential pulse voltammetry (Figure 6.37). The interfering molecules that were
examined were as following: 2, 2- Dimethoxyphenol, Potassium Chloride, 4- Hydroxyanisol 4-
Methoxyphenol, sodium chloride, 4-cumylphenol. . No electroactivity and change in the
voltammetric response was observed for 50 uM BPA in the presence of a two-time excess
concentration (100 uM) of electroinactive species except for 4-cumylphenol. The significant
increasment observed in the oxidation peak current shows the interfering effect of 4-cumylphenol

on response of the electrode towards BPA measurement.
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Figure 6.37: Percentages of the oxidation peak current of 50 uM of the BPA in absence and

presence of 100 puM 2, 2- Dimethoxyphenol, Potassium Chloride, 4- Hydroxyanisol 4-

Methoxyphenol, sodium chloride, 4-cumylphenol.

6.4.13. Detection Limit

A linear relationship between the BPA concentration in the range of 0.4 uM to 5.0 uM and peak
current with a correlation coefficient of 0.999 is observed (Figure 6.38). The standard deviation

was calculated based on the linear regression equation of the average of calibration curves (n=5)

as following:
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I(MA) = 0.739 (A pmol L) [BPA] (umol L) + 0.141 (pA) (Eqgn. 6.4)

Detection limit for biphenol A with ERGO-AuNPs-PGE was determined using following

equation:

D.L. = 3o/slope (Egn. 6.5)

Where,

D.L, IS the limit of detection

30, is three times the standard deviation of the blanks
Slope, is the gradient (slope) of the calibration curve

The detection limit was found to be 0.062 uM based on ten replications of the electrode’s response

in the blank solutions.
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Figure 6.38: DPV voltammograms for ERGO-AuNPs-PGE with the optimised parameters (a).
The BPA concentrations range from 0.4 umol L™ to 5.0 pmol L. Linear dependence of the peak

current with BPA concentration (b).
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The calculated detection limit is comparable to those reported in the literature. The analytical
parameters obtained in this study and those reported previously is shown in Table 6.2. However
lower detection limits have been found in the reported literature but fouling problem as the main
challenge for the determination of BPA [11], [12], [54] is eliminated using the single used ERGO-
AUNPs-PGE.

Table 6.2. Comparison of the proposed method with some of the previously sensors.

Electrode Linear range (uM) | Detection limit (uM) Reference
GCE-MWCNT- 0.02-0.2 0.0075 [38]
AUNPs
sSDNA/SWCNT/Au 1-3.8 0.045 [53]
PAMAM-AuUNPs- 0.001-0.0103 0.005 [52]
NF/GCE
AuUNPs/GR based 0.001-10 0.005 [10]
aptasenor
RGOM-GCE 0.01-200 0.004 [115]
GC/MWCNTSs 4-8 0.084 [54]
ERGO-AuUNPs-PGE 0.4-5.0 0.062 This study

* GCE-MWCNT-AuUNPs: nanotubes-gold nanoparticles modified glassy carbon electrode,
SSDNA/SWCNT/Au: single-stranded DNA (ssDNA) wrapped CNTs on a gold substrate,
PAMAM-AUNPs-NF/GCE: glassy carbon electrode modified with gold nanoparticles, silk fibroin,
and PAMAM dendrimers, AuNPs/GR based aptasenor: An electrochemical aptasensor based on
gold nanoparticles dotted graphene modified glassy carbon electrode for, RGOM-GCE:
graphene/melamine nanoparticle-modified glassy carbon electrode, GC/MWCNTSs: glassy carbon

electrode modified with multi wall carbon nanotubes.
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6.4.14. Analytical application of ERGO-AuNPs-PGE

The ERGO-AuUNPs-PGE was used to determine bisphenol A in real water samples using
differential pulse adsorptive stripping voltammetry. Known concentration of bisphenol A was used
to spiked 10 mL portion of tap water sample prepared as described in the experimental and
determined using standard addition method (Figure 6.39). Recovery percentage of bisphenol A
determination performed three times in tap water sample solutions spiked with 0.2 uM BPA values
in the range of 96.98 % to 103.5 % which found to be satisfactory. The range of relative standard
deviation of 1.3- 4 % was calculated for the oxidation peak of BPA in tap water samples showing

less than 5 % error in the quantification of BPA in tap water sample using the ERGO-AuUNPs-PGE.
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Figure 6.39: Linear dependence of the peak currents and BPA concentrations. Tap water sample

spiked with 0.2 uM BPA and 0.2 uM BPA was added three times.

6.5. Conclusion

Modification of pencil graphite electrodes with a reduced graphene oxide metal nanocomposite

for the detection of bisphenol A by differential pulse adsorptive voltammetry was characterized
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electrochemically and microscopically. Improved detection limits were found to be comparable to
other known carbon-based electrodes and below USEPA standards as well as accurate detection

of BPA in tap water samples with a 5% error.
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CHAPTER SEVEN

Conclusions and Future Work

This study demonstrates the need of finding sensitive and inexpensive techniques for the
determination of bisphenol A by differential pulse adsorptive stripping voltammetry and clarifies
the use of graphene-metal nanocomposite as a good coating material. A sensitive electrochemical
sensor for determining bisphenol A was prepared based on the direct electrochemical reduction of
colloidal graphene oxide metal nanocomposite at pencil graphite electrodes with the sensitivity
comparable to that of the glassy carbon electrodes.

The pencil graphite electrode modified with graphene-antimony nanocomposite showed an
improved detection limit of bisphenol A comparable to other known pencil graphite electrodes.
The enhanced sensing capabilities of reduced graphene oxide antimony nanoparticles pencil
graphite electrode was proved by the accurate detection of bisphenol A in tap water samples with
a 5% error.

The assessment of the analytical application of the reduced graphene oxide gold nanoparticles
pencil graphite electrode was conducted by recovery studies and real sample analysis with a low
detection limit below the USEPA standard of BPA.

The future work includes the use of pencil graphite electrode modified with various graphene-
metal nanocomposites to existing green approach. The electroanalytical use of graphene-metal
nanocomposite pencil graphite electrodes has been encouraged based on the achieved results.

In future, the use of pencil graphite electrode as a substrate that offer good results comparable to
common electrode substrates could be investigated for a wide range of applications. The pencil

graphite substrate could be used for future studies as a low cost and disposable electrode.
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