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CHEMICALLY MODIFIED GRAPHENE-SILVER NANOCOMPOSITES FOR

ELECTROCHEMICAL SENSOR APPLICATIONS

ABSTRACT
Graphene oxide (GO) and reduced graphene oxide (rGO) or known as chemically
modified graphene (CMG) are unique building blocks for ““bottom up’’ nanotechnology
due to their excellent chemical and physical properties. Composite materials based on
CMG and silver nanoparticles (Ag NPs) have been widely studied due to the presence
of oxygen functionalities and the assistance of various non-covalent forces.
In nanocomposites, CMG serves as a good host material for the accommodation of
Ag NPs. In this thesis, four different syntheses were carried out to prepare CMG-Ag
nanocomposites and their applicability of serving as an electrochemical sensor material
for the detection of important analytes was studied. First, a facile one-pot synthetic
method was proposed for the preparation of Ag NPs on GO sheets using garlic extract
as a reducing and stabilizing agent and sunlight irradiation as a catalyst. GO sheets
provided extra stabilizing for the growth of Ag NPs. As a result, a uniform distribution
of Ag NPs on GO sheets with an average size of 19.0 nm was obtained. Second, the
time-dependent formation of Ag NPs on rGO sheets was carried out using a modified
Tollen’s test. Tollens’ reaction was modified by introducing rGO as a support material
for the controlled growth of Ag NPs and the synthesis of rGO-Ag nanocomposite.
The reaction was monitored at different time duration (2, 6, 10 and 15 h). With a
reaction time of 15 h, almost monodispersed spherical nanoparticles with an average
particle size of 16.0 nm were found. Third, the effect of ascorbic acid as a reducing
agent for the formation of rGO-Ag nanocomposite was demonstrated. Crystalline and
spherical Ag NPs with an average particle size of 2.0 nm were found in the rGO-Ag

nanocomposite with the assistance of 5.0 M ascorbic acid. Fourth, the Ag-rGO



nanocomposite was in-situ synthesized through a slight modification of Turkevich
method using trisodium citrate as a reducing and stabilizing agent. Completely spherical
Ag NPs with good distribution and an average particle size of 2.2 nm was found using
4 mM AgNOs. In the following part, the modified electrodes of CMG-Ag
nanocomposites obtained using various methods were applied as sensor electrodes for
the electrochemical detection of various analytes. The proposed sensors displayed good
sensitivity and selectivity towards target molecules such as nitrite ions, 4-nitrophenol
(4-NP), nitric oxide (NO) and hydrogen peroxide (H20>). In addition to the interesting
detection limits, the nanocomposite modified electrodes showed acceptable
reproducibility, repeatability, and stability during the sensing experiments. Lastly, the
applicability of the present nanocomposites was demonstrated in real water samples.
The observed good recoveries implied that the present electrochemical sensors could be
used for the detection of nitrite ions, 4-NP, NO and H20O: in environmental water

samples.
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GRAFENA DIUBAHSUAI SECARA KIMIA-PERAK NANOKOMPOSIT

UNTUK APLIKASI SENSOR ELEKTROKIMIA

ABSTRAK
Grafena oksida (GO) dan grafena oksida terkurang, yang dikenali sebagai grafena
diubahsuai secara kimia (CMG) adalah blok bangunan yang unik untuk nanoteknologi
"bottom-up" kerana ciri-ciri bahan kimia dan fizikal yang sangat baik. Bahan komposit
berdasarkan CMG dan zarah-zarah perak berskala nano (Ag NPs) telah dikaji secara
meluas kerana kehadiran fungsi oksigen dan bantuan dari pelbagai kuasa bukan
kovalen. Dalam setiap nanokomposit, CMG berkhidmat sebagai bahan tuan rumah yang
baik untuk tempat tinggal Ag NPs. Dalam tesis ini, empat sintesis yang berbeza telah
dijalankan untuk menyediakan grafena diubahsuai secara kimia-perak nanokomposit
(CMG-Ag) dan kesesuaian mereka untuk berkhidmat sebagai bahan sensor elektrokimia
untuk mengesan beberapa sampel penting telah dikaji. Pertama, kaedah sintetik satu
bekas mudah telah dicadangkan untuk penyediaan Ag NPs pada lembaran GO
menggunakan ekstrak bawang putih sebagai agen penurunan dan penstabil dan juga
sinaran cahaya matahari sebagai pemangkin. Hasilnya, taburan seragam Ag NPs pada
lembaran GO dengan saiz purata 19.0 nm telah diperolehi. Kedua, pembentukan Ag
NPs pada lembaran rGO yang bergantung kepada masa telah dijalankan menggunakan
ujian Tollens’ yang diubahsuai. Reaksi Tollens' telah diubahsuai dengan
memperkenalkan rGO sebagai bahan sokongan untuk pertumbuhan Ag NPS yang
terkawal dan untuk sintesis grafena oksida terturun-perak (rGO-Ag) nanokomposit.
Tindak balas tersebut telah dipantau pada titik masa yang berbeza (2, 6, 10 dan 15 jam).
Pada masa tindak balas 15 jam, hampir kesemua nanopartikel sfera telah ditemui
dengan saiz zarah purata 16.0 nm. Ketiga, kesan asid askorbik sebagai agen penurunan
untuk pembentukan rGO-Ag nanokomposit telah ditunjukkan. Ag NPs berbentuk sfera

kristal dengan saiz zarah purata 2.0 nm ditemui pada rGO-Ag nanokomposit dengan



bantuan asid askorbik berkepekatan 5.0 M. Keempat, rGO-Ag nanokomposit telah
disentisis secara in-situ melalui sedikit kaedah pengubahsuaian Turkevich menggunakan
trisodium sitrat sebagai agen penurunan dan penstabil. Pembentukan Ag NPs yang baik
berbentuk sfera sepenuhnya dengan saiz zarah purata 2.2 nm telah didapati dengan 4
mM nitrat perak (AgNOs3). Dalam bahagian berikutnya, elektrod diubahsuai CMG-Ag
nanokomposit yang diperolehi dari pelbagai kaedah penyediaan telah digunakan sebagai
elektrod sensor untuk mengesan elektrokimia pelbagai sampel. Sensor yang
dicadangkan mempunyai sensitiviti yang baik dan pemilihan yang tepat terhadap
molekul sasaran seperti ion nitrit, 4-nitrophenol (4-NP), nitrik oksida (NO) dan
hidrogen peroksida (H20.). Selain daripada had pengesanan menarik, kesemua
nanokompit diubahsuai elektrod menunjukkan kebolehan penghasilan semula,
kebolehulangan dan kestabilan yang baik semasa proses pegesanan dilakukan. Akhir
sekali, kesesuaian kehadiran kesemua nanokomposit telah dibuktikan dalam sampel air
sebenar. Berdasarkan daripada penelitian perolehan semula yang baik, sensor
elektrokimia yang dicadangkan ini boleh digunakan untuk mengesan ion nitrit, 4-NP,

NO dan H20, dalam sampel-sampel air daripada alam sekitar.

Kata kunci: Grafena oksida, grafena oksida terturun, zarah-zarah perak berskala nano,

sensor electrokimia
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CHAPTER 1: INTRODUCTION

1.1 Background of Research

Nanotechnology is a wide area of research that describes science and technology on a
small molecular scale (Garimella & Eltorai, 2017). It involves the design, fabrication,
and application of nanomaterials and the correlation between the physical properties and
material dimensions. It typically deals with understanding, controlling and manipulating
the dimensions and tolerances of materials less than 100 nm, thus, creating materials
with fundamentally new functions and properties. The concept of nanotechnology,
originally drafted by Richard P. Feynman in 1959, relates to the manipulation of matter
at atomic (nanoscale) and molecular level (Contreras et al., 2016; Garrett & Poese,
2013). Back then, this idea was intended for investigations in chemistry, physics,
biology, and mechanics. Nanomaterials are the nanostructure and nanoparticle of
organic or inorganic materials with size ranging from 1 nm to 100 nm. Nanomaterials
display different properties compared to their coarse-grained counterparts, and these
new properties greatly improve its function. Some physical and chemical properties of
nanomaterials can differ significantly from their bulk-structured materials. Besides,
nanomaterials also possess a large surface area and a high percentage of atoms on the
surface, thus, making it more reactive as compared to materials with similar chemical
composition. Nanomaterials are classified based on their sizes and dimensions as zero-
dimensional (0D) nanodots or nanoparticles, one-dimensional (1D) nanorods,
nanofibers or nanotubes, two-dimensional (2D) nanosheets and three- dimensional (3D)
vesicles and films (Siegel, 1993). During the last few decades, nanocarbon materials
have inspired many scientists and researchers around the world to discover the synthesis
and fabrication of these materials. To date, three major awards which are the Nobel

Prize in Chemistry - Curl, Kroto and Smalley (1996), the Nobel Prize in Physics - Geim



and Novoselov (2010) and the Kavli Prize in Nanoscience - Dresselhaus (2012) reflect
the great achievements of this field. Due to unique properties of nanomaterials which
include their high mechanical stability and good optical performance, multiple

applications of nanocarbon materials are further anticipated (Ignatova & Rotkin, 2013).

0D fullerenes, 1D carbon nanotubes, and 2D graphene are the most studied allotropes
of the nanocarbon family. Among these, graphene received the highest recovery
recently and attracted remarkable features due to its unique electrical, optical,
mechanical and thermal properties. Graphene is a 2D material, composed of carbon
atoms that form six-membered rings and make a honeycomb-shaped atomic lattice.
Graphenes large aspect ratio, high flexibility, and negligible thickness categorize it as a
2D polymer. Several techniques such as mechanical or chemical exfoliations (Park &
Ruoff, 2009), epitaxial growth (Berger et al., 2006), oxidation of graphite (Song et al.,
2007), chemical vapor deposition (Reina et al., 2008) and exfoliation of graphite from
liquid phase (Choucair et al., 2009) were used to develop graphene. Nevertheless,
poorly separated graphene sheets tend to form irreversible agglomeration or re-stacked
to form graphite through van der Waals interactions. Aggregation happens due to the
changes in the solutions’ condition, for instance, through the additional of an acid salt or
organic dispersion (Li et al., 2013). Such changes disable the shaping of materials into
desired structures, ultimately limiting the synthesis of many hybrid graphene materials

and the application fields for graphene sheets.

Graphene oxide (GO) and reduced graphene oxide (rGO), commonly defined as
chemically modified graphene (CMG) act as an alternative to overcome these
drawbacks. It has received attention particularly among researchers of both chemistry
and materials studies (Loh et al., 2010). CMG has arisen as one of the most interesting

approaches to develop unprecedented graphene-based nanomaterials. The covalent



oxygen functional groups in CMG can be used to manipulate their self-assembly with
other components via different non-covalent forces (Cote et al., 2010). Thus, CMG can
provide a platform for faster transportation of charge carriers and enhance the
performance of various applications including energy storage materials (Stoller et al.,
2008), polymer composites (Fang et al., 2009; Ramanathan et al., 2008), nanoelectronic
and photoelectronic devices (Luo et al., 2009; Becerril et al., 2008) and catalysis (Seger
& Kamat, 2009; Hong et al., 2008). CMG is exceptionally suitable for use in analytical
and industrial electrochemistry due to their cost effectiveness, wide potential window,
readily renewable surface and relatively large potential for Hz evolution and O
reduction (Wang et al., 2009). Owing to the spontaneous oxidation in air, oxygen-
containing species present on CMG sheets are responsible for electron transfer
enhancement. The oxygen-containing groups could transfer electrons, thus, enhancing

the adsorption and desorption of molecules (Martin, 2009).

In 2006, Professor Rodney S. Ruoff and his group discovered the first
graphene-based nanocomposite (graphene-polystyrene composite) (Stankovich & Dikin
et al., 2006). They claimed that the incorporation of CMG sheets and polystyrene
enhanced the electrical conductivity of the composite. This achievement opened a broad
new class of graphene-based nanocomposite materials. Graphene-based inorganic
nanocomposites and clusters represent an attractive field of research due to its tendency
to modify and optimize the properties of the resultant materials for various applications
(Aziz. et al., 2015). CMG has been decorated with a variety of inorganic materials such
as metals Ag (De Faria et al., 2014; Prabakaran & Pandian, 2015), Au (Wojnicki et al.,
2013; Yun & Kim, 2015), Pd (Han et al., 2013; Sun et al., 2014), Cu (Chunder et al.,
2010; Kholmanov et al., 2013), and metal oxides; TiO2 (Fan et al., 2011; Pei et al.,
2013), ZnO (Huang et al., 2012; Rabieh et al., 2016), SnO> (Tang et al., 2015; Neri et

al., 2013), Fe203 (Quan et al., 2016), FesO4 (Qian et al., 2014; Sun et al., 2015),



MnO; (Awan et al., 2014; Park et al., 2016), NiO (Ji et al., 2011) and Co304 (Xiang et
al., 2013; Zhou et al., 2011). The successful synthesis of CMG nanosheets via several
methods and the hybridization of CMG with different nanomaterial, for instance, metals
and metal oxides has provided the opportunities to develop novel biosensors with
improved performance (Mao et al., 2013) and hence the interesting synergy effects can
be obtained accordingly (Song et al., 2016). Each nanocomposite has already been
reported to be suitable for electrode modifications (Salimi et al., 2008) and showed the
enhancement in electrochemical sensitivity by referring to their large specific surface

area and high surface free energy (Dar et al., 2014).

CMG can be deposited with metal nanoparticles (NPs) to achieve a significant
increase in the rate of electron transfer when used in electrical devices. In turn, it results
in significantly improved performance of electrochemical biosensor. Recent frontier
research related to the rational design of functional graphene nanocomposites paired
with electrochemical analytic methods has led to advances in electrochemical
applications. They have been used to analyse various organic and inorganic analytes in
the bioanalytical, biomedical and environmental applications including glucose,

cysteine, proteins, DNA, biomarkers and heavy metal (Tang et al., 2010).

1.2 Aim and Scope of Research

CMG which is an oxidized form of graphene, possesses not only the similar
properties of graphene but also excellent dispersibility and film-forming features. Their
superior properties make them an attractive matrix for composites and give rise to
remarkable molecular-level chemical sensing capabilities (Stankovich et al., 2007;
Shao et al., 2010). Among the various metal nanoparticles, silver nanoparticle (Ag NPs)
substrates are essential in the preparation of chemically modified electrodes for

electrochemical sensing. They are essential due to their high quantum characteristics of



small granule diameter and large specific surface area as well as the ability of quick
electron transfer (Ren et al., 2005). Decorating CMG sheets with Ag NPs not only
enhances the performance of CMG and Ag NPs but it also displays additional novel
properties resulting from the interaction between Ag NPs and CMG sheets. The
presence of oxygen-containing functional groups in CMG (GO and rGO) make these
substrates promising templates to fix the metallic nanostructures (Bai & Shen, 2012;
Yin et al., 2013). In addition, the combination of graphene derivatives such as CMG and
Ag NPs produces a synergistic effect that allows an increased selectivity and sensitivity,
thus, paving the way toward electrochemical sensors with lower limits of detection
(LOD) (Molina et al., 2016). Therefore, the aim of this thesis is to synthesize CMG-Ag
nanocomposites using different approaches through simple and cost-effective
methodologies. The nanocomposites function as a modified electrode was then apply for
electrochemical sensor applications of nitrite ions, 4-nitrophenol (4-NP), nitric oxide

(NO) and hydrogen peroxide (H20>).

1.3 Problem Statement

1. Indeed, the number of research related to graphene and other graphene-based
materials is in the limelight due to its outstanding properties in a variety of
applications, especially in the utilization of graphene as a two-dimensional
catalyst support. However, pure graphene is not favorable as a building block for
supramolecular chemistry due to difficulties in the synthesis process and the
need for developing a large-scale graphene-supported catalyst system (Kamat,
2009). The attraction of van der Waals forces between the graphene sheets after
the initial exfoliation and dispersion further hinder the dispersion of graphene in

common solvents, and this leads to reaggregation.



2. Compared to pure graphene, CMG (GO and rGO) exhibit large losses in the
electrical conductivity. Hence, CMG sheets need to be reduced to restore the sp?
hybrid network and reintroduce the conductive property. However, the strong
van der Waals interactions among these reduced graphene sheets could result in
aggregation since the electrostatic stabilization (Li et al., 2008), and chemical
functionalization (Niyogi et al., 2006) have proven to be an obstacle in
suppressing aggregation of exfoliated graphene oxide sheets. The serious
aggregation unavoidably hinders the active catalytic sites, thus, hampers the
catalytic activity of graphene.

3. Incorporation of metal nanoparticles on the graphene derivatives has offered
tremendous opportunities towards emerging functions, substantially expanding
the area of graphene application. Among them, Ag NPs decorated with graphene
derivatives prove to be the most promising material because Ag NPS based
materials are good candidates for catalysis and electrochemistry (Zhang & Chen,
2017). Recently, the synthesis of GO-Ag and rGO-Ag nanocomposites received
considerable attention. However, it is a tough to uniformly deposit Ag NPs onto
graphene and graphene derivatives sheets at a controllable particle density.
Besides, it requires complex manipulation and multi-steps reactions for the in-
situ reduction of silver salts on the decoration with the pre-synthesized Ag NPs
(Lightcap et al., 2010). Furthermore, most synthetic methods involve hazardous
or toxic reducing agent such as hydrazine, sodium borohydride (NaBH4) and
formaldehyde and an uneconomical surface modifier such as poly(N-vinyl-2-
pyrrolidone) (Hassan et al., 2009; Shen et al., 2011). Therefore, developing
facile one-step methods without extra reducing agent and surface modifier to

prepare Ag NPs - rGO is still highly desired.



1.4

4. Chemical sensing and biosensing are among the emerging applications of

graphene and graphene derivative-based nanocomposites. The exceptional
electrical and optical properties of these materials contribute to the development
of this applications. The electrochemical technique is among the most frequently
used transduction techniques in the development of graphene and graphene
derivative-based nanocomposites for toxic and analytical biological markers
detection (Chu et al., 2015). A biological marker or biomarker usually refers to
an indication of a measurable biological state or condition, such as hydrogen
peroxide, nitrite ions, glucose and cancer markers. However, the conventional
solid electrodes for this measurements use materials such as glassy carbon, gold,
and platinum (Parsaei et al., 2015). Typically, electrochemical detection using
these solid electrodes offers less sensitivity and selectivity and suffers from high

overpotential and interference issues.

Research Objectives

To synthesize the chemically modified graphene-silver (CMG-AQ)
nanocomposites via chemical synthesis route using different reducing and
stabilizing agents.

To study the characterization of the CMG-Ag nanocomposites using
UV-visible spectroscopy (UV-Vis), high-resolution transmission electron
microscopy (HRTEM), X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS) and Raman spectra analyses.

To fabricate the CMG-Ag nanocomposite modified electrodes and study the

electrochemical behaviours of the modified electrode.



4. To evaluate the performance of the CMG-Ag nanocomposites modified
electrodes towards the electrochemical detection of toxic and biologically
important molecules.

5. To check the feasibility of the nanocomposites modified electrodes in real

sample analysis.

1.5 Thesis Outline
The thesis of this research work was written in eight chapters and can be summarized

as follows.

Chapter 1 commences with the history of nanotechnology and nanomaterial and a
brief discussion about CMG based nanocomposite. The chapter further highlights the
research aim and problem statements followed by the objectives of the research study

which focuses on CMG-Ag materials.

Chapter 2 serves to provide a comprehensive literature review in three main parts.
The first part is on the background and the properties of CMG (GO and rGO), including
the reason for selecting Ag NPs as a hybrid material. The second section discusses
CMG based nanocomposites, their synthesis method, and its application. Final section
encompasses the performance of nanocomposite in the application of photocatalysis and

electrochemical detection of toxic and biological molecules.

Chapter 3 began with the reliable way for the preparation of GO and the various
methods of preparing CMG-Ag nanocomposites using different reducing and stabilizing
agents. Instrumental analyses used in this research were explained at the end of this

chapter including UV-Vis spectroscopy, HRTEM, XRD, Raman spectroscopy, FTIR



and XPS. The chapter also explains the electrochemical detection of the obtained

rGO-Ag nanocomposite.

Chapter 4 describes a facile synthetic method for the formation of GO-Ag
nanocomposite using garlic extract as a reducing and stabilizing agent in the presence of
sunlight irradiation. GO-Ag nanocomposite further functioned as an electrochemical

sensor detector of nitrite ions.

Chapter 5 demonstrates a time-dependent formation of Ag NPs on rGO sheet using
modified Tollen’s test using glucose as a reducing agent in the presence of ammonia

and its application towards the electrochemical detection of 4-nitrophenol (4-NP).

Chapter 6 reports the effect of ascorbic acid on the formation of a reduced graphene
oxide-silver (rGO-Ag) nanocomposite and its influence on the electrochemical

oxidation of nitric oxide (NO).

Chapter 7 discusses a slight modification of Turkevich method which involves the
use of less waste substance where sodium citrate acted as a reducing and stabilizing
agent. Modification of Turkevich method involved the introduction of GO as a support
material for the growth of Ag NPs and for the synthesis of rGO-Ag nanocomposite and
its applicability of serving as an electrochemical sensor material for hydrogen peroxide

(H203) detection.

Chapter 8 summarizes the doctoral research works presented in this thesis. The end
of the chapter further highlights recommendation for future works in graphene-based

nanocomposite enhancement.



CHAPTER 2: LITERATURE REVIEW

2.1 Overview of Graphene

According to the International Union for Pure and Applied Chemistry (IUPAC),
graphene is defined as a single carbon layer of graphite structure which describe its
nature by analogy to a polycyclic aromatic hydrocarbon of quasi-infinite size. Graphene
is a two-dimensional (2D) flat monolayer, consisting of carbon atoms arranged in a
hexagonal network which can be wrapped to create 0D fullerenes, rolled up to produce
1D carbon nanotubes and stacked to form 3D graphite (Wang et al., 2011) (Figure 2.1).
Formally it is defined as a one-atom-thick planar sheet of sp? bonded carbon atoms,
packed into a honeycomb crystal lattice with carbon-carbon bond lengths of 1.42 A.
Most of the graphene sheets stack with an interplanar spacing of 3.35 A to form graphite

(1 mm thick graphite crystal contains approximately 3 million layers of stacked

B~
1D-Carbon
nanotubes

graphene sheets).

0D-Fullerence

Figure 2.1: Low-dimensional carbon allotropes: Fullerene (0D), carbon nanotube
(1D) and graphene (2D) and atomic and electronic structure of graphene wherein
carbon atoms are arranged in a honeycomb lattice having sp? hybridization
(Sharma et al., 2015).

10



Graphene was reported as the “thinnest” material yet incredibly flexible, transparent
and the strongest material ever measured, and it has a theoretical VVan der Waals (VdW)
thickness of 0.34 nm (Bourgeat-Lami et al., 2015). One o-orbital and two in-plane
n-orbitals of carbon in graphene are related to sp? hybridization (Castro Neto et al.,
2009). Both © bonds that appear on the top and bottom of each graphene layer can
overlap each other with the neighbouring carbon atoms. However, c-electrons cannot
contribute to the electrical conductivity as it is tightly bound to each other. The © and *

orbitals can act as a conduction and valence bands (Craciun et al., 2011).

The discovery of graphene history is quite interesting. Similar to carbon nanotubes
which were "discovered" several times, the first discovery of graphene in a single layer
was in 1968 (Morgan & Somorjai, 1968). Later, single or few layers of graphene oxide
were reported by Boehm in the 1960s, who made significant contributions to that field.
However, free standing single-layer of graphene was discovered and become popular in
2004, by the group of Nobel Laureates Andre Geim and Konstantin Novoselov from
University of Manchester through the isolation of graphene from graphite via
micromechanical cleavage (Novoselov et al., 2004). Since then, graphene became
a remarkable material in the 21% century. It has captured the attention of many
researchers, scientists and industry worldwide due to its unusual structural
characteristics and electronic flexibility (Craciun et al., 2011). Graphene’s extraordinary
physical and chemical properties such as large specific surface area (calculated value,
2630 m?/g) (Zhu et al., 2010), high electronic and unparalleled thermal conductivity
(~5000 W/m/K) and excellent mechanical strength (Young’s modulus, ~1100 GPa)
(Lee et al., 2008) and preparedness as chemically functionalized (Loh et al., 2010) are
also plus points. Apart of that, graphene also works better than copper because it can be
a very good conductor of electricity by sustaining a current density of six orders

magnitude higher (Goenka et al., 2014; Lawal, 2015). The conductivity of graphene
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differs depending on the morphology and the preparation or treatment methods of the
obtained graphene particles. The electrical conductivity of the graphene was measured
to be 108 mS cm™! (Bahadir & Sezgintiirk, 2016). Graphene has been proven to have
exceptional characteristics for use in energy biosensors (Ma et al., 2013), energy storage
materials (Lightcap & Kamat, 2013), liquid crystal devices (Iwan & Chuchmata, 2012),
polymer composites (Schonenberg & Ritter, 2013) and drug delivery systems

(Yang et al., 2013).

2.1.1  Family of Graphene

A few years ago, several synthetic methods for producing graphene had been carried
out. The synthesis routes toward graphene produced materials such as graphite oxide,
graphene oxide (GO) and reduced graphene oxide (rGO). The description of the
oxidation state of carbon and the number of layers commonly associates them as
members of the ‘‘graphene family’” The categorization is very useful since each of them
can form different characteristics of graphene which then can influence the properties of

each other. Table 2.1 summarizes the classification of graphene.
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Table 2.1: Classification of graphene species (Kochmann et al., 2012).

Graphite

Graphite
oxide

Graphene
oxide (GO)

Reduced
Graphene
Oxide (rGO)

Graphene

An allotropic form of carbon element which consists of
multilayers of carbon atoms arranged hexagonally in a planar
condensed ring system.

There are two layers of allotropic forms (hexagonal and
rhombohedral) which stacked parallel to each other in a three-
dimensional crystalline long-range order.

The chemical bonds within the layers are covalent with sp?
hybridization and with a C-C distance.

The weak bonds between the layers are metallic with a strength
when compared to van der Waals bonding.

A heterogeneous material prepared by the oxidation of graphite
that can be described as a stacking of many layers of graphene
oxide.

Exactly one layer of a polycyclic hydrocarbon network, with
all carbon atoms hexagonally arranged in a planar condensed
ring system.

It has various oxygen groups and is partially aromatic.

It possesses a band gap greater than 1.5 eV which depends on
its oxidation level.

The ratio of C:O is between 2:3.

Exactly one layer of a polycyclic hydrocarbon network, with
all carbon atoms hexagonally arranged in a planar condensed
ring system.

It has an oxygen content around or below 10 %.

It is mostly aromatic and resembles graphene in terms of
electrical, thermal and mechanical properties.

An exact monolayer of a polycyclic aromatic hydrocarbon
network, with all carbon atoms hexagonally arranged in a
planar condensed ring system.

It has a metallic character and consists purely of carbon and

hydrogen.
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2.1.2  Synthesis of Graphene

There are two different approaches to graphene preparation methods which are i)
top-down and ii) bottom-up approach (Kim et al., 2010) as shown in Figure 2.2. In
bottom-up approaches, graphene is synthesized by assembling small molecular building
blocks into a single or few layer graphene structures by means of a chemical (organic
synthesis), catalytic (chemical vapor deposition (CVD) (Kim et al., 2009) and thermal
(e.g., SiC decomposition) processes. Large areas of graphene can be developed by CVD
using methane, which has a lower oxidation level than graphene (Kochmann et al.,
2012). Graphene production using CVD method depends on the carbon dissolved in the
metal surface, whereby, Ni and Cu act as a catalyst while the crystalline order and the
concentration of carbon dissolved in the metal and the cooling rate controls the
thickness of the precipitated carbon (Obraztsov, 2009). Direct CVD synthesis provides
high-quality layers of graphene without chemical treatments or intensive mechanical.
High-temperature thermal annealing of carbon-containing substrates, for instance,
SiC enables epitaxial growth of graphene (Salzmann et al., 2012). CVD and epitaxial
growth frequently produce small amounts of large-size and defect-free graphene sheets.
They are suitable to produce graphene sheets for fundamental studies and electronic
application and are fascinating than the mechanical cleavage method. Nevertheless, both
these methods and other methods described previously are not suitable for the synthesis
of graphene-based nanocomposites which usually require a large amount of graphene
sheets preferably with modified surface structure (Liang et al., 2014). By contrast, in
“top-down” methods, graphene or modified graphene sheets are produced by separation
or exfoliation of graphite as starting material through chemical (e.g., graphite oxide
exfoliation/reduction and solution-based exfoliation), by stepwise structural
decomposition (e.g., from graphene oxide through rGO to graphene) (Stankovich et al.,

2007) and by the electrochemical (exfoliation and oxidation/reduction) or mechanical
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exfoliation route leads from graphite via layer-by-layer decomposition, resulting in
graphene layers (e.g., Scotch tape) (Novoselov et al., 2004). A special category of the
process under a top-down approach consists of fabricating graphene nanoribbons
conceivable through opening/unzipping carbon nanotubes (CNTSs) through chemical or

thermal routes (Kosynkin et al., 2009).

Epitaxial CVD on metal Organic
growth on SiC catalysis Synthesis

Figure 2.2: lllustration representation of the methods used for the synthesis of
graphene, which are classified into top-down and bottom-up approaches
(Ambrosi et al., 2014).

In order to produce a large monolayer graphene in gram-scale quantities for the
fabrication of devices, mechanical exfoliation and ‘unzipping’’ of CNTs methods are
currently not the preferred choice. Mechanical exfoliation using the scotch-tape method
is a laborious procedure, and the chances of obtaining good quality individual graphene
sheets are often low. In spite that epitaxial growth consistently produces high-quality
graphene, this method involves high-vacuum conditions, thus, making it expensive even
to generate a small area of graphene films. Although longitudinal unzipping of CNTs
can potentially afford bulk quantities of graphene nanoribbons, this method has not fully
developed, and the scalability is unconfirmed. Similarly, even though recent research in
CVD techniques have paved the way for the generation of graphene monolayers with

large surface areas, however, such method has only recently been discovered

15



(Obraztsov, 2009). Hence, the top-down approaches of chemical reduction of graphite
colloidal suspensions received tremendous attention from researchers and had been
considered as an effective route to synthesize low-cost bulk amounts of graphene-like

sheets with less defect and affordable to be fabricated into a variety of materials.

2.1.3  Chemically Modified Graphene

The exceptional mechanical, thermal and electrical properties of chemically modified
graphene (CMG) including graphene oxide (GO), reduced graphene oxides (rGO) and
their derivatives had made them famous components for electrocatalysis (Bai et al.,
2009; Qu et al., 2010), polymer composites (Villar-Rodil et al., 2009), nanoelectronic
and photoelectronic devices (Becerril et al., 2008) and energy storage materials
(Stoller et al., 2008). The term "chemically modified"” reflects the incomplete reduction
of graphene oxide to graphene. Despite the partial damage to the graphene structure
caused by chemical modification, the functional groups in CMG might provide them
with new properties and functionality. Besides, the controlled preparation of well-
defined structures of CMG paves the way to achieve a better performance of graphene-

based materials for practical applications.

As we have already known, micromechanical exfoliation of graphite depends entirely
on the strong interaction between the graphene layers and sticky tape to overcome the
cohesive interlayer van der Waals forces of graphite. However, a chemical route based
on the same principle can also be made to facilitate the exfoliation process. This
involves the intercalation of chemical species in graphitic layers followed by the
subsequent reduction or decomposition process of the layers away from each other. One
of the most well-known approaches to developing graphitic layers is through oxidative

intercalation with strong oxidizing agents in the presence of concentrated acids and
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oxidants. The oxidation level can be changed based on the reaction conditions,

preparation method and the use of graphite precursor.

Since its introduction in the nineteenth century, graphite oxide was produced mainly
using Brodie, Staudenmaier, and Hummers methods. In 1859, Brodie found the right
formula for graphite using potassium chlorate as an oxidant to produce highly oxidized
graphite. The new oxidized graphite contained several oxygen functional groups
disseminated across the graphitic structure, which then introduces sp3-hybridized carbon
atoms in sp-hybridized carbon network of graphite (Brodie, 1859). This method was
later amended and improved by Staudenmaier (1898) and Hofmann and Konig (1937)
where they introduced potassium chlorate as an oxidizing agent. Subsequently in 1958,
Hummers and Offeman and the latest, Tour and co-workers (2010) used strong oxidants
such as potassium permanganate (KMnOgs), KCIO3, and NaNO. with the presence of
nitric acid or sulfuric acid (H2SO4) for the oxidization of graphite. The formation of
various functional groups of oxygens within the graphitic layers increased the interlayer
distance from 3.35 A in graphite to over 6 A in graphite oxide, causing weakness of the
cohesive strength between the graphene layers that further enabled the separation of the
layers even with a simple ultrasonication treatment (Dreyer et al., 2010). Like graphite
which consist of stacks of graphene sheets, graphite oxide consist of graphene oxide
sheets stacked with an inter-layer spacing between 6 A° and 10 A° which is dependent
upon the content of water (Park et al., 2009). The exfoliation process to produce CMG
sheets from graphite oxide offers different routes for large scale production of
functionalized graphene sheets. Despite the fact that graphite oxide disperses in water or
other organic solvents through chemical modification, GO is thermally unstable and
electrically insulating. Hence, at least partial reduction of GO is required to restore
electrical conductivity. Currently, several different methods of exfoliation and reduction

of GO exist for producing chemically modified graphene.
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2.1.4  Graphene Oxide and Reduced Graphene Oxide

Graphene oxide, also known as a monolayer graphite oxide sheet is normally
prepared using Hummer’s method by chemical exfoliation of graphite (Hummers &
Offeman, 1958). Graphene oxide sheets can be stably dispersed in water to form a
colloidal dispersion due to their great deal of epoxy, carbonyl, carboxyl and hydroxyl
groups (Cai et al., 2008). The oxygen containing groups of GO sheets can partially be
removed by chemical, thermal or electrochemical reduction to produce rGO with
restored conjugated structure with similar properties to pure graphene (Gao, 2015).
Figure 2.3 shows the schematic models of GO and rGO sheets. Both GO and rGO
sheets reckoned 2D conjugated macromolecules with larger molar masses base on their
structures. GO acts as a surfactant as it can be adsorbed on water-organic interfaces and
also function like an amphiphilic macromolecule with hydrophilic edges (Kim et al.,
2010). rGO has hydrophobic properties, and it usually aggregates to form a powder.
However, these aggregations are chemically modifiable through covalent or non-
covalent technique, thus, forming stable dispersions that exhibit molecular properties
like GO (Liu et al., 2008; Niyogi et al., 2006; Zu & Han, 2009). The residual functional
groups and the conjugated carbon basal structure of GO and rGO provide possibilities
for modifying the conjugated molecules hydrophobic and n-n electrostatic interactions

(Xu et al., 2009).
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COOH

Reduced Graphene Oxide (rGO)

Figure 2.3: Schematic diagram of a GO and RGO sheet (Xu & Shi, 2011).

Several authors have noted that simple sonication of graphite oxide approach can be
applied to achieve homogenous colloidal suspensions of graphene oxide (GO) in
aqueous and various organic solvents (Parades et al., 2008). The dark brown suspension
of hydrophilic GO for concentrations up to 3 mg ml™! is easily dispersible in water.
GO attractiveness lies in its hydrophilic nature, where the oxygen functionalities in the
basal plane alter the van der Waals interactions between the layers, thus facilitating
hydration and exfoliation of GO in aqueous media. A recent study related to the as-

prepared GO sheet demonstrated that GO sheets acquired negative charges when
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dispersed in water due to the dissociation of phenolic hydroxyl carboxylic acid groups
(Szabd et al., 2006). Therefore, due to the electrostatic repulsion and hydrophilicity, GO
easily forms a stable colloidal dispersion in water. Complete exfoliation of GO can be
attained by stirring the GO mixture in water for sufficient time or by sonication to yield
the aqueous suspensions of graphene oxide sheets (Barkauskas et al., 2011).
Specifically, GO would serve as an exceptional precursor for various graphene-based
composite materials due to its ability to completely exfoliate in a wide range of aqueous

media.

The graphene-like materials which are usually referred to in literature as reduced
graphene oxide (rGO) can be produced by various methods including chemical (Chua &
Pumera, 2014), electrochemical (Wang & Guo et al., 2014), thermal (Kumar et al.,
2014) and photochemical methods (Gong et al., 2013; Moon et al., 2012). Although the
structure of GO and rGO is different with pristine graphene, the similarities between the
electrical, mechanical and thermal properties provide the reduction process as the most
necessary reactions between them. In fact, in the preparation of graphene-based
nanocomposite materials for wide scale applications, the reduction of rGO by chemical
and thermal methods are the most required and benign route to obtain graphene or rGO
(Khan et al., 2015). In contrast, the reduction of GO by chemical approaches using
NaBH4 (Muszynski et al., 2008), hydrazine (Tung et al., 2009), hydroquinone (Wang et
al., 2008), and dimethylhydrazine (Stankovich & Dikin et al., 2006) and thermal
methods (McAllister et al., 2007) as a reducing agent has produced electrically

conducting rGO.
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2.2 Chemically Modified Graphene-based Materials

The formation of CMG-based nanocomposites was performed by mixing or blending
CMG with one or more nanometer-scale components. These nanocomposites were
known as an outstanding material due to their attractive properties inherited from the
synergistic effect of both components and the intrinsic properties of each component.
Recently, hybrid materials based on CMG and several inorganic components were
studied extensively. In the nanocomposites, different nature and sizes of inorganic
nanoparticles were assembled on the surfaces of CMG sheets, giving them unique
properties such as high specific surface areas, large aspect ratios, and high electrical
conductivity which were suitable for applications in catalysis, energy storage and
conversions (Hong et al., 2010; Williams et al., 2008). CMG provides a great platform
for assembling inorganic nanoparticles into the correspond CMG-based
nanocomposites. Among them, the catalytic activity of Ag, Au, Pd, Pt have been

successfully combined with CMG to form nanocomposites (Xu & Shi, 2011).

Two different approaches have been recognized to synthesize CMG-based
nanocomposites which are post immobilization (ex-situ hybridization) and in-situ
binding (in-situ crystallization) (Khan et al., 2015). The ex-situ hybridization involves
separate steps of mixing solution between graphene nanosheets and pre-synthesized
NPs. Before mixing, the NPs and graphene sheets undergo surface functionalization
process to boost the processability of the resulting products. Non-Covalent n—r stacking
or covalent C—C coupling reactions easily functionalize the conjugated graphene sheet.
This functionalization enhances the solubility of graphene or NPs and hence, expand
opportunities for preparation of graphene-based nanocomposites. Nevertheless, ex-situ
hybridization might suffer from low density and non-uniform coverage of nanoparticles
on the surface of graphene sheets. The in-situ hybridization of graphene-based metal

involves the simultaneous reduction of GO or rGO and the respective metal salts
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as a precursor such as chloroauric acid (HAuCIs), silver nitrate (AgNO3z), potassium
tetrachloroplatinate (I1) (K2PtCls) and chloropalladic (IV) acid (H2PdCle) with the
common reducing agent used like sodium borohydride (NaBHa), hydrazine hydrate and
amines (Nossol et al., 2014). For example, the preparation of graphene-based bimetallic
HRG/Pt/Pd nanocomposites involved the reduction of KPtCls and H2PdCls with
ascorbic acid and formic acid (HCOOH) as a reducing agent (Guo et al., 2010) and
HRG/Au nanocomposites were in situ reduced from HAuUCls by NaBH4

(Muszynski et al., 2008).

Zhang et al. (2012) established green and cost-effective single-pot method of
rGO/Ag nanocomposites where the AgNOs and GO were in-situ reduced in agqueous
solution using tannic acid (water-soluble polyphenol) as a reducing agent. The resulting
nanocomposites exhibited excellent catalytic performance for the reduction of H2O>
substrate for Surface Enhance Raman Scattering (SERS) (Zhang & Liu et al., 2012). In
another example, Ji et al. (2011) reported a facile method for the preparation of rGO/Co
nanocomposites and described their magnetic properties. Hydrazine hydrate enabled
homogenous deposition of Cobalt (Co) NPs with a particle size of 3 nm onto graphene
sheets by in-situ reduction (Ji et al., 2011). Meanwhile, Zhang et al. (2011) prepared
HRG/SnO; and ternary HRG/SnO>—-Au nanocomposites by in situ chemical reduction
and applied them as anode materials in lithium-ion batteries . It involved the synthesis
of RG/SnO2/Au hybrid materials from an aqueous dispersion of GO and SnCl,, where
SnCl; acted as a source of tin and a reducing agent for GO and HAuCl; in a sonication-

assisted process. (Zhang et al., 2011)
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2.2.1  Chemically Modified Graphene-Silver (CMG-Ag) Nanocomposites

Silver (Ag) is known as a catalyst for the oxidation of ethylene to ethylene oxide and
methanol to formaldehyde (Das & Marsili, 2011). Since the year 2000, silver recorded a
usage of more than 4x10° tons due to the distinctive properties of colloidal silver such
as decent conductivity, chemical stability, antibacterial and catalytic activity (Sharma et
al., 2009). As an example, silver ions (Ag®) can be reduced to 3-5 atoms cluster of silver

when exposed to light and catalyses a gain of ~10% atoms in a latent image to be visible.

Studies have shown that silver nanoparticles (Ag NPs) can be synthesized and
stabilized by physical methods and chemical methods (chemical reduction,
photochemical reduction, and electrochemical techniques) (Sharma et al., 2009). The
kinetics interaction between metal ions and reducing agents, the adsorption processes of
the stabilizing agent with Ag NPs and the experimental conditions influences the
chemical and physical properties, size, morphology, and stability of Ag NPs (Singh &
Pandey, 2011). Chemical reduction is the most frequently used method for the
preparation of stable and colloidal dispersions of Ag NPs in water or organic solvents
(Tao et al., 2006). Borohydride, citrate, ascorbate, and elemental hydrogen function as a
reducing agent (Chou & Ren, 2000; Lee & Meisel, 1982; Merga et al., 2007; Nickel et
al., 2000; Shirtcliffe et al., 1999; Sondi et al., 2003). The reduction of Ag" in aqueous
solution produces colloidal silver with a particles size of several nanometres (Wiley et
al., 2005). Initially, the reduction of complex Ag" ion leads to the formation of silver
atoms (Ag°) and followed by the agglomeration into oligomeric clusters (Kapoor &
Gopinathan, 1998). Ultimately, these clusters lead to the formation of colloidal particles
of Ag. The formation of small colloidal Ag particles can be predicted through the
yellow colour solution and confirmed by the intense band of the absorption spectrum
ranging from 380 to 400 nm (Rosi & Mirkin, 2005). This intense band is due to the

periodic changes in the electron density at the surface and due to the collective
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excitation of the electron gas in the particles (Ershov et al., 1993). The surface plasmons
achieve resonance at certain wavelengths of light, and the Ag NPs have a different
colour as a function of their shape, size, and environment. Visible changes in the colour
of the NPs in the solution indicate that the aggregation state of the nanoparticles has

changed (Hussain et al., 2011).

Ag NPs containing graphene-based materials have been proven to be a good
candidate for catalysis, electrochemistry, electronics and optics (Sun et al., 2004; Zhang
et al., 2008). Therefore, the synthesis of CMG-Ag nanocomposites (GO-Ag and
rGO-Ag nanocomposites) has received increased attention in the past few years
(Qin et al., 2012). The Ag-graphene nanocomposites obtained from in-situ reduction of
silver salts usually require multi-steps and complex manipulation (Pasricha et al., 2009)
and involve hazardous and toxic reducing agent such as hydrazine, NaBH4 and
formaldehyde (Shen et al., 2011). Qin et al (2012) successfully reduced GO to rGO
in the liquid phase and decorated Ag NPs, thus, obtaining rGO under strongly alkaline
conditions without any reducing agent (Qin et al., 2012). Similarly, Zhou et al. (2009)
demonstrated the in-situ synthesis of Ag NPs on graphene oxide (GO) and reduced
graphene oxide (rGO) surfaces absorbed on 3-aminopropyltriethoxysilane-modified
Si/SiOx substrates without using any surfactant or reducing agents. In this method,
Ag NPs were deposited onto rGO by chemical reduction of silver ions by hydroxyl
groups of GO, followed by the conversion of GO into rGO under heat treatment process
and strong alkaline conditions (Zhou & Bao et al., 2009). Tian et al. (2012) prepared
rGO/Ag NPs composite by stirring the mixture of GO and AgNOs aqueous solution
with sodium hydroxide as a reductant under a heat of 80 °C (Tian et al., 2012).
Hassan et al. (2009) reported the one-pot synthesis of rGO/Ag NPs composites using
microwave-assisted method using oleylamine as the reducing agent (Hassan et al.,

2009).
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Developing new approaches that can improve the simplicity, stability and exploit
their catalytic applications is still a challenge. Furthermore, developing a facile one-step
method without an extra reducing agent and surface modifier to prepare Ag NPs-rGO is
still highly desired. Dinh et al. (2014) conducted a facile, fast, low cost, large scale, and
environmentally friendly approach that controlled the dimensions of Ag nanoparticles—
graphene oxide (Ag NPs/GO) composites. The green chemical and environmentally
friendly method applied in-situ ultrasonication of AgNOs and graphene oxide solutions
with the assistance of vitamin C at room temperature (Dinh et al., 2014). Haldorai et al.
(2014) reported a simple and effective supercritical route to decorate Ag NPs on GO
sheets. They used non-toxic glucose as a reducing agent, thus introducing a green
alternative to the traditional agents (Haldorai et al., 2014). Yang et al. (2014)
demonstrated in-situ fabrication of water-dispersible silver—graphene oxide (Ag-GO)
nanocomposites through a facile, convenient, environment-friendly and low-cost
method using tryptophan (Trp) as a reducing and stabilizing agent. Under alkaline
conditions, different pH influenced the Ag-GO formation (Yang et al., 2014). Li et al.
(2013) synthesized a new kind of nanocomposite based on Ag NPs/GO through the
reduction of silver ions on GO surface using glucose as reducing and stabilizing agent.
They claimed that the resultants could disperse in water and common organic solvents
to form a stable system without any polymeric or surfactant stabilizers and the
nanocomposite was then used to fabricate a novel electrochemical sensor for tryptophan

(Lietal., 2013).
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2.3 Electroanalytical Techniques and Chemically Modified Electrodes
Electroanalytical chemistry is one of the fundamental sub-disciplines of analytical
chemistry that focuses on oxidation-reduction reactions and other charge transfer
phenomena. Voltammetry is a form of electrochemistry, discovered by Czech scientist
Jaroslav Heyrovsky in 1920s, whereby, samples were analysed by measuring current as
a function of the applied potential (Jadon et al., 2016). In the last 50 years, voltammetric
methods have become the desired instrument for electrochemical reactions study
(Annapoorna et al., 2000), solar energy conversion (Angulo et al., 2009) and model
studies of enzymatic catalysis (Li et al., 2004). In the electroanalytical techniques,
an electrode surface is a powerful tool for quantifying analyte which can be easily
adopted to solve many fundamental importance problems such as sensitivity and
selectivity, accuracy, and precision. The electrode can also function as a variable free
energy source or an electron sink for controlling the potential window. Besides, the
measured current can determine the sensitivity of the electrode surface by the electron
crossing between the electrode and solution interface (Murray et al., 1987).
voltammetric techniques such as cyclic voltammetry (CV), square wave voltammetry
(SWV), linear sweep voltammetry (LSV), chronoamperometry (CA), and differential
pulse voltammetry (DPV) have proven to be highly sensitive tools for organic
molecules sensing including drugs and related molecules in biological fluids and

pharmaceutical dosage forms (Liu et al., 2006).

Chemically modified electrodes have attracted much attention in recent years due to
their potential applications in a variety of analysis and the relatively simple fabrication
and reproducibility (Rafati et al., 2014). The modification of electrode was necessary,
as certain analysis that used bare electrode were not feasible and lacked in sensitivity.
Therefore, surface modification with the conductive materials may lead to the

enhancement of electron transfer Kkinetics, thus, playing a catalytic role in the
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determination of highly sensitive electroanalytical applications. Modified surfaces
enhances electrocatalytic activity by transferring the physicochemical properties of the
modifier to the electrode (used of material with a large surface area), displays high
selectivity towards analyte (due to the immobilization of functional groups and
dopants), exhibits fast diffusion kinetics and enables extraction of an analyte at the
electrode surface (Sajid et al., 2016) as shown in Figure 2.4. The family of graphene has
been used to enhance the surface area of the active electrode together with the loading
of biorecognition molecules for electrocatalysis improvement. Compared with bare
glassy carbon electrode (GCE) and graphite, graphene-based modified electrode offers
superior electrocatalysis and exhibits significantly lower charge-transfer resistance over

others (Zhou & Zhai et al., 2009).

Product Diffusion

Substrate Diffusion

Electrode Immobilized < Electrolyte Solution >
Catalyst

Figure 2.4: Schematic representation of modified electrode and electrocatalysis.

2.3.1 Graphene Based Electrochemical Sensor

Graphene has become an attractive and favourite material for electrochemistry due to
its low electrical resistance and atomic thickness (Wu et al., 2010). Moreover, their high
density of edge-plane defect sites provides multiple active sites for transferring
electrons to biospecies (Shao et al., 2010). The modification of electrode with graphene
have significantly produced a more uniform distribution of electrochemically
active sites than electrodes made of graphite. Graphene materials have been used

without any prior modification as electrodes in electrochemical sensors due to their
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excellent conductivity. Usually, they are adsorbed on a glassy carbon electrode (GCE)
to enhance the oxidation peak current and reduce the oxidation overpotential of an
analyte (Zhou & Zhai et al., 2009). The family of graphene is known for its high
adsorption of ions, vapours, gasses and uncharged organic species. Schedin et al. (2007)
studied the effect of graphene-based sensors through gasses such as nitrogen oxide
(NO2), amoonia (NHs), carbon oxide (CO), hydrogen, oxygen, water vapor (humidity)
and volatile organic compounds. Using the amperometry technique, the limits of
detection (LOD) were in the lower ppm and ppb range, attributed to the low electrical

noise of graphene devices and the nature of the 2D material (Schedin et al., 2007).

Zhou et al. (2009) made a comparison between the performance of electrodes
modified with rGO and other carbon materials such as graphite and carbon nanotubes
(CNTs). The rGO revealed higher sensitivity towards hydrogen peroxide in
voltammetry with the LOD value of 0.05 puM found at a low overpotential of -0.20 V.
They also claimed that the rGO-modified electrode showed high selective toward
dopamine, ascorbic acid, uric acid and acetaminophen due to the formation of strong
hydrogen bonds between hydrogen peroxide and rGO (Zhou & Zhai et al., 2009). Du et
al. (2011) sensed hydroquinone and catechol by different pulse voltammetry using bare
carbon electrode and rGO modified electrodes and discovered that rGO modified
electrodes gave low LOD (15 nM and 10 nM, respectively) and good separation of the
oxidation peaks (by about 112 mV) compared to bare carbon electrodes (Du et al.,
2011). Wang et al. (2010) applied a sensing platform based on rGO for the
amperometric determination of hydrazine. It revealed a LOD of 1 puM, which was eight
times better than a comparable platform based on multi-walled CNTs (MWCNTS)
(Wang et al. 2010). The detection of acetaminophen (paracetamol)

(LOD: 32 nM) (Kang et al., 2010; Song et al., 2011) and 2,4,6-trinitrotoluene (TNT) in
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seawater (LOD: 4 uM) (Chen et al., 2011; Goh & Pumera, 2011) utilized the same

method.

The CV analysis of ferricyanide ([Fe(CN)e]>*) for graphene-modified electrode
demonstrated defined redox peaks with the value of peak to peak potential separation
ranging from 61.5 to 73 mV at 10 mV/s scan rate (Shang et al., 2008). Graphene also
exhibited significantly lower charge-transfer resistance compared to bare GCE and
graphite (Zhou & Zhai et al., 2009). Tang et al. (2009) revealed that the obvious
electron transfer rate constant for [Fe(CN)s]*’* on graphene and GC is 0.49 and
0.029 cm®! (Shang et al., 2008). The electrochemistry of ([Fe(CN)s]**) at individual
surfactant-free single-layer graphene sheet had a heterogeneous electron transfer (HET)
constant which was two times higher than that of multi-layer graphene (Valota et al.,
2011). The transfer of electrons from graphene to molecules or vice versa is related to
the target analytes and the number of functional groups, defects, and impurities that
exist on graphene. A single layer structure might show different electrochemistry
compared to a multilayer structure. Therefore, any direct comparison of the electron-
transfer rate constants obtained by the different electrode materials should undergo
cautious evaluation. Moreover, graphene has a relatively stable and large potential

window (Moo et al., 2012).
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2.4 Electrochemical Sensing Enhancement of Graphene with Metal
Nanoparticles

The immobilization of nanoparticles is important for the enhancement of
electrocatalytic devices. Metal nanoparticles have excellent conductivity and catalytic
properties, which acts as a catalyst to increase the electrochemical reaction rates and
to enhance electron transfer between the redox centres and electrode surface
(Luo et al., 2006). Metal nanoparticles in electrochemical sensing tend to decrease
overpotential and allow the reversibility of some redox reactions, while their catalytic
properties have proven to increase sensitivity. Furthermore, the good conductivity of
metal nanoparticles enhances electron transfer between the electrode and active centres
of enzymes. Hence the particles act as electron transfer conduits or mediators (Liu et al.,
2003). Due to the high surface energy, metal nanoparticles contribute to the
development of new electrochemical analysis systems since they are chemically more
active than their bulk amounts (Luo et al., 2006). Efforts focused on the modification of
electrodes with graphene and its derivatives, using either single or combined
nanoparticle for the analysis of various analytes including hydrogen peroxide, nitrite

ions, nitric oxide, and 4-nitrophenol.

24.1  Nitrite lons

Nitrite is an increasingly alarming pollutant to the environment and human health
due to its frequent application in our daily life. Excessive nitrite in the human body can
induce irreversible oxidation of haemoglobin to methaemoglobin (Salimi et al., 2014).
High level of nitrite in food and beverages can react with the stomachs’ dietary
components to form carcinogenic and toxic nitrosamines and N-nitroso compounds,
resulting in cancer and hypertension. The World Health Organization fixed the fatal

dose of nitrite ingestion between 8.7 uM and 28.3 uM while the maximum levels of
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nitrite in drinking water recommended by The European Community are 0.1 mg L*
(~2.2 mM) (Chen et al., 2007). The determination of nitrite using rapid, accurate and
economical method is important for environmental protection and public health
concerns. To date, several techniques have been successfully used for nitrite detection.
Spectrophotometric methods based on the diazotization reaction of nitrite with some
aromatic amines and the development of azo dyes are often intensively examined, for
instance chromatography (Ito et al., 2005; Kodamatani et al., 2009), spectrophotometry
(Pourreza et al., 2012) and electrochemical methods (Jiang et al., 2014; Parsaei et al.,

2015).

(Moorcroft, 2001) has reviewed the different methods of nitrite determination.
Among the various methods, electrochemical detection displays high selectivity,
sensitivity, and simple preparation techniques, making it the best option (Moorcroft et
al., 2001). According to Kalimuthu and Abraham John (2009), the detection of nitrite
using the electrochemical procedure can be achieved using either oxidation or reduction
techniques (Kalimuthu & Abraham John, 2009). The oxidative technique is favourable
compared to reduction because the reduction technique of nitrite has major limitations
and suffer from interference of nitrate and molecular oxygen (Parsaei et al., 2015).
Electrochemical sensing of nitrite can be done on numerous substrates such as glassy
carbon (Kozub et al., 2010), gold ultra-microelectrodes (da Silva & Mazo, 1998),
boron-doped diamond (Rao et al., 2001) and platinum microdiscs (Bertotti & Pletcher,

1997).

Application of bare electrodes often imposes problems because the oxidation of
nitrite occurs at high overpotential and these electrodes tend to be poisoned by the
species formed during the electrochemical oxidation, hence decreasing the accuracy and

sensitivity of analytical determination (Yang et al., 2015). Therefore, numerous
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modified electrodes were developed to decrease the overpotential for nitrite oxidation
(Mani et al., 2014). Ma et al. (2014) constructed nitrite sensing electrode using the as-
prepared gold— polyaniline-graphene (Au-G-PANI) nanocomposites to modify GCE.
The Au-G-PANI/GCE exhibited an obvious oxidation peak of nitrite with a larger peak
current, and gave a wider linear range from 0.1 to 200 mmol L, with a detection limit
of 0.01 mmol L}(Ma et al., 2014). Cui et al. (2012) demonstrated electrochemical
properties and electrocatalytic activity toward nitrite oxidation using a composite film
comprising of graphene nanosheets and carbon nanospheres with the presence of
chitosan coated Prussian blue as a redox mediator (Cui et al., 2012). Wang et al. (2014)
investigated the performance of Cu dendrites and reduced graphene oxides in nitrite
sensing system and presented the possible mechanism of the electrocatalytic process

(Wang et al., 2014).

2.4.2  4-Nitrophenol

Aromatic nitrocompounds such as nitrophenols, nitrobenzene, and nitrotoluenes are
toxic, anthropogenic, inhibitory, and biorefractory organic compounds that are
important for environmental control and production of pharmaceuticals, pesticides, and
dyes (Chen et al., 2015). These nitrocompounds are toxic to humans, animals, and
plants (Peng et al., 2014) and cause an undesirable taste to drinking water at a very low
concentration (Chen et al., 2015). Due to these, various nitrocompounds have been
included in the list of environmental legislation. 4-nitrophenol (4-NP) is one of the most
ubiquitous and abundant nitrophenols cited in the List of Priority Pollutants of the
U.S.A. Environmental Protection Agency (EPA). The maximum permitted level of
4-NP in wastewater has been set to 0.22 uM (Chen et al., 2015). Acute ingestion or
inhalation of 4-NP by humans for a short duration can cause drowsiness, headaches,

inflammation in eyes and irritation in the nose and respiratory tract. Interaction with
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blood can simultaneously cause the formation of methaemoglobin. Methaemoglobin is
responsible for methemoglobinemia which results in cyanosis confusion and
unconsciousness (Mulchandani et al., 2005). The last few decades have seen the
development of various effective methods for the determination of trace amounts of
4-NP in the environment. Among the techniques used for the effective detection of
4-NP and real samples analysis are UV-vis spectrophotometry (Toral et al., 2001),
capillary electrophoresis (Guo et al., 2004), gas chromatography (GC) (Padilla-Sanchez
et al., 2010) and high performance liquid chromatography (HPLC) (Hofmann et al.,
2008; Liu et al., 2007; Yamauchi et al., 2004). However, some of these methods require
repetitive sample pre-treatment and complex and long analysis time. GC methods
usually utilize expensive reagent and require derivatization and beneficiation before
analysis. Therefore, it cannot be applied directly to the aqueous samples. Meanwhile,
HPLC and capillary electrophoresis methods are costly due to the expensive columns
and waste organic solvents (Niazi & Yazdanipour, 2007) and the colorimetric and
spectrophotometry methods are easily distracted by related compounds. Due to this
limitations, there is a demand for a new analytical technique that highlights sensitive
determination of 4-NP (Devasenathipathy et al., 2015). Electrochemical methods
offered a great performance and advantages in the determination of 4-NP due to their
low-cost instrument, fast response (Zhang & Wu et al., 2014), good sensitivity (Chen et
al., 2015) and simple operation (Peng et al., 2014). Therefore, electrochemical
analytical technique offers a good alternative to detect 4-NP in the environment at a
very low concentration. The bare working electrode employed in common
electrochemical technique often require surface modification in order to enhance the

sensitivity and avoid the high overpotential and interference issues (Yin et al., 2010).
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To date, numerous modified electrodes based nanoparticles have been reported to
detect 4-NP with satisfactory results (Casella & Contursi, 2007; Chu et al., 2011;
El Mhammedi et al., 2009). Wang et at al. (2015) selected the reduction of 4-NP as
a model system to evaluate the catalytic activity of silver nanoparticles on tea
polyphenols-graphene (Ag-TPG) nanohybrid modified electrode. They confirmed that
by combining Ag nanoparticles which have unique catalytic properties and excellent
adsorption with the good transferability of graphene could enhance catalytic activity
toward the reduction of 4-NP by NaBH4 (Wang et al., 2015). Tian et al. (2015)
demonstrated the synergetic effects between supported Nickel (Ni) nanoparticles and
RGO sheets. They revealed that Ni NPs decorated with reduced graphene oxide
(Ni-RGO) hybrids exhibited better catalytic performance than pure Ni NPs for the
reduction of 4-NP (Tian et al., 2015). Lu et al. (2011) found that the resultant Au NPs
decorated TWEEN/GO (Au NPs/TWEEN/GO) composites exhibited notable catalytic
performance toward 4-NP reduction. GO supported material produced a synergistic
effect that enhanced the catalytic activity of Au NP catalysts (Lu et al., 2011).
Chen et al. (2015) developed R-CD/PBNCs/RGO/GCE as an electrochemical sensor for
the electro-reduction of 4-NP. It showed a good electrocatalytic performance to 4-NP
with wide linear range, low detection limit, good stability, and reproducibility

(Chen et al., 2015).

2.4.3 Nitric Oxide

Nitric oxide (NO) is an endothelium-derived relaxation factor (EDRF) as it is a
reliable blood pressure regulator and vasodilator in the cardiovascular and nervous
systems of human physiology (Loscalzo, 2013). In other words, NO is a free radical
which is super reactive toward molecular oxygens, radicals, peroxide, and metals

together with metal centres such as haemoglobin (Adekunle et al., 2010). Nitric oxide
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is a small and electrically neutral molecule with a diffusion coefficient that approaches
3.3 x 107 cm? s! in physiological buffers. This allows NO to diffuse rapidly and
permeate biological membranes (Denicola et al., 1996). NO serves as a main defence
molecule in the immune system (Yang et al., 2010), hinders platelet aggregation
(Radomski et al., 1990) and acts as a neuromodulator and neurotransmitter in the
neuronal system (O’Dell et al., 1991). However, excessive production and
bioavailability of NO lead to septic shock, stroke, diabetes (type 1 and 2) and heart
failure while reduced production of NO leads to arteriolosclerosis, impotence, and
hypertension (Geetha et al., 2017). The uncontrolled production of NO was reported in
neurological disorders such as multiple sclerosis and amyotrophic lateral sclerosis,
Alzheimer's and Parkinson's disease (Pluth et al., 2011), asthma (Li et al., 2011) as well
as tumoricidal factor (Jae et al., 2007). These characteristics received serious attention
for disease diagnosis, thus, enabling the development of a precise and selective sensor
for the determination of NO present in low detection levels in living systems. Different
strategies implemented for the sensitive detection of NO can generate in-situ and
real-time response (Zan et al.,, 2013). A diverse range of approaches have been
developed for NO determination in biological system or downstream reaction products
such as nitrite and nitrate including liquid chromatography (Ferreira & Silva, 2008),
chemiluminescence (Beckman & Congert, 1995), electron paramagnetic resonance and
capillary electrophoresis (Kuppusamy et al., 1996), titrimetric (Ensafi & Kazemzadeh,
1999), and electrochemical methods (Radhakrishnan et al., 2014). However, most of
these methods require complicated sample preparation and suffer from low sensitivity

which hinders real-time detection.

Electrochemical detection of NO is the only available technique with highly
sensitivity to detect appropriate concentrations of NO in real time (Yusoff et al., 2015).

Ting et al. (2013) demonstrated the use of a hybrid film of electrochemically reduced
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graphene oxide (ERGO) and gold nanoparticles (Au NPs) modified electrode for
sensitive detection of NO. The electrochemically reduced graphene oxide network
provides highly conductive pathways for electron conduction and a large surface area
for catalyst support, while Au NPs act as efficient electrocatalysts towards the oxidation
of NO. The synergistic integration of ERGO and Au NP enables the electrochemical
detection of NO with high sensitivity (5.38 pA/uM/cm?), low detection limit (133 nM
with S/N = ~5.5), and a fast response time (3 s) (Ting et al., 2013). Adekunle et al.
(2015) confirmed Pt-GO-Fe2Oz modified electrode as the best electrode in terms of
NO. and NO oxidation current, the detection limit of the analytes, and resistance to

electrode poisoning. An interference study was also conducted (Adekunle et al., 2015).

2.4.4  Hydrogen Peroxide

Hydrogen peroxide (H205) is a simple molecule in nature but it plays critical roles in
pharmaceutical, industrial, clinic, environmental, mining, textile, paper, food
manufacturing and biological systems (Zhang & Chen, 2017) due to its essential
intermediate (Lane & Burgess, 2003) and strong oxidizing and reducing properties
(Chen et al., 2012). Hydrogen peroxide is a by-product of many oxidase catalyzed
reactions. It plays an important physiological role as an oxidative stress marker and
defense agent in response to pathogen invasion (Lippert et al., 2011). Furthermore,
in living organisms, H2O> play a vital role as a signalling molecule in regulating several
biological signalling transduction processes (Giorgio et al., 2007). However, H,O> can
cause serious illness and disorders in the body such as cancer, infection, atherosclerosis
Parkinson's, Alzheimer's, diabetes, and cardiovascular and neurodegenerative disorders
(Pramanik & Dey, 2011). Therefore, it is important to monitor the concentration level of
H>O> in industrial use and develop an efficient method which is simple, low cost, fast,

sensitive and selective toward H>O, under physiological conditions. Numerous methods
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had been developed to determine H2O. concentration such as electrochemical method,
chemiluminescence, fluorescence, and spectrophotometry. Among these detection
methods, the electrochemical sensor offers several advantages which include simple
instrumentation, cost-efficient, easy reduction, high sensitivity and selectivity and fast
response time (Tian et al., 2014). The selectivity, sensitivity, and stability of
electrochemical sensor toward H.O: significantly rely on the structure and properties of

electrode materials used for the fabrication of sensors (Ensafi et al., 2014).

In the past decades, studies were focused on enzyme-based sensors (Fan et al., 2015;
Huang et al., 2014; Radhakrishnan & Kim, 2015). Nevertheless, limitation and
disadvantages such as high cost, environmental instability, and tedious immobilization
were present in enzyme-based sensors (Gopalan et al., 2013). Besides, the stability and
reproducibility of the sensors were affected by certain temperature, pH and
electrochemical detection conditions of the enzyme denaturation (Lu et al., 2009). Many
researchers proved that the non-enzymatic sensors could overcome these problems and
avoid the drawbacks of enzymatic sensors by providing an effective way to enhance the
electrocatalytic activity and selectivity toward the effective detection of H.0>
(Zhao et al., 2009). This increased the attention on the development of non-enzymatic
sensor using graphene-supported noble metal materials as electrocatalysts (Bai & Shiu,
2014; Fu et al., 2014; Yuan et al., 2014; Zhang & Chen, 2017). The deposition of
electrocatalytically active metal materials such as Au, Ag, Pt, and Pd on the conductive
substances, is important to enhance the charge transport in electrochemical sensors.
Owing to the strong metal-substance interaction, the stability of metal nanoparticles can
be improved by dispersing it on graphene. Graphene or more accurately known as
chemically derived graphene contains lattice defects (vacancies, holes) and surface
functional groups (carbonyls, epoxides, hydroxyls, and others), which is promising for

the immobilization of metal nanoparticles on its surface. Besides, the improvement of
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charge transfer from catalysts to graphene substrate enhances the catalytic activity of

graphene-based metal nanocomposites.

Among others nanocomposites, graphene-supported Ag-based nanocomposites
stirred research interest due to the low price of Ag and its sustainable electrocatalytic
activity, which further improved electrochemical sensing performances for the reduction
of H,O» (Bai et al., 2014; Zhong et al., 2013). Yu et al. (2013) reported that reduced
graphene oxide decorated with AgNRs modified glassy carbon electrode
(Ag NR-rGO/GCE) exhibits better catalytic activity than that of bare GCE, GO/GCE,
and Ag NRs/GCE toward the electrocatalytic reduction of H,O». They also found that
the Ag NR-rGO-based H202 sensor exhibits highly sensitive rapid response and a low
detection of 2.04 uM (Yu et al., 2013). Liu et al. (2010) synthesized a novel Ag
NPs/graphene nanosheets (Ag NP/GNs) composite, and the composite functioned for
the electroreduction of H>O2 The non-enzymatic sensor fabricated from Ag NP/GNs
showed a fast amperometric (< 2 s), low limit detection (28 pM) and wide linear range
(100 uM to 40 mM) toward H>O, detection (Liu et al., 2010). Zhu et al. (2014)
successfully deposited small sized Ag NPs on graphene oxide sheets as an
electrocatalyst for H.O> detection. The electrochemical sensor based on this Ag NPs-
GO nanocomposite showed sensitive detection of H2O, with a detection limit of 0.5 uM
(Zhu et al., 2014). Silver nanoparticle-manganese oxyhydroxide-graphene oxide
(Ag-MnOOH- GO) composite and such composite were further applied as an

electrocatalyst for H20- reduction (Bai et al., 2014).
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CHAPTER 3: MATERIALS AND METHODOLOGY

3.1 Chemical and Materials

Table 3.1 summarizes the list of materials and chemicals used in this study. All the
chemicals were of analytical grade and used as received without further purification.
Double distilled water (resistivity > 18 MQ) was used to prepare the solutions

throughout the experimental process.

Table 3.1: Chemical and materials used in this thesis.

Chemicals Formula Purity (%) Supplier
Graphite flakes C - Asbury Graphite
Mills, Inc. (USA)
Sulfuric acid H2SO04 98.00 Systerm
Potassium permanganate KMnOg4 99.90 R&M Chemicals
Hydrogen peroxide H202 30.00 Systerm
Hydrochloric acid HCI 37.00 Systerm
Phosphoric acid H3PO4 30.00 Systerm
Silver nitrate AgNO3 99.99 Sigma-Aldrich
Sodium nitrate NaNO2 - R&M Chemicals
Ammonia solution NHs.H.0O 25.00 Riedel-de Haen
4-nitrophenol 4-NP - Acros Organics
D-(+)-Glucose CeH1206 - Systerm
L-ascorbic acid CeHsOs - Sigma-Aldrich
Trisodium citrate NazCeHsO7 - Sigma-Aldrich
Monosodium phosphate NaH2PO4 - Systerm
Disodium phosphate NaxHPO4 = Systerm
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3.2 Synthesis of Graphene Oxide (GO)

Synthesis of GO (Figure 3.1) from graphite followed the simplified Hummer's
method (Huang et al., 2011). The first step involved the addition of 1.5 g of graphite
flakes into a mixture of 180 mL of concentrated H2SO4 and 20 mL of H3PO4 with
continuous stirring. This followed on with the gradual addition of 9 g of KMnO4. The
reaction mixture was subjected to continuous stirring for three days at room
temperature. After completion of the reaction (the colour of mixture solution changed
from dark purplish-green to dark brown), the mixture was slowly poured into 50 mL of
cold deionized water containing 10 mL of 30 % H2O. The stirring was continued for
another 10 minutes until the mixture turned yellow. The additional of H,O; efficiently
reduced the residue of permanganate and manganese dioxide to the colourless soluble
manganese sulphate. The change in solution colour from dark brown to bright yellow
indicated the highly-oxidized level of graphite. Finally, centrifugation of the obtained
GO solution with 1 M HCI and deionized (DI) water for three times and six times
respectively enabled the removal of acid and metal ions impurities. At the last stage of
washing process with DI water, the exfoliation of graphene oxide resulted in thickening
of GO solution, resulting in the formation of light brown GO gel (Hummers &

Offeman, 1958).

Figure 3.1: Graphene oxide (GO) gel after oxidation process.
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3.3 Preparation of Garlic Extract

Fresh garlic (Allium sativum) cloves were peeled and washed with deionized water to
remove contaminants. Aqueous garlic extract was prepared by chopping 5 g cloves and
homogenising it in 50 mL of Millipore deionized water using mortar and pestle. The
preparation rested at room temperature for 24 h. The extract was then filtered using
Whatman filter paper to collect a pale yellow transparent garlic extract solution and
discard the solid garlic pieces. The garlic extract concentration was determined to be 20
mg/mL by measuring the remaining solid weight after evaporating 2 mL of the liquid

extract in a vacuum oven at 40 °C. Prepared aliquots were stored at 4 °C for further use.

34 Synthesis of GO-Ag and rGO-Ag Nanocomposites

The synthesis of GO-Ag nanocomposites performed using garlic extract and sunlight,
while rGO-Ag nanocomposites was synthesized using modified Tollen’s test, ascorbic
acid and Turkevich method. These four synthesis methods were proposed as a simple,
cost-effective and eco-friendly alternative to chemical and physical method.
Nanoparticles synthesized through biological means (plants) and non-toxic reducing
agent does not require any external stabilizing agent as biomolecules present within the
organism stabilize it during the synthesis process. The synthesis utilizes less toxic
reactants and additives or stringent constraints which is advantageous since there are no
toxic residues and no environmental hazards. Besides, the formation of the

nanoparticles exhibits long term stability with uniform and smaller size nanoparticles.

41



3.4.1 Synthesis of GO-Ag Nanocomposites using Garlic Extract and Sunlight
Preparation of GO-Ag nanocomposite involved exposing the aqueous solutions of
GO, garlic extract and [Ag(NHz3)2]" solution to bright sunlight as shown in Figure 3.2.
Initially, 0.1 M of [Ag(NHs3)2]* solution was prepared separately by mixing 100 mL of
0.1 M of AgNOs solution with 200 mL of 0.1 M aqueous NHz solution. The synthesis of
GO-Ag nanocomposite involved mixing and stirring 1 mL of GO (0.1 mg/mL) and
20 mL of 0.1 M [Ag (NH3)2]" solutions in a beaker. The mixture further incorporated 2
mL of freshly prepared aqueous garlic extract with via continuous stirring and finally
subjected to bright sunlight. Within a few seconds of sunlight exposure, the brown
colour of the mixture solution started to change to dark yellowish brown indicating the
formation of Ag NPs. The intensity of the colour increased with increasing time and
reached a plateau after 15 min. Then, the reaction mixture was covered with an
aluminium foil and kept in the dark for an hour to allow Ag NPs to deposit on GO
sheets. The brown solution underwent centrifugation at 4000 rpm for 10 min, and the
precipitate was washed for three times with Millipore water. The final product was
dispersed in 50 mL of deionized water and used for further studies. For comparison, the
synthesis of colloidal pure Ag NPs followed the same procedure, using garlic extract

and sunlight in the absence of GO.
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Figure 3.2: Schematic pathway for the synthesis of rGO-Ag nanocomposite.
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3.4.2

Synthesis of rGO-Ag Nanocomposite using Modified Tollen’s Test

The rGO-Ag nanocomposite was synthesized as follows. First, 0.75 g of glucose was

dissolved in 15 mL of the GO solution (1.0 mg/mL) and stirred for 15 min. To this

solution, 10 mL of [Ag(NHs)2]* complex containing 0.06 M AgNOs and 0.5 mol L*

ammonia was added and stirred for 15 h (Figure 3.3). The same procedure was followed

to prepare nanocomposites with different reaction times (2, 6, and 10 h). After stirring,

the mixture was allowed to sit undisturbed at room temperature for 2 h. The colour of

the GO changed from brown to muddy green at a reaction time of 15 h, which

confirmed the formation of the rGO-Ag nanocomposite. The slurry-like product was

centrifuged at 10000 rpm and washed five times with distilled water to remove the

impurities. The final product was re-dispersed in 25 mL of distilled water and used for

further analyses.
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Figure 3.3: Schematic pathway for the synthesis of rGO-Ag nanocomposites

using modified Tollens’ Test.
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3.43  Synthesis of rGO-Ag Nanocomposite using Ascorbic Acid

For a simple and inexpensive chemical synthesis, the rGO-Ag nanocomposite was
prepared by directly reducing both silver ions and GO using ascorbic acid as a reducing
and stabilizing agent. The rGO-Ag nanocomposite was synthesized as follows. First,
0.5 M/22.02 g of ascorbic acid was dissolved in 15 mL of GO solution (1.0 mg/mL) and
stirred for 15 min. Then, 10 mL of [Ag(NH3)2]" complex containing 0.06 M AgNOs and
0.5 mol L* ammonia were added to that solution and stirred for 6 h (Figure 3.4). The
same method was adopted to prepare the nanocomposite with different concentrations
of ascorbic acid (1.0 M and 5.0 M). After stirring, the mixture was set aside to sit
undisturbed for 2 hours at room temperature. The colour of the GO changed from brown
to muddy green, which confirmed the formation of the rGO-Ag nanocomposite. The
slurry-like product was centrifuged at 4000 rpm and washed five times with distilled
water to remove the impurities. The final product was redispersed in 25 mL of distilled
water and used for further analyses. rGO-Ag (0.5 M), rGO-Ag (1.0 M), and rGO-Ag
(5.0 M) represented the rGO-Ag nanocomposites prepared with 0.5 M, 1.0 M, and 5.0

M concentrations of ascorbic acid.
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Figure 3.4: Schematic pathway for the synthesis of rGO-Ag nanocomposites
with different concentrations of reducing agent.
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3.4.4  Synthesis of rGO-Ag Nanocomposite using Modified Turkevich Method
Ag NPs decorated rGO (rGO-Ag) was prepared using a slight modification of
Turkevich method. About 10.192 mg of AgNOs was dissolved in 15 mL distilled water
to achieve a concentration of 4 mM. Heating of the solution caused it to boil at 100 °C.
On the other side, 0.199 g of trisodium citrate was dissolved in 5 mL distilled water
(34 mM) and mixed with 10 mL of GO (1 mg/mL) solution. Then, the mixture solution
was slowly added into 15 mL of AgNOz drop by drop under vigorous stirring and
heated at 90°C for 2 h, and later allowed to cool to room temperature (Figure 3.5). The
same method was followed to prepare the rGO-Ag nanocomposite with different
concentration of AgNOz (1 mM and 7 mM). The colour of the solution changed from
light brown to reddish green, which confirmed the formation of rGO-Ag
nanocomposite. The slurry-like product was centrifuged at 10000 rpm and washed with
distilled water repeatedly for five times to remove the impurities. The final product was
redispersed in 30 mL of distilled water and used for further analyses. rGO-Ag (1 mM),
rGO-Ag (4 mM), and rGO-Ag (7 mM) represent the rGO-Ag nanocomposites prepared

at a different concentration of AgQNO3 (1 mM, 4 mM, and 7 mM).
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Figure 3.5: Schematic pathway for the synthesis of rGO-Ag nanocomposites
using modification of Turkevich method.
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35 Characterization Techniques

Material characterization is a significant microscopic technique to provide the
information of morphology, crystal structures, optical properties and elemental
compositions. In the present research work, the formation of CMG-Ag nanocomposites
was confirmed by UV-Vis spectra, and HRTEM analysed the surface morphology. The
crystalline structure and elemental composition of samples were confirmed using XRD
and XPS analyses, respectively while the molecular structure analyses of the samples

depended on the peaks obtained from the spectrum of Raman analysis.

3.5.1 Ultraviolet-Visible (UV-Vis) Spectroscopy

UV-Vis absorption spectrophotometer confirmed the chemical change of nanosized
materials by examining the shift in the wavelength of the intensity. Different molecules
were involved with different absorption wavelength. The optical absorption properties
in the spectral region of 200-800 nm was evaluated using Thermoscientific Evolution
300 UV-vis absorption spectrophotometer. The absorption spectroscopy served as
a preliminary study to confirm the formation of Ag NPs based on the appearance of
characteristic surface plasmon resonance (SPR) band at ~400 nm. Throughout the
measurement, the molecules of each sample underwent electronic transition under the
excitation of the electromagnetic spectrum. The absorption spectrum measurement
reflected the transition from the lower to the excited state that produced an absorbance

spectrum via software which displayed on the monitor.
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3.5.2 High Resolution Transmission Electron Microscopy (HRTEM)

The HRTEM technique studied the interaction of energetic electrons with the sample
and provided morphological, compositional and crystallographic information. The
technique provided high-resolution images and enabled more magnification, thus
allowing for direct imaging of the atomic structure of the sample compared to SEM.
High-resolution transmission electron microscope functioned on the principle of
electron diffraction and used both the transmitted and the scattered beams to create an
interference image. It is a phase contrast image and can be as small as the unit cell of a
crystal. The analysis accurately confirmed the formation of nanocomposites in the
sample.

This research study used JEM-2100F-HRTEM for analyzing the morphology,
compositional, crystal structure and lattice imperfections on an atomic resolution of
CMG-Ag nanocomposite. Prior to sample analysis, the prepared nanocomposite
samples are homogeneously dispersed by sonication for 30 minutes, followed by drop-
casting onto the carbon-coated copper grid and afterwards dried at room temperature.
The thickness of the specimen must be tremendously thin (<10 nm) to get the highest

resolution and relatively beam insensitive.

353 X-Ray Diffraction (XRD)

X-Ray Diffraction is a non-destructive analytical technique which can vyield the
unique fingerprint of Bragg reflections associated with a crystal structure. It is a rapid
analytical technique primarily used for phase identification of a crystalline material and
can provide information on unit cell dimensions. By scanning the sample through a
range of 20 angles, all possible diffraction directions of the lattice would be attained,
thus providing a unique “fingerprint” of different phases due to the random orientation

of the material/sample. From the “fingerprint,” we can construe the peaks value by
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comparing them to the standard reference pattern. The as-prepared GO and CMG-Ag
nanocomposite was placed in a holder, and the XRD characterization was performed
using a Siemens D5000 XRD Diffractometer. The diffraction patterns were collected
using a fixed wavelength of CuKa radiation (1 = 1.4506 A) by employing a scanning

rate of 0.033°s™ over the 20 range of 5° to 80° in 0.1° or 0.05° intervals.

3.5.4 Raman Spectroscopy

Raman spectroscopy is a spectroscopic technique based on inelastic scattering of
monochromatic light, and it provides information about molecular vibrations useful for
sample identification and quantitation. The technique involves shining a monochromatic
light source, usually from a laser source on a sample and detecting the scattered
light. This spectroscopy is a useful technique for characterization of graphene. In this
research study, the prepared GO and CMG-Ag nanocomposites were characterized
using Renishaw inVia Raman microscope system excited with 514 nm (green laser).
Measurements scanning were from wavenumber 100 to 2000 cm™. It is important to

note that selection of a wrong laser power may cause the destruction of the sample.

3,55  X-ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy is the most widely used surface analysis technique
for analyzing the surface chemistry of material. It functions on a broad range of
materials and measures the elemental composition, empirical formula, chemical state
and electronic state of the elements within a material. A photoelectron spectrum
recording counts the ejected electrons over a range of electron kinetic energies and
peaks that appear in the spectrum from atoms emitting electrons of a characteristic
energy. The energies and intensities of the photoelectron peaks provide identification

and quantification of all surface elements (except hydrogen). In this research study, XPS
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measurements were performed using synchrotron radiation from beamline no. 3.2 at the

Synchrotron Light Research Institute, Thailand.

3.5.6  Fourier Transform Infrared Spectroscopy (FT-IR)

Fourier Transform Infrared spectroscopy is an important technique in organic and
inorganic chemistry which identifies chemical bonds in a molecule by creating
an infrared absorption spectrum. The spectrum produces a profile of the sample and a
distinctive molecular fingerprint which can be used to screen and scan samples for
many different components. This technique is useful for identifying the chemical bonds
on the surface of graphene oxide. When graphite flakes oxidized due to strong oxidizing
agents, the carbon atom’s layer of graphite is decorated by oxygen-containing groups.
FTIR spectroscopy can identify these oxygen-containing groups. In this research study,
FTIR spectroscopy analysis of GO was conducted using a Fourier transform infrared
spectrometer (FTIR; Perkin Elmer System 2000 series spectrophotometer, USA).
A small drop of GO was placed on one of the Potassium bromide (KBr) plates. The
second plate was placed on top of that and a quarter turn was made to obtain a nice even

film. The plate was then placed into the sample holder and the spectrum was observed.

3.6 Electrochemical Experiments
3.6.1 Cleaning of Bare Glassy Carbon Electrode (GCE)

Prior to modification, the surface of bare GCE was carefully polished using alumina
slurry suspension (5 uM) on a micro-cloth polishing pad. Then the GCE was rinsed and
cleaned by potential cycling between +1 and -1 V in 0.1 M H2SO4 to remove impurities
and mirror-like surface followed by drying it at room temperature. GC electrode cleaned

by potential cycling between +1 and -1 V in 0.1 M H2SO4 increased the effectiveness.
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3.6.2  Electrochemical Cell and Sensor Studies

All electrochemical experiments such as electrochemical impedance spectroscopy
(EIS), cyclic voltammetry (CV), linear sweep voltammetry (LSV), square wave
voltammetry (SWV) and chronoamperometry (CA) were carried out in a three—
electrode electrochemical cell system at room temperature using a VersaSTAT 3
electrochemical analyser (Princeton Applied Research, USA) and Metrohm Autolab
Nova 1.11 Workstation. A bare glassy carbon electrode (GCE) with a diameter of 3 mm
and the modified GCE functioned as a working electrode. Meanwhile, silver/silver
chloride (Ag/AgCl) and saturated calomel electrode (SCE) electrode were used as

reference electrode while platinum (Pt) wire served as a counter electrode.

The GO-Ag or rGO-Ag nanocomposite modified GC electrode (GC/GO-Ag or
GC/GO-Ag) was fabricated by drop-casting 5 puL of an aqueous nanocomposite
solution. It could dry at room temperature for an hour. Electrochemical sensing of
different analytes (nitrite ions, 4-NP, NO and H»O) utilised the modified electrode.
Phosphate buffer solution (PBS) (0.1 M) functioned as supporting electrolyte.
Preparation of 0.1 M PBS (pH 2.5 and 7.2) involved mixing the stock solution 0.1 M
NazHPO4.2H.O with 0.1 M NaH2PO4.H20. Phosphate buffer solution was
deoxygenated under a nitrogen atmosphere for 10 min before applied for further
measurements. All the electrochemical experiments were at room temperature.
The impedance spectra obtained for the rGO-Ag nanocomposites were fitted using an

equivalent circuit model with ZSimpWin software.
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3.6.3  Cyclic Voltammetry

Cyclic voltammetry (CV) is the most widely used technique for acquiring qualitative
information about electrochemical reaction. The experimental setup for CV utilizes a
potentiostat and a three-electrode setup to deliver a potential to a solution and monitor
its change in current. The three-electrode setup consists of a working electrode, a
counter electrode and a reference electrode. The potentiostat delivers the potentials
through the three-electrode setup. A potential, E, is delivered through the working
electrode. The power of CV results from its ability to rapidly provide considerable
information on the thermodynamics of redox processes, on the Kinetics of
heterogeneous electron-transfer reactions and on coupled chemical reactions or
adsorption process. Regularly, CV is the first experiment did in electroanalytical study.
It offers a rapid location of redox potential of the electroactive species and convenient
evaluation of the effect of media upon the redox process. CV consists of scanning
linearly the potential of a stationary working electrode using a triangular potential
waveform. It depends on the information sought either single or multiple cycles can be
applied. Throughout the potential sweep measurement, the potentiostat measures the
current resulting from the applied potential and the resulting plot of current versus

potential were named as cyclic voltammogram.

3.6.4 Linear Sweep Voltammetry

Linear sweep voltammetry (LSV) is avoltammetric method where the current at
a working electrode is measured whereas the potential between the working electrode
and a reference electrode is swept linearly in time. Oxidation or reduction of species is
recorded as a peak or trough in the current signal at the potential at which the species
starts to be oxidized or reduced. A potential, E, is delivered through the working

electrode. As the molecules on the surface of the working electrode are
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oxidized/reduced they move away from the surface and new molecules come and
replace into the surface of working electrode. The flow of electrons into or out of the
electrode causes the current. The current is a direct measure of the rate at which
electrons are being exchanged through the electrode-electrolyte interface. When this
rate becomes higher than the rate at which the oxidizing or reducing species can diffuse
from the bulk of the electrolyte to the surface of the electrode, the current reaches a

plateau or exhibits a peak.

3.6.,5 Square Wave Voltammetry

Square wave voltammetry (SWV) is a large amplitude differential technique in
which a waveform composed of a symmetrical square wave, superimposed on a base
staircase potential which then applied to the working electrode. The current is sampled
twice during each square-wave cycle, once at the end of the forward pulse (at t1) and
another one at the end of the reverse pulse (at t2). Since the square-wave modulation
amplitude is very large, the reverse pulse causes the reverse reaction of the product. The
resulting peak-shaped voltammogram is symmetrical about the half-wave potential and

the peak current is proportional to the concentration.

3.6.6 Chronoamperometry

Chronoamperometry (CA) involves stepping the potential of the working electrode
from a value at which no faradaic reaction occurs to a potential at which the surface
concentration of the electroactive species is effectively zero. An unstirred solution and a
stationary working electrode are used. The resulting current-time dependence is
monitored. CA is often used for measuring the diffusion coefficient of electroactive
species or the surface area of the working electrode. Analytical applications of CA rely

on pulsing of the potential of the working electrode repetitively at fixed time intervals.
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CA can also be applied to the study of mechanism of electrode processes. The most
attractive for this measurement are reversal double-step CA experiments whereby the

second step is used to probe the fate of a species generated in the first step.

3.7 Real Sample Analysis

The standard addition method was used to measure the analyte concentration for real
sample analysis. The real water samples (tap water, lake water, and fruit juice
packaging) were filtered to remove the particulate materials prior to the analysis.
Different amounts of analyte (nitrite, 4-NP, NO, and H20;) were added in real water
samples, and the concentration of the interested analyte in the spiked water samples was

detected using the proposed GO-Ag or rGO-Ag nanocomposite-modified electrode.
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CHAPTER 4: SYNTHESIS OF SILVER NANOPARTICLES SUPPORTED
GRAPHENE OXIDE USING GARLIC EXTRACT AND ITS APLICATION IN

ELECTROCHEMICAL DETECTION OF NITRITE IONS

4.1 Introduction

Graphene is a single layer of sp?-hybridized carbon atoms packed into a dense
honeycomb two-dimensional lattice. It has been extensively researched recently due to
its large surface area, exceptional electronic and mechanical properties, and its wide
range of applicability (Pandikumar et al., 2014). Graphene oxide (GO), a graphene's
derivative is an oxygenated, hydrophilic layered carbon material has also received a
great deal of attention amongst researchers. It is famous because of its light-weight,
large surface area, easy availability in bulk quantity, inexpensive preparation, good
water-dispersibility, and it is readily functionalized by chemical reaction for many
applications (Bong et al., 2010; Pyun, 2011). Combining nanoparticles (NPs) on GO
surface is possible due to the presence of oxide functional groups. The making of
GO-NPs hybrid materials is an important study for the exploration of hybrid’s
properties and potential applications (Ke et al., 2015; Lu et al., 2015; Yang et al., 2009).
Previously, GO nanosheets were used as support material for the dispersion and
stabilization of many types of NPs including gold (Au) (Fu et al., 2013), silver (Ag)
(Yang et al., 2014), palladium (Pd) (Wang et al., 2012) and titanium oxide (TiO3)
(Chowdhury et al., 2015). Among the different NPs, Ag NPs attracted much attention
due to their potential applications in medicine (Taheri et al., 2014), catalysis
(Salehi-Khojin et al., 2013), biotechnology and bioengineering (Rai et al., 2009),
electronics (El-sayed, 2001), sensor (Rameshkumar et al., 2014), and surface-enhanced

Raman scattering (Qu et al., 2012).
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Since the early 1900s, extracts of biological origin are known to be able to prepare
NPs from the metal salt solutions of their corresponding metals. It also retained their
stability in nanosize by acting as capping agents and preventing them from aggregation
for a reasonably long duration of time. The concentration and combination of organic
reducing agents present in the plant extract influence the properties of the NPs
(Kumar & Yadav, 2009). A great deal of effort has been made for the biosynthesis of
inorganic material especially, metal NPs using microorganisms and plants
(Makarov et al., 2014). Particularly, synthesis of AgNPs through greener approach is of
greater interest because of their applications in diverse research fields
(Kouvaris et al., 2012). Among various natural extracts, the extract of garlic plays an
important role in the preparation of metal NPs through the reduction of metal ions, and

it acts as an interesting nanofactory (Rastogi & Arunachalam, 2013).

Nitrite, an inorganic compound, is a natural contaminant in drinking water which can
cause methemoglobinemia, or “blue baby” disease in humans. High nitrate levels
present in water is an indication of the presence of other pollutants such as bacteria or
pesticides. In the human body, the presence of nitrite causes the oxygen-carrying
hemoglobin in our blood to convert to methemoglobin, which cannot carry oxygen.
Newborn infants have lower levels of these enzymes and are more susceptible to this
disease. High methemoglobin levels can lead to digestive and respiratory problems,
anoxia, brain damage or even death. The detection of nitrite ions in water samples is one
prime area of research, and sensing experiments favour electrochemical techniques due
to their low-cost instrument, facile fabrication of electrode material, easy operation,
sensitivity, and response time (Rastogi et al., 2014). Previously, various electrochemical
sensing materials such as Au-multiwalled carbon nanotube nanocomposite
(Afkhami et al, 2014), polyethylenimine-bridged graphene oxide-Au film

(Yuan et al., 2014), copper oxide—graphite composite (Sljukié¢, et al., 2007),
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ferricyanide—poly(diallyldimethylammonium) alginate composite film (Qin et al.,
2013), electropolymerized film of functionalized thiadiazole (Kalimuthu & Abraham
John, 2009), and thionine modified aligned carbon nanotubes (Zhao et al., 2007)
detected nitrite ions. AgNPs based electrochemical sensors were preferred for the
detection of nitrite ions (Ning et al., 2014) because Ag has high conductivity and it is
the cheapest among other metals like Au, Pd, and Pt. Although electrochemical
detection of nitrite is possible through both oxidation and reduction, the oxidation of
nitrite is more advantages as it involved no interference from nitrate ions and dissolved

molecular oxygen (Pournaghi-Azar & Dastangoo, 2004).

Herein, we report a facile one-pot synthetic method for the preparation of Ag NPs on
GO sheets using garlic extract and sunlight and its application in the electrochemical
detection of nitrite ions. The garlic components served as a reducing and capping agent
for the formation of Ag NPs. TEM image of GO-Ag nanocomposite revealed the
uniform distribution of Ag NPs on GO sheets with an average size of 19 nm.
The nanocomposite modified GC (GC/GO-Ag) electrode showed a synergistic
behaviour of GO and Ag NPs in the electrocatalytic oxidation of nitrite ions. The GO—
Ag nanocomposite-modified electrode detected the nitrite ions using LSV and
amperometric 1-t curve techniques with a detection limit of 2.1 uM and 37 nM
respectively. The present sensor was stable, reproducible and showed an excellent
selectivity toward the detection of nitrite ions among other common interferents.
Further, the proposed sensor is applicable for the detection of nitrite ions in lake water

sample.
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4.2 Results and Discussion

421 Characterization of GO-Ag nanocomposite

UV-vis absorption spectroscopy primarily confirmed the formation of Ag NPs on
GO sheets (Figure 4.1). The colorless solution of [Ag(NH3)2]* showed the absorption
band at 300 nm (Figure 4.1(a)). The as prepared GO (0.1 mg/mL) solution displayed a
maximum absorption peak at 230 nm (Figure 4.1(b)) attributed to 7—n* transition of the
atomic C-C bonds. Meanwhile, a shoulder peak at ~300 nm was due to n-m*
transitions of C-O group (Xu & Yong et al., 2013) (Figure 4.1(b)). The absorption
spectrum of GO-Ag nanocomposite revealed a typical surface plasmon resonance
(SPR) absorption band of Ag NPs at 403 nm and the band at 230 nm indicated that GO
did not undergo any chemical change during the synthesis of the nanocomposite
(Figure 4.1(d)). The single SPR band of Ag NPs deposited on GO matrix indicated that
Ag atoms grew as smaller sized nanoparticles with almost uniform shape rather than
bigger sized or branched nanostructures. Garlic extract acted as reducing and stabilizing
agent for Ag NPs in the presence of sunlight as a catalyst and the GO sheet provided
extra stabilization for the growth of Ag NPs. The absence of absorption peak at 300 nm
in the SPR absorption of GO-Ag nanocomposite revealed a complete reduction of Ag*
ions by garlic extract components in the presence of sunlight. The interaction between
[Ag(NHs3)2]* and garlic extract broke the Ag—N bond and allyl-cysteine present in garlic
extract donated oxygen for the formation of Ag.O (Rastogi & Arunachalam, 2011).
Upon sunlight exposure, electrons present in Ag-0O are excited to the conduction band,
and holes are created in the valence band as Ag.0 is a semiconductor with a narrow
band gap energy of about 2.25 eV (Varkey & Fort, 1993). Due to the electrostatic
attraction, [Ag(NHs)2]" ions reduced on Ag-0 surface to produce metallic Ag atoms.
These Ag atoms nucleated and grew as Ag NPs on GO sheets. GO served as a good host

material for the accommodation of Ag NPs. The garlic extract components did not
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reduce the oxygen functionalities presented in GO during the synthesis of GO-Ag
nanocomposite. This established control on the nucleation and the formation of Ag NPs
during the synthesis of Ag NPs. The colour of GO changed from brown to yellowish
black after the formation of GO-Ag nanocomposite (Figure 4.1(inset)). The GO-Ag
nanocomposite synthesized in the absence of sunlight showed less intense broad
absorption peak of Ag NPs in UV-visible spectrum which indicated an incomplete
formation of Ag NPs (Figure 4.2). Comparison between the SPR band of pure Ag NPs
and the GO-Ag nanocomposite, revealed that it displayed a broader peak than the
nanocomposite (Figure 4.1(c)), thus, indicating that pure Ag NPs might display a highly

poly-dispersed formation.
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Figure 4.1: UV-visible absorption spectra of [Ag(NHz3)2]* solution (a), GO (b), bare
Ag NPs (c) and GO-Ag nanocomposite (d) solutions. Inset: Photograph of
corresponding solutions.
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Figure 4.2: UV-visible absorption spectra of GO-Ag nanocomposite in the absence
(a) and presence (b) of sunlight.

The FTIR spectrum of GO (Figure 4.3) displayed a broad peak between
2968-3667 cm™ corresponding to the stretching vibration of OH groups of water
molecules adsorbed on graphene oxide. The less intense absorption peaks at 2921 and
2853 cm™ represented the symmetric and anti-symmetric stretching vibrations of C—H,
respectively. The presence of two absorption peaks observed at the frequencies of 1628
and 1732 cm™ attributed to the stretching vibration of C=C and C=0 of carboxylic acid
and carbonyl groups present at the edges of GO, respectively. The absorption peaks at
1415, 1050 and 1220 cm™ corresponded to the stretching vibrations of aromatic
C=C, C-O of alcohol and C-O of carboxylic acid, respectively. The presence of
oxygen-containing functional groups present in GO revealed the oxidation of graphite.
The FTIR spectrum of GO—Ag showed a band at 1630 cm™, which corresponded to the
stretching of C-O present in carbonyl and carboxylic groups of peptide linkages.
The bands at 922 and 1004 cm™ reflected the -C—H deformation and C-N stretching
vibrations of primary amines, respectively. Further, the bands at 1118 and 1400 cm™

were attributed to SO absorption of sulfones and —O—H bending of carboxylates,
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respectively. The bands observed at 2929 and 3322 cm™ ascribed the asymmetric
stretching of C—H bonds and the O-H stretching of the hydroxyl group of garlic extract
components. The presence of these functional groups in GO-Ag revealed that the
stabilization of Ag NPs occurred through the free amine groups or cysteine residues

present in the proteins of garlic extract (Gole et al., 2001).
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Figure 4.3: FT-IR spectra of GO (a) and GO-Ag nanocomposite (b).

The XRD analysis produced the crystal planes of Ag NPs presented in GO-Ag
nanocomposite (Figure 4.4). The four diffraction peaks positioned at 38.1°, 44.2°, 64.4°,
and 77.3° were indexed to the (11 1), (20 0), (2 2 0) and (3 1 1) diffraction planes of
metallic Ag (JCPDS no. 89-3722), respectively. This confirmed that the Ag NPs formed
on GO sheet are of highly crystalline nature. The XRD pattern of GO showed a
characteristic diffraction peak of C (0 0 1) at 10.5° (Radhakrishnan et al., 2014) and the

facile formation of Ag NPs on the GO surface peak masked the intensity.
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Figure 4.4: XRD patterns of GO (a) and GO-Ag nanocomposite (b).

Raman spectrum also characterized the GO-Ag nanocomposite (Figure 4.5).
As expected, the Raman spectrum of GO showed a G band at around 1600 cm™ and
a D band at around 1350 cm™, corresponding to the Ezq phonon of C sp? atoms and
a breathing mode of k-point phonons of Aig symmetry (Figure 4.5(a)) (Stankovich et al.,
2007). After the formation of GO-Ag nanocomposite, the G and D bands of GO
reproduced without any change in the band position (Figure 4.5(b)). This concludes that
no reduction in the GO occurred during the synthesis of GO-Ag nanocomposite. Garlic
extract acted as a reducing agent for Ag precursor to form Ag NPs without disturbing
the functionalities present in GO. The intensities of the peaks increased due to the
growth of Ag NPs on GO sheet. The signal enhancement attributed to a strong
amplification of the electromagnetic fields near the plasmonic resonance of Ag NPs

with the GO support (Zangeneh Kamali et al., 2015).
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Figure 4.5: Raman spectra of GO sheet (a) and GO-Ag nanocomposite (b).

The morphology of the Ag NPs deposited on GO sheets was analysed by TEM
studies. From the images, it showed Ag NPs deposited on GO sheet with a uniform
distribution (Figure 4.6). Almost all the NPs appear on the GO surface, and it showed
that the GO—Ag nanocomposite facilely formed by the proposed synthetic method. The
shape of Ag NPs is spherical (Figure 4.6(inset)) with an average size of 19 nm. The
particle size histogram shows that the Ag NPs are poly-dispersed in the range of
10 — 28 nm and most of the particles have a size of 16 nm. Th histogram analysis
involved the measurement of particle size in a wide area selected from the HRTEM

image (Figure 4.6(inset)).
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Figure 4.6: HRTEM image of GO-Ag nanocomposite. Inset: Image at higher
magnification and particle size histogram.

4.2.2  Electrocatalysis of Nitrite lons

The electrochemical characterization of GO-Ag nanocomposite-modified electrode
was carried out by recording the cyclic voltammogram (CV) in 0.1M PBS (pH 7.2). The
peak at +0.14 V in the anodic scan (Figure 4.7) indicated the oxidation of Ag to Ag.0O
which confirmed the presence of Ag at the modified electrode surface (Rameshkumar et
al., 2014). Ag NPs present in the nanocomposites were in good electrical contact with
the electrode surface. Electrocatalysis and sensing of nitrite in 0.1M PBS (pH 7.2)
employed the GO-Ag nanocomposite-modified electrode. The GO-Ag nanocomposite
modified GC electrode showed a catalytic oxidation peak for 1 mM of nitrite at
+0.94 V (Figure 4.8(d)). However, it did not show any voltammetric response in the
absence of nitrite (Figure 4.8(e)). The GO (Figure 4.7(b)) and pure Ag NPs
(Figure 4.7(c)) modified GC electrodes produced catalytic peak currents for nitrite
oxidation at +1.07 V and +1.1 V, respectively. The GO-Ag nanocomposite-modified

electrode showed a higher catalytic peak current with a significant shift in overpotential
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toward less positive region for nitrite oxidation than GO and bare Ag NPs modified
electrodes. This clearly revealed that the GO-Ag nanocomposite-modified electrode
facilitated the fast electron transfer Kkinetics for nitrite oxidation. During the
electrochemical oxidation of nitrite, two electrons are transferred to form nitrate as a
product (Guidelli et al., 1972; Marlinda et al., 2014). The nanocomposite-modified
electrode showed a synergistic catalytic effect of GO and Ag NPs toward nitrite
oxidation. However, no significant current response was observed for nitrite oxidation
at bare GC electrode (Figure 4.8(a)) when compared to the other electrodes. Checking
the stability of the GO-Ag nanocomposite-modified electrode for nitrite oxidation
involved recording the voltammogram of the same modified electrode after one week,
and the electrode showed only less than 5 % decrement in the peak current (Figure 4.9).
During the period of stability measurements, the modified electrode was stored at room
temperature (25 °C). This revealed that the present nanocomposite-modified electrode
was stable toward the electrocatalytic oxidation of nitrite. Figure 4.10(a) shows the
cyclic voltammograms of GO-Ag nanocomposite-modified electrode recorded at
different scan rates for 1 mM nitrite in 0.1 M PBS. The linear relation between the peak
currents and the square root of scan rates (Figure 4.10(b)) inferred that the diffusion

process controls the nitrite oxidation at the nanocomposite-modified electrode.
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Figure 4.7: Cyclic voltammogram recorded at GC/GO-Ag nanocomposite modified
electrode in 0.1 M PBS (pH 7.2) with a scan rate of 50 mV s,
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Figure 4.8: Cyclic voltammograms recorded for 1 mM nitrite at bare GC (a),
GC/GO (b), GC/Ag NPs (c) and GC/GO-Ag nanocomposite (d) electrodes in 0.1 M
PBS (pH 7.2) with a scan rate of 50 mV s1. e: cyclic voltammogram recorded at
GC/GO-Ag nanocomposite electrode without nitrite.
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Figure 4.9: Cyclic voltammograms recorded for 0.5 mM nitrite at GC/GO-Ag
nanocomposite modified electrode in 0.1 M PBS (pH 7.2) with a scan rate of
50 mV s,
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Figure 4.10: Cyclic voltammograms recorded for 0.5 mM nitrite at GC/GO-Ag
nanocomposite modified electrode in 0.1 M PBS (pH 7.2) with various scan rates
(20, 50, 70, 100, 150 and 200 mV s™) (a) and the corresponding plot of peak
current versus square root of scan rate (b).
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Figure 4.10, continued.

4.2.3  Electrochemical Detection of Nitrite lons

The GO-Ag nanocomposite modified GC electrode functioned as an electrochemical
sensor material for the detection of nitrite ions at lower concentration levels because of
its synergistic catalytic behaviour towards the oxidation of nitrite. Nitrite detection was
done using Linear Sweep Voltammetry (LSV) and amperometric |-t curve techniques.
The LSVs were recorded in 0.1 M PBS (pH 7.2) for the successive addition of 10 mM
nitrite. The peak current increased linearly with respect to the concentration of nitrite
(Figure 4.11) and the linear range was found between 10-180 uM. The LOD of the
modified electrode was calculated as 2.1 uM using LSV. In amperometric |-t curve, the
current responses were measured for the successive injection of 1 UM nitrite at a regular
time interval of 60 s in the stirred solution of 0.1M PBS (Figure 4.12). The current
response increased linearly with the successive addition of nitrite with the signal-to-
noise (S/N) ratio ~ 3. Duplicate measurements checked the reproducibility of the
present sensor toward the detection of nitrite and the results were reproducible.

The LOD was calculated as 37 nM from amperometric |-t curve for the detection of
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nitrite ions. The LODs calculated from both LSV and amperometric 1-t curve was well
below the guidance level of 65 uM for short-term exposure and the provisional
guidance level of 4.3 uM for long-term exposure to nitrite ions as recommended by the
World Health Organization (WHO) (Khairy et al., 2010). The schematic illustration for
the electron-transfer process occurred at the GO-Ag nanocomposite modified GC
electrode towards nitrite ions oxidation is displayed in Figure 4.13. The performance of
the present sensor was compared with the other previously reported sensors for the
detection of nitrite as in Table 4.1 and the LOD of the present sensor was comparable to

other sensor materials.
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Figure 4.11: Linear sweep voltammograms recorded at GC/GO-Ag hanocomposite
modified electrode for each addition 10 uM nitrite in 0.1 M PBS (pH 7.2) with a
scan rate of 50 mV s, Inset: Plot of peak current versus concentration of nitrite.
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Figure 4.12: Amperometric I-t curve of GC/GO-Ag nanocomposite modified
electrode for each addition 1 uM nitrite in 0.1 M PBS (pH 7.2) at a regular time
interval of 60 s (applied potential was +0.94 V). Inset: Plot of current versus

concentration of nitrite.
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Figure 4.13: Schematic representation of the electrocatalytic oxidation of nitrite

ions at GO-Ag nanocomposite-modified GC electrode.
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Table 4.1: Comparison of performance of various electrochemical sensors for

nitrite ions detection.

Sensor Electrode®

GC/Ag-P(MMA-
Co-AMPS)

GC/AgNP

GC/Au NPs/CLDH

GC/Au/Fe(lll)
nanoparticle

GC/Nano-Au/P3MT

GC/Au@Fe304/Cys

GC/Cu-NDs/RGO

GC/GO-Ag
nanocomposite

GC/GO-Ag
nanocomposite

Analytical
Technique®

Amperometry

Amperometry

Amperometry

DPA

Amperometry

DPV

Amperometry

LSV

Amperometry

LOD References
(M)
0.2 (Ning et al., 2014)
1.2 (Caro, 2002)
0.5 (Cui etal., 2011)
0.2 (Liu et al., 2009)
2.3 (Huang et al., 2008)
0.82 (Yuetal., 2010)
0.4 (Zhang et al., 2013)
2.1 This work
0.037 This work

P(MMA-co-AMPS) = copolymer of methyl methacrylate (MMA) and 2-acrylamido-2-methylpropane sulfonic acid (AMPS);
PAMAM = Poly(amido amine); AgNP = silver nanoplates; CLDH = copper calcined layered double hydroxide; P3MT = poly(3-
methylthiophene); Cys = L-cysteine; RGO = reduced graphene oxide; TPDT = N-[3—(trimethoxysilyl) propyl] diethylenetriamine.
® DPA = differential pulse amperometry; DPV = differential pulse voltammetry; SWV = square wave voltammetry.
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424 Interference and Real Sample Analysis

Investigations focused on the selectivity of the proposed sensor toward nitrite ions
and the interference at the GO-Ag nanocomposite-modified electrode using the
common interferents such as NaH>POs, FeSO4, NaCl, NaNOs, and NH4F. Only the
spiking of nitrite produced current signals and the others failed to produce the current
response in |-t curve even at a concentration that was 100 times higher than the
concentration of nitrite (Figure 4.14). Moreover, the presence of higher concentration of
interfering ions did not disturb the current signal of nitrite and almost reproduced same
magnitudes of current responses. These results indicated that the present sensor is very
much sensitive towards the detection of nitrite ions. The detection of nitrite in lake
water demonstrated the feasibility of the present sensors’ application on practical
samples. The water sample was filtered and used for the real sample analysis.
The addition of different concentrations provided good recoveries (Table 4.2). These

results implied that the sensor was feasible for practical applications.
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Figure 4.14: Amperometric I-t curve of GC/GO-Ag nanocomposite modified
electrode for the addition of 1 uM nitrite (a) and each 100 uM addition of other
interferences NaH2POa (b), FeSOa (c), NaCl (d), NaNOs (e) and NHsF (f) in 0.1 M
PBS (pH 7.2) at a regular time interval of 50 s (applied potential was 0.94 V).
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Table 4.2: Measurement results of nitrite in lake water sample.

Sample Added (UM) Found (uM) Recovery (%)
Lake water 10 9.8 98.6
50 47.8 95.6

4.3 Conclusion

The study proposed a facile synthetic method for the preparation of GO-Ag
nanocomposite using garlic extract and sunlight irradiation. UV-vis absorption
spectroscopy, HRTEM, XRD, FTIR and Raman analyses enabled successful
characterization of the nanocomposite. The nanocomposite modified GC electrode
functioned as an electrochemical sensor for the detection of nitrite, and it produced a
synergistic catalytic current in nitrite oxidation with a significant negative shift in
overpotential. The detection of nitrite was performed using LSV and amperometric
I-t curve techniques and the LODs were 2.1 uM and 37 nM, respectively. The present
sensor displayed selectivity toward nitrite when compared among other common
interferents. The sensor was stable, reproducible and sensitive toward nitrite detection

and could be applicable for the detection of nitrite in real lake water sample.
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CHAPTER 5: CONTROLLED SYNTHESIS AND CHARACTERIZATION
OF REDUCED GRAPHENE OXIDE-SILVER NANOCOMPOSITE FOR
SELECTIVE AND SENSITIVE ELECTROCHEMICAL DETECTION OF

4-NITROPHENOL

5.1 Introduction

Phenolic compounds are frequently utilized in many industrial processes, resulting in
it being often partially released into soil and water environments (Buikema et al., 1979).
Among these, nitrophenols are common in the production of pesticides, dyes, and
pharmaceuticals. They are anthropogenic, toxic, inhibitory, and bio-refractory organic
compounds (Schummer et al., 2009). 4-Nitrophenol (4-NP) is one of the most abundant
nitrophenols, and it is a hazardous substance that causes substantial damage to the
environment as well as to living systems due to its toxicity and high stability. Its strong
chemical stability and immunity to microbial degradation make the detoxification of
4- NP-contaminated water a very difficult process (Xu & Liu et al., 2011). The acute
ingestion or inhalation of 4-NP by humans causes headaches, drowsiness, nausea, and
cyanosis. Due to its high toxicity, 4-NP was enlisted in the List of Pollutants released by
US Environmental Protection Agency, which set the permitted limit of 4-NP in drinking
water at 0.43 uM (Wei et al., 2011). Thus, it is vital to determine the presence of 4-NP

for the protection of the environment.

Numerous techniques have been adopted for the determination of 4-NP, including
real sample analyses such as capillary electrophoresis (Guo et al., 2004),
spectrophotometry (Norwitz et al., 1986), high performance liquid chromatography
(Belloli et al., 1999), flow-injection analysis (Manera et al., 2007), and enzyme-linked
immunosorbent assay (Tingry et al., 2006). However, some of these techniques are

comparatively expensive, time-consuming, and involve difficult instrument
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requirements for environmental testing. Thus, the development of a less time-
consuming and more cost-effective technique is essential for the determination of 4-NP
in real water samples. Electrochemical methods have shown great potential for 4-NP
determination because of the advantages of low-cost instruments, easy operation, good
sensitivity, short run times with simple sample pre-treatment, and in-situ detection
(Xu et al., 2013). However, the electrochemical detection of 4-NP at bare electrodes
offers less sensitivity and suffers from high overpotential, and interference issues
(Yang et al., 2011). Therefore, chemically modified electrodes are widely employed to
avoid these problems, leading to the proposal of highly efficient electrochemical sensors

for the determination of 4-NP (De Lima et al., 2014).

Fabricating a competent electrochemical sensor for the sensitive detection of 4-NP
generates much interest among researchers. Although, many modified electrodes based
on carbon nanotubes (Luo et al., 2008; Yang, 2004), metal nanoparticles (NPs)
(Casella & Contursi, 2007; Chu et al., 2011) and ionic liquids (Sun et al., 2008) have
been satisfactory in the determination of 4-NP, designing a new electrochemical sensor
using a simpler preparation, based on novel materials with excellent electrocatalytic
properties remains a challenge. There is a preference for Ag NPs based electrochemical
sensors for the determination of 4-NP because of their low cost and the higher
conductivity of Ag as compared to other noble metals such as Au, Ag, Pd and Pt
(Zhang et al., 2011). Ag NPs functioned as a nanoelectrocatalyst and facilitated efficient
electron-transfer process during electrocatalysis (Maduraiveeran & Ramaraj, 2009).
Ag NPs are particularly well-known as an electrocatalyst for the reduction of
nitroaromatic compounds (De Lima et al., 2014). Previously, several research groups
used a modified Tollen’s test for the synthesis of a variety of Ag nanostructures with
interesting morphologies (Yu & Yam, 2004, 2005). The modification of Tollen’s test

with surfactants, polymers, or support materials was important for the controlled
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synthesis of Ag NPs. There have been a limited number of reports on the synthesis of
Ag NPs supported by a reduced graphene oxide/graphene matrix using a modified

Tollen’s test, along with their electrochemical sensor applications.

Aside from the single application of Ag NPs, the deposition of Ag NPs on
a graphene surface is possible because a graphene sheet is a highly versatile
two-dimensional conducting support material and possesses excellent physicochemical
properties such as a large theoretical surface area (2630 m?gt) with high conductivity at
room temperature (106 s cm™), and a wide electrochemical window. Because of the
presence of surface functional groups and high conductivity with huge surface area,
graphene serves as a support material for growing Ag NPs which is highly beneficial for
high performance electrocatalytic applications. Aside from the single application of
Ag NPs, the deposition of Ag NPs on a graphene surface was possible because graphene
sheets are highly versatile two-dimensional conducting support material that possesses
excellent physicochemical properties such as a large theoretical surface area
(2630 m?gt) with high conductivity at room temperature (106 s cm™), and a wide
electrochemical window. Graphene serves as a support material for growing Ag NPs
which is highly beneficial for high-performance electrocatalytic applications due to the

presence of surface functional groups, high conductivity, and huge surface area.

This study reports the controlled synthesis of an rGO-Ag nanocomposite using
glucose as a reducing agent in the presence of ammonia and its application towards the
electrochemical detection of 4-NP. Modification of Tollens’ reaction involved the
introduction of rGO which supported the controlled growth of Ag NPs and the synthesis
of the rGO-Ag nanocomposites. The study included monitoring of reaction at different
time duration, and the characterization of the nanocomposite at different reaction times

(2, 6, 10 and 15 h). The rGO-Ag (15 h) sample-modified GC electrode showed a good
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sensitivity in SWV with a detection limit of 1.2 nM towards the electrocatalytic
reduction of 4-NP. The nanocomposite was stable and selective for 4-NP detection in
the presence of its structural analogues such as 2-nitrophenol (2-NP), 2-aminophenol
(2-AP), 3-aminophenol (3-AP), 4-aminophenol (4-AP), and 2,4-dichlorophenol
(2,4 DCP). Determination of 4-NP in real water samples utilized the present

nanocomposite assay.

5.2 Results and Discussion
5.2.1  Spectral Study of rGO-Ag Nanocomposite

UV-vis absorption spectroscopy (Figure 5.1) confirmed the formation of Ag NPs on
rGO sheets. Recording of the absorption spectrum of the rGO-Ag nanocomposite was at
different reaction time (2, 6, 10, and 15 h). The GO (0.1 mg/mL) solution displayed a
maximum absorption peak at 230 nm and a shoulder peak at ~300 nm (Figure 5.1(a))
due to the m-n* transition of the atomic C-C bonds and n-z* transitions of the C-O
group, respectively (Xu & Yong et al., 2013). The rGO-Ag (2 h) nanocomposite showed
a typical surface plasmon resonance (SPR) absorption band of Ag NPs at 437 nm with a
broad shoulder peak around 580 nm (Figure 5.1(b)). This broad absorption may have
been due to the formation of poly-dispersed and/or aggregated Ag NPs after a reaction
time of 2 h. At a reaction time of 6 h, the nanocomposite displayed a broad absorption
band of Ag NPs with two peaks at 425 nm and 520 nm, which indicated the formation
of Ag NPs with a shape other than spherical particles (Figure 5.1(c)). The SPR band of
Ag NPs showed a relatively sharp peak at 418 nm for the nanocomposite formed at 10 h
reaction time (Figure 5.1(d)). An intense SPR band for the Ag NPs that appeared at
418 nm after a reaction time of 15 h suggested the formation of monodispersed
spherical Ag NPs with a particle size smaller than that obtained with a reaction time of

10 h (Figure 5.1(e)). Size, shape, and environment influenced the colour and SPR band
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of the Ag NPs (Leng et al., 2010). Visible colour changes in the nanocomposite at
different reaction times indicated changes in the aggregation state or size and the shape
of the Ag NPs (Figure 5.1(inset)). The [Ag (NHa3)2]* complex easily interacted with
GO surface through physisorption and electrostatic binding. The initial formation of
[Ag(NH3)2]* complex protected the fast reduction of silver ions and thereby, controlled
the growth of Ag NPs. It is known that neutral nucleophiles and neutral stabilizing
polymers had strong influences on the SPR band of Ag and/or metal nanoparticles and
donated the electron density to the particles via lone pairs of electrons (Hussain et al.,
2011). The presence of six-OH groups was responsible for the adsorption of glucose
onto the surface of the Ag NPs, which easily donated a lone pair of electrons, leading to

the formation of stable nano-sized Ag particles on GO surface.
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Figure 5.1: UV-visible absorption spectra obtained for GO solution (a) and rGO-
Ag nanocomposite solutions prepared with different reaction times (b: 2 h, c: 6 h,
d: 10 h, and e: 15 h).
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5.2.2  Morphological Characterization of rGO-Ag Nanocomposite

The morphology and particle size of the Ag NPs present in the rGO-Ag
nanocomposite were evaluated using the images of the rGO-Ag nanocomposite obtained
from HRTEM analysis. Representative HRTEM images shown in Figure 5.2 provided a
better understanding of the morphologies of the rGO-Ag nanocomposites prepared with
different reaction times. The HRTEM image of the rGO-Ag (2 h) shows the formation
of highly poly-dispersed spherical Ag NPs, with a wide particle size distribution varying
from 4 nm to 34 nm (Figure 5(a)). The average particle size was found to be 17.5 nm.
The Ag NPs were poly-dispersed and well accommodated on the GO matrix. Many
smaller Ag NPs with diameters smaller than 10 nm also appeared in the TEM image of
rGO-Ag (2 h) (inset of Figure 5.2(a)). The absorption spectrum with a broad band
reflected the polydispersity of the Ag NPs. When the reaction time increased to 6 h,
the morphology of the Ag NPs became anisotropic. The TEM image of rGO-Ag (6 h)
shows the formation of larger Ag NPs with different shapes, including spherical shapes
with a twinned structure, triangles, and rods (Figure 5.2(b)). Some nanoparticles had
smaller particles on their surface. This indicated that the Ag NPs were still growing
before attaining a definite shape. The presence of different shaped Ag NPs resulted in
absorption at a wavelength of 520 nm in the UV-vis spectrum along with the absorption
at 425 nm corresponding to spherical particles. The average size of the spherical
particles was 94.4 nm. At a reaction time of 10 h, most of the Ag NPs were spherical,
with an average particle size of 68.8 nm (Figure 5.2(c)). A large population of
well-grown and spherical Ag NPs appeared after a reaction time of 15 h (Figure 5.2(d)).
A sharp SPR band for the Ag NPs corroborated the formation of almost monodispersed
spherical nanoparticles, with an average particle size of 16 nm. In this work, the
presence of the GO surface during the reaction controlled the size and shape of the

Ag NPs, whereby, after a reaction time of 15 h, smaller spherical particles formed.
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For the rGO-Ag (2, 6, and 10 h) nanocomposites, the d spacing value measured from the
lattice fringes of high-resolution TEM images was 2.083 A, which is very close to the
d spacing value corresponding to the (2 0 0) crystal plane of Ag. The d spacing value
obtained for the rGO-Ag (15 h) nanocomposite (2.542 A) was very close to the value
corresponding to the (1 1 1) crystal plane of metallic Ag (JCPDS no. 89-3722). This
revealed the specific growth of the Ag (1 1 1) facet on the Ag nanoparticle surface after

a reaction time of 15 h.

Figure 5.2: HRTEM images with different magnifications of rGO-Ag
nanocomposites prepared with different reaction times (a: 2 h, b: 6 h, c: 10 h, and
d: 15 h).
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5.2.3 XRD and Raman Analyses of rGO-Ag Nanocomposite

The formation and crystalline nature of the Ag NPs present in the rGO-Ag
nanocomposites prepared with different reaction times were studied using XRD analysis
(Figure 5.3). The four diffraction peaks that appeared at 38.2°, 44.3°, 64.4°, and 77.4°
were indexed to the (111), (2 0 0), (2 2 0), and (3 11) diffraction planes of metallic Ag,
respectively (JCPDS no. 89-3722) (Das & Marsili, 2007). The intensity of the Ag
diffraction peaks increased with an increase in the reaction time used for the rGO-Ag
nanocomposite synthesis. The intensity of the Ag (1 1 1) plane increased enormously
with a reaction time of 15 h (Figure 5.3(¢)). This was due to the dominant growth of
Ag (11 1) facets at the surface of the Ag NPs, and it relied on the crystal plane obtained
from the lattice fringes of the Ag in the rGO-Ag (15 h) nanocomposite. The XRD
pattern of the GO showed a characteristic diffraction peak of C (0 0 1) at 10.5°
(Figure 5.3(a)) (Radhakrishnan et al., 2014). The peak intensity of GO masked during
the formation of the rGO-Ag nanocomposite, and a new diffraction peak appeared at
23.3°, which indicated the reduction of GO (Guo & Wang et al., 2009). The peak
intensity increased with respect to the reaction time, which suggested an increased
reduction of GO with increasing reaction time. The prolonged stirring of the reaction
mixture might have reduced the GO to rGO. The XRD results confirmed the time-

dependent formation of crystalline Ag NPs on the rGO sheets.
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Figure 5.3: XRD patterns of GO (a) and rGO-Ag nanocomposites prepared with
different reaction times (b: 2 h, ¢: 6 h, d: 10 h, and e: 15 h).

The typical peaks of GO in the Raman spectra analysis (Figure 5.4) indicated the
reduction of GO. As known, the Raman spectrum of GO displayed a G band at around
1600 cm™ and a D band at around 1350 cm™, corresponding to the E2¢ phonon of C sp?
atoms and a breathing mode of k-point phonons of Aig symmetry, respectively
(Stankovich et al., 2007). The intensity ratio of the D and G bands (Io/lg) reflected the
amount of disorder or the size of the sp? domains (Ferrari, 2007). According to
Figure 5.4, the value of Ip/lc was about 0.82 for GO. During the formation of the
rGO-Ag nanocomposite, the G and D bands of GO changed in the band intensity with
the intensity ratios (Ip/lg) of 0.91, 1.02, 1.04, and 1.06, corresponding to the reaction
times of 2, 6, 10, and 15 h, respectively. The increase in the Ip/lg intensity with an
increase in reaction time suggested the decreased size of in-plane sp? domains during
the reduction of GO to rGO (Shahid et al., 2015). The intensities of the peaks increased
because of the growth of Ag NPs on the rGO sheet. A strong amplification of the
electromagnetic fields near the plasmonic resonance of the Ag NPs with the rGO

support enhanced the signal in the Raman spectrum (Zangeneh Kamali et al., 2015).
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Figure 5.4: Raman spectra of GO and rGO-Ag nanocomposite.

5.2.4  Electrocatalytic Reduction of 4-Nitrophenol

The electrochemical characterization of rGO-Ag (15 h) nanocomposite-modified
electrode was achieved through recording a cyclic voltammogram (CV) in the
N2-saturated 0.1 M PBS. The anodic peak that appeared at +0.16 V in the positive scan
(Figure 5.5(b)) indicated the oxidation of Ag to Ag-0, which confirmed the presence of
Ag at the modified electrode surface (Rameshkumar et al., 2014). It revealed that the
Ag NPs present in the nanocomposite were in good electrical contact with the GC
electrode surface. No characteristic redox peaks appeared for GO modified GC
electrode (Figure 5.5(a)). The coverage of the Ag NPs on the electrode surface for
rGO-Ag (15 h) nanocomposite-modified electrode was calculated using Lavirons’

equation (Equation 5.1) (Laviron, 1979) .

I n2F2yAr
= 5.1
p ART ®1)
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Where I, is the peak current, n is the number of electrons transferred, v is the scan
rate, A is the surface area of the electrode, 7" is the surface coverage of the Ag NPs, F, R
and T are Faraday constant, mol gas constant, and absolute temperature, respectively.
Based on Equation 5.1, the surface coverage (/) of the Ag NPs was calculated to be
2.317 x 10°mol cm using the slope (Ip/v) obtained from the cyclic voltammograms of
the rGO-Ag (15 h) nanocomposite-modified electrode, recorded in an N»-saturated

0.1 M PBS with different scan rates (Figure 5.6(a&b)).
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Figure 5.5: Cyclic voltammogram recorded at GO (a) and rGO-Ag (15 h)
nanocomposite (b) modified electrode in Nz-saturated 0.1 M PBS (pH 7.2) with
scan rate of 50 mV s,
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Figure 5.6: (a) Cyclic voltammograms recorded at rGO-Ag (15 h) nanocomposite-
modified electrode in Nz-saturated 0.1 M PBS (pH 7.2) with different scan rates
(10-80 mV s1) and (b) the plot of anodic peak current versus scan rate.

The electrocatalytic behaviours of the rGO-Ag nanocomposites prepared with
different reaction times for 4-NP reduction were investigated in N>-saturated 0.1 M PBS
using CV (Figure 5.7). The rGO-Ag nanocomposite displayed a catalytic current
response for the reduction of 100 uM of 4-NP irrespective of the reaction time with
which it prepared. The reduction of the Ar—NO- group of 4-NP produced Ar—-NHOH as

the product through a single-step, four-electron transfer process in a PBS with pH 7.2
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(Rameshkumr & Ramaraj, 2014). The rGO-Ag (2, 6 and 10 h) nanocomposites showed
catalytic current responses with higher capacitive currents because of the presence of
the GO matrix. Among these, the rGO-Ag (2 h) nanocomposite showed a higher
catalytic current (-30.6 mA) at a peak potential of -0.48 V because of the presence of a
high population of poly-dispersed spherical Ag NPs (Figure 5.7(c)). The rGO-Ag (6 h)
nanocomposite produced less catalytic current (-18.1 mA) at a peak potential of -0.49 V
because of the presence of a smaller population of larger Ag NPs with more exposed
GO surface (Figure 5.7(d)). When compared to the rGO-Ag (6 h) nanocomposite, the
rGO-Ag (10 h) nanocomposite showed a higher catalytic current (-29.2 mA) at a peak
potential of -0.52 V because of the presence of smaller Ag NPs (Figure 5.7(e)). The
GO-Ag (15 h) nanocomposite showed a catalytic reduction current of -9.5 mA at a peak
potential of -0.5 V toward the reduction of 4- NP (Figure 5.7(f)). Even though it
produced less catalytic current, it enormously reduced the capacitive current. The ratio
of Faradaic current to capacitive current (66.0) was higher for the rGO-Ag (15 h)
nanocomposite compared to the other nanocomposites (13.0, 10.0, and 1.3 for 2 h, 6 h,
and 10 h, respectively). The presence of a large population of smaller spherical Ag NPs
with highly reduced GO (the GO reduction increased with the reaction time of 15 h)
facilitated an efficient electron-transfer process during the electrocatalytic reduction of
4-NP. The better electrocatalytic activity of the rGO-Ag (15 h) nanocomposite
attributed to the specific growth of highly exposed Ag (1 1 1) facet on the surface of the
Ag NPs. However, the rGO-Ag (15 h) nanocomposite-modified electrode did not
produce any enhanced voltammetric signal in the absence of 4-NP (Figure 5.8). While
the bare GC electrode did not show any catalytic current response for the 4- NP
reduction (Figure 5.7(a)), the GO-modified electrode displayed a catalytic current of

-10.6 mA at a high overpotential of -0.71 V (Figure 5.7(b)).
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Figure 5.9 shows the CV of the rGO-Ag (15 h) nanocomposite-modified electrode

obtained at different scan rates for the reduction of 100 mM 4-NP in the Nj-saturated

0.1 M PBS. The plot of the peak current (lp) versus square root of the scan rate (v?)

showed a linear relation (Figure 5.9(inset)). This showed that diffusion process

controlled the 4-NP reduction at the nanocomposite-modified electrode.
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Figure 5.7: Cyclic voltammograms recorded at bare GC (a), GO (b) and rGO-Ag

nanocomposites with different reaction times modified electrode (c-f) (c: 2 h,
d: 6 h, e: 10 h, and f: 15 h) for 100 uM 4-NP in N2-saturated 0.1 M PBS with scan
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Figure 5.8: Cyclic voltammogram recorded at rGO-Ag (15 h) nanocomposite-
modified electrode in the absence (a) and presence (b) of 100 uM 4-NP in No-
saturated 0.1 M PBS with a scan rate of 50 mV s.
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Figure 5.9: Cyclic voltammograms recorded at rGO-Ag (15 h) nanocomposite-
modified electrode for 100 uM 4-NP in Nz-saturated 0.1 M PBS at different scan
rates (10, 20, 50, 75, 100, 150 and 200 mV s?). Inset shows the plot of peak current
versus square root of scan rate.

5.25 Square Wave Voltammetric Detection of 4-Nitrophenol

The study selected Square Wave Voltammetric (SWV) technique for the sensitive
detection of 4-NP. It possesses many advantages including background suppression and
diagnostic value in addition to the wide range of time scales available (Lyon &
Stevenson, 2006). The detection of 4-NP was systematically investigated at the
modified electrodes corresponding to the rGO-Ag nanocomposites prepared with
different reaction times (2, 6, 10, and 15 h). Only the rGO-Ag (15 h) nanocomposite-
modified electrode showed an increase in the current response of the 4-NP reduction for
the successive addition of various concentrations of 4-NP (10 nM-10 mM range) in the
N»-saturated 0.1 M PBS (pH 7.2) at around a peak potential of -0.5 V (Figure 5.10(a)).
The rGO-Ag nanocomposites prepared at 2, 6, and 10 h of reaction time did not show
any enhancement in the peak current for the successive additions of 4-NP
(Figure 5.11(a-c)). Because of the higher capacitive current, the sensitivity of these

modified electrodes masked the reduction of 4-NP. The reduction in current response
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at the rGO-Ag (15 h) nanocomposite-modified electrode was very sensitive even with
the addition of a nanomolar level concentration of 4-NP. This attributed to the high
surface area of the smaller Ag NPs and the high conductivity of the rGO matrix. The
reduction of GO enhanced the n-n interaction between rGO and 4-NP. Also, the Ag NPs
provided larger surface area with surface electronic interaction of exposed Ag (111)
facet with 4-NP molecules resulting in improved electron-transfer Kinetics and
enhancement in the reduction current of 4-NP. The calibration plot of the current
response (lq) difference and 4-NP concentration showed multi-linear ranges because of
the addition of different concentration ranges of 4-NP (Figure 5.10(b)). The first linear
relation was observed in the concentration range of 10 nM-100 nM with correlation
coefficient, R> = 0.998 (y = 19.83x + 0.0681). The limit of detection (LOD) was
calculated to be 1.2 nM using the standard deviation of the y-intercepts (SD) and
the slope of the regression lines (LOD = 3.3(SD/slope)) (Jayabal & Ramaraj, 2013).
The sensitivity of the nanocomposite-modified electrode was found to be
19.83 + 0.293 pA/uM towards the detection of 4-NP. Figure 5.12 displays the
schematic illustration of the electron-transfer process that occurred at the rGO-Ag

nanocomposite modified GC electrode towards 4-NP reduction.
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Figure 5.10: (a) Square wave voltammetric responses obtained at rGO-Ag (15 h)
nanocomposite-modified electrode with different concentrations of 4-NP
(10 additions: 10 nM each, 9 additions: 100 nM each, 10 additions: 1 uM each, and
9 additions: 10 uM each) in N2-saturated 0.1 M PBS (pH 7.2) and (b) plot of peak
current difference versus concentration of 4-NP.
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Figure 5.11: Square wave voltammetric responses obtained at rGO-Ag
nanocomposite (a: 2 h, b: 6 h, and c: 10 h) modified electrodes with different
concentrations of 4-NP (10 nM, 100 nM and 1uM additions) in N2-saturated 0.1 M
PBS (pH 7.2).
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Figure 5.12: Schematic representation of the electrocatalytic reduction of 4-NP at
rGO-Ag nanocomposite-modified GC electrode.

The rGO-Ag (15 h) nanocomposite-modified electrode was stable during repeated
SWV measurements, and the current responses were reproducible for the reduction
10 uM of 4-NP on different days. The nanocomposite-modified electrode was kept in
the 0.1 M PBS (pH 7.2) at room temperature during stability measurements. The
measurements showed that the current response decreased only 6.5 % after seven days
suggesting that the rGO-Ag nanocomposite-modified electrode exhibited long-term

stability towards the detection of 4-NP (Figure 5.13).
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Figure 5.13: Square wave voltammetric responses obtained at rGO-Ag (15 h)
nanocomposite-modified electrode with 10 uM 4-NP in Nz-saturated 0.1 M PBS
(pH 7.2).
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526 Interference Study

The amperometric current-time (I-t) curve technique is a convenient technique to
perform the selective detection of a particular analyte among various interferent
molecules. Investigation on the selectivity of the rGO-Ag (15 h) nanocomposite in the
detection of 4-NP was through the injection of various possible interfering molecules
having similar electroactivities and structures into the same homogeneously stirred
N2-saturated phosphate buffer containing 4-NP and noting the changes in the current
response. Figure 5.14 shows the continuously recorded amperometric I-t curve response
for the successive additions of 4-NP and interferent molecules in a homogeneously
stirred 0.1 M PBS (pH 7.2). The first few additions corresponding to the injection of
10 uM 4-NP showed a significant current enhancement in the I-t curve. Observations on
the current responses of the interferents 2-NP, 2-AP, 3-AP, 4-AP, and 2,4-DCP was via
the addition of these molecules one by one after a few successive additions of 4-NP
(10 uM) in the same stirred phosphate buffer at regular time intervals of 60 s.
Nevertheless, the added interferents did not produce any current response even with a
10-fold higher concentration. Again, the injection of 4-NP into the same solution
displayed almost the same magnitude of current response for the reduction of 4-NP.
These results indicated that the present assay possesses good selectivity and sensitivity
toward the determination of 4-NP even in the presence of a many-fold excess of
interferent molecules. Table 5.1 compared the analytical performance of the present
sensor with those of some of the reported electrochemical sensors for the detection of
4-NP. The proposed sensor showed its superiority in terms of easy synthesis and an
appreciable detection limit over the other sensor materials. The reduction of GO and
Ag" ions occurred simultaneously during the formation of rGO-Ag nanocomposite and
the growth of Ag NPs did not require polymers or surfactants. The rGO matrix and

Ag NPs were in good electrical communication at the GC electrode surface that
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facilitated the use of the nanocomposite to develop a potential electrochemical sensor
for the detection of 4-NP. The observed sensitivity revealed that the present sensor acted
as a very good transducer for the electrochemical detection of 4-NP.
The nanocomposite-modified electrode also showed selectivity towards 4-NP detection

in the presence of interferent molecules.
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Figure 5.14: Amperometric I-t curve response obtained at rGO-Ag (15 h)
nanocomposite-modified electrode for each addition of 10 uM 4-NP (a) and
addition of 100 uM each of 2-NP (b), 2-AP (c), 3-AP (d), 4-AP (e), and 2,4-DCP (f)
in Nz-saturated and continuously stirred 0.1 M PBS at regular intervals of 60 s.
Applied potential was -0.5 V.
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Table 5.1: Summary of results of some reported glassy carbon-modified electrode
based electrochemical sensors for detection of 4-NP.

Material Analytical pHof LOD Linear range Reference
technique buffer (uM) (rM)
GC/GO LSV 4.8 0.02 0.1-120 (Lietal., 2012)
GC/nAg- SWV 3.0 0.07 0.07-2.0 (De Lima et al.,
chitosan 2014)
GC/SWNT LSV 50 0.0025 0.01-5 (Yang, 2004)
GC/Nano-gold LSV 6.0 8.0 10-1000 (Chuetal., 2011)
GC/Ag-NPs DPV 5.0 0.015 0.1-350 (Karuppiah et al.,
2014)
GC/Co0304 SWV 7.0 0.93 - (Shahid et al.,
nanocubes 2015)
0.01-0.1,
GC/rGO-Ag SWvV 7.2 0.0012 0.1-1.0, Present work
nanocomposite 1.0-11.0,
11.0-101.0

DBB-CD-MWCNT-disulfides bridged B-cyclodextrin dimer-functionalized multi-walled carbon nanotube; SWCNT-single-walled
carbon nanotube; TPDT-N-[3—(trimethoxysilyl) propyl]diethylenetriamine; CS—chitosan; PTMS—phenyltrimethoxysilane; AuNPs—
gold nanoparticles; OMCs—ordered mesoporous carbon.

5.2.7  Application to Real Sample Analysis

To demonstrate the feasibility of using the rGO-Ag (15 h) nanocomposite sensor for
practical samples, the detection of 4-NP was performed using tap and lake water
samples. The observed good recoveries of three different concentrations implied that the
sensor was feasible for the detection of 4-NP in environmental water samples.
Each experiment had three replicates, and the mean % recovery was calculated

(Table 5.2).
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Table 5.2: Determination of 4-NP in tap and lake water samples.

53 Conclusion

The time-dependent formation of Ag NPs on an rGO sheets using a modified
Tollen’s test was studied using UV-visible absorption spectrum, HRTEM, XRD, and
Raman spectroscopy analyses. Observations recorded the formation of smaller spherical
Ag nanoparticles with Ag (1 1 1) facets at a reaction time of 15 h. The study invented
an electrochemical sensing platform of rGO-Ag nanocomposite for the electrochemical
detection of 4-NP. The rGO-Ag (15 h) nanocomposite-modified GC electrode showed a
higher faradaic current response in cyclic voltammetry towards 4-NP reduction, and it
assisted the sensitive detection of 4-NP in an N»-saturated phosphate buffer (pH 7.2).
The limit of detection was found to be 1.2 nM using SWV for the determination
of 4-NP. The rGO-Ag nanocomposite was stable and selective in the presence of
interferent molecules such as 2-NP, 2-AP, 3-AP, 4-AP, and 2,4-DCP toward the 4-NP
detection. The present sensor revealed its applicability for the determination of 4-NP

in both lake and tap water samples with good recovery.
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CHAPTER 6: ONE-POT SYNTHESIS OF REDUCED GRAPHENE OXIDE-
SILVER NANOCOMPOSITE USING ASCORBIC ACID AND ITS INFLUENCE
ON THE ELECTROCHEMICAL OXIDATION AND DETECTION OF

NITRIC OXIDE

6.1 Introduction

Nitric oxide (NO) is an intracellular molecule that plays an important role in the
immune system and vasodilation pathway of the human nervous system (Ricciardolo et
al., 2004). Excessive deficiency of NO results in various pathological conditions, which
may lead to atherosclerosis (Hirata & Yokoyama, 1996), diabetes (Traub & Van Bibber,
1995), angiogenesis (Thejass & Kuttan, 2007), Parkinson’s and Alzheimer’s disease
(Kavya et al., 2006). At a certain physiological pH, the submicromolar concentration of
NO is hard to determine as it is a fast diffusing gas molecule with a short lifetime (~5 s).
This makes it a challenging and attractive task to develop a sensitive NO sensor.
Various methods have been used to detect NO (Zhang et al., 2010). Among the
available methods, the most common ones are electron paramagnetic resonance (Hetrick
& Schoenfisch, 2009), fluorescence (Ye et al., 2008), chemiluminescence (Wu et al.,
2012) and electrochemistry (Adekunle et al., 2015). Almost all the spectroscopic
approaches require specific chemical labels and large volumes of analyte, thus, making
it costly. Additionally, this approaches present limited NO detection ability in real time
(Endo et al., 2006). An electrochemical sensor was selected as one of the most suitable
methods for real time NO detection in biological media because it provides the lowest

concentration of spatially resolved concentration data.

96



Noble transition metal nanoparticles have usually been used as electrode materials
for catalytic applications (Chen & Chatterjee, 2013). Among many noble metal
nanoparticles, silver nanoparticles (Ag NPs) are in high demand for sensor applications
because of their exceptional properties, which include biocompatibility, low toxicity,
and the ability to support electrocatalytic activity (Zhang & Liu, 2000). Nevertheless, a
strong van der Waals force between Ag NPs has the tendency to cause severe
aggregation in a solution, which results in a precipitous loss in the sensitivity of the
electrochemical activity. Because Ag NPs immobilize easily on several inorganic and
organic support materials (Dadosh, 2009), it is interesting to explore potential methods
to protect these metal NPs from agglomeration, as well as improve their stability and

enhance their electrocatalytic activity.

Recently, graphene has proved to be an extraordinary host material for either metal
or metal oxide NPs (Qu et al., 2011). Graphene is an ideal catalyst support to anchor
metal nanoparticles, and it offers a sensitive and selective catalytic performance because
of its large specific surface area (2630 m?g™?), high electrical conductivity, and good
thermal and mechanical properties (Kamat, 2009). Nowadays, the in-situ preparation of
a graphene-silver nanocomposite has become one of the most notable areas of research
and has been shown to be very simple and effective (Guo et al., 2012). Chemical
reduction method is one of the most promising method for the one-pot reduction of
graphene and metal nanoparticles because of its facile synthetic nature, as well as that
the techniques used are scalable, controllable, and reproducible. However, most of the
reagents used to reduce metal ions, such as sodium borohydride and hydrazine, are also
toxic and acute (Villar-Rodil et al., 2009). Therefore, a facile and environmentally
friendly method for fabricating a reduced graphene oxide-silver (rGO-AgQ)

nanocomposite is still needed.
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In this study, ascorbic acid was chosen as a reducing agent because it is a naturally
occurring organic compound with antioxidant properties. An ascorbic acid donates two
electrons from a double bond between the second and third carbons of the 6-carbon
molecule. The identified physiological and biochemical activities of ascorbic acid are
the result of its action as an electron donor, which allows it to play the role of a reducing
agent to prevent other compounds from oxidation. We here report on the preparation of
rGO-Ag nanocomposites at different concentrations of ascorbic acid via a facile one-pot
synthesis method. Followingly, these nanocomposites functioned as a modified
electrode for the electrochemical oxidation and sensing of NO. The nanocomposite-
modified GC (GC/rGO-AgQ) electrode showed a synergistic behaviour between the rGO
and Ag NPs in the electrocatalytic oxidation of NO. The rGO-Ag (5.0 M ascorbic acid)
nanocomposite-modified electrode detected NO with a detection limit of 2.84 uM using
an amperometric I-t curve technique. The proposed sensor was stable, reproducible, and

selective toward the detection of NO.

6.2 Results and Discussion
6.2.1  Characterization of rGO-Ag Nanocomposite

The UV-visible spectra confirmed the formation of the Ag nanoparticles on rGO
sheets. The absorption spectra of the rGO-Ag nanocomposites prepared at different
concentrations of ascorbic acid (0.5 M, 1.0 M, and 5.0 M) showed the characteristic of
the surface plasmon resonance (SPR) band of Ag NPs at wavelengths of 433, 425, and
405 nm, respectively. A GO solution displayed a shoulder peak at around 300 nm and a
maximum absorption peak at 228 nm (Figure 6.1 (inset)), which are attributed to the
n-n* transition of the atomic C-C bonds and n-n* transitions of the C-O group,
respectively (Xu & Yong et al., 2013). The rGO-Ag (0.5 M) nanocomposite showed

a broad SPR band for the Ag NPs, which verified the formation of larger spherical
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Ag NPs (Figure 6.1(a)). The appearance of a broad absorption spectrum may have been
due to the aggregation or poly-dispersion of the Ag NPs when a smaller amount of
ascorbic acid served as a reducing agent. The Ag NPs spectrum presented a narrower
band with a very sharp peak (Figure 6.1(b)) for the rGO-Ag (1.0 M) nanocomposite.
Meanwhile, the rGO-Ag (5.0 M) nanocomposite showed an intense SPR band for the
Ag NPs centred at 403 nm (Figure 6.1(c)), which attributed to the formation of
mono-dispersed spherical Ag NPs with a particle size smaller than that obtained in low
concentrations of ascorbic acid (0.5 M and 1.0 M). The pattern of the SPR band and
colour of the rGO-Ag nanocomposite were influenced by their shape, size, and
surroundings (Liu & Leng et al., 2010). A visible colour variation in the rGO-Ag
(0.5 M, 1.0 M, and 5.0 M) nanocomposites indicated a change in the aggregation state
or size and shape of the Ag NPs (Hussain et al., 2011). The ascorbate ion is known as a
weak reducing agent with low antioxidation ability. Oxidation process occurred through
the initial loss of one electron, which made it a radical cation. It further lost the second
electron to form dehydroascorbic acid. Since ascorbic acid is a natural antioxidant that
is essential for numerous metabolic functions in living organisms, dehydroascorbic acid
reacted naturally with oxidants of the reactive oxygen species in ascorbic acid and
formed stable nanosized Ag particles. In addition, the formation of the [Ag(NHs)2]*
complex protected the fast reduction of Ag* ions, which controlled the growth of the
Ag NPs. The oxygen functionalities of the GO provided a stable support for the

controlled formation of Ag NPs.
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Figure 6.1: UV-visible absorption spectra obtained for rGO-Ag nanocomposite
solutions (a: 0.5 M, b: 1.0 M and c: 5.0 M). Inset shows a UV-visible absorption
spectrum of GO solution.

A HRTEM analysis studied the morphology and particle size of the Ag NPs in the
rGO-Ag nanocomposite. Representative HRTEM images (Figure 6.2) provide a clearer
understanding of the morphologies of the rGO-Ag nanocomposites prepared at different
concentrations of ascorbic acid. The TEM image of GO showed the formation of wide
and flat sheets because of the disruption of the van der Waals interactions between the
GO layers that occurred during the sonication process (Figure 6.2(a)). The TEM image
of rGO-Ag (0.5 M) displayed formation of fewer large particles with a high dispersion
of smaller Ag seed particles (Figure 6.2(b&c)). This image corroborated the broad
absorption of rGO-Ag (0.5 M) in the UV-vis spectrum. The presence of 1.0 M ascorbic
acid controlled the average size of the Ag NPs to 15 nm. However, the population of
Ag NPs in the GO matrix was still low (Figure 6.2(d&e)). A high population of Ag NPs
with an average particle size of 2 nm appeared when using 5.0 M ascorbic acid, as in
Figure 6.2(f&Qg). This revealed the efficient formation of spherical Ag NPs, and the

image agrees with the relatively sharp absorption peak for Ag NPs in the
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SPR spectra. In addition, the rGO presented in the rGO-Ag nanocomposite showed
irregular and layer structured sheets, possibly due to the reduction of GO during the
synthesis (Figure 6.2(f)). For the rGO-Ag (0.5 M, 1.0 M, and 5.0 M) nanocomposites,
the d spacing values measured from the lattice fringes of high-resolution images are
2.604, 2.083, and 1.563 A, which are close to the d spacing values corresponding to the
(111),(200), and (2 2 0) crystal planes of Ag, respectively (JCPDS no. 89-3722)

(Jana et al., 2015).

0.260 nm

A 1Y i Comzar

Figure 6.2: HRTEM images for GO (a) and different magnifications of rGO-Ag
nanocomposite prepared with different concentration of ascorbic acid
(b&c:05M,d &e:1.0M,f&g:50M).
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The formation and crystalline nature of the Ag NPs presented in the rGO-Ag
nanocomposites prepared at different concentrations of ascorbic acid were confirmed
using XRD analysis. The XRD pattern of GO (Figure 6.3(a)) showed a typical
diffraction peak of C (0 0 1) at 10.5° (Radhakrishnan et al., 2014). Figure 6.3(b—d)
shows the XRD patterns of the rGO-Ag (0.5 M, 1.0 M, and 5.0 M) nanocomposites. The
experiment indexed the four conspicuous peaks that appeared at 38.2°, 44.3°, 64.4°, and
774° tothe (1 11), (200), (220), and (3 1 1) crystallographic planes of the
face-centred cubic (fcc) of Ag particles, respectively (JCPDS no. 89-3722) (Dinh et al.,
2014). The intensity of the Ag diffraction peaks increased with an increase in the
ascorbic acid concentration (0.5 M, 1.0 M, and 5.0 M) in the rGO-Ag nanocomposite
synthesis. Meanwhile, the peak intensity of the GO was concealed during the formation
of the rGO-Ag nanocomposite and replaced by a new diffraction peak that appeared at
23.3°, which indicated the reduction of GO. Based on the rGO-Ag (0.5 M, 1.0 M, and
5.0 M) nanocomposites shown in Figure 6.3(b—d), the broad diffraction peak at 23.3°
suggested that GO reduced to rGO in the presence of different concentrations of
ascorbic acid. However, the peak at 23.3° disappeared in the XRD patterns of the
rGO-Ag nanocomposite prepared with 5.0 M ascorbic acid, suggesting that the regular
layered structure of the rGO completely exfoliated as the amount of reducing agent
increased. This was attributed to the insertion and uniform distribution of small Ag NPs
into the rGO sheets, which prevented the restacking of the layered structure of the rGO

(Meng et al., 2013).
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Figure 6.3: XRD patterns of GO (a) and rGO-Ag nanocomposite prepared at
different concentration of ascorbic acid (b: 0.5 M, c¢: 1.0 M and d: 5.0 M).

An XPS analysis verified the reduction of the GO during the chemical reaction
process using ascorbic acid as a reducing agent (Figure 6.4). For the GO sample, the
XPS spectrum showed three main types of Cls peaks at 284.7 eV, 286.8 eV, and
288.3 eV, allocated to C-C, C-0, and C=0, respectively (Xu et al., 2008). As shown in
Figure 6.4(a—c), the C1 band of the rGO-Ag nanocomposites showed that the peak
intensity of the oxygenated carbonaceous bands gradually decreased when the
concentration of reducing agent increased. The appearance of the significant Ag 3ds
and Ag 3ds2 peaks at 368.7 and 372.3 eV for metallic Ag respectively, confirmed the
successful formation of Ag particles, together with the reduction of GO (Figure 6.4(d))

(Pei et al., 2010).
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Figure 6.4: XPS spectra of rGO-Ag nanocomposites prepared at different
concentration of ascorbic acid (a: 0.5 M, b: 1.0 M and c: 5.0 M) and XPS
peaks of Ag (d).

The typical peaks indicated in a Raman spectral analysis (Figure 6.5) double
confirmed the reduction of GO. The Raman spectrum of GO displayed the D and G
bands at around 1350 cm™ and 1600 cm™, which corresponded to the breathing mode
of k-point phonons of Aig symmetry and the Ezq phonon of C sp? atoms, respectively
(Figure 6.5(a)) (Zhang et al., 2012). The intensity ratio between the D and G bands
(Io/lg) associated with the sum of disorder or the size of the sp? domains. Referring to
Figure 6.5(a—d), the value of Ip/lgc for GO was 0.96, while the intensity ratios (Ip/lg) for

the rGO-Ag nanocomposites prepared at 0.1 M, 1.0 M, and 5.0 M were 1.00, 1.01, and

1.03, respectively. The Ip/lg intensity increased with the amount of reducing agent in
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the nanocomposite, which suggested the reduction of GO to rGO and was consistent

with the XPS results.
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Figure 6.5: Raman spectra of GO (a) and rGO-Ag nanocomposite with different
concentration of ascorbic acid (b: 0.5 M, ¢: 1.0 M and d: 5.0 M).

6.2.2  Electrochemical Behavior of rGO-Ag Nanocomposite-modified Electrode
The redox behaviour of the [Fe(CN)s]** couple was used to study the kinetic barrier
of the modified electrode-solution interface. As recognized, the bare GCE showed the
reversible voltammetric characteristic of the one-electron redox process of the
[Fe(CN)s]*"* couple with a peak-to-peak separation of 58 mV (Figure 6.6(a)). After
modification with GO, the GCE lost its reversible voltammetric behaviour because of
the non-conducting nature of the GO matrix (Figure 6.6(b)). However, the reversibility
was retained after modification with the rGO-Ag nanocomposite because of the
high conductivity of Ag and the presence of rGO (Figure 6.6(c—)). The
rGO-Ag (5.0 M) nanocomposite showed higher redox peak currents compared to the

rGO-Ag (0.5 M and 1.0 M) nanocomposites. This observation indicated that the
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rGO-Ag (5.0 M) nanocomposite acted as a new surface on the GCE and exhibited good

electrical contact with the underlying electrode surface.
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Figure 6.6: Cyclic voltammograms obtained for bare GCE (a), GO (b), rGO-Ag
(0.5 M) (c), rGO-Ag (1.0 M) (d) and rGO-Ag (5.0 M) (e) nanocomposites for
1 mM Kaz[Fe(CN)e] in 0.1 M KCI at a scan rate of 50 mV s,

The Nyquist plot observed for bare GCE showed a large semicircle that acted as a
barrier for the electron-transfer kinetics at the electrode surface (Figure 6.7(a)).
As evidenced from Figure 6.8, the Rt of the GCE electrode enormously decreased due
to the modification with rGO-Ag (0.5 M, 1.0 M, and 5.0 M) nanocomposite.
Highly limited electron transfer occurred at the GO-modified electrode surface
(Figure 6.7(b)). The rGO-Ag facilitated the interfacial electron transfer kinetics at the
modified electrode-electrolyte solution interface because of the higher conductivity
exhibited by the nanocomposite. The rGO-Ag (5.0 M) nanocomposite showed
a perfectly linear portion at low frequencies compared to the other two nanocomposite-
modified electrodes. These results confirmed that the rGO-Ag (5.0 M) nanocomposite
was successfully coated on the electrode surface and controlled by a diffusion-limited

process at the electrode—solution interface.
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The Nyquist plot obtained for the rGO-Ag (5.0 M) nanocomposite was fitted using
an equivalent circuit model with ZSimpWin software (Figure 6.8(inset)). The
equivalent circuit comprised of several parameters, including the solution resistance
Rs, which is in series with the double layer capacitance Cq in parallel with Re.. The
Warburg impedance (Zvw) resulted from the diffusion of the redox analyte, whereas
R.i. represented the interfacial properties of the nanocomposite. Table 6.1 provides the

impedance values obtained from the fitted impedance spectrum.
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Figure 6.7: Nyquist plots obtained for bare GCE (a) and GO (b) for 1 mM
Ks3[Fe(CN)s] in 0.1 M KCI.
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Figure 6.8: Nyquist plot obtained for rGO-Ag (5.0 M) nanocomposite for 1 mM
Ks[Fe(CN)s] in 0.1 M KCI and the corresponding equivalent circuit diagram.
Inset shows the Nyquist plots obtained for rGO-Ag (0.5 M) (a) and rGO-Ag (1.0
M) (b) nanocomposites.
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Table 6.1: Impedance values obtained from the fitted impedance spectrum of
rGO-Ag (5.0 M) nanocomposite.

Parameters Impedance Values  Relative Standard
Error (%)
Solution resistance (Rs) 178.8 Q 2.18
Double layer capacitance (Cai) 5.23E-7F 3.11
Charge transfer resistance (Rct) 613.8Q 1.76
Warburg impedance (Zw) 4.04E-4 1.40

The phase peak shifts toward the low-frequency region for the rGO-Ag
nanocomposite modified electrodes indicated the fast electron-transfer process at the
modified electrode surface (Figure 6.9). The phase angles of the rGO-Ag
nanocomposite-modified electrodes were less than 90° at higher frequencies, which
made it possible to assume that the electrode did not exhibit a capacitive behaviour. The
Bode impedance plots of the rGO-Ag nanocomposite-modified electrodes showed lower
log Z values at a low-frequency range of 1-100 Hz in the logarithm compared to the

bare GCE and GO modified electrodes (Figure 6.10).
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Figure 6.9: Bode phase plots obtained for bare GC (a) GO (b), rGO-Ag (0.5 M)
(c), rGO-Ag (1.0 M) (d) and rGO-Ag (5.0 M) (e) modified GC electrodes for
1 mM Ks[Fe(CN)g] in 0.1 M KCI.
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Figure 6.10: Bode impedance plots (log Z vs. log f) obtained for bare GC (a) GO
(b), rGO-Ag (0.5 M) (c), rGO-Ag (1.0 M) (d) and rGO-Ag (5.0 M) (e) modified
GC electrodes for 1 mM Ks[Fe(CN)s] in 0.1 M KCI.
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6.2.3  Electrocatalytic Oxidation of Nitric Oxide

A cyclic voltammogram (CV) was recorded at the GC/rGO-Ag (5.0 M)
nanocomposite-modified electrode in the 0.1 M phosphate buffer (pH 2.5) to confirm
the existence of Ag on the GCE surface (Figure 6.11(b)). The anodic peak current that
appeared in the positive scan region at +0.16 V proved the oxidation of Ag to Ag.0,
which confirmed the presence of Ag NPs on the modified electrode surface and
revealed that the Ag NPs were in good electrical contact with the GCE electrode surface
(Rameshkumar & Ramaraj, 2014). Nevertheless, no typical redox peaks appeared for
the GO-modified GCE (Figure 6.11(a)). For a further examination, the surface coverage
of the Ag NPs on the electrode surface of the rGO-Ag (0.5 M, 1.0 M, and 5.0 M)
nanocomposite-modified electrodes was also calculated using Lavirons’ equation
(Equation 5.1). Using equation 5.1, the surface coverage (I) values of the Ag NPs were
calculated to be 1.678 x 10° mol cm, 1.968 x 10" mol cm™, and 2.099 x 10° mol cm
using the slopes (Ip/v) obtained from the cyclic voltammograms of the rGO-Ag (0.5 M),
rGO-Ag (1.0 M), and rGO-Ag (5.0 M) nanocomposite-modified electrodes recorded in
a 0.1 M PBS (pH 2.5) at different scan rates (Figure 6.12 (a—c)). Based on the
calculation, it was confirmed that the rGO-Ag (5.0 M) nanocomposite-modified
electrode received the highest coverage of Ag NPs on its surface, which was beneficial

for the electrocatalytic reactions.
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Figure 6.11: Cyclic voltammogram recorded at GO (a) and rGO-Ag (5.0 M)
nanocomposite (b) modified electrode in 0.1 M PBS (pH 2.5) with scan rate of
50 mV s,
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Figure 6.12: Cyclic voltammograms recorded at rGO-Ag (A: 0.5 M, B: 1.0 M
and C: 5.0 M) nanocomposite modified electrodes in Nz-saturated 0.1 M PBS

(pH 2.5) with different scan rates (5-100 mV s?) and inset shows the plot of
anodic peak current versus scan rate.
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Figure 12, continued.
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Studies observed the electrocatalytic activity of the rGO-Ag nanocomposite-
modified electrode in relation to the oxidation of NO in the presence of 0.1 M PBS
(pH 2.5). NaNO: functioned as the precursor for the in-situ production of NO in PBS.
NO could be generated from NaNO: in an acidic solution with a pH of less than four

following the disproportionation reaction (Equation 6.1) (Thangavel & Ramaraj, 2008).

3HONO - H* +2NO + NO3 + H,0 (6.1)

Figure 6.13 shows the CV responses of all the modified electrodes investigated in
this study for the oxidation of NO in 0.1 M PBS (pH 2.5) containing 1 mM of NO2
ions. The bare GCE and GO modified electrodes showed similar peak currents (Figure
6.13(a&b)) at peak potentials of +0.82 V and +0.95 V, respectively. The rGO-Ag
nanocomposite displayed a catalytic current response for the oxidation of 1 mM of NO
irrespective of the amount of reducing agent used in its preparation. Among all the
nanocomposites, the rGO-Ag (5.0 M) nanocomposite showed a higher catalytic current
(94.6 pA) at a peak potential of +0.96 V because of the presence of a highly mono-
dispersed Ag NPs with a smaller spherical size (Figure 6.13(¢)). The presence of a large
population of smaller spherical Ag NPs with highly reduced GO increased with
increased usage of ascorbic acid as a reducing agent, which facilitated an efficient
electron-transfer process during the electrocatalytic oxidation of NO and showed a
synergetic catalytic current. However, the rGO-Ag (5.0 M) nanocomposite-modified
electrode did not produce any enhanced voltammetric signal in the absence of NO
(Figure 6.13(f)). The rGO-Ag (0.5 M) nanocomposite produced less catalytic current
(44.2 pA) at a peak potential of +0.91 V because of the presence of a lower population
of larger Ag NPs with a more exposed GO surface (Figure 6.13(c)). Compared to the

rGO-Ag (0.5 M) nanocomposite, the rGO-Ag (1.0 M) nanocomposite showed a smaller
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difference in the peak current (35.7 pA), and the peak potential of NO shifted toward a

less positive potential (Figure 6.13(d)).

100 -

0.6 0.8 1.0 1.2

E vs. Ag/AgCl (V)
Figure 6.13: Cyclic voltammograms recorded for 1 mM NO:2 at bare GCE (a),
GO (b), rGO-Ag (0.5 M (c), d: 1.0 M (d), 5.0 M (e) nanocomposites modified
electrodes in 0.1 M PBS (pH 2.5) with a scan rate of 50 mV s f: Cyclic

voltammogram recorded at GO-Ag (5.0 M) nanocomposite modified electrode
in the absence of NO2".

The stability of the rGO-Ag (5.0 M) nanocomposite-modified electrode was checked
by obtaining voltammograms using the same modified electrode for NO oxidation on
different days. The voltammetric response showed only a 6.4 % decrease in the
oxidation current with a slight positive shift in the overpotential after seven days
(Figure 6.14). This revealed the stability of the present modified electrode for NO
oxidation. During stability measurements, the modified electrode was kept in a closed

container at room temperature (25 °C).
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Figure 6.14: Cyclic voltammograms recorded for 1 mM NO2 at the GC/rGO-Ag

(5.0 M) nanocomposite modified electrode during different days in 0.1 M PBS
(pH 2.5) with a scan rate of 50 mV s,

The anodic peak current for the oxidation of NO increased with the NO
concentration (Figure 6.15), and the plot of the peak current versus concentration
showed a linear relation (Figure 6.15(inset)). Studies also observed the effect of the scan
rate on the oxidation of NO at the rGO-Ag (5.0 M) nanocomposite-modified electrode
(Figure 6.16). The oxidation peak current due to NO increased linearly with the scan
rate. The peak current for NO oxidation showed a linear response in relation to the
square root of the scan rate (v'/?) (Figure 6.16(inset “a”)). This indicated that diffusion
process controlled the electrocatalytic oxidation of NO at the rGO-Ag (5.0 M)
nanocomposite-modified electrode (Kamyabi & Aghajanloo, 2008). The chemical
irreversibility of the electrocatalytic NO oxidation process at the nanocomposite-
modified electrode could be specified by a regular increase in the scan rate (v) and
increase in the oxidation peak potentials (Epa). The linear relation between log (v) and
the peak potential (Ep) (Figure 6.16(inset “b”)) determined the irreversible

electrooxidation of NO. Chronoamperogram recorded at the rGO-Ag (5.0 M)
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nanocomposite-modified electrode at different concentrations of NO2 ions
(Figure 6.17(a)) showed a linear relation for the plot of the peak current versus t*/?
(Figure 6.17(b)). The slopes of the obtained linear lines plotted against the NO
concentrations (Figure 6.17(b) (inset)), provided the diffusion coefficient (D) of NO
as 6.470 x 10° cm? s, which was calculated using the Cottrell equation

(Equation 6.2).
I = nFDY?AC,mr=Y/?t=1/2 (6.2)

Where n is the number of electrons transferred per NO molecule during oxidation,
F is the Faraday constant, C, is the concentration of NO, A is the geometric area of the

electrode, and ¢t is time.
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Figure 6.15: Cyclic voltammograms obtained at the rGO-Ag (5.0 M)
nanocomposite modified electrode for the successive addition of each 1 mM of
NO2 (1-12 mM) in 0.1 M PBS (pH 2.5) with a scan rate of 50 mV s>
Inset: Plot of peak current versus concentration of NOz.
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Figure 6.16: Cyclic voltammograms recorded at rGO-Ag (5.0 M ascorbic acid)
nanocomposite modified electrode for 5 mM of NO2 in 0.1 M PBS (pH 2.5) with
various scan rates (a: 5, b: 10, c: 20, d:50, e: 75, f: 100 and g: 150 mV s2). Inset:
Plot of peak current versus square root of scan rate (a) and plot of peak
potential versus log (scan rate) (b).
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Figure 6.17: Chronoamperograms obtained at rGO-Ag (5.0 M) nanocomposite
modified electrode with different concentrations of NO2™ in 0.1 M PBS (pH 2.5).
Applied potential was +0.96 V (a) and plot of current versus t2 (b).
Inset: Plot of slopes obtained from straight lines of ‘B’ versus concentration of
NO2™.
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Figure 6.17, continued.

6.2.4  Amperometric Detection of Nitric Oxide

The sensing ability of the rGO-Ag (5.0 M) nanocomposite-modified electrode was
investigated using the amperometric I-t curve technique with an applied potential of
+0.96 V for the detection of 10 uM NO during the continuous stirring of 0.1 PBS
(pH 2.5). Figure 6.18 shows the amperometric I-t curve response for the detection of
NO at the rGO-Ag (5.0 M) nanocomposite-modified electrode and the corresponding
calibration plot was obtained with every single addition of 10 uM NO in a
homogeneously stirred solution of 0.1 M PBS. The current response increased linearly
with the sequential injection of NO with a signal-to-noise (S/N) ratio of ~3.
The calibration plot of the current response difference (ls) and NO concentration
showed a linear response in the concentration range of 10 uM — 220 pM, with
a correlation coefficient R? = 0.998 (y = 0.01065x + 1.0096E-8), and the sensitivity of
the rGO-Ag (5.0 M) nanocomposite electrode was found to be 0.01065 pA/uM for the
detection of NO (Figure 6.18 (inset)). The LOD for the detection of NO was calculated

to be 2.84 uM using the formula LOD = 3.3(SD/slope), where SD is the standard
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deviation of the y-intercepts (Razola et al., 2002). Figure 6.19 displays the schematic
illustration of the electron-transfer process that occurred at the rGO-Ag nanocomposite

modified GC electrode towards NO oxidation.
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Figure 6.18: Amperometric I-t curve of GC/rGO-Ag (5.0 M) nanocomposite
modified electrode for each addition of 10 uM NO2 in 0.1 M PBS (pH 2.5) at a
regular time interval of 60 s (Applied potential was +0.96 V).
Inset: Plot of current versus concentration of NOz".
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Figure 6.19: Schematic representation of the electrocatalytic oxidation of NO at
rGO-Ag nanocomposite-modified GC electrode.
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6.25 Interference Analysis

The study examined the selectivity of the rGO-Ag (5.0 M) nanocomposite for NO
detection by injecting various possible common interferents such as ascorbic acid,
dopamine, glucose, urea, uric acid, and sodium chloride (NaCl) in the phosphate buffer
containing NO under continuous stirring. Figure 6.20 highlights the observed changes in
the current response. From the I-t curve, the current signal only appeared when injecting
the NO into the phosphate buffer. No current response appeared even when injecting an
interferent which was 10-fold higher in concentration than the concentration of NO.
Furthermore, after the highest concentration of interfering ions was added, the current
signals corresponding to the addition of NO were reproduced with nearly the same
magnitudes. These results showed the selectivity of NO at the GC-rGO-Ag (5.0 M)
nanocomposite-modified electrode. Table 6.2 shows a comparison of the analytical
performances of the present nanocomposite and some of the reported materials for NO
detection. In addition to the appreciable LOD and selectivity, the novelty of the present
work appeared in the easy deposition of Ag NPs on rGO sheets using ascorbic acid as a
reducing agent, and the systematic investigation of the electrochemical properties for
NO oxidation and in-situ detection. The study achieved in-situ reduction of both Ag*
ions and the oxygen functionalities of GO by ascorbic acid. The use of Ag metal
reduced the cost of the electrochemical sensor for NO detection, and this was a good
alternative for other electrochemical sensors prepared with noble metals like gold (Au),

platinum (Pt), palladium (Pd) and expensive polymeric materials.
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Figure 6.20: Amperometric I-t curve of GC/rGO-Ag nanocomposite modified
electrode for the addition of 10 uM NO2~ and each 100 uM addition of other

interferents in 0.1 M PBS (pH 2.5) at a regular time interval of 60 s (Applied
potential was +0.96 V).

Table 6.2: Comparison of analytical performance of some of the reported sensor

electrodes with the present nanocomposite for NO detection.

Electrode
Material

GCE/rGO-
Co30s@Pt

GCE/ERG

GCE/AuN
Ps-ERGO

GCE/rGO-
CeO2

GCE/G-Nf

GCE/RGO
—-Au-TPDT
NRs

Analytical
Method

Amperometry

Amperometry

Amperometry

Amperometry

SWv

Amperometry

Linear Range

(M)

10 x 10 to
650 x 10°°

7.2x1077
to
7.8x10°
Up to
3.38 x 10°®

18 x 109 to
5.6 x 1072

0.05 x 107
to
0.45 %1073
10 x 107 to
140 x 10°

LOD
(M)

1.73 x 10°®

20x1077

1.33 x 107

9.6 x 10

11.61 x 10°®

6.5 x 10

Interference Ref.
Studied
Dopamine, (Shahid
AA UA, etal.,
Urea, 2015)
Glucose,
NaCl
AA (Hu et
al., 2011)
Oxalate, (Ting et
Glucose, UA, al., 2013)
NaCl, AA
- (Hu et
al., 2015)
= (Yusoff
etal.,
2015)
Glucose, (Jayabal
Urea, NaCl etal.,
2014)
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Electrode
Material

GCE/PtNP/
AB

GCE/Hb-
CPB/PAM

GCE/G-Au

GCE/PNM
P-b-
PGMA/
Hb

GCE/PAM/

SDS/Cyt

PGE/Hb-

silver NPs

GCE/
rGO-Ag

Table 6.2, continued.

Analytical Linear Range
method (M)
Amperometry  0.18 x 10°®
to
120 x 10
CVv 9.8 x 10° to
100 x 107
Amperometry 1x10°
to
1100 x 107
DPV 0.45 x 107
to
10 x 10
Amperometry  0.80 x 10°®
to
95 x 10°®
CVv 1.0x 10®
to
5.0 x 10°
Amperometry 10 x 107
to
220 x 10

LOD
(M)

0.05 x 10°

9.3 x 10°

0.25 x 10°

0.32 x 10°®

0.1 x 10°

3.0x107

2.84 x 10°®

Interference
studied

Glucose,
Glycine,
Cholesterol,
L-tyrosine,
L-cystine,
UA, AA,
NO2

H>0o,
Dopamine,
Glucose, AA,
UA

K* Na*,
NH.*, Mg?*,
Al¥* Ca?*,
Cu?, SO4%,

CO3* , NOs

, CI”
Ascorbate,
Catechol,
Dopamine,
Nitrite, UA
Dopamine,
AA, UA,
Urea,
Glucose,
NaCl

Ref.

(Zheng
etal.,
2012)

(He &
Zhu,
2006)

(Geetha
etal.,
2017)

(Jia et
al., 2009)

(Chen et
al., 2009)

(Xin et

al., 2004)

This
work

DPV = differential pulse voltammetry; SWV= square wave voltammetry; ERG= Electrochemically Reduced Graphene; ERGO=
Electrochemically reduced graphene oxide; AuNPs= gold nanoparticles; CeO,= ceria; G-Nf= graphene-nafion; CO3;0,@Pt= cobalt
oxide nanocube@platinum; Au-TPDT NRs= —gold nanorods embedded in an amine functionalized silicate sol-gel matrix; PtNP=
platinum nanoparticles; AB= Acetylene black; Hb= haemoglobin; CPB= cetylpyridinium bromide; PAM= polyacrylamide; G-Au=

graphene-gold; PNMP-b-PGMA=poly[N-(2-methacryloyloxyethyl)pyrrolidone]-block- poly[glycidyl methacrylate];

PAM=

polyacrylamide; SDS= sodium dodecyl sulfate; Cyt c= cytochrome c; AA= ascorbic acid; UA= uric acid; NaCl= sodium chloride.

122



6.2.6  Real Sample Analysis

The detection of NO was performed using tap and lake water samples to validate the
applicability of the rGO-Ag nanocomposite for practical samples. The obtained good
recoveries of three different spiked concentrations of NO2™ revealed that the sensor was
applicable for the in-situ detection of NO in environmental water samples. The

experiment used three replicates, and the mean % recovery was determined (Table 6.3).

Table 6.3: Measurement results of NO in real water sample.

Real Samples Concentration Concentration Recovery RSD
Spiked (LM) Found (uM) (%) (%)
10 9.54 95.4 3.0
Tap water 50 53.1 106.2 1.9
100 104.6 104.6 15
10 9.6 96.0 1.3
Lake water 50 53.8 107.6 2.1
100 105.5 105.5 1.6

6.3 Conclusion

In this work, we verified the one-pot synthesis of Ag NPs on rGO sheets using the
chemical reduction of AgNOs in the presence of a GO suspension and ascorbic acid as a
reducing agent. The concentration of ascorbic acid influenced the size of the Ag NPs
and the reduction of GO. Observations recorded the formation of smaller spherical
(average size of 2 nm) and highly crystalline nanoparticles in the rGO-Ag
nanocomposite with 5.0 M ascorbic acid. An electrochemical system was constructed
using the rGO-Ag nanocomposite to study its electrochemical properties for NO
oxidation. The rGO-Ag (5.0 M) nanocomposite-modified GC electrode showed a better
catalytic response in cyclic voltammetry for NO oxidation, and the reaction followed a

diffusion-controlled process at the modified electrode surface. The modified electrode
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functioned for the in-situ detection of NO in 0.1 M PBS (pH 2.5), and the LOD was
found to be 2.84 puM using an amperometry technique. The rGO-Ag (5.0 M)
nanocomposite was verified to have good stability and better selectivity among
physiological interferents such as uric acid, ascorbic acid, urea, dopamine, glucose, and
NaCl. The study further verified the applicability of the present sensor in environmental

water samples as good recoveries were noted.
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CHAPTER 7: GREENER  APPROACH IN DECORATING  SILVER
NANOPARTICLES ON REDUCED GRAPHENE OXIDE FOR
NON-ENZYMATIC ELECTROCHEMICAL SENSING OF HYDROGEN

PEROXIDE

7.1 Introduction

Hydrogen peroxide (H20) is one of the important intermediates in both biological
and environmental systems. Recently, the detection of H,O, has become extremely
important due to its increased utilization in food, chemical, biochemical and
pharmaceutical industries (Lian et al., 2009). Hydrogen peroxide and its derivatives are
known as powerful oxidizing agents that are useful for the synthesis of many organic
compounds (Usui et al., 2003). Although it is highly beneficial to industries, H.O> can
also create problems. For instance, it produces a hydroxyl free radical in polymer
electrolyte membrane (PEM) fuel cells which trigger the membrane to degrade through
a chemical outbreak (Liu & Zuckerbrod, 2005). Rapid and reliable determination of
H>O, is important due to its applications in various fields (Drabkova et al., 2007).
Numerous analytical approaches such as fluorescence (Wen et al., 2011),
chemiluminescence (Ensafi et al., 2016), spectrometry (Matsubara et al., 1992),
titrimetry (Hurdis & Romeyn, 1954) and electrochemistry (Evans et al., 2002) have
been developed to detect and quantify low levels of H.O2. Among all other methods, the
enzyme-based electrochemical sensor is the most desirable tool that portrays sensitive
and accurate detection of H2O> because of its high sensitivity, selectivity and convenient
operation (Yang & Xu et al., 2015). However, complications do arise in enzyme-based
electrochemical sensors in terms of enzyme immobilization procedure, high cost, and
instability to pH and temperature changes (Yu et al., 2015). Due to the drawbacks in this

equipment, the use of non-enzymatic electrochemical sensors provides a better option
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for H20. detection due to its high sensitivity, long-term stability, pH-free, and fast
response time (Zhao & Liu et al., 2009). Besides, various efforts have been made to

fabricate the non-enzymatic H2O> electrochemical biosensors (Gao et al., 2014).

Recently research had contemplated on the use of metal (Welch et al., 2005), metal
oxides (Song et al., 2010) and carbon-based materials (Fang et al., 2012) as active
electrode materials for the non-enzymatic H20. sensor. With the recent development
of nanoscience and nanotechnology, metal nanoparticles have attracted substantial
interest among researchers because of their unique characteristics such as large
surface-to-volume ratio, high electrical conductivity and excellent catalytic ability
(Guo & Li et al., 2009). As typical nanomaterials, silver nanoparticles (Ag NPs) have a
substantial impact across a diverse range of field due to their outstanding electrical,
optical and catalytic properties, resulting in it being widely employed to construct
enzyme-free biosensor with good synergistic effect on H.O> reduction (Lu & Liao et al.,
2011). Ag NPs is one of the promising materials for the detection of ultrasensitive
chemicals and biological molecules because of their low-cost and high catalytic activity
(Rashid & Mandal, 2007). Among various methods employed for the synthesis of Ag
NPs, the green characteristic of the citrate reduction method or known as Turkevich
method has received much attention since it has proven to be the simplest technique and
involves non-toxic substances and least waste generation (Kimling et al., 2006). The
synthesis of nanoparticles usually makes use of soluble metal salt, reducing and
stabilizing agents. The stabilizing agent caps the nanoparticles and prevents further
growth or aggregation. In this way, trisodium citrate could serve the dual role as

reductant and stabilizer.

With the purpose of improving the performance of electrochemical detection of

H>O>, incorporation of Ag NPs into a graphene sheet is an interesting area to discover
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since such system provides tunable novel properties and promises performance
improvement in various electrochemical applications (Li et al., 2012). Graphene has
been projected as a preferred substrate to immobilize various nanomaterials because of
its unique chemical and physical properties, for instance, large specific surface area,
natural 2D template effect and high mechanical strength (Stoller et al., 2008). A new
class of hybrid material that combines graphene as a substrate with metal nanoparticles
as active materials has impressed researchers due to its vast applicability in many
advanced fields such as optoelectronic (Cao et al., 2010), energy storage (Bai et al.,
2011), catalysis (Yoo et al., 2009) and electrochemical sensors (Zhong et al., 2013).
Recently, electrochemical applications incorporated the use of reduced graphene oxide
(rGO)-based nanocomposite materials due to the advantages of catalytic activities,
stability and easy electron transfer (Palanisamy et al., 2014). The preparation of
rGO-Ag nanocomposites frequently occurs through deposition and in-situ synthesis
method where both Ag* ions and graphene oxide (GO) were directly reduced (Tian et
al., 2012). However, it remains a challenge to develop a facile, simple and non-toxic
approach for the formation of highly distributed Ag NPs on rGO sheet. Particularly,
considering their potential application in emerging areas of nanoscience and
nanotechnology for chemical and biological applications and the fabrication of highly

conductive elements for catalytic activity.

Herein, we introduce a slight modification of Turkevich method for the preparation
of well-distributed Ag NPs on rGO sheets and its application in the electrochemical
detection of H20.. This method involves the use of less waste substance where sodium
citrate acted as reducing and stabilizing agent at the temperature of 90 °C. The
modifications applied to Turkevich method involved introducing GO as a support
material for the growth of Ag NPs and the synthesis of the rGO-Ag nanocomposite.

Observation and monitoring focused on the reaction that occurred at different
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concentrations of AgNOs and the characterization of the nanocomposites. The rGO-Ag
nanocomposite prepared with 4 mM of AgNOz modified GC electrode showed good
sensitivity towards the electrocatalytic reduction of H>O. with a detection limit of
4.3 uM. The nanocomposite was stable and selective for H>O> detection in the presence
of some common interferences, and it revealed its applicability in determining the H20:

concentration in real water and fruit juice samples.

7.2 Results and discussion

7.2.1  Characterization of rGO-Ag Nanocomposite

The successful synthesis of rGO-Ag nanocomposite at different concentrations of
AgNOs (1 mM, 4 mM, and 7 mM) was firstly confirmed using UV-Visible absorption
spectroscopy. As shown in Figure 7.1(inset), the UV-visible spectrum of GO solution
(0.1 mg/mL) displays two obvious peaks. The sharp absorption band centred at 230 nm
concurs to the n—n* transition of C=C bond and additional peak at 298 nm corresponds
to n—m* transition of the C=O bond (Wang et al., 2013). The appearance of
characteristic surface plasmon resonance (SPR) band at ~400 nm confirmed the
formation of Ag NPs on rGO sheets for all the three AgNOs concentrations. The
UV-visible absorption spectrum of rGO-Ag (1 mM) nanocomposite showed a typical
SPR absorption for Ag NPs at the wavelength of 412 nm, and the retaining of typical
GO peaks indicated a less degree of GO reduction with less dispersion of Ag NPs
during the synthesis of the nanocomposite (Figure 7.1(a)). The relatively sharp peak of
the absorption band shifted to a lower wavelength for higher concentrations of AgNO3
(402 nm for 4 mM and 401 nm for 7 mM) as shown in Figure 7.1(b&c). Usually, the
shifting of SPR band of Ag NPs depends on the shape, particle size, chemical
environment, dielectric constant and adsorbed species on the surface (Stamplecoskie et

al., 2011). However, the SPR peak intensity of the rGO-Ag (4 mM) nanocomposite is
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higher and sharper compared to rGO-Ag (7 Mm) nanocomposite. These observations
may have been due to the formation of monodispersed spherical Ag NPs with a particle
size smaller than that obtained with rGO-Ag (7 mM) nanocomposite. Besides, the
diminishing of the peak at 230 nm and the disappearance of the peak at 298 nm may
have been due to the removal of oxygen-containing functional groups of GO and

successful formation of highly dispersed Ag NPs on the rGO sheets.
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Figure 7.1: UV-visible absorption spectra obtained for rGO-Ag nanocomposite

solutions with different concentrations of AgNOs (a: 1 mM, b: 4 mM and
c: 7 mM). Inset: UV-visible absorption spectrum of GO solution.

The morphology evaluation of Ag NPs for all rGO-Ag nanocomposites was studied
using HRTEM analysis. Figure 7.2 shows the HRTEM images of GO sheet and
rGO-Ag (1 mM, 4 mM, and 7 mM) nanocomposites. The HRTEM image of GO shows
the formation of flat and wide sheets due to the disruption in the van der Waals
interactions between the GO layers that occurred during the sonication process
(Figure 7.2(a)). The HRTEM image of rGO-Ag (1 mM) showed almost spherical
Ag NPs with an average particle size 20 nm formed on the rGO sheets (Figure 7.2(b)),

and this image also appeared in the single and broad absorption spectrum of
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rGO-Ag (1 mM) nanocomposite. However, rGO-Ag (4 mM) nanocomposite displayed
well dispersed spherical nanodots of Ag with an average particle size of 2.2 nm on the
rGO sheets (Figure 7.2(c)). The HRTEM image also agreed with the single and sharp
absorption peak of Ag nanodots in the absorption spectrum. For rGO-Ag (7 mM)
nanocomposite, high population of spherical Ag NPs appeared on the rGO sheets, and
the average particle size was found to be 6.8 nm (Figure 7.2(d)). In addition, calculation
of the d spacing values of Ag NPs present in the rGO-Ag nanocomposites was based the
lattice fringes of HRTEM images (Figure 7.3). The values obtained were 2.604, 2.083,
1.563 and A which are close to the d values of Ag crystal planes (1 1 1), (2 0 0) and

(2 2 0), respectively (JCPDS no. 89-3722) (Rameshkumar et al., 2014).

Figure 7.2: HRTEM images of GO (a) and rGO-Ag nanocomposites (b: 1 mM,
c: 4 mM, and d: 7 mM).
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Figure 7.3: HRTEM images of rGO-Ag nanocomposites at high magnifications
(@: 1 mM, b: 4 mM and 7 mM).

The crystallinity of the rGO-Ag nanocomposite was studied using XRD analysis.
Figure 7.4 shows the XRD pattern of GO and rGO-Ag nanocomposites (1 mM, 4 mM,
and 7 mM). In Figure 7.4(a), the signature diffraction peak (0 0 1) at 10.5° confirmed
the structure of GO while the weak diffraction peak at 22.5° is due to the removal of
surface oxygen-functional groups and the restacking of GO sheets during the drying
process of GO (Mayavan et al., 2012). The peak intensity of GO masked during the
formation of the rGO-Ag nanocomposite, and a new diffraction peak appeared at 23.3°
for all rGO-Ag nanocomposite samples, indicating the reduction of GO (Figure 7.4
(b-d)). The four prominent diffraction peaks at 38.1°, 44.3°, 64.5°, and 77.5° were
indexed to the (11 1),(200),(220),and (31 1) crystallographic planes of the face-
centered cubic (fcc) Ag NPs, respectively (JCPDS no. 89-3722) (Dinh et al., 2014). The
XRD pattern showed that the peaks for (1 1 1) and (2 0 0) planes of the Ag

nanoparticles are prominent for all the AgNOs concentration range used. The peak for
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the plane (3 1 1) of the Ag NPs was not detectable in a low concentration of AgNO3
(1 mM) (Figure 7.4(b)), and an intense peak appeared for the rGO-Ag nanocomposite

with 4 mM concentration of Ag (Figure 7.4(c)).
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Figure 7.4: XRD patterns of GO (a) and rGO-Ag nanocomposites 1 mM (b),
4 mM (c) and 7 mM (d).

Raman spectroscopy is regularly used to characterize graphene-related materials
because it is a powerful probe for sp? hybridized carbon atoms (Meng et al., 2013).
Figure 7.5 shows the Raman spectra of GO and rGO-Ag nanocomposite for different
concentrations of AgNOsz (1 mM, 4 mM, and 7 mM). In Figure 7.5(a), the Raman
spectrum showed that the typical D and G band features of GO at approximately
1350 cm™ and 1600 cm™, respectively. The G mode was assigned to the first order
scattering of the Ezq phonon of sp? atoms, whereas the D mode arises from the structural
imperfections created by the attachment of hydroxyl and epoxide groups on the carbon
basal plane (Dinh et al., 2014). The intensity ratio of D band to G band (Io/lg) projects
as an indicator of disorder in GO to rGO (Ferrari, 2007). This is because the origin of
D mode is associated with vacancies, grain boundaries and amorphous carbons

(Zhou & Bao et al., 2009). According to Figure 7.5(a), the ratio of the intensities of the
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D band and G bands (Ip/ls) for GO is 0.90. After the formation of the rGO-Ag
nanocomposite, the ratio of D band and G bands of GO increased to 0.96, 0.97 and 1.00
(Figure 7.5 (b-d)), corresponding to the different amount of AgNOs. Reduction of GO
through chemical synthesis increases the intensity of the D band further, due to defects

introduced in rGO during the synthesis process (Ni et al., 2008).
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Figure 7.5: Raman spectra of GO (a) and rGO-Ag nanocomposites (b: 1 mM,
c: 4 mM, and d: 7 mM).

7.2.2  Electrochemical Behaviour of the rGO-Ag Nanocomposite-modified
Electrode.

The electrochemical behaviours of the modified electrode were investigated using
[Fe(CN)s]* ™ as a redox analyte by cyclic voltammetry (CV) to study the conducting
behaviour of the rGO-Ag nanocomposite-modified electrode. Figure 7.6 shows the
CV responses obtained at the bare GCE, GCE/GO, GCE/fGO-Ag (1 mM),
GCE/rGO-Ag (4 mM) and GCE/rGO-Ag (7 mM) nanocomposite modified electrodes
for 1 mM Ks[Fe(CNys] in 0.1 M KCI with a scan rate of 50 mVs. Bare GCE showed a

reversible voltammetric characteristic for the one electron redox process of the
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[Fe(CN)s]*™* couple with a peak-to-peak separation of 74 mV. After the modification
with GO, the electrode lost its reversible voltammetric behaviour due to the presence of
the non-conducting nature of GO matrix. However, after modification with rGO-Ag
nanocomposite, the reversibility retained because of the high conductivity of Ag and the
presence of rGO. By comparing with the rGO-Ag (1 mM and 7 mM) nanocomposites,
the rGO-Ag (4 mM) nanocomposite showed higher redox peak currents because it acted
as a new electrode surface and exhibited a good electrical communication with the

underlying GCE surface.
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Figure 7.6: Cyclic voltammograms obtained for bare GCE (a), GO (b), rGO-Ag
(2 mM) (c), rGO-Ag (4 mM) (d) and rGO-Ag (7 mM) (e) nanocomposite modified
electrode for 1 mM Kz[Fe(CN)s] in 0.1 M KCI with a scan rate of 50 mV s,

For further characterization of the nanocomposite-modified electrode,
electrochemical impedance spectroscopy (EIS) was employed to study the electron
transfer process at the modified electrode surface. Figure 7.7 shows the Nyquist plots of
EIS for GCE/rGO-Ag (1 mM) (a), rGO-Ag (4 mM) (b), and rGO-Ag (7 mM) (c)
nanocomposite modified electrodes. Bare GC electrode showed a large Rct which
suggests the hindrance to the electron-transfer kinetics at the electrode surface

(Figure 7.7(inset)). GCE/GO shows higher R¢ value than bare GCE due to highly

134



limited electron transfer at the GO modified electrode surface (Figure 7.7 (inset)).
However, the Rt of the GC electrode decreased enormously after the modification with
rGO-Ag nanocomposite (Figure 7.77(a-c)). The rGO-Ag facilitated the interfacial
electron transfer kinetics at the modified electrode-electrolyte solution interface because
of the efficient electron conductance showed by the nanocomposite. A good linear
portion observed from the Nyquist plots indicated that a diffusion-limited process
facilitated the rGO-Ag nanocomposite-modified electrode-solution interface. The
Nyquist plots obtained for the rGO-Ag nanocomposites were fitted using an equivalent
circuit model with ZSimpWin software (Figure 7.7). The equivalent circuit consisted of
several parameters, including the solution resistance Rs, which is in series with the
double layer capacitance Cqi in parallel with Rct.. The Warburg impedance (Zw) resulted
from the diffusion of the redox analyte, and Rct exemplified the interfacial properties of
the nanocomposite-modified electrode. Table 7.1 lists the impedance values resulting

from the fitted impedance spectrum.
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Figure 7.7: Nyquist plots obtained for rGO-Ag (1 mM) (a), rGO-Ag (4 mM) (b)
and rGO-Ag (7 mM) (c) nanocomposites for 1 mM Ks[Fe(CN)s] in 0.1 M KCI and
their corresponding equivalent circuit diagram. Inset shows the Nyquist plots of
bare GCE (a) and GO modified electrode (b).
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Table 7.1: Impedance values obtained from the fitted impedance spectrum of
rGO-Ag nanocomposites.

rGO-Ag (1 mM) rGO-Ag (4 mM) rGO-Ag (7 mM)
Impedance

Impedance RSD Impedance RSD Impedance RSD
Parameters Values (%) Values (%) Values (%)
Solution 168.1 Q 1.597 1545Q 1.518 171.2Q 2.128

resistance (Rs)

Double layer 1.185E-6 F 1.895 1616E-6 F 2955 1.045E-6F 2.853
capacitance (Car)

Charge transfer 1568 Q 1.454 452.1Q 1.899 1023 Q 2.025
resistance (Rct)

Warburg 3.334E-4 1.569 3.719E-4 1.147 3.241E-4 1.785
impedance (Zw)

7.2.3  Electrocatalytic Reduction of Hydrogen Peroxide

The recording of a CV in 0.1 M PBS (pH 7.2) confirmed the presence of Ag NPs on
the nanocomposite-modified GC electrode surface. A peak appeared at +0.18 V in the
anodic scan (Figure 7.8(b)) indicating the oxidation of Ag to Ag>0 which confirms the
presence of Ag at the modified electrode surface (Rameshkumar et al., 2014). This
further confirmed that the Ag NPs present in the nanocomposite is in good electrical
contact with the GC electrode surface. Lavirons’ equation (Equation 5.1) was used to
calculate the coverage of the Ag NPs on the electrode surface of rGO-Ag
nanocomposite-modified electrode. Based on Equation 5.1, the calculated surface
coverage (1) of the Ag NPs for rGO-Ag (1 mM, 4mM, and 7 mM) nanocomposites was
1.678x10°, 2.099x10° and 1.968x10° mol cm?, respectively. This was calculated
based on the slope (ly/v) obtained from the cyclic voltammograms recorded in a 0.1 M
phosphate buffer with different scan rates (Figure 7.9(a-c)). Based on the calculation,
GC/rGO-Ag (4 mM) nanocomposite electrode exhibited the largest coverage of Ag NPs

on its surface and benefited the electrocatalytic reactions.
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Figure 7.8: Cyclic voltammogram recorded at GC/GO (a) and GC/rGO-Ag (4 mM)
nanocomposite modified electrode in 0.1M PBS (pH 7.2) with a scan rate of
50 mVs (b).
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Figure 7.9: Cyclic voltammograms recorded at rGO-Ag (1 mM) (a), rGO-Ag
(4 mM) (b) and rGO-Ag (7 mM) (c) nanocomposite-modified electrode in Na-
saturated 0.1 M PBS (pH 7.2) with different scan rates (5-100 mV s*) and inset is
the plot of anodic peak current versus scan rate.
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Figure 7.9, continued.

The electrocatalytic activity of the present nanocomposite-modified electrode
evaluated the reduction of H2O.. Figure 7.10 shows the CV responses of the bare GCE,
GO and rGO-Ag nanocomposites for the reduction of 1 mM H2O> in N»-saturated 0.1 M
PBS. Bare GCE (Figure 7.10(a)) and GO modified electrode (Figure 7.10(b)) did not
show the catalytic current responses for H20. reduction. However, the rGO-Ag

(1, 4 and 7 mM) nanocomposite-modified electrodes produced catalytic current

138



responses for the reduction 1 mM HO: at the overpotentials of -0.63, -0.52 and -0.62 V
respectively (Figure 7.10(c-e)). Although the rGO-Ag (4 mM) and rGO-Ag (7 mM)
nanocomposites produced nearly equal magnitudes of current (25.4 pA and 25.6 pA),
the overpotential significantly shifted positive (about 0.1 V) in the rGO-Ag (4 mM)
nanocomposite. However, the rGO-Ag (4 mM) nanocomposite-modified electrode did
not show any current response in the absence of H>O. (Figure 7.10(f)). Improved
electrocatalytic activity of the rGO-Ag (4 mM) nanocomposite arose due to the presence
of large population of smaller spherical Ag nanodots on rGO sheets. Additionally, the
higher catalytic current attributed to the large coverage and high surface area of Ag
nanodots on the electrode surface. Thus, the nanocomposite-modified electrode resulted

in improved electron-transfer kinetics and enhanced the reduction of H20,.
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Figure 7.10: Cyclic voltammograms recorded for 1 mM H:20: at bare GCE (a),
GO (b), rGO-Ag (c: 1 mM, d: 4 mM and e: 7 mM) nanocomposites modified
electrodes in 0.1 M PBS (pH 7.2) with a scan rate of 50 mV s f: Cyclic
voltammogram recorded at GCE/rGO-Ag (4 mM) nanocomposite modified
electrode in the absence of H20:.
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The rGO-Ag (4 mM) nanocomposite-modified electrode was chosen for further
study as it received the highest electrocatalytic activity for H.O> reduction. The peak
current of H2O, reduction increased linearly with the rise in scan rate (Figure 7.11). The
plot of peak current versus square root of scan rate (v*?) showed a linear response
(Figure 7.12) and the linear relation revealed that the electrocatalytic reduction of H2O>
at the modified electrode was controlled by the diffusion process (Yusoff et al., 2017).
The diffusion coefficient (D) of H2O2 in electrocatalysis at rGO-Ag (4 mM)
nanocomposite-modified electrode was calculated using Randles-Sevcik equation

(Equation 7.1) (Tsierkezos, 2007).

1
anD)z
RT

i, = 0.4463nFAC( (7.1)

According to the Equation 7.1, ip is a current maximum, n is number of electrons
transferred, A is electrode surface area, F is Faraday constant, D is diffusion coefficient,
C is concentration of H2O2, v is scan rate, R is gas constant, and T is temperature.
By substituting the value of the slope from the linear lines obtained in Figure 7.9(b),
the D of H2O, was determined to be 2.2 x 10° cm? s. A regular negative shift in the
oxidation peak potential (Epa) With an increase in scan rate (v) influences the chemical
irreversibility of the electrocatalytic H20. reduction process at the nanocomposite-
modified electrode. The linear relation between the peak potential (Ep) and the log(v)

also supports the irreversible reduction of H.O> (Figure 7.12(inset)).
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Figure 7.11: Cyclic voltammograms recorded at rGO-Ag (4 mM AgNOs)

nanocomposite modified electrode for 1 mM of H202 in 0.1 M PBS (pH 2.5) with
various scan rates (a: 10, b: 20, c: 30, d: 50, e: 70 and f: 100 mV s1).
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Figure 7.12: Plot of peak current versus square root of scan rate. Inset: plot of
peak potential from (Figure 7.11) versus log (scan rate).
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7.2.4  Linear Sweep Voltammetric Detection of H202

A Linear Sweep Voltammetry (LSV) technique was used to study the sensitivity of
the present nanocomposite-modified electrode for the detection of H2O,. The study
investigated the sensing ability of rGO-Ag (4 mM) nanocomposite-modified electrode
for the successive addition of H.O> at a concentration range of 10 pM to 43 mM in the
N2-saturated 0.1 M PBS (pH 7.2) (Figure 7.13). The nanocomposite-modified electrode
showed the peak current for H2O> reduction and the current response increased for the
successive addition of H>O, with multi-linear ranges. The reduction peak current
increased when the H>O> concentration increased up to 43 mM. Above this
concentration, there was no more current increase due to the saturated electroactive sites
present at the rGO-Ag nanocomposite-modified electrode. The LSV curves showed a
well-defined and stable reduction peak current for the detection of H.O2. The calibration
plot of the current response difference (l¢) against the H.O> concentration showed
multi-linear ranges due to the addition of different concentration ranges of H2O:
(Figure 7.14). The observed multi-linear ranges are due to the kinetic limitation of the
modified electrode, and it caused the decrease in current sensitivity while increasing the
H>O> concentration (Marlinda et al., 2016). The first linear segment occurred in the
concentration range of 10 pM-90 pM with a linear regression equation,
I (nA) = 0.0262[H,0,] + 0.0681 and the sensitivity of the modified electrode was
0.0262 pA/uM (R? = 0.9917) (Figure 7.14 (inset)). The limit of detection (LOD) was
calculated to be 4.8 uM using the standard deviation of the y-intercepts (SD) and the
slope of the regression lines (LOD = 3.3(SD/slope). The schematic illustration for the
electron-transfer process occurred at the rGO-Ag nanocomposite modified GC electrode

towards H20- reduction is displayed in Figure 7.15.
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Figure 7.13: LSV curves of rGO-Ag (4 mM) nanocomposite modified electrode for
the successive addition of H202 (9 additions: 10 uM each, 9 additions: 100 uM
each, 9 additions: 1 mM each, and 42 additions: 10 mM each) in 0.1 M PBS
(pH 7.2).
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Figure 7.14: Plot of peak current difference versus concentration of H20:.
Inset shows the expanded view of first 9 additions.
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Figure 7.15: Schematic representation of the electrocatalytic reduction of H202 at
rGO-Ag nanocomposite-modified GC electrode.

7.25 Reproducibility and Stability

Verification on the reproducibility and operational stability of the rGO-Ag (4 mM)
nanocomposite-modified electrode required repetitive recording of CVs for the
reduction of H2O». The reproducibility of the nanocomposite-modified electrode was
based on CV responses of 1 mM H20: reduction in 0.1 M PBS for five repeated
electrode fabrications (Figure 7.16). The results showed a relative standard deviation
(RSD) of 2.8 % (n=5) for catalytic current responses which indicated that the fabricated
sensor exhibited a good reproducibility for the H20> determination. The stability of the
rGO-Ag (4 mM) modified electrode was also investigated by measuring the electrode
response with 1 mM H20- at different days (Figure 7.17). The measurements showed
that the current response decreased only 8.6 % after ten days, suggesting that the
rGO-Ag nanocomposite-modified electrode exhibited an acceptable long-term stability
for the detection of H»O,. During stability measurements, the modified electrode

remained at room temperature in a closed container containing 0.1 M PBS (pH 7.2).
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Figure 7.16: Cyclic voltammogram response for GC/rGO-Ag (4 mM)
nanocomposite modified electrode fabricated by five different electrodes in the
presence Nz-saturated of 0.1 M PBS (pH 7.2) containing 1 mM of H20: at a scan
rate of 50 mVs!
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Figure 7.17: Cyclic voltammogram response obtained at rGO-Ag (4 mM)
nanocomposite-modified electrode with 1 mM H20:2 in Nz-saturated 0.1 M PBS
(pH 7.2).
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7.2.6  Interference Analysis

For the fabrication of rGO-Ag nanocomposite-modified electrode with exceptional
performance, it is important to ensure that the proposed sensor presented a good
sensitivity and selectivity toward target molecules. This study evaluated the effect of
electroactive interfering species on modified electrode, and the selectivity of the
proposed sensor toward H.O» detection. The interference study was done on the
rGO-Ag nanocomposite (4 mM) modified electrode using a variety of probable
interfering ions and molecules such as ascorbic acid (AA), glucose, dopamine, KCI,
NaSO4, and NaNOs. The LSV curves (Figure 7.18) revealed that the addition of
various foreign species (each 10 mM) into the phosphate buffer failed to produce the
current response for H>O: reduction. However, only the addition of 0.5 mM H.0;
produced a current signal even at a concentration lower than interferents concentration.
Moreover, the presence of higher concentration of interfering molecules did not affect
the current signal of H>O> and reproduced almost the same magnitudes of current
response. These results suggested that the selective determination of H2O: is possible at
the GC/rGO-Ag (4 mM) nanocomposite-modified electrode and the proposed method
has an excellent H.O; selectivity. Table 7.2 compares the analytical performance of the
present sensor with some of the reported electrochemical sensors for the detection of
H2>0.. Based on this comparison, the rGO-Ag (4 mM) nanocomposite-modified
electrode achieved a favourable detection limit and appeared linear with good
selectivity. The proposed sensor showed its supremacy in terms of easy preparation and
significant detection limit over the other sensor materials. The reduction of GO and
Ag" ions occurred simultaneously during the formation of the rGO-Ag nanocomposite.
The rGO matrix and Ag NPs are in good electrical communication at the GC electrode
surface, thus facilitating the development of potential electrochemical sensors for the

detection of H202 using nanocomposite.
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Figure 7.18: LSV responses obtained for rGO-Ag (4 mM) nanocomposite modified
electrode for the addition of each 10 mM of interferences such as ascorbic acid,
glucose, KCI, Na2SO4, dopamine and NaNOs and 0.5 mM H202 in 0.1 M PBS
(pH 7.2) ata scan rate of 50 mV st

Table 7.2: A comparison of analytical performance for some of the reported
electrochemical sensors of Ag nanoparticles for H202 detection.

Electrode Detection Linear LOD Interference Reference
Material Method Range (uM) Studied
(mM)
GCE/Roughed ~ Amperometry 10.0to 6.0  SO.>, Fe**, (Lian et al.,
Ag 225 Clos, CI, 2009)
AA and UA.
GCE/AgNP/  Amperometry  0.0001  31.3 (Liu 2011)
rGO- to 0.1 -
benzylamine
GCE/Ag Amperometry 0.04to 10.0 UAand AA (Singh &
9.0 Pandey, 2011)
GCE/Ag/ Amperometry  0.1to 28.0 (Liu & Tian et
GN-R 40 - al., 2010)
GCE/ Amperometry  0.01 to 2.4 AA (Chen &
Ag NPs/ATP 21.5 Zhang et al.,
2011)
GCE/Ag@PM  Amperometry  0.1to 2.5 - (Tian et al.,
PD-Ag 170 2011)
GCE/PEDOT/ Amperometry - 7.0 AAand UA  (Balamurugan
AgNPs & Chen, 2009)
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Table 7.2, continued.

Electrode Detection Linear LOD Interference Reference
Material method Range (uM) studied
(mM)
GCE/Ag-3D  Amperometry  0.05 to 1.0 - (Heetal.,
2.5 2010)
GCE/GO-Ag Amperometry 0.1 to 28.3 DA, AA UA, (Mohamed
11 glucose Noor et al.,
2015)
GCE/AgNPs  Amperometry 0.05to  27.0 AA, glucose, (Raoof etal.,
6.5 UA, sucrose 2012)
GCE/PVP- Amperometry  0.02 to 2.3 - Yang et al.,
AgNWs 3.26 2012)
GCE/rGO-Ag LSV multi- 4.8  AA glucose, Present work
linear dopamine,
ranges KCI, Na2SO4
0.01to and NaNOs
43.0

GO= graphene oxide; rGO= reduced graphene oxide; Ag = Silver; AgNPs= silver nanoparticles; PQl1= poly[(2-
ethyldimethylammonioethyl methacrylate ethyl sulfate)-co-(1-vinylpyrrolidone)]; GN-R= graphene nanosheet; F-SiO,/GO=
functionalized silica-coated GO nanosheets; ATP= Attapulgite (ATP); Ag@PMPD=Ag@poly(m-
phenylenediamine);PEDOT=poly[3,4-ethylenedioxythiophene]; PVP-AgNWs= polyvinylpyrrolidone-silver nanowires; AA=
ascorbic acid; UA= uric acid; KCl=potassium chloride; Na,SO,=sodium sulfate; NaNOs=sodium nitrate.

7.27  Application of GC/rGO-Ag Modified Electrode to Real Sample Analysis

In fruit juice industries, aseptic packaging has been widely used as an antimicrobial
agent to produce stable and long shelf life fruit juices. H2O> is the primary chemical for
the sterilization of plastic packaging material used in aseptic systems and the residues
left on the packaging material or vapours generated during drying may get trapped
inside the package upon sealing. Therefore, determination of H2O> residues in processed
fruit juice is crucial as the remaining of H20: in high concentration may cause several
human health problems. The detection of H.O2 was performed using rGO-Ag (4 mM)
nanocomposite, with the recovery measured based on a comparison between the initial
and after addition of H2O. solution. The observed good recoveries of two different
concentrations revealed the functionality of the sensor for the detection of H2O; in fruit

juice package and environmental water samples. Table 7.3 shows the mean percentage

of recovery calculated three replicates in each experiment.
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Table 7.3: Measurement results of H20:2 in real water and fruit juice samples.

Real samples  Concentration  Concentration Recovery RSD (%)
Spiked (LM) Found (uM) (%)

Guava juice 40 40.7 101.8 3.3
80 81.0 101.3 4.2
Orange juice 40 39.4 98.5 3.1
80 81.5 101.9 3.0
Lake water 40 41.2 103.0 2.0
80 78.1 97.6 2.3
Tap water 40 41.8 104.5 2.8
80 79.3 99.1 2.9

7.3 Conclusion

In summary, rGO-Ag nanocomposite was successfully synthesized using a slight
modification to Turkevich method and were conveniently characterized using UV-Vis
absorption  spectroscopy, TEM, XRD, and Raman spectroscopy analyses.
The rGO-Ag (4 mM) nanocomposite showed its electrocatalytic activity towards H.O>
reduction, and it significantly lowered the overpotential of the reduction. The LSV
detection of H2O2 using the nanocomposite displayed multi-linear ranges from 10 uM to
43 mM with a detection limit of 4.8 uM. The fabricated sensor was stable, reproducible
and selective for H2O2 detection in the presence of most of the common interferent
molecules. The proposed electrochemical sensor successfully demonstrated its
applicability to measure H>O> concentration in real water and fruit juice samples. The
recoveries of spiked concentrations were found to be in the range of 97.6-104.5 %
which indicated good sensitivity of the present rGO-Ag nanocomposite sensor towards

H»0O> detection.
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CHAPTER 8: CONCLUSION AND FUTURE WORK RECOMMENDATIONS

8.1 Conclusion

Overall, this research work aimed to develop a facile, eco-friendly, low cost and
stable approach for the formation of graphene-based nanocomposite which consisted of
Ag NPs that uniformly deposited on CMG (GO and rGO) sheets and demonstrated the
applicability of serving as an electrochemical sensor material. This thesis presented four
different methods to synthesize CMG-Ag nanocomposites and employed their
electrocatalytic behaviors. The proposed electrochemical sensor applications were
highly sensitive and selective towards the redox behavior of the analyte and had high
stability, accuracy, and precision. The good electrical conductivity and the high surface
area of CMG-Ag nanocomposites enhanced the electron transfer rate and showed

appreciable lowest detection limits.

In the first study, Ag NPs were successfully deposited on GO sheets using garlic
extract as a reducing agent and the presence of sunlight to form GO-Ag nanocomposite.
The nanocomposite was then used for the modification of glassy carbon (GC) electrode
and also as an electrochemical sensor for the detection of nitrite ions. UV-Vis
absorption spectroscopy, HRTEM, XRD, and FTIR spectroscopy analyses confirmed
the formation of GO-Ag nanocomposite. Additionally, HRTEM pictures showed a
uniform distribution of Ag on GO sheets with an average size of 19 nm. The
nanocomposite-modified electrode produced synergistic catalytic current in nitrite
oxidation with a negative shift in overpotential. Limit of detection (LOD) values using
linear sweep voltammetry (LSV) and amperometric I-t curve techniques were 2.1 uM
and 37.0 nM, respectively. The proposed sensor was stable, reproducible, sensitive, and
selective toward the detection of nitrite and was applicable for the detection of nitrite in

real water samples.
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The second study developed an electrochemical sensing platform made of rGO-Ag
nanocomposite for the detection of 4-NP. The synthesis of the nanocomposite was
monitored at different reaction times (2 h, 6 h, 10 h, and 15 h) in modified Tollens’ test
and characterized using UV-Vis absorption spectrum, HRTEM, XRD and Raman
Spectroscopy analyses. At a reaction time of 15 h, completely spherical Ag NPs with an
average particle size of 16 nm were present. The usage of nanocomposites prepared
with different reaction times for electrocatalytic reduction of 4-NP revealed that rGO-
Ag (15 h) nanocomposite-modified glassy carbon (GC) electrode displayed a higher
faradaic current at an overpotential of -0.5 V toward 4-NP reduction. The rGO-Ag
(15 h) nanocomposite-modified electrode was used for the square wave voltammetric
(SWV) detection of 4-NP ina 0.1 M PBS (pH 7.2), and it showed a good sensitivity
toward 4-NP detection even for a nanomolar concentration. The nanocomposite
exhibited multi-linear ranges, and the 4-NP detection limit was found to be 1.2 nM. The
present sensor was stable and selective to 4-NP in the presence of its structural
analogues such as 2-nitrophenol (2-NP), 2-aminophenol (2-AP), 3-aminophenol (3-AP),
4-aminophenol (4-AP), and 2,4-dichlorophenol (2,4-DCP). The rGO-Ag hanocomposite

is applicable for the determination of 4-NP in real water samples with good recoveries.

The third study demonstrated the effect of ascorbic acid on the formation of a
rGO-Ag nanocomposite and its influence on the electrochemical oxidation of NO. The
formation of the rGO-Ag nanocomposite was confirmed using UV-Vis absorption
spectroscopy, XRD, Raman spectroscopy, XPS, HRTEM analyses. The HRTEM study
detected crystalline and spherical Ag NPs with an average particle size of 2 nm in the
rGO-Ag nanocomposite with the assistance of 5.0 M ascorbic acid. Investigations on the
electrochemical properties of the rGO-Ag nanocomposite-modified GC electrode
enabled in-situ detection of NO. The rGO-Ag (5.0 M) nanocomposite-modified

electrode displayed a higher catalytic current response toward the oxidation of NO in
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0.1 M PBS (pH 2.5) compared to other controlled modified electrodes in cyclic
voltammetry. The electroanalytical application of the nanocomposite was performed
using an amperometry technique, and the limit of detection (LOD) was 2.84 uM for the
in-situ detection of NO. The present nanocomposite was stable, sensitive, and selective
in the presence of the common physiological interferents such as ascorbic acid, uric

acid, dopamine, glucose, urea and NaCl.

The final study reported a facile synthetic method for the preparation of rGO-Ag
nanocomposite and its applicability of serving as an electrochemical sensor material for
H20- detection. The rGO-Ag nanocomposite was in-situ synthesized through a slight
modification of Turkevich method using trisodium citrate as a reducing and stabilizing
agent. A completely spherical and good distribution of Ag NPs with an average particle
size of 2.2 nm was detected using 4 mM AgNOz. The fine characterized nanocomposite
at different concentrations of AgNOs (1, 4, and 7 mM) was further used for the
electrochemical detection of H20., The rGO-Ag (4 mM) nanocomposite-modified GC
electrode displayed a higher faradaic current at an overpotential of -0.52 V towards
H20- reduction. The rGO-Ag (4 mM) nanocomposite-modified electrode enabled linear
sweep voltammetric (LSV) detection of H202in 0.1 M phosphate buffer (pH 7.2), and it
presented a detection limit of 4.8 uM. The present sensor was stable and more selective
towards H.O: in the presence of possible interfering species such as ascorbic acid,
glucose, dopamine, KCI, Na;SOs, and NaNOs. The applicability of the present
nanocomposite was tested to determine the H2O. concentration in real water and fruit
juice samples and recoveries were acceptable. The rGO-Ag (4 mM) nanocomposite-
modified electrode is a potential candidate for the selective and sensitive determination

of H20,.
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Overall, the analytical performance of the present sensor is compared with some of
the reported electrochemical sensors in Table 4.1, Table 5.1, Table 6.2 and Table 7.2
towards the detection of nitrite ions, 4-NP, NO and H20.. The proposed sensor
(modification with CMG-Ag nanocomposites) showed its superiority in terms of easy
synthesis and operate, economical, sensitive and an appreciable detection limit over the
other sensor materials. The reduction of GO and Ag" ions occurred simultaneously
during the formation of rGO-Ag nanocomposite and the growth of Ag NPs did not
require polymers or surfactants. The rGO matrix and Ag NPs are in good electrical
communication at the GC electrode surface that facilitated the use of the nanocomposite
to develop a potential electrochemical sensor for the detection of 4-NP. The observed
sensitivity revealed that the present sensor acted as a very good transducer for the
electrochemical detection of nitrite ions, 4-NP, NO and H;0,. The CMG-Ag
nanocomposite modified electrode also showed selectivity towards nitrite ions, 4-NP,

NO and H20- detection in the presence of interferent molecules.

8.2 Future Work Recommendations

Although the work related to this topic has been done and completed, there is
abundant of room for the improvement of electrochemical sensor based on graphene-
metal nanocomposites. In addition, there is a need to develop a system with its flow-
automated for the on-line determination of analytes in an immediately responsive,

reliable, flexible, and simultaneous way.

Graphene materials offer a versatile platform that can be adapted to produce a single
3D structure or merged with other materials such as conducting polymer,
carbon nanotube and others (Shen et al., 2014). The 3D structure exhibited superior
surface area as it combined the high surface area of the 2D structure of graphene

materials into the 3D structure, therefore lowering the limit of detection. In future,
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graphene quantum dots are expected to serve that purpose. Analytical sciences widely
use graphene quantum dots with low dimension due to their high surface area and good

conductivity properties (Benitez-Martinez & Valcércel, 2015).

Hetero-atom doping improves the performance of electrochemical as the active sites
introduced electrochemically anchors molecules and facilitate charge transfer,
adsorption, and activation of the analyte. There is still lots of room for research and
development in graphene-doped sensor for biological and hazardous material analysis
because, to date, only nitrogen-doped graphene are used in the analysis of metal ions
(Cheng et al., 2016; Xing et al., 2016). The common elements used to dope graphene
structures are boron, nitrogen, phosphorus, oxygen, sulfur, fluorine, chlorine, bromine,

iodine, and selenium.

Apart from using glassy carbon electrode (GCE) as a working electrode for catalysis,
screen printed electrode (SPE) combined with 2D materials are suitable alternatives for
sensing electrode. This is due to their simplicity, low cost and good reproducibility
(Duarte et al., 2015). The functionalization of SPE with nanoparticles is accessible by
chemical or electrochemical methods. The modification of SPE with graphene-based
nanocomposite materials and electrochemical methods are expected to pave the way

towards in-situ and simultaneously detection of various analytes.
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