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Abstract

Over past two decades, there has been an intense focus to understand and
extend the technological boundaries of carbon-based nanomaterials such as
graphene, carbon nanotubes and fullerene. Among these, due to the excellent
electrical conductivity, tuneable band gap, fast electron transfer, facile synthetic
routes, graphene have captivated the attention of electrochemical community.
Despite the excellent properties, the restacking property of graphene limits its
application. Although there was a substantial methods of functionalization, where
functionalized graphene have scrutinized, there is still room for exploration. We
have synthesised graphene via chemical method, functionalized by plasma
functionalization method, and hybridized with nanomaterials, studied the
electrochemical properties and demonstrated its biosensor applications for the
detection of various bio analytes. The studies conducted using various forms of
graphene given in this Thesis is briefed below.

Nitrite is an important molecule, which has both biological and environmental
significance. An electrochemical sensor, which operates via direct electron transfer
(DET) mechanism is explored for the nitrite detection using graphene
functionalized by ammonia radio frequency (RF) plasma. Here, hemoglobin
immobilized on functionalized graphene was used as the bioreceptor. The detection
limit of this sensor system was 1.3 nM. Selectivity was demonstrated using other
endogenous species like ascorbic acid, uric acid and hydrogen peroxide.

Hybridized graphene with enhanced surface area and excellent electrical
conductivity was prepared by incorporating graphene nanoribbons (GNR) into
graphene sheets (GS). A detailed microscopic, spectroscopic and surface area
analysis confirms that the GNR was introduced into GS. A selective
electrochemical sensor for the detection of ascorbic acid (AA) using GS/GNR was
also accomplished with high sensitivity of 22 nA/uM cm? and detection limit of 230
nM.

The electrochemical performance of GS/GNR was enhanced by introducing
nitrogen heteroatom via nitrogen/argon (N2/Ar) RF plasma functionalization.

N>/Ar/GS/GNR has enhanced electrocatalytic activity and wide potential window



employed for simultaneous detection of ascorbic acid, dopamine and uric acid with
well-resolved peak separation potential (AEaa-pa= 220 mV, AEpa-ua= 152 mV,
AEaa-ua= 372 mV). The detection limits of AA, DA and UA were estimated to be
5.3, 2.5 and 5.7 nM, respectively.

Nickel (Ni) nanoparticles with excellent electrocatalytic activity was
incorporated into GS/GNR through chemical reduction method. A detailed
characterization on crystallinity, morphology and spectroscopy confirms the
incorporation of Ni into GS/GNR. Highly sensitive electrochemical sensor for the
detection of glucose using Ni/GS/GNR was also accomplished at an applied
potential of +0.5 V with a detection limit of 2.5 nM and sensitivity of 2.3 mA/mM
cm?

Porous GNR, which increases rate of diffusion of ions, was synthesized by
chemical etching of iron oxide nanoparticles. To enhance the electrochemical
property and for providing an immobilization platform for biomolecules, porous
GNR was electrochemically deposited by gold nanoparticles (AuNPs). Finally, a
novel AuNPs/Porous GNR electrochemical immunosensor was fabricated to
diagnose hepatocellular carcinoma with a wide range of linear response (0-60
ng/ml), detection limit (1 ng/mL), high sensitivity, good repeatability, and long-

term stability.
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CHAPTER 1
INTRODUCTION

This chapter focusses on studies on synthesis, properties, functionalization and
application of graphene nanosheets and graphene nanoribbons in the field
electrochemical biosensor. It also demonstrates the overview of biosensor and
presents a detailed study on the fundamentals of electrochemical process. Finally,
it elucidates the scope and structure of the thesis.

1. Background
“Carbon” the most interesting material in the periodic table, has ability to form a
variety of stable materials with different hybridizations namely, sp, sp’, sp°-
hybridized bonds. The catenation property of carbon allows it to form a stable
frameworks of allotropes, comprising charcoal, graphite, carbon fibers and
diamond as well as newly discovered carbon based nanomaterials, such as graphene
nanosheets (GS), fullerene, carbon nanotube (CNT) and graphene nanoribbons
(GNR). Each individual carbon allotrope has innumerable excellent physical and
chemical properties and thus fuel an enormous research interest in wide range of
applications with interdisciplinary approach, especially in the field of
electrochemical application from electroanalysis to energy conversion. Among
them, GS and its derivatives, such as graphene oxide nanosheets (GOS), GNR and
functionalized GS and its derivatives have been, and continue to play a major focus
in the area of materials science research (Novoselov et al., 2004).
1.1 Graphene nanosheets
GS, a two-dimensional (2D) nanostructured material consists of sp® hybridized
carbon atoms organized in a hexagonal pattern with a carbon-carbon distance of
1.42 A and interlayer spacing of 3.4 A (Meyer et al., 2007). This material can be
considered as the basic structural element of other allotropes of carbon, like three-
dimensional (3D) graphite, one-dimensional (1D) CNT and zero-dimensional (0D)
fullerenes (Figure 1.1) (Pumera, 2009). Graphite, a 3D layered material, consists of
carbon atoms, arranged in a honeycomb lattice, bonded by weak van der Waals
interactions. A tubular-shaped carbon nanomaterial, with various boundaries results

in 1D CNT of fluctuating chirality. The wrapping of GS, introducing curvature in



terms of intruding five membered rings leads to fullerene (Geim & Novoselov,

2007).

Graphene  Fullerene Carbon
nanotube

Graphite

Figure 1.1 Structure of some representative carbon allotropes

Unlike other carbon allotropes, GS, a band gapless semiconductor, is the strongest
and thinnest material reported up to now. Such a wondrous material with
outstanding properties has been theoretically investigated since 1940s, but Landau
and Peierls strictly claimed that 2D nanomaterial were too thermodynamically
unstable to exist in the real world (Wallace, 1947). This argument was also
supported by Mermin and Wagner with their theory revealing that the long-range
interactions of crystal in d< 2 dimensional systems would be undermined by the
surface fluctuations. But these outcomes didn’t stop the scientists from exploring
the GS. In 1947 Wallace predicted the electronic structure of GS, and McClure
deduced the corresponding wave function equation in 1956. At last it was
experimentally proved in 2004, by Geim and Novoselov via mechanical exfoliation
of highly oriented pyrolytic graphite (HOPG).

The “thinnest” known material GS with a long range m- conjugate exhibits
fascinating properties for instance large specific surface area (2630 m?g™!) greater
than graphite (10 m?g!) and CNT (1315 m?g’!) (Pumera, Smid, & Veltruska, n.d.),
mechanical strength (1 T Pa) which is 200 times larger than steel, electrical
conductivity which is 60-fold superior than single-walled CNT (SWCNT) and six
orders of magnitude larger than copper (C. Liu, Alwarappan, Chen, Kong, & Li,
2010)(Xuan Wang, Zhi, & Miillen, 2008), extraordinary electronic properties with



high charge carrier mobility (230,000 cm?V-!S!) at room temperature, remarkable
optical transparency of 97.7 % and excellent thermal conductivity (5000 W m™ K-
1 (Sato, Harada, Kondo, & Ohfuchi, 2010),(Novoselov et al., 2012).

1.2 Graphene nanoribbons

Though GS behaves as a zero band gap semiconductor, it is indeed possible to
control the electronic properties by introducing energy gap in GS through finite
termination of GS to quasi one dimensional ribbon like structures commonly
referred to as graphene nanoribbons (GNR) (M. Y. Han, Ozyilmaz, Zhang, & Kim,
2007). GNR is a quasi 1D nanostructured stripes of GS with hexagonal carbon
lattices and with ultrathin width (<50 nm) (Tejeda, 2016). This carbon based
nanomaterial was theoretically explored by Nakada et al in 1996 i.e before the
discovery of GS by Geim. Owing to the discrepancy in dimension and morphology,
GNR with large amount of edge defects, are expected to possess distinctive
structural and unique physico-chemical properties, which are quite different from
CNT and GS. As a quasi 1D nanostructures, GNR are highly stable and maintain
their high electrical conductivity. And it possesses two different possible edge
geometries, namely zigzag and armchair, which are termed as zigzag graphene
nanoribbons and armchair graphene nanoribbons, respectively and show very
unique electronic properties arising from their contrasting boundary conditions
(Dutta & Pati, 2010; Pacchioni, 2017). After the discovery of GS, different methods
have been developed for synthesizing GS and its related materials. So, as a first step
of this chapter, we discuss the existing methods of synthesizing GS and GNR by
chemical and physical means.

1.3 Synthesis of graphene based nanomaterials

Synthesis of GS was attempted by B. Lang et al. in 1975 who demonstrated the
growth of single and many-layered graphite through thermal decomposition of
carbon on Pt substrates via chemical decomposition method (Lang, 1975). But due
to insufficient results it was not designated as GS. After a long gap, Ruoff and co-
workers in 1990 made an attempt to separate thin graphitic flakes on SiO2 substrates
via mechanical scrubbing of patterned islands on HOPG. This was followed by
using a similar method by Geim and Novoselov, later achieved in 2004 through

micromechanical cleavage, also known as micromechanical exfoliation, generally



denoted as “Scotch-tape method”. This method involves constant peeling off GS
layers from HOPG by the help of an adhesive tape to give single GS layers, which
can be transferred successively onto a suitable surface (e.g., SiO2 wafers) through
a wet or dry transfer technique (Novoselov et al., 2004).

Though, the above mentioned method gives the best quality GS, for bulk
production, for the past few years, various other techniques have been established.
GS can be synthesised by two different types of broad category i.e top-down
method and bottom-up method (Edwards & Coleman, 2013). An outline of various

techniques for the synthesis of GS is illustrated in the flow chart in Figure. 1.2.
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Figure 1. 2 A process flow chart of GS synthesis.
In contrast to pure GS, GS synthesized from chemical reduction method is strongly
oxygenated with various functional groups like hydroxyl and epoxy on the basal
planes, carbonyl and carboxyl groups on the edges of the GS. The presence of these
functional groups makes GS more hydrophilic and more reactive with the
environment. GS produced through reduction of graphene oxide nanosheets (GOS)
displays a wrinkled structure with many lattice defects, which is different from the
rippled structure observed in pristine GS. Compared to pure GS, GS and its
derivatives synthesized from chemical reduction method possess more

advantageous electrochemical property (Brownson & Banks, 2010). Therefore in



this thesis, among the aforesaid method, we have chosen to briefly study the most
commonly employed synthesis methods namely synthesis of GOS, chemical
reduction of GOS and unzipping of CNT.

1.3.1 Synthesis of graphite oxide

Graphite oxide is the basic material for the preparation of GS in bulk quantities
(Park & Ruoff, 2009). Graphite oxide comprises of layered graphitic structure, with
oxygen-containing groups, which not only increase the interspacing distance
between the layers, but also make the material more hydrophilic. This graphite
oxide can generally be synthesized by means of oxidation based on different
methods including Brodie (Brodie, 1859), Staudenmaier (Staudenmaier, 1898),
Hummers (Hummers & Offeman, 1958), improved Hummers and improved
synthesis method (Marcano et al., 2010) (Figure 1.3) using various oxidants such
as concentrated sulfuric acid, nitric acid, ortho phosphoric acid and potassium
permanganate. As a result of ultrasonication, layered structured graphite oxide gets

exfoliated to few layered material named GOS.

Graphite oxide (oxidation of graphite)

Fuming Con H,SO, Con H,SO,

Fuming Con HNO;, acid. ortho
HNO;acid HN?" e H,S0, acid ’

Figure. 1.3 Methods for synthesis of graphite oxide using graphite, acids and
oxidizing agents.
Though, GOS has been well established, the exact chemical structure of it is still
not well-defined. Due to the structure deformation during oxidation, the GOS with

heavily decorated oxygen functional groups, consists of partly tetrahedrally



arranged sp® hybridized carbon atoms, which are dislocated slightly above or below
the GS plane.

In terms of electrical conductivity, GOS is often described as an electrical insulator,
due to the disruption of its sp> bonding networks with a sheet resistance of about
102 Q /sq or higher (Becerril et al., 2008; J. Zhao, Pei, Ren, Gao, & Cheng, 2010).
The oxygen groups and lattice defects alter the electronic structure of GS and serve
as strong scattering centres, which affect the electrical transport. So, the reduction
of GOS is not only essential in removing the oxygen-containing groups bonded to
the GS, but also to recover the electrical conductivity and other properties of GS
(Pei & Cheng, 2012).

1.3.2 Synthesis of reduced graphene oxide (RGO)

At present, preparation of GS via chemical method using graphite as the precursor
material is considered as one of the cost-effective method for the synthesis of GS
without compromising its surface and electrical properties (Stankovich et al., 2007).
This technique initially starts with oxidation of graphite to graphite oxide, followed
by subsequent exfoliation of graphite oxide to GOS and further, reduction of GOS
by using various reducing agents, including hydroiodic acid, sodium borohydrate,
ascorbic acid and hydrazine hydrate (Ferndndez-Merino et al., 2010; Pei & Cheng,
2012; Pei, Zhao, Du, Ren, & Cheng, 2010; Shin et al., 2009). Since, the complete
reduction has not yet been achieved, the obtained nanosheets was termed as RGO
rather than “GS”. The reduction can be performed through several other routes such
as thermal (McAllister et al., 2007), solar (Mohandoss, Gupta, Nelleri, Pradeep, &
Maliyekkal, 2017), chemical (Chua & Pumera, 2014), hydrothermal (Zheng et al.,
2017), electrochemical etc (Ramesha & Sampath, 2009; M. Zhou, Wang, et al.,
2009).

RGO based materials contain residual amount of oxygen and hydroxide functional
moieties and certain amounts of defects on both basal and edges. The presence of
these structural and functional defects in the RGO plays an important role in the
field of electrochemical sensors, which enhance the rate of electron transfer and
make the adsorption, pre-concentration of the electroactive species easier and it can
effectively catalyse the redox reactions. Moreover, the presence of these defects

enhances the chemical reactivity of RGO and provides an effective



functionalization platform for incorporation of various functional groups, which
can enable the application of these excellent materials for electrochemical sensor
with specific analytes (Punckt, Pope, Liu, & Aksay, 2016).

1.3.3 Synthesis of GNR

GNR can be synthesized by top—down or bottom—up approaches. As illustrated in
Figure 1.4, it can be obtained by longitudinally unzipping CNT using gas-phase
oxidation followed by sonication (Jiao, Wang, Diankov, Wang, & Dai, 2011),
chemical attack by H>SO4 and KMnO4 (Higginbotham, Kosynkin, Sinitskii, Sun, &
Tour, 2010), lithium intercalation (Cano-Marquez et al., 2009), catalytic cutting by
metal nanoparticles (Campos, Manfrinato, Sanchez-Yamagishi, Kong, & Jarillo-
Herrero, 2009), plasma etching of CNT, which is partially embedded in a polymeric
matrix (Jiao, Zhang, Wang, Diankov, & Dai, 2009), cutting by hydrogen (Talyzin
et al., 2011), electrochemical unzipping (Shinde, Debgupta, Kushwaha, Aslam, &
Pillai, 2011) and electrical unwrapping (Kim, Sussman, & Zettl, 2010), or laser
cutting (P. Kumar, Panchakarla, & Rao, 2011).

Unzipping Graphene crystallogr

CNT nanoribbons aphic

Intercalati
on

technique

Figure 1.4 Synthesis of graphene nanoribbons
Alternatively, GNR can be produced by template growth on SiC (Sprinkle et al.,
2010), surface-assisted bottom-up synthesis (H. Huang et al., 2012), or top-down
lithographic fabrication (Zhihong Chen, Lin, Rooks, & Avouris, 2007). In this

thesis, among the aforesaid methods, we reported a procedure for production of



large quantity of single and few layer GNR, through longitudinal unzipping of
CNT. It was found that GNR obtained from CNT possesses straight edges and high
aspect ratios.

1.4 Electrochemical property of GS and GNR

1.4.1GS

Despite the fascinating properties of GS, the wide electrochemical potential
window (M. Zhou, Zhai, & Dong, 2009), remarkable electron transport property
and the oxygen moieties on GS and GNR make it a potentially useful electrode
material in electrochemical biosensors. Besides, the large surface area along with
high density edge-plane defect sites on these materials, provides numerous
electrochemically active sites (Artiles, Rout, & Fisher, 2011), which enhance the
adsorption and desorption of biomolecules, and as a result the performance of
electrochemical biosensors can be enhanced. Furthermore its excellent electrical
conductivity along with a zero band gap enhances its direct electron transfer (DET)
between biomolecules and surface of the electrode (X.-H. Zhou, Liu, Bai, & Shi,
2013). Also, GS can interact with biomolecules easily by =m-m stacking and
hydrophobic interactions with negligible noise ratio.

In comparison with CNT, GS and GNR have many advantages, that is, these carbon
based nanomaterials do not contain metallic impurities, which interfere with the
material electrochemistry, and bulk quantities of GS with high surface area can be
produced at low cost (Segal, 2009).

Surprisingly, high quality GS synthesized via CVD or mechanical exfoliation
method are found to be not beneficial for electrochemical application (Brownson,
Munro, Kampouris, & Banks, 2011). Various chemical methods are available for
producing bulk quantities of GS, among them GS synthesized through chemical
reduction of GOS are highly beneficial for electrochemical application. The defects
in the form of various oxygen-containing functional groups like carboxyl, hydroxyl,
or epoxy groups, alter the local density of electronic states and thereby can enhance
the adsorption of the electroactive species and catalyze the electrochemical
reactions. Furthermore, these functional groups act as anchoring sites for various
biomolecules for biorecognizing the bioreceptor (Y. Wang, Li, et al. 2011). These

excellent properties enable RGO as a potential electrode material for



electrochemical biosensors. In 2009 Zhou et al reported, GS synthesized from
chemical reduction of GOS exhibits a wide electrochemical potential window of ca.
2.5Vin 0.1 M PBS (pH 7.0), lower charge-transfer resistance and very fast electron
transfer rate, which are comparable to that of graphite and glassy carbon electrode
(GCE) (M. Zhou, Zhai, et al., 2009)(Brownson & Banks, 2010).

1.4.2 GNR

The one dimensional nanostructured material GNR, obtained by unzipping of CNT
has excellent properties like, non-zero band gaps, high length-to-width ratios and
more reactive edges, which enhances the electrocatalytic property towards the
molecules. In comparison with CNT and GS, GNR with reactive edges can increase
the adsorption and electrocatalysis of certain molecules and provides large surface
area for the loading of significant aromatic molecules via m — m stacking
interaction, or electrostatic or hydrogen bond interactions. Moreover, the open-
ended graphene sheets improve the reactivity of GNR. Thus, GNR with such
fascinating properties can act as a potential electrocatalytic material for preparation
of electrochemical biosensors (S. Zhang, Tang, Lei, Dong, & Ju, 2011), (X. Huang
et al., 2015).

1.5 Application of GS and GNR in electrochemical biosensor

Due to unique properties including excellent electrical conductivity, large surface
area, large potential window, minimum charge-transfer resistance, fast electron
transfer rate and excellent electrochemical activity, functionalized GS and GNR
have potential application in the field of biosensors for the diagnosis of various
deadly diseases at the earlier stage (Ambrosi, Chua, Bonanni, & Pumera, 2014;
Pumera, 2009, 2013). The current section will discuss the application of GS and
GNR in field of biosensors. The concept of biosensor was introduced by the
pioneering work of Professor L C. Clark, in 1956, who invented the first oxygen
sensor and later on in 1962 the first biosensor, a glucose sensor based on enzymatic
amperometric technique (Clark & Lyons, 1962). The term biosensor can be defined
as “a self-contained integrated device that is capable of providing specific
quantitative or semi-quantitative analytical information using a biological
recognition element (biochemical receptor), which is retained in direct spatial

contact with a transduction element".



A biosensor must possess some of the following important characters:

e The biosensor must be highly specific to analyte, should be stable under
normal storage conditions.

e The reaction should be independent of physical parameters such as stitring,
pH and temperature.

e The output of the biosensor should be accurate, precise, reproducible and
linear over the suitable concentration range. Especially it should be free
from electrical noise.

e The biosensor device should be cheap, small, portable and capable of being
used by semi-skilled operators.

Biosensor is usually composed of two main components: a bioreceptor and a
transducer. The bioreceptor specifically recognizes the target analyte and translates
information from the bio-recognition signal into a chemical or physical output
signal, whereas the transducer converts the signal into a measurable signal.
Depending upon transducer, biosensor can be classified into several types, for
instance, thermal, optical, piezoelectric, calorimetric, electrochemical etc
(Mehrotra, 2016). Compared to other analytical techniques, electrochemical is more
powerful and versatile technique, which offers high sensitivity, selectivity, rapid
response, accuracy and precision as well as a large linear dynamic range, ability to
operate in turbid solutions and is flexible to miniaturization (Singh et al., 2013).
Over past few decades many electrochemical biosensor have been developed to
detect nucleic acids, proteins, and small molecules. Electrochemical methods are
robust and can accurately detect biomarkers in complex sluggish heterogeneous
biological samples. Electrochemical biosensors have been applied to many cancer
and infectious disease biomarkers which have illustrated the utility of
electrochemical biosensors for future medical diagnostic applications (Peng,
Zhang, Soeller, & Travas-Sejdic, 2009), (Ahirwal & Mitra, 2010) &(Shiping Song,
Wang, Li, Zhao, & Fan, 2008).
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1.6 Electrochemical biosensor

Transducer

- H>om =

Processing

Catalyst

Figure 1.5 Flowchart of electrochemical sensor
Electrochemical biosensors is a biosensor that transforms biochemical information
such as analyte concentrations into an analytically useful signal: current or voltage
(Figure 1.5). This type of sensor does not require a separate transduction element.
It directly detects the concentration of the analyte from the measured electrical
response proportional to the analyte concentration obtained from the electrode.
Based on their operating principle, the electrochemical biosensors may be further
classified into voltammetric/amperometric, potentiometric, and impedimetric
biosensor. Voltammetric biosensors are the principal class of electrochemical
biosensor in which the data is obtained in the form of current obtained as a result of
electrochemical oxidation or reduction of an electroactive species with respect to
the applied potential. The corresponding oxidized or reduced current is proportional
to the concentration of the analyte of interest. In amperometric biosensors there is
no change in the potential, a fixed potential is applied, and the resultant change in
current is typically expressed as a function of time. In the case of impedimetric
biosensors, a small alternating potential is applied between the working and
reference electrodes (e.g. +5 mV) and the resultant impedance implies the
interaction between the bioreceptor element and the target analyte. Where the
impedance measurements are based on the ratio between the resultant current from
the bioreceptor-analyte interaction and the applied voltage. Potentiometric

biosensors measure the potential difference between the working electrode and a
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reference electrode at zero current. It typically employs a two electrode system,
comprised of an ion-selective electrode (the working electrode) and a reference
electrode (Grieshaber, MacKenzie, Voros, & Reimhult, 2008; Hammond,
Formisano, Estrela, Carrara, & Tkac, 2016; Thévenot, Toth, Durst, & Wilson,
2001).

Among these, voltammetric sensors are the most commonly used technique. A
special case of voltammetric sensor is the amperometric sensor where a fixed
potential is applied and the current response is measured. The current response is
directly proportional to the number of electrons transferred, which implies, the
concentration of the electroactive species (Brett and Brett, 1998). The
electrochemical cell used for voltammetry usually consists of a three electrode
systems comprised of a working (WE), auxiliary/counter (CE) and reference

electrode (RE) in contact of an electrolyte solution (Figure 1.6).
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Figure 1.6 Three electrode electrochemical cell

The WE, referred as chemically modified electrode (CME) can be considered as the
most important electrode because electrochemical reactions of interest occur on the
surface of this electrode, where the receptor is immobilized and all the interactions
with the analyte occur. The purpose of the counter electrode (CE) is to complete the
circuit to measure current. Counter electrode is generally made of an inert and
strong material, which is usually platinum or carbon. The RE is an electrode which
has a stable and well known electrode potential. Its potential should not vary when

an external potential is applied in the working electrode and must be insensitive to
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the composition of the analyte solution. The most commonly used materials for
each electrode type is presented in Table 1.1.

In this thesis all the electrochemical measurements are performed in a three
electrode system consisting of the working electrode, counter electrode (Pt wire)
and RE Ag/AgCl in 0.1 M KClI, which has a fixed potential of + 0.197 V vs. NHE
at 25 °C , where its potential was maintained constant throughout the measurement.
All the three electrodes are dipped into a sluggish solution consisting of excess
amount of inert salt, called supporting electrolyte.

Table 1.1 Commonly used materials for the electrodes that comprise a typical
three-electrode electrochemical system

Electrode Commonly used Key material
materials requirements
Working Gold, silver, platinum, Chemically inert,
carbon (a range of chemical
different types including  structural properties
GS, glassy carbon) specific
to biosensor ,chemical
and/or
biological binding
Counter Gold, platinum, carbon Chemically inert
Reference Silver/Silver Chloride, Provide a stable
saturated calomel electrode
electrode Potential
1.7 CME

Working electrode materials (the key component) play an important role in
constructing high performance electrochemical sensor. The surface of this electrode
i1s modified to enhance the properties of electrochemical sensor, which are either
not possible or difficult to achieve using conventional electrodes. Enhancement in
electrochemical properties include increased selectivity, sensitivity, chemical and
electrochemical stability, as well as a larger usable potential window and improved
resistance to fouling.

Hence, CME is a conducting or semiconducting material that has been coated with
a conventionally available working electrode, which alters the electrochemical
properties of the interface. One of the most important properties of CME is their

ability to catalyze the oxidation or reduction of solute species that exhibits high
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over voltages at unmodified surfaces. Thus CME plays an important role in
reducing the high overvoltage required for the voltammetric determination of
analyte without its major interferences (Foss Jr. & Martin, 1994). Various
nanomaterials such as GNS, GNR, Nickel (Ni) nanoparticles, gold nanoparticles
(AuNPs), polymer films, etc, can used for the modification of electrode surface. For
the present study, the modification techniques are based on the modification of
GNS, GNS/GNR and GNR (will be discussed in coming Chapters).

1.8 Fundamentals of electrochemical process

In electrochemical biosensor, the transfer of electrons takes place at the interface
between an electrode and an electrolyte during reduction/oxidation (redox)
reactions. The flow of electrons between them are measured in the form of current.
A current in which electrons cross the interface from the electrode to the analyte in
solution is a cathodic current, while electrons flow from the analyte into the
electrode is an anodic current (Bard & Faulkner, 2015).

1.8.1 Electrode/Solution Interface

IHP OHP

(

Diffusion laver

Electron

. Solvent

Electrode
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"

Figure 1.7 Electrical double layer model under conditions where anions are
specifically adsorbed.

The strong interactions between the molecules in solution and the electrode surface

result in the formation of the electrical double layer and is characterised by a double
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layer capacitance. The model of the double layer is shown in Figure 1.7. The double
layer model is thought to be made of several “layers” where the layer closest to the
electrode, called the inner layer, contains solvent molecules and species that are
specifically adsorbed. This inner layer is also called the compact, Helmholtz or
Stern layer. The inner or Helmholtz layer itself is then divided into the Inner
Helmholtz Plane and the Outer Helmholtz Plane as shown in Figure 1.7.
Specifically adsorbed ions appear in the IHP, while solvated ions closest to the
electrode plane are in the OHP. The non-specifically adsorbed ions spread in a
diffuse layer is located between OHP and the bulk solution. The thickness of the
diffuse layer depends on the total ionic concentration in the solution. In most cases,
the charging current generated by the double layer is negligible compared to the
current generated by faradaic processes. However, at low concentrations of
electroactive species, the charging current can be much larger than the faradaic
current for the reduction or oxidation reaction (Stojek, 2010).
1.8.2 Interpreting electrochemistry
In a typical voltammetric electrochemical biosensor, the electrochemical process as
expressed in equation (1.1) involves the transfer of electron across the interfacial
region between WE and a solution phase species. The charge transfer leads to both
faradaic and non-faradaic components. The faradaic component arises from the
electron transfer via a reaction (1.1)

O+ne eoR——————————— —— - (1.1)
where O and R are the oxidised and reduced forms of the redox couple, respectively,
and n is the number of electrons transferred in the reaction. The electron transfer
reaction occurs across the interface by overcoming an appropriate activation barrier,
namely the polarization resistance (Rp), along with the uncompensated solution
resistance (Rs). The non-faradaic current results from charging the double-layer
capacitor.
The potential of the electrode is related to the standard potential of the redox couple
and the activities of the species involved in the conversion and is given by the
Nernst equation 1.2:

aOX

RT
E=FE°4+—In

————————— 1.2
nF  Qpeq - (1.2)
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where E is the equilibrium potential, E® is formal potential and a,, and a,.q4 are
the concentrations of the oxidized and reduced species at the electrode surface. R is
the universal gas constant (8.314 J K™! mol™!), T is the temperature (in Kelvin), n is
the number of electrons transferred in the reaction and F is the Faraday constant
(96,485.33 C mol ™).
When the potential is applied to the electrodes the following reactions take place:
e Reactant moves to the interface.
e Electron transfer can then occur via quantum mechanical tunnelling
between the WE and reactant close to the electrode.
e The product moves away from the electrode to allow fresh reactant to the
surface.
Thus, the overall response is termed as mass transport of the electroactive species
(Bard & Faulkner, 2015).
1.8.3 Mass transport limited reactions
In electrochemical reactions the transfer of electron is limited by three modes of
mass transfer:
e Migration: movement of electrons driven by an electric field
e Diffusion: random motion of analyte driven by a concentration gradient
e Convection: motion of particles caused by physical (solution)
movement
A mass transport phenomenon is described by flux ( j), which can be defined as the
rate of molecules flowing across an area per unit time. When all three modes of
mass transport occur in a given system, flux can be calculated using Nernst — Planck
equation, which is an extended version of Fick’s Law by a component representing
particles movement as a response to electrostatic force (second term in the equation

1.3). In one dimension this is:

_ Dac(x,t) zFDCOD(x,y)
J(x, t) = — % RT 2 + C(x, )V (x, t) —— ———- (1.3)

where D is the diffusion coefficient (m? s™!), C is the bulk concentration (mM), z is

the ionic charge of the electroactive species, @ is the potential and V is the
hydrodynamic velocity. Usually in electrochemical measurements the potential

gradient is kept at minimum by providing an excess of the supporting electrolyte,
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hence the second term of the equation can be neglected. Moreover, the experiments
are often carried out without any convection (i.e. stirring or flow of the solution),
which is represented as the last term in the above equation (1.3), in which case it
can be also neglected. In such simplified experimental conditions, the flux is

dependent on the concentration gradient and can be calculated from equation (1.4):

( B DOC (x,t) 14

] X, - ax ( . )

Since the current (i) is directly proportional to the flux, as shown below:
i=-nFA] —————— (1.5)

the current response of an electrochemical system can be calculated from the
equation (1.6):

] A DAC(x,t) 16
= —_— - — - .
i=n P (1.6)

Hence, the above equation (1.6) implies that the resultant current is directly
proportional to concentration gradient of the electroactive species (Bard &
Faulkner, 2015). In this section, we discuss about various electrochemical
characterization techniques, including cyclic voltammetry (CV), electrochemical
impedance spectroscopy (EIS), amperometry and differential pulse voltammetry
(DPV) in detail.

1.9 Need for functionalization of GS and GNR

Despite the great application potential, it is worth mentioning that pristine GS and
GNR possesses hydrophobic character, which exhibits poor dispersion in both
aqueous and non-aqueous solvents and weakens the interaction with the
environment. Furthermore, the van der Waals force of attraction and m — m stacking
tends GS to restack and reduce its large surface area (D. Li, Miiller, Gilje, Kaner,
& Wallace, 2008; Shan et al., 2009). The above mentioned hurdles limit its
application in various fields, especially in electrochemical biosensor (C. Li & Shi,
2012). These issues can be circumvented through surface functionalization,
hybridization and structural engineering, which results in change in surface
chemistry, dispersion and reactivity of GS (Bo, Zhou, & Guo, 2017). Various
functional moieties and defects introduced on both basal and edges of GS and GNR
during functionalization, convert sp® hybridized carbon atoms to sp> hybridization.

The existence of these sp3 carbon atoms in functionalized GS, decreases the
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aromatic character, subsequently increases the surface reactivity of the GS. During
functionalization, different nanomaterials like metals, metal oxide or
semiconducting nanostructures, and conducting polymers, incorporated with GS,
act as spacer material, thereby, increases the inter planar space, inhibit the
aggregation of GS and enhance the surface area, improving the dispersion both in
aqueous and non-aqueous solution. In the case of electrochemical biosensor, the
functionalized GS and GNR provide larger electrochemically active surface area
which facilitate the adsorption of more biomolecules and expedites the electron
transfer between the electrode surface and target, consequently lead to a sensitive
and fast current response (Chunfeng Wang, Xu, & Zhuo, 2014).

1.10 Chemical functionalization

Here we briefly discuss about the functionalization of GS and GNR. As a first step
we start with chemical functionalization, followed by its pros and cons. Next, we
discuss about the plasma functionalization, intercalation of carbon nanomaterials
and metal nanoparticles. Finally, we elucidate the structural engineering for GNR.
In general, chemical modification can be achieved through either covalent bonding
or non-covalent interactions (Kuila et al., 2012). The former is usually achieved via
four different ways: (i) nucleophilic substitution, (ii) electrophilic addition, (iii)
condensation and (iv) addition reactions. This approach allows various kinds of
functional moieties, nanomaterials and polymers to bond with GS covalently,
resulting in the formation of functionalized GS sheets. One of the main advantages
of the covalent functionalization is the increased efficiency to obtain proper
dispersions, although it presents the two main drawbacks of the inevitable loss of
their electrical and/or electronic properties and the uncontrolled degree of
functionalization (Englert et al., 2011).

In contrast, the non-covalent functionalization is achieved via hydrophobic, van der
Waals, and electrostatic forces interactions, polymer wrapping, adsorption of
surfactants or small aromatic molecules, and interaction with porphyrins or
biomolecules such as deoxyribonucleic acid (DNA) and peptides. This approach
can alter the surface chemistry or solubility of GS, by introducing hydrophilic
ligands onto GS, since pristine GS is hydrophobic, and also preserving the intrinsic

properties of GS, and, consequently, their original electronic and optical properties.
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In this case, the adsorption of functional groups does not distort the extended =-
conjugated system (sp> — sp° re-hybridization). However, the main drawback of
this method is the possible re-aggregation of the GS due to the inherently weak
interactions (Georgakilas et al., 2012, 2016) .

1.10.1 Disadvantages of chemical functionalization methods

Both covalent and non-covalent technique have been employed extensively in the
surface functionalization of GS. Though, it offers several advantages, in chemical
functionalization, preserving the carbon backbone of GS, is one of the major
challenges. Requirement of multistep reactions to achieve the desired functionality,
usage of solvents like strong acids, strong base and high temperature condition
could lead to cleavage of the carbon framework and introduced functional moieties
and defects in an uncontrolled manner. As an alternative, plasma surface
functionalization provides a one-step controlled functionalization and avoids the
usage of solvents and acids, makes it more environmentally benign. And also,
functionalization are performed only to the surface, which generally do not alter the
bulk properties of the material (Xiaohui Lu, Wang, Wang, & Guo, 2016).

1.11 Plasma functionalization

It is an economical and effective technique gaining popularity in various fields to
change the chemical composition and properties such as wettability, refractive
index, hardness, chemical inertness, lubricity, and biocompatibility of material,
without affecting the bulk properties of the material (Walton et al., 2017).

The term plasma ‘the fourth state of matter’ was first investigated by Sir William
Crookes and Langmuir in 1929. Plasma is composed of highly excited atomic,
molecular, ionic, and radical species. It can be generated by heating a gas or by
applying strong electromagnetic fields, for instance, radio frequency (RF),
microwave, or electrons from a hot filament discharge. The high-density ionized
and excited species in the plasma can change the surface chemistry of the material
by breaking the covalent bonds on the surface of any inert materials such as CNT,
GS, etc. According to the degree of ionization, plasma can be divided into hot
plasma and cold plasma (non-thermal plasma) (Karahan & Ozdogan, 2008). In
recent years, non-thermal plasma has become a suitable and adaptable tool for the

functionalization of various materials. Depending upon the vacuum condition this
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type of plasma can be further divided into atmospheric-pressure plasmas and low-
pressure plasmas. Low-pressure plasma are more controllable and reproducible in
introduction of functional groups than atmospheric-pressure plasmas. The low-
pressure plasma, which have found applications in the field of materials processing
for the past fifty years, typically consists of a power supply, reaction chamber with
electrodes, gas feeding and pumping units including gas flow controllers and
pressure gauge.

In low-pressure plasma, plasma can be discharged via different types, for instance,
microwave discharge (300MHz < f < 300 GHz), RF discharge (ideally 13.56MHz),
direct current discharge, dielectric barrier discharge, corona discharge, electric arc,
hollow cathode discharge, electron beam, plasma torch and alternating current
microwave-excited surface-wave plasma. Several research works have been
reported on plasma functionalization of GS surface. During this functionalization,
various functional moieties were introduced on the surface of GS, modifying its
surface chemistry and the electronic structure. Gokus et al. reported on O2 RF
plasma functionalized GS synthesized via micromechanical exfoliation and
subsequently demonstrated photoluminescence (Gokus et al., 2009). Lin et al.
reported a work on nitrogen doping of mechanically exfoliated monolayer and CVD
bilayer graphene through the use of NH3 plasma treatment (Lin, Lin, & Chiu, 2010)
Elias et al. converted graphene to graphane through the use of H> DC plasma (Elias
et al., 2009). Kumar et al reported a nitrogen functionalized GS by microwave
nitrogen plasma treatment and demonstrated its enhanced electrocatalytic activity
(A. Kumar et al., 2013). In another work, Wei et al reported nitrogen functionalized
GS by chemical vapor deposition (CVD) using methane (CH4) and ammonia (NH3)
as carbon and nitrogen source, and demonstrated its potential application in
dielectrics (Wei et al., 2009). Also, Wang et al reported a novel strategy for the in-
situ preparation of nitrogen functionalized GS using microwave plasma assisted
chemical vapor deposition (CVD) using polydimethylsiloxane (PDMS) as a solid
carbon source, high purity nitrogen gas as nitrogen source and their electronic
properties were studied (Chundong Wang et al., 2013). Shao et al. reported a
method to prepare nitrogen functionalized GS by exposing it to nitrogen plasma

with enhanced electrocatalytic activity towards oxygen reduction and H>O:
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reduction with high durability and selectivity than widely-used expensive Pt for
electrochemical energy devices (fuel cells, metal air batteries) and biosensors
applications (Shao et al, 2010). Compared to other types of plasma
functionalization, RF has some important advantages such as applicability for
insulating substrates without sputtering of electrodes, easy coupling within the
chamber, and the ability of creating much more free radicals, plasma reactions or
dissociations, and ionization reactions and avoiding high temperatures. Thus it can
offer many opportunities for wide range of applications at the interface of plasma
physics, radiation chemistry, biomedicine, biomaterial and biosensor. Therefore, in
this thesis we focus on surface functionalization of GS via RF plasma
functionalization technique.

1.12 Other Methods of GS functionalization

The limits of RGO can also be overcome by other promising approaches like
incorporation of carbon based nanomaterials and metal nanoparticles into GS.
Among the various approach we first discuss about the incorporation of carbon
nanomaterial into GS.

1.12.1 Incorporation of carbon based nanomaterials into GS sheets

In this approach GS acts as a 2D planar substrate for anchoring other carbon based
nanomaterials like CNT, GOS, GNR and fullerene (Mani, Chen, & Lou, 2013).
Here, the carbon nanomaterials incorporated in 2D platform act as a spacer material
between the GS also prevent the face to face stacking of GS, enhance the dispersion
in any solvent and increase the surface area and pore size. Hence, the hybridized
GS exhibits a synergetic properties of GS and spacer material by providing large
specific surface area, increased electrical conductivity which enhances the diffusion
of ions (Tung et al., 2009). Moreover, the material serves as a novel hybrid electrode
for applications in the field of nanoelectronics, energy storage, and sensing (F. Liu,
Piao, Choi, & Seo, 2012; Mingkai Liu et al., 2013; W. Wang et al., 2014; M. Q.
Zhao et al., 2013). Recently, considerable efforts have been received in inhibiting
the aggregation of GS by including the carbon spacers, such as functionalized
carbon nanotubes (f-CNTs) or carbon black (CB) or carbon nanofibers (CNF) into
GS(Chang et al., 2013).
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In 2009, Dai's group reported CNT/GS composite with the ordered structure
prepared by layer-by-layer (LBL) electrostatic self-assembly of poly
(ethyleneimine)-functionalized GS sheets and acid-treated CNT. The obtained
CNT/GS showed high performance as a capacitor (D. Yu & Dai, 2009). Chen and
co-workers fabricated CN'T/GS, by a simple mechanical mixing method, with high
surface area and multi-modal porous structure, which was applied as an
electrochemical sensor for the detection of acetaminophen (Xu Chen, Zhu, Xi, &
Yang, 2012).

1.12.2 Introduction of nanoparticles

Incorporation of metal nanoparticles is also an approach to enhance the surface area
and dispersion of GS, thereby enhances the electrocatalytic performance of hybrid
material. Transition metals, noble metals, metal oxide, bimetallic nanomaterials can
be introduced onto the hybrid material. This type of functionalization can be
performed using different physical or chemical approaches: physical attachment, in
situ chemical reduction process, electrochemical synthetic processes, impregnation
processes, self-assembled and approach ultrasonic spray pyrolysis (Kuang, Xu, Liu,
Hu, & Wu, 2013).

During this incorporation of nanoparticles with GS, the sp? hybridization of carbon
atoms remains intact. Thus, GS functionalized by these methods can be highly
conductive. Luo et al. (2012) studied the electrochemical performance of
potentiostatically electrodepositing metallic copper nanoparticles on graphene
sheets (Cu/GS). Here the nanocomposite was synthesized using the hydrothermal
method. The nanocomposite exhibited an improved electrochemical performance,
good cycling stability, highly selective and sensitive, stable and fast amperometric
sensing of glucose (Luo, Jiang, Zhang, Jiang, & Liu, 2012). Dar et al. (2014)
prepared the nanocomposite of silver nanoparticles anchored on GOS for sensing
arsenic (III) (Dar, Khare, Cole, Karna, & Srivastava, 2014). In the case of GOS-based
nanocomposites, the unique properties of GOS make them particularly useful as the
nanoparticle support. This is because the high surface area is essential for the
dispersion of the nanoparticles in order to maintain their chemical activities. The

GOS supporting materials not only maximize the availability of the nanosized
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surface area for electron transfer, but also provide better mass transport of the
reactants to the chemically active sites.

Numerous research works have been reported on GOS-based nanocomposites with
noble metal nanoparticles(Pt ,Au ,Ru ) and metal oxide nanoparticles (TiO2, ZnO ,
SnO2, Cu20, MnO2,NiO, and SiO2) and used in a variety of applications ranging
from catalytic systems to fuel cells, sensors, supercapacitor, and storage batteries
(Scenev, 2014). In spite of various catalytic material, nickel (Ni) nanoparticle with
GS obtained by various methods with outstanding catalytic property can readily be
used to fabricate an electrochemical sensors (G. Wang et al., 2013) &(Si, Huang,
Wang, & Ma, 2013).

1.12.3 Structural engineering for GNR: Porous GNR

Noting the GS layers tend to preferentially form aggregated structure to minimize
the presence of edge plane sites, various structural engineering strategies, such as
vertical structure, tube-like structure, and porous structure have been applied to
proliferate the exposed edge sites of GNR for enhanced electrocatalytic activity.
The structural engineered GNR and its composites have been widely used in the
various fields because of large surface area and porous structure. The increased
distance between layers of structural engineered GS alleviates the aggregation of
GS and is favourable for the exposure of active sites for electrocatalysis.
Researchers recognized that GS and GNR with large specific surface area plays a
vital role in affording more available sites for charge accumulation and promotes
the electrochemical performance of electro- catalyst in electrochemical biosensor
system. Recently porous materials have been extensively designed, prepared and
investigated from both fundamental and technological viewpoints. Among these
synthesis methods, template-directed CVD is an important and easy method to
prepare foam-like porous GS. The nickel foam is the most commonly used template
for the synthesis of GS foam. Chen et al. first reported foam-like GS using an
interconnected nickel scaffold as template (Zongping Chen et al., 2011). Based on
this pioneering work, the CVD method is widely used for preparation of GS foam
and obtained porous GS is applied in various fields. These demonstrations, reveal
structural engineered GS and GNR can improve the performance and motivate the

applications of these porous material in electrochemical sensors.
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1.13 Scope and objectives of the thesis
The focus of our research work is to improve the electrochemical performance of
RGO. In order to realize the better electrochemical activity of RGO, the main
modification that needs to be done is to alter the morphology and surface chemistry
of GS and GNR by controlled functionalization technique, facilitate the
introduction of defects, which in turn enhance its electrochemical properties.
Inspired by the enhanced reactivity and mobility of electrons, we have focused on
the synthesis of RGOS, as it possesses defects and oxygen containing functional
moieties on the basal and edges. Recent literature shows that considerable effort
has been made to functionalize GS and GNR based derivatives for electrochemical
applications. The nature of defects plays a notable role in altering the interfacial
interaction and charge transfer mechanism in the systems. A systematic
understanding on functionalization of GNR and GS based hybrids will be beneficial
for the fabrication of high performance devices.
Based on this outlook, the main objectives of the present work are

1. Surface modification of GS by controlled functionalization technique

2. Physico-chemical characterization of surface modified GS

3. Electrochemical characterization of surface modified GS

4. Studying the performance of electrochemical biosensor on surface modified

GS for various analytes
5. Toachieve limit of detection down to nanomolar range with high selectivity,
high specificity, enhanced reproducibility and stability of sensor

6. Enhanced performance of the sensor in real time application
1.14 Organization of the thesis
Chapter 1 gives an overview on synthesis and properties of GS and GNR. The
present chapter also describes the various approaches of functionalization and
application in electrochemical biosensor.
Experimental procedures for the synthesis of GOS, various characterization
techniques, electrode fabrication and different electrochemical techniques carried
out throughout the thesis are described in chapter 2.
Chapter 3 puts forward the plasma functionalization of RGO and its application in

nitrite sensing.
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Chapter 4 describes application of hybridized GS and plasma functionalized
hybridized GS for sensing various biomolecules like ascorbic acid, simultaneous
determination of ascorbic acid, uric acid dopamine and glucose, respectively.
Chapter 5 elucidates the synthesis of porous graphene nanoribbons, which is further
electrochemically deposited by gold nanoparticles and applied as immunosensor for
detection of alpha fetoprotein

The major results and outcome of this research work are summarised in Chapter 6.

Finally, the future possible applications are suggested.
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CHAPTER 2
MATERIALS AND METHODS

This chapter describes the materials used throughout the research work and
experimental procedure employed for the synthesis of reduced graphene oxide
(RGO). It also discusses the various material characterization techniques,
fabrication of electrode and electrochemical characterization techniques carried
out throughout the thesis work.

2.1 Materials

Graphite flakes with particle size <20 pm, multi-walled carbon nanotube
(MWCNT), of carbon >95% 6 - 9 nm O.D x 5 um L, human hemoglobin (Hb, MW
64,500 daltons), chloroauric acid (HAuCls), uric acid (UA) and dopamine (DA)
were purchased from sigma Aldrich. Conc. sulphuric acid (H2SO4) 98%, ortho
phosphoric acid (H3PO4) 88%, potassium permanganate (KMnOs), hydrogen
peroxide (H202) 30%, hydrochloric acid (HCl) 35%, hydrazine hydrate (NH2)>
.H20 98%, hydroiodic acid (HI) 55%, acetic acid glacial indifferent to chromic acid
100%, hexaammineruthenium (III) chloride([Ru(NH3)6]Cl3), sodium nitrite
(NaNO»), phosphate buffer saline (PBS), ferrocyanide(K4Fe(CN)g), ferricyanide
(K5Fe(CN)g), nickel chloride (NiCl,.6H20), sodium hydroxide (NaOH), ethanol,
poly vinyl pyrrolidine (PVP), ascorbic acid (AA), dextrose, sucrose, sodium
chloride (NaCl) and bovine serum albumin (BSA, 96-99%) were purchased from
Merck India. 99.99% pure nitrogen, oxygen and ammonia gases used in the plasma
functionalization process were purchased from Tapaswi enterprises, Kolkata, India.
Sodium hydrogen carbonate (NaHCO3) is purchased from Nice chemicals. Alpha
fetoprotein (AFP) and anti-AFP were purchased from MyBioSource, Inc.USA.

2.2 Methods

2.2.1 Synthesis of GOS

GOS was prepared from natural graphite flakes through one-pot synthesis based on
improved method (Marcano et al., 2010). In this method, 3.0 g of graphite flakes
and 360 mL of H>SO4 were mixed and stirred in room temperature for several
minutes. Then 18.0 g of KMnO4 was added slowly into the solution under stirring
condition. Subsequently, after 30 min of stirring, 40 mL of H3PO4 was added to the

reaction to yield GONS with more ordered graphitic basal planes. The oxidation
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process was performed at 60°C for 12 h with continuous stirring to yield a brown
suspension. To eliminate excess of KMnO4, 5 mL of 30% of hydrogen peroxide
(H202) was added slowly and stirred for 10 minutes. After reaching room
temperature the mixture was centrifuged and washed with 1:10 HCl aqueous
solution (250 mL) to remove metal ions. Finally, it was purified by dialysis for one
week using a dialysis membrane. Then the obtained GOS solution was centrifuged
and vacuum dried at 60°C for 24 h to produce the powder of GOS.

2.2.2 Synthesis of graphene oxide nanoribbons (GOR)

GOR was synthesized by unzipping CNT via novel strategy adopted by improved
method (Higginbotham et al., 2010). In detail, 150 mg of multiwall carbon nanotube
(MWCNT) was stirred with 36 mL of H2SO4 for 1 h at room temperature. After 1
h, 4 mL of H3PO4 was added to the mixture followed by addition of KMnOg4
gradually. The oxidation process was carried out at 65°C temperature with constant
stirring for 4 h. The reaction was terminated by adding 3 mL of 30 % H>0; in 50
mL distilled water. Finally the brown coloured dispersion was washed by HCl,
ethanol and distilled water successively. The obtained GONR solution was dried
for 12 h at 60°C under vacuum to get GOR powder.

2.2.3 Synthesis of RGO

RGO was synthesized with better graphitization by reducing GOS using a mixture
of HI acid and acetic acid. In detail, the obtained GOS of 150 mg was transferred
to a 500-mL round-bottom flask and dispersed in 150 mL of acetic acid. The
dispersion was sonicated using ultrasonic bath sonicator until no visible particulate
matter was observed. 20 mL of HI was added to the mixture and was constantly
stirred at 50°C for 48 h. This product was isolated by filtration using polycarbonate
filter and washed copiously with saturated sodium bicarbonate solution and
deionized water several times. Finally the product was vacuum dried overnight at
room temperature to yield RGO.

2.3 Characterization

A combination of spectroscopic and microscopic techniques was employed to
analyse the materials synthesized for this research work. The chemical features,
elemental composition and extent of modification in GS samples were investigated

by Fourier transform infrared spectroscopy (FTIR), Raman spectroscopy and X-ray
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photoelectron spectroscopy (XPS). Characteristic absorption of the sample was
studied using ultraviolet-visible (UV-Vis) absorption spectroscopy. Optical
emission spectroscopy (OES) was used to observe the various ionized species
produced during plasma interaction. Crystallinity of the samples was analysed using
X-ray diffraction studies (XRD). The charge distribution of the sample was
examined by zeta potential analyzer, Brunauer-Emmett-Teller (BET) was applied
to calculate the specific surface area of the sample. The morphology and surface
features of the samples were studied by various microscopic techniques like
scanning electron microscopy/energy-dispersive X-ray spectroscopy (SEM/EDX),
transmission electron microscopy (TEM) and atomic force microscopy (AFM).
2.3.1 Spectroscopic techniques

2.3.1.1 FTIR

It is a technique based on the molecular vibration spectrum, used for identifying the
type of chemical bonds in a molecule by transmitted or absorbed infrared spectrum
of different samples like organic, polymer solids, liquid and gas. The frequency of
infrared region in the electromagnetic spectrum ranging between 12800 to 10 cm™
can be classified in to three categories: near infrared (NIR) (12800 to 4000 cm™),
mid infrared (MIR) (4000 to 200 cm™), and far infrared (FIR) (50 to 1000 cm™).
Since, the “MIR” in the frequency range corresponds to the fundamental vibrations
of nearly all the functional groups of organic molecules, it is the most desirable for
chemical analysis of any known or unknown molecule.

When the samples are subjected to infrared radiation, some part of the radiation is
absorbed by the molecules in the sample, which vibrate at certain frequency. Rest
of the radiation is transmitted according to Beer's Law and is collected by a detector.
The obtained signal is processed using complex mathematical operations known as
Fourier Transformations, and a unique spectrum is produced between transmittance
and frequency (Fuller & Griffiths, 1978).

The instrument used for the present study is Perkin Elmer Model spectrum 100
JFTIR, USA in the wavenumber range of 4500-400 cm™ and 0.5 cm optical
resolution of the instrument. The samples were diluted with KBr before the

measurement and each sample was scanned 32 times.
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2.3.1.2 XPS

This is one of the most widely used surface-sensitive quantitative spectroscopic
technique, which could interact with the electrons in core level. It provides the
information regarding composition, type of bonding, chemical and electronic state
of the element and empirical formula. This measurement analyses the average depth
of approximately 5 nm. A highly focused monochromatic soft X-rays (commonly
Al Ka or Mg Ka) is used to irradiate the sample surface under ultra- high vacuum
conditions. The initial step of the exposed X-ray photon is the ejection of an electron
from the core electronic levels. The ejected electrons possess certain kinetic energy
(KE) of the photo emitted core electron, which relates the binding energy of electron
in the atom. The change in the measured KE alters the binding energy (BE) of a
photoelectron. The BE of the electron identifies it specifically, both in terms of its
parent element and atomic energy level. The information regarding chemical state
and quantitative data are related to the position and intensity of the peaks in an
energy spectrum, respectively (Engelhard, Droubay, & Du, 2017). The relationship
between the KE and BE involved in the experiment is given by the simple equation
2.1). BE=hv—KE-W——————— —— > (2.1)

where ‘h’ is Plank’s constant, ‘v’ represents threshold frequency, ‘KE’ denotes the
kinetic energy of the electron and ‘W’ is the work function of the spectrometer.
Kratos Axis ultra-photoelectron spectrometer with a monochromatic Al Ka X-ray
source (1486.6 eV) operated at 225W (15 kV, 15 mA) was used to investigate the
elemental composition of RGO and modified RGO. XPSPEAK 4.1 software was
used for a detailed analysis of Cls, Ols and N1s core level spectra allowed to reveal
the content and nature of carbon bonds attached to different oxygen and nitrogen
moieties and to calculate the atomic concentrations. For instance, in the case of
RGO and functionalized RGO, the C1s spectrum of the sample clearly indicates the
degree of functionalization with four different components, which correspond to
carbon atoms of different functional groups: C=C, carbonyl (C=0) bonds and the
carboxylate carbon (O—C=0).

2.3.1.3 Raman spectroscopy

It is a non-destructive technique based on inelastic scattering of a monochromatic

light (e.g., laser light), employed for studying vibrational, rotational, and other low-
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energy modes in a material. When the laser beam is directed towards the sample,
photons are absorbed and scattered by the material. A change in the frequency
(wavelength) of the incident and scattered photon (inelastic scattering) is called
Raman scattering (Raman & Krishnan, 1928). Raman spectroscopy plays an
important role in the structural elucidation of graphitic materials.

The Raman spectrum of the samples under study is recorded in WiTec alpha 300
micro-Raman system Germany, with a grating of 600 g/mm. Lasers wavelength of
488 nm, was employed with comparable beam spots 2 mm in diameter.

2.3.1.4 UV-Vis absorption spectroscopy

UV-Vis absorption spectrum is a powerful spectroscopic technique for the
characterisation of nanomaterials. In this spectroscopy, the molecules in the sample
exposed to UV or visible light, will undergo electronic excitation by the absorption
of light from ground state to excited state (Goodmans, 1963). The fundamental
features of absorption band in this spectroscopy are the position and intensity. The
position of absorption band relates the wavelength of radiation whose energy is
equal to that required for the electronic transition from ground state to the excited

state. Then, the intensity of absorption can be derived from Beer Lamberts law:

where ‘ A’ is the measured absorbance, ‘€’ is the absorptivity, ‘I’ is the path length
and ‘c’ is the concentration of the solution.

Deuterium discharge and tungsten-halogen lamps are commonly used light sources
for UV- visible measurements and NIR measurements. In UV-visible-NIR
spectrometers photomulplier tube combined with Peltier-cooled PbS IR is used as
detector. Optical absorption measurements of the samples are recorded by
dispersing in ethanol using Cary 100 Bio UV-visible spectrophotometer Agilent
Technologies USA.

2.3.1.5 OES

It is an analytical technique used to analyze the various active species present in
plasma, discharged from various sources like spark discharge, or direct-current arc
discharge, or glow discharge (DeKalb, Kniseley, & Fassel, 1966). In this emission
spectroscopy, energy acquired by various active species like excited and ionized

atoms in the discharged plasma can be re-emitted as radiation and creates a unique
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emission spectrum, which is collected and analyzed by a spectrometer. The
emission of specific frequencies can be used to identify the species present in the
plasma and the intensity of each emission spectrum relates the concentration of the
active species in the plasma. Therefore, numerous plasma parameters can be
analyzed by means of OES.
The OES was recorded using ocean optics spectrophotometer (HR 2000, USA) in
the visible and UV ranges. The spectrophotometer consists of an optical fiber array,
which is composed of linearly-aligned cores, and placed to detect the axial
distribution of the optical emission. The other end of the optical fiber array is placed
close to the entrance slit of a monochromator with a focal length of 500 mm. The
exit side of the monochromator is connected to an ICCD camera, by which the
optical emission spectra in the spectral range of 200—1000 nm at various distances
can be recorded.
2.2.1.6 XRD
XRD is a non-destructive, analytical technique which provides information about
the crystal structure, structural properties (strain state, grain size, epitaxy, phase
composition, preferred orientation, and defect structure) of the phases and
determine the thickness of thin films. When a monochromatic beam of X-ray with
wavelength ‘A’ incidents at an angle ‘0’ upon a crystalline solid which consists of
a regular array of atoms, stacked into lattice planes separated from one another by
a distance ‘d’, will scatter x-rays and undergo constructive and destructive
interferences.
According to Bragg’s law (Bragg, 1929) we have:

nA = 2dsinf — — — — — — — —— - (2.3)
where ‘n’ is a positive integer.
XRD pattern also allows estimating thickness of sheets by Scherrer equation
(Debye & Scherrer, 1916) as given in equation 2.4. This equation gives the

relationship between diffraction peak full width half maximum () and thickness

(0).

The number of layers is calculated from the formula given below
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t

N=—--———— — —— - (2.5)

B d(spacing)
where, t is the thickness of GNS, dspacing) 1S the interlayer spacing of particular plane.
Bruker AXS D8 advance X-ray diffractometer Germany, with Cu Ka (A=1.54 A)
radiation was used for XRD studies of the synthesized powder samples. XRD
pattern was recorded in the range 26 =5 to 80°.

2.3.2 Microscopic Techniques

2.3.2.1 SEM

It is employed to obtain images at maximum resolution, which can be used to get a
better understanding of surface morphology. In this system, the features of the
sample are obtained by scanning the surface with a beam of electrons at high energy
in raster pattern. When the electrons in the beam interact with atoms in the surface
of the sample, it produces various forms of electrons in the form of signals,
including secondary electrons, back-scattered electrons, characteristic X-rays and
light cathodoluminescence, absorbed current (specimen current) and transmitted
electrons, which contain information about the topography and composition of
sample's surface. Among the various signals, secondary electrons and backscattered
electrons are generally used for imaging samples: secondary electrons are most
important for revealing the morphology and topography of samples and
backscattered electrons are beneficial for illustrating the contrasts in composition
of multiphase samples (Burany, 2003).

For SEM imaging, the specimen must be electrically conductive, to avoid the
accumulation of electrostatic charge on the sample surface. So, before every
analysis, the specimens are usually coated with gold conducting materials using
gold sputter coater. The SEM is usually equipped with an EDX system, which
enables to get information on the chemical composition of the sample.

EDX 1is an analytical technique, which depends on the investigation of X-ray
emitted from the sample. Here a high energy electron beam, is focused on the
sample, the incident electron beam may stimulate an electron in an inner shell,
ejecting it from the level while creating an electron hole. The electron hole i.e empty
space is occupied by a higher energy electron from an outer shell and the difference

in energy between the higher energy level and the lower energy level may be
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released in the form of an X-ray. The energy emitted from a sample can be measured
by an energy dispersive spectrometer. As the energy of the X-ray is characteristic
of the difference in energy between the two levels, and of the atomic structure of
the element from which they were emitted, this allows the elemental composition
of the specimen to be measured.

In this study, the elemental analysis of specific materials on each step of
modification was initially confirmed by the SEM-EDX analysis. The SEM-EDX
analysis was performed on a Hitachi S 2600N SEM (Hitachi Scientific Instruments,
Tokyo, Japan) equipped with a micro analysis detector for EDX (Inca x-act, Oxford
Analytical Instruments, Abington, UK). EDX spectra were collected at 30°angle,
20 kV accelerating voltage and 20 mm working distance. EDX results were
analyzed using incorporated Inca, Point and Analyze software.

2.3.2.2 TEM

It is an electron microscopic technique used for analysing the defects,
crystallographic structure, morphology, particle size and even composition of a
specimen. When a beam of high voltage (up to 300 kV) electron transmits through
an ultra-thin specimen (nearly 200 nm), it gets scattered. The scattering of the
electrons during the transmission determines the kind of information about the
sample. Through elastic scattering, diffraction patterns can be observed. The
diffraction mode displays accurate information about the local crystal structure. The
inelastic scattering will produce spatial variations in the intensity of the transmitted
electrons, which can be distinguished by the detector during image formation. This
imaging mode provides a highly magnified view of the micro- and nanostructures
and ultimately, in the high resolution imaging mode a direct map of atomic
arrangements can be obtained (high resolution TEM) (Hayat, 1986).

For imaging using TEM, sample dispersed in ethanol is drop casted on the inner
meshed area of TEM grid made up of Cu, with a diameter of 3 mm and thickness
and mesh size ranging from 10 to 100 um. The sample is dried under vacuum before
imaging. TEM imaging was done using high resolution transmission electron

microscope (HR-TEM) (FEI Tecnai. G230, Hillsboro, USA).
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2.3.2.3 AFM

AFM a kind of scanning probe microscopy (SPM) developed by Binnig et al. in
1986. It has been developed to be the foremost tool for evaluating the parameters
like height, friction, surface topography and manipulating matter at the nanoscale.
The basic SPM working unit consists of a cantilever with a sharp tip, laser,
photodiode, detector and feedback electronics and piezoelectric scanner. It works
by measuring force between a probe and the sample. In general, the imaging mode
of AFM can be operated by two modes i.e contact and non-contact. In contact mode,
the cantilever tip is "dragged" throughout the surface of the sample and the
topography of the surface is determined either by the cantilever deflection directly
or by using the feedback signal required to keep the cantilever at a static position.
In non-contact mode, the cantilever tip does not contact the surface of the sample.
The cantilever tip externally oscillated at or close to its fundamental resonance
frequency and this oscillation amplitude, phase and resonance frequency are
modified by the tip-sample interaction force; these changes in oscillation with
respect to the external reference oscillation provide information about the sample
surface characteristics (Binnig & Quate, 1986).This mode is one of the foremost
method used in definite identification of the number of layers in GNS. In the
literature, it has been reported that the thickness of single-layer GNS is in the range
from 0.34-1.2nm.

In our study, samples are dispersed in ethanol and drop casted on freshly cleaved
mica sheet. Before imaging the substrate was allowed to dry under vacuum for 24
h. Agilent Technologies 5500 Scanning Probe Microscope USA, was used for the
studies.

2.3.3 Zeta-potential measurements

Zeta-potential is a fundamental parameter used in the area of colloid chemistry.
This measurement is used to observe the behaviour of the dispersive system in
liquids. All the liquids in colloidal suspension have a surface charge. The particle
in the suspension is subjected to an electric field. Due to the interaction between the
charged particle and applied field, the particles will tend to move and scatter light
in all directions. The direction and velocity of the motion is a function of particle

charge, suspending medium and electric field strength. The Doppler shift observed
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in the scattered light represents the particle velocity. The particle velocity is
proportional to the electrical potential of the particle at the shear plane which is zeta
potential (Hunter, 1981).

These measurements were performed at 25° C using a Zeta sizer nano ZS (Malvern
Instruments S.A., Worcestershire, U.K) in 173 scattering geometry. All
measurements were made using disposable cells at a concentration of 0.0001 g in
10 mL.

2.3.4 Specific surface area measurements

Specific surface area (m?/g) of the samples are determined by BET (Brunauer,
Emmett, & Teller, 1938). The BET theory describes the physical adsorption
of gas molecules on a solid surface. Conventionally, nitrogen is used as adsorbate
gas. Before the specific surface area measurement, it is necessary to remove gases
and vapours from the sample. This was performed by heating the sample at 100° C
temperature. Next the samples were dried with nitrogen purging. The amount of
adsorbed gas is correlated to the total surface area of the particles including pores
in the surface.

The specific surface area of the sample determined by N> adsorption-desorption
isotherm analysis was carried out using ASAP Model 2020 Chemisorption —
Physisorption/Chemisorption Analyzer, India.

2.4 Electrochemical characterization techniques

All electrochemical measurements were performed at room temperature (Room
Temperature, 25 + 2 °C) with a potentiostat/ galvanostat PG 302N, AUT 83909
(Metrohm, Autolab, Netherlands) with a three-electrode system: working electrode,
silver/silver chloride (Ag/AgCl in 3.0 M KCl) reference electrode and platinum (Pt)
wire counter electrode. Throughout the thesis, the modified glassy carbon electrode
(GCE) was used as WE. All chemicals and reagents for electrochemical
measurements were of analytical grade and used as such without further
purification. All the electrolyte solutions are prepared with water from Millipore
Autopure system (18.2 MQ, Millipore Ltd., USA).

The electrolyte used in various electrochemical measurements will be specified in
corresponding sections. Before each electrochemical measurements, the electrolyte

was purged with pure nitrogen gas for few minutes, to remove the dissolved oxygen.
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2.4.1 Fabrication of electrode

The working electrode for electrochemical sensing was fabricated as follows: GCE
was polished with 0.3 mm and 0.05 mm gamma alumina particles, followed by
rinsing and sonicating in distilled water and ethanol. This was dried under stream
of nitrogen. Samples were dispersed in ethanol (1 mg/ 2 mL) by ultrasonication for
more than 30 min. GCE was modified by coating with 7 pL suspension of sample,
by drop casting method on the electrode surface and dried at room temperature
under vacuum for 12 h.

242 CV

It is the basic experimental approach used for obtaining qualitative data about the
reactions take part in the electrochemical cell. It is generally a type of voltammetric
measurement, which refers to the measurement of response in the form of current
that results from the applied potential. The potential in CV is swept from E; to E»
in a triangular waveform at a particular scan rate to the working electrode, and
return back to initial stage E;. As illustrated in Figure 2.1 complete cycle of
potential in triangular waveform consists of both forward scan and a reverse scan.
The slope of the potential gradient is called scan rate (v) represented as V s™.
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Figure 2.1 Typical triangular excitation signal for cyclic voltammetry
CV offers the rapid identification of redox potential with respect to the
electroactive species of interest. This CV technique can also be used for a range of
applications, including the determination of number of electrons transferred in the
redox reaction, formal potential, rate constants and diffusion coefficients (Heinze,

1984).
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Figure 2.2 Demonstration of typical CV measurement utilizing K3Fe(CN)g
Figure 2.2 elucidates the plot between I vs V corresponding to the standard redox
probe Fe(CN)¢>. The CV represents the resultant current measured with respect to
the applied voltage. At the initial potential, the WE and the electroactive species get
charged or activated. At this point no redox reactions takes place. When the
potential is moved forward over the threshold potential i.e. towards the oxidation
potential, at this stage the electroactive species in the interface get oxidized, the
concentration of oxidized species is represented as current, which increases until
the maximum current I, is reached. Further increase in the potential, the
concentration of the reduced species on the surface of an electrode gets depleted
which results in the change of concentration gradient and thus results in increase of
a cathodic current. CV can also be used to determine the electroactive area of the
WE and the ease of electron transport to the electroactive moieties, allowing the
effectiveness of different WE to be compared. In addition, CV provides information
on the electrochemical reversibility of the reaction of interest, where irreversibility
is easily determined through the disappearance of the reverse scan peak.

Particularly, for a reversible electrochemical reaction the peak current I, is
described by Randles — Sevcik equation (2.6)

i, = (2.69 105)n§ACD§v§ —————-(2.6)
where ‘n’ represents number of electrons transferred in the reaction, the surface area
of the electrode is denoted as ‘A’ (cm?), ‘C’ is the concentration of the redox probe

(mM), ‘D’ is the diffusion coefficient (cm? s™!) and ‘v’ is the scan rate (V s!). The

above mentioned equation 2.6 can also be used to calculate the diffusion coefficient

38



of the electrolyte as the current increases with the square root of the scan rate (for
a Nernstian system). Furthermore, from the CV plot one can provide information
about the type of the reaction involved in the system (reversible, quasi-reversible
or irreversible). For a perfect thermodynamically reversible (or electrochemically
reversible) system the ratio between the peak current, I o5 / I¢ req, Will be unity and

the peak potential separation between the redox is expressed as:

59 mV
n

Ep,ox - E:p,red = - - - - - T - - - (2.7)

where ‘Ep, 5" and © E req” are the oxidation and reduction potentials, respectively,

and n is the number of electrons transferred.

But in practice, all the electrochemical systems do not show the Nerstian behaviour.
Such systems are represented as quasi —reversible system, where the rate of electron
transfer get decreased than the voltage scan rate. Consecutively, this system causes
a separation of the oxidation and the reduction peaks noticed on the CV plot, which

can be estimated from the equation (2.8):

48 mV
an,

Ep,ox - Ep,red = " " —"—"—"—————— - (2-8)

where the electron transfer coefficient is denoted as ‘o’ and ‘n,’represents number
of electrons transferred between the electrode and electrolyte. Moreover, the
irreversible system exhibits CV with a shift of ‘E,,’with respect to the scan rate, or

absence of the reverse peak.

243 EIS

EIS is a constructive experimental technique, based on the measurement of
impedance, which is referred to the frequency dependant resistance to current flow
offered by inductor, capacitor etc. Owing to its simplistic, compatibility, automated
and can work 1in any critical environments EIS technique is beneficial over other
electrochemical characterization techniques. This technique was used for the
determination of the double layer and to provide information about the reactions
taking place in the electrode interface (Lvovich, 2012). It is also the response,
measured in the form of alternating current from the electrochemical cell resulted
by the application of small sinusoidal potential as a function of frequency (Figure

2.3).
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The impedance of the electrochemical system can be calculated using Ohm’s law

E(w)

as Z(w) = oy T T T ——- - (2.9)
3 v
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Figure 2.3 Impedance experiment: sinusoidal voltage input (V) at a single
frequency (f) and current response (I). It can be expressed as the modulus |Z| and

the phase angle o, or it can be represented by the real (Z’) and the imaginary (Z°’)
part.

z'

The above mentioned impedance, ‘Z(w)’ is a complex quantity, which can be
represented in two form, one in Cartesian and other in polar coordinates.
In polar coordinates the impedance of the data is represented by:
Z(w) =Z(w)]|e?® — — — —— (2.10)

Here ‘| Z(w)|” represents the magnitude of the impedance and ¢ ¢’ represents the
phase shift. In form of Cartesian coordinates Z(w)is expressed by:

Zw)=7Z(w)—j.Z"(0) ———————— - (2.11)
Where ¢ Z'(0)’ represents the real part of the impedance and ¢ Z"(w)’ the imaginary
part and j = v/—1. Subsequently, the electrochemical impedance data was evaluated
by the Nyquist and Bode plots.
2.4.3.1 Nyquist plot
The impedance Z(w) with both real and imaginary value is usually expressed in the
Nyquist plot also known as Cole-Cole plot, where the x-axis is the real component

(Z’) ohmic resistance and y-axis is the imaginary part (-Z’’) capacitive resistance.
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The shape of the plot plays a significant role in making qualitative data
interpretations. The Nyquist plot includes a semicircle portion and a line. The
semicircle portion at higher frequency expresses the electron-transfer limited
process, and the corresponding diameter is equal to the charge-transfer resistance
(Rc). Whereas, the line at lower frequency represents the diffusion process. For
example, if the plot demonstrates a perfect semicircle, the impedance corresponds
to a single activation-energy-controlled (or charge-transfer) process (Figure 2.4).
The Nyquist plot is particularly intended for estimating the electrochemical
parameters such as solution resistance (Rs), Rei, electrode polarization resistance
(Rp) and double layer capacitance (Ca), etc. However, one of the major
disadvantage of Nyquist plot is that information on frequency is not stated on the
plot, which makes the estimation of Cq difficult. This can be overcome by labelling

the frequencies on the curve (Lang, 1994).
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Figure 2.4 Nyquist plot, Rsis solution resistance and Retis charge-transfer
resistance.

2.4.3.2 Equivalent circuit model

Impedance data represented in the form of Nyquist plot is normally analyzed by
fitting it to an equivalent circuit model consisting of components like resistors (R),
capacitors (C), inductors (L) constant phase element (CPE) and Warburg element
(Zw), which represents the diffusion controlled mass transport of the
electrochemical system. This concept of equivalent circuit model was first
introduced in 1899 by Warburg.

An example of a generalized equivalent circuit element is illustrated in Figure 2.5
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Figure 2.5 An example for equivalent circuit for an impedance cell

The evolution of this equivalent circuit theory continues till Randles, who came up
with well-established Randles model in 1947 (Randles, 1947). The common sense
in developing an equivalent circuit model is that it should always be selected on the
basis of understanding the electrochemical system and does not contain randomly
chosen circuit elements. The elements of model can be combined in series and
parallel to give complex equivalent circuits.

2.4.4 Chronoamperometry

In this technique, the potential is initially held at a value for which no redox reaction
occurs (E1) then the potential i1s stepped to a value (E;) at which the
oxidation/reduction of the analyte of interest may occur. The resultant current
versus time is measured, for short time periods, and can be modelled using the
Cotrell equation,

_ nFACD'/?
i(t) = l/2¢1/2

—————— - (2.12)

where n is the number of electrons, F is Faraday’s constant, A is the electrochemical
surface area, C is concentration of analyte, D is the diffusion constant and t is time.
This technique can be used to measure the electroactive area of electrode and the
diffusion coefficient of electroactive species. Another common use of this
technique is the real-time monitoring of systems, where the potential is held at the
redox potential of an electroactive moiety until steady state value is reached.
Subsequent addition of the analyte will produce further response with a staircase
like signal. And it can be used to electroplate surfaces, which is commonly done by
immersing surface in a metal salt plating solution, holding the surface above the
reduction potential reducing the metal onto the surface.

2.4.5 DPV

DPV is one of the recent techniques proposed by two eminent persons Barker and

Gardner, in recent years it is used by researchers and material scientists for

analytical and kinetic studies of the reaction in an electrochemical cell. This
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technique is a type of voltammetric method carried out at a stationary electrode,
which can be considered as a derivative of linear sweep voltammetry. And it is one
of the most sensitive voltammetric methods, since the capacitive currents are
strongly eliminated via subtraction. As mentioned earlier, the measured current is
the difference in the resultant current measured just before each pulse (I.) and just
before the end (Ip) of each pulse (Garcia-Armada, Losada, & de Vicente-Pérez,
1996). The difference in the resultant current (Ip-Ia) is plotted with respect to the

linear sweep voltage as illustrated in Figure 2.6.
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Figure 2.6 Example of applied and measured DPV signals
The obtained peak current will be directly proportional to the concentration of the
electroactive moieties of interest.
_ nFADY2C(1 - o)
L Vrut, (1+0)
where 6 = exp[(nf/RT)(AE/2)] (where AE is the pulse amplitude).

This technique has the benefit in the elimination of capacitive charging current,
which results in higher sensitivity and better peak resolutions than CV. There is an
extra advantage in the case of solid electrodes in discrimination against blocking of
the electrode reaction by adsorption. The obtained peak current, with no charging

current, makes the technique especially useful for analysis of multiple analytes.
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CHAPTER 3

Surface modification of reduced graphene oxide nanosheets
through plasma functionalization and its application for

electrochemical biosensor

This chapter discusses the surface functionalization of reduced graphene oxide
nanosheets (RGO) via radio frequency oxygen, nitrogen and ammonia plasma. The
surface chemistry, crystallinity, morphology and the electrochemical property of
RGO and plasma functionalized RGO are investigated by various characterization
techniques. Finally, this chapter elucidates the application of ammonia plasma
Sfunctionalized RGO with enhanced electrocatalytic property for nitrite sensor.

3.1 Introduction

GS, a two-dimensional material, has received tremendous interest, with its
outstanding properties including stiffness, strength, elasticity, high thermal
conductivity, excellent electron mobility, and tunable band gap (Geim &
Novoselov, 2007). These properties enable GS to be a potential candidate in
a wide range of applications in nanoelectronics, biosensors, energy generation and
storage applications (Stoller, Park, Zhu, An, & Ruoff, 2008),(Yoo et al., 2009).
Such a remarkable material can be synthesized by various methods, for instance,
mechanical exfoliation and cleavage (Park & Ruoff, 2009), chemical vapour
deposition (Reina et al., 2009) and solvothermal method (Qian et al., 2009).
However these methods have several hindrances like high energy need, low yield,
and limitation of instrument. This hindrance can be circumvented via chemical
method, which has become a promising route to produce GS with high yield and
low-cost. Moreover, GS derived by this method contains a significant amount of
oxygen functional groups and defects, which is essential in electrochemical
biosensors application.

As illustrated in Figure 3.1 the above said approach, consists of three important
stages, oxidation of graphite to graphite oxide (GO), followed by exfoliation into
few-layered or monolayers of GOS, which could be achieved by sonicating in a

suitable solvent. Finally, chemical reduction of GOS into RGO.
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Figure 3.1 Schematic of synthesis of reduced graphene oxide

In spite of various functional groups and defects, the van der Waals interactions,
tends RGO to form agglomerates or even restack to form graphite, which limits its
potential application in the field of the electrochemical biosensors. This issue can
be overcome by surface functionalization, which will prevent restacking, increase
the surface area and enhance the dispersion of carbon-based nanomaterials in both
aqueous and non-aqueous solvents. For the past few years, many research
works have been reported on functionalization of RGO to prevent restacking and
to introduce new desirable properties (Bianco, Losurdo, Giangregorio, Capezzuto,
& Bruno, 2015).

Therefore, RGO can be functionalized by various approach via chemical,
electrochemical treatment (Jokar, Shahrokhian, & zad, 2014), ball milling and
polymer wrapping (Lim et al., 2015). Though, RGO functionalized by mentioned
techniques may enhance the dispersion, due to the usage of strong acids, longer
treatment time and high temperature, they have several drawbacks such as structural
damage, properties degradation like the rigorous decrease in carrier mobility,
drastic change in electronic structure and uncontrolled degree of functionalization.
These drawbacks could be overcome by “dry” process, i.e plasma functionalization,
which has proved to be an appropriate controlled technique for functionalizing
RGO without altering the bulk properties and with no structural damage (Pourfayaz,
Khodadadi, Mortazavi, & Jafari, 2010). Hence, this chapter focuses on surface
functionalization of RGO via oxygen, nitrogen, and ammonia radio frequency (RF)
plasma, its characterization and application of ammonia RF plasma functionalized

RGO.
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3.2 Plasma functionalization of RGO

The RGO obtained from graphite, was functionalized with low pressure plasmas
generated by oxygen (O2), nitrogen (N2) and ammonia (NH3) RF plasma, in the
plasma reactor M-PECVD-1A [S] (M/s. Milman Thin Film Systems, Pune, India)
illustrated in Figure 3.2. The reactor composed of a stainless-steel vacuum chamber
consisting of two electrodes, provided with lateral window for optical inspection

and connected to a rotary pump.
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Figure 3.2 Schematic diagram of capacitively coupled reactor
The top electrode was connected to the RF power source and the bottom electrode
was grounded. For functionalization, the sample is placed on stainless steel
substrate holder on the bottom electrode. Then the system was evacuated to a
pressure of 0.1 Pa. After achieving the base vacuum, the plasma functionalization
was carried out using Oz, N2, NHj3 gases, introduced through a mass flow controller
at a specified flow rate. When the process pressure was stabilized,
capacitively coupled RF plasma was generated between the two electrodes for a
preset time of 10 min, at a fixed power 100 W, pressure 50 m Torr and flow rate
10 sccm. During O2, N2, and NHj3 plasma functionalization, the excited molecules
and radicals generated in the plasma, interact with the sp>-hybridized graphite-like

C=C bond present on the surface of RGO and creates defects that act as prime sites
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for functionalization with various chemical functional groups including carboxyl,
amine, and hydroxyl groups.

3.3 Results and discussion

3.3.1 SEM

As illustrated in Figure 3.3 the morphology of graphite, GOS and RGO are
investigated by SEM. From Figure 3.3 (a) the graphite shows the typical multi-
layered structure. The morphology of GOS observed in Figure 3.3 (b) reveals its
flaky structure obtained after oxidation of graphite. It is notable from the Figure 3.3

(c) that RGO obtained after reduction of GOS reveals its curled morphology

consisting of thin paper-like structures.

Figure 3.3 SEM images of (a) graphite flakes, (b) GOS and (c¢) RGO.
3.3.2 AFM
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Figure 3.4 AFM image of RGO on mica surface with its height profile
The layer thickness and the topographical features of RGO were determined by
AFM. This measurement was performed using silicon nitride cantilever. The
sample was prepared by ultrasonicating RGO in ethanol at 0.05mg mL"'. Figure
3.4 depicts the typical AFM image of RGO casted on mica sheet along with its
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height profile. The analysis of the micrographs indicates the layer thickness of RGO
around 3.6 nm which corresponds to a three-layer of RGO, which is consistent with
the data reported in the literature (Paredes, Villar-Rodil, Solis-Ferndndez, Martinez-
Alonso, & Tascén, 2009).

3.3.3XRD

The crystalline phases of graphite, GOS, RGO and plasma functionalized RGO are
investigated and illustrated in Figure 3.5. The obtained diffraction peaks
were identified by comparing with the standard JCPDS data of graphite (JCPDS no.
23-64). The acquired XRD pattern illustrated in Figure 3.5 (a) reveals a sharp
diffraction peak of graphite found around 26 = 26° (002) with an interlayer spacing
of 0.330 nm. After chemical oxidation of graphite flakes, the diffraction peak of
GOS found around 10 ° (001) illustrated in Figure 3.5 (b) indicates exfoliation of
the interlayer space of graphite from 0.330 to 0.817 nm, which is due to introduction
of a number of oxygen-containing groups on both the basal and edge of each layer
(Marcano et al., 2010). Subsequently, RGO obtained after chemical reduction of
GOS, shows a broad peak at 20 = 24.5° of (002) in Figure 3.5 (c) with the interlayer

spacing of 0.370 nm, indicates a successful reduction of GOS into RGO.
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Figure 3.5 XRD pattern of (a) graphite, (b) GOS, (c) RGO, (d) RGO -0, (e) RGO
-N2 and (f) RGO -NHs.

This broad peak indicated that the RGO is exfoliated into few layers of RGO with

disordered stacking (Chao Xu, Yuan, & Wang, 2014). Moreover, the plasma

functionalized RGO-0O,, RGO-N> and RGO-NH3 display a diffraction pattern

around 24.5° (Figure 3.5 (d, e, f), implying no significant change in crystalline

phase after plasma functionalization. Furthermore, from full width half maximum
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(FWHM) of RGO at (002) phase, the thickness of RGO is calculated using Debye

Scherer formula.

This equation gives the relationship between diffraction peak full width half
maximum (f) and thickness (t). The wavelength of the source used in x-ray is
denoted by A and 0 denotes the angle of the peak. From the determined thickness,

the number of layers is calculated by the formula given below

t

N=—r-ir—————— — — —— - (3.2)

" despacing
where, t is the thickness of graphene sheets, d(spacing) is the interlayer spacing of
particular plane. The number of sheets of reduced graphene oxide calculated was
found to be 3, which is also confirmed by AFM.

3.3.4 Raman Spectroscopy
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Figure 3.6 Raman spectra of (a) graphite, (b) GOS, (c) RGO, (d) RGO-0O-, (e)
RGO-N: and (f) RGO-NH3;
Raman spectroscopy has been accepted as a very versatile and purely optical
technique used to glean information regarding the degree of disorder in GS
materials, where the relative D-band and G-band peak intensities (In/Ic) reflect the
general density of defects in the sp? lattice. As seen in Figure 3.6, there are two
characteristic peaks in the spectrum of raw graphite, namely, the D band at 1330
cm ! and the G band at 1580 cm™!. The D band ascribed to edges, other defects, and
disordered carbon, while the G band arises from the zone centre Ess; mode,

corresponding to ordered sp>-bonded carbon atoms (Ferrari & Basko, 2013). The
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absence of D band in Figure 3.6 (a) indicates defect free graphite material. During
the oxidation of graphite several defects are introduced in sp? - hybridized carbon
sheets; therefore an increase in D-band peak intensity and broadening of G-band
occurs in the Raman spectra of GOS. As depicted in Figure 3.6(c), with subsequent
reduction of GOS by hydroiodic acid, the intensity ratio of D/G increased
significantly. This result could be ascribed to restoration of numerous sp> domains
from amorphous regions of GOS, which gives rise to stronger D band signal
(Abdolhosseinzadeh, Asgharzadeh, & Seop Kim, 2015). Further increase in (In/I)
ratio from 1.0 => RGO, 1.1=> RGO-N;, 1.2=> RGO-O; and 1.2=> RGO-
NHz illustrated in Figure 3.6 (d, e and f) evidenced the introduction of defects after

plasma functionalization.
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Figure 3.7 FTIR spectra of (a) graphite, (b) GOS, (c) RGO, (d) RGO-0., (e) RGO-
N> and (f) RGO-NH3
The FTIR spectra illustrated in Figure 3.7 are used to investigate the surface

chemistry of graphite, GOS, RGO, RGO-0O,, RGO-N; and RGO-NH3;. The spectrum
of graphite (Figure 3.8(a)) had broad absorption bands at 3299 and 1748 cm!
corresponding to O-H and C=0 stretching vibrations, respectively. Moreover, peak
at 1614 cm™! is related to aromatic C=C stretching. The exfoliation of graphite is

confirmed from IR spectrum with various oxygen and hydroxyl groups (Figure
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3.7(b)). IR peaks at 3402 and 2927 cm™! corresponding to O-H stretching and due
the asymmetric and symmetric CH» stretching, respectively. Moreover, the peaks
around 1627 and 1750 cm! are attributed to C=C stretches from un-oxidized
graphitic domain and C=0 stretch of carboxyl group, respectively.

In the case of RGO, the IR spectrum illustrated in Figure 3.7(c), reveals that the
intensities of all the peaks corresponding to the oxygen moieties of RGO decreased
as compared to the intensities of peaks in GOS, but the peaks had not disappeared.
This indicates the partial reduction of GOS. The effective oxygen
functionalization of RGO-O illustrated in Figure 3.7(d) was evidenced
by increased intensity of carbonyl, epoxy and hydroxyl groups. Moreover, the
nitrogen functionalized RGO by N; and NH3 plasma is evidenced by the two
distinct sharp peaks depicted in Figure 3.7 (e) and f at 3431 and 1166 cm™ attributed
to N-H and C-N stretching, respectively. The other peaks at 1718, 1561 and 2923
cm’! correspond to C=0, C=C and C-H stretching vibration of chemisorbed

hydrogen respectively are also observed.

3.3.6 XPS
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Figure 3.8 XPS survey scan spectrum of (a) graphite, (b) GOS, (c) RGO, (d)
RGO-0,, (e) RGO-N> and (f) RGO-NH3
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The detailed elemental composition and quantitative analysis of various functional
moieties in graphite, GOS, RGO, RGO-02, RGO-N; and RGO-NH3 are further
elucidated by XPS. The survey spectrum illustrated in the Figure 3.8, reveals the
presence of C, O and N at ~284.7 eV, ~532.1 eV and ~398.2 eV respectively. The
high resolution spectra of Cls of all the samples depicted in the Figure 3.8 can be
deconvoluted into four main peaks such as C=C (284.6 ¢V), C-O (286.7 eV), C=0
(287.9 eV) and COOC (290.6 eV) (Abdolhosseinzadeh et al., 2015; Changyan Xu
et al., 2015).
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Figure 3.9 Cl1s High resolution spectra of (a) graphite, (b) GOS, (c¢) RGO, (d)
RGO-03, (e) RGO-N2 and (f) RGO-NHj3;
Various oxygen moieties introduced during oxidation of graphite, increase the
concentration of C-O, C=0 and COOC and thereby reduced the concentration of
C=C. Increase in concentration of C=C along with decrease in the concentration of
oxygen moieties demonstrated the reduction of GOS. Incorporation of various
oxygen moieties introduced during O> plasma functionalization was evidenced by
decrease in graphitic carbon from 62.3 to 41.5% and increase the percentage of C-

O and C=0. Furthermore, two significant peak in RGO -N; and RGO -NH3 at 285.7
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and 287.3 eV corresponding to C-N and C=N confirmed the incorporation of
nitrogen atoms in RGO during N2 and NH3 plasma functionalization.

The high-resolution N1s spectra of RGO -N; and RGO -NHj illustrated in Figure
3.10 can be deconvoluted into four components, revealing that the nitrogen atoms
incorporated during ammonia plasma treatment resulted in the formation of N=C
(397.9eV), C-NH2 (399.7 eV), C-N-C (400.9 eV) and C-N*-C or graphitic nitrogen
(402.8 eV) (S.-M. Li et al., 2013; Sheng et al., 2012).
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Figure 3.10 N1s High resolution spectra of (a) RGO-N; and (b) RGO -NHj3;
Pyridinic and pyrrolic groups represent nitrogen atoms bonding with two
carbon atoms, graphitic N also called “quaternary nitrogen”, refers to nitrogen
atoms that substitute the carbon atoms in RGO and a nitrogen oxide peak at
>402 eV.

3.3.7 TEM

TEM images of RGO, RGO-0O;, RGO-N; and RGO-NHj3 depicted in Figure 3.11
reveals the typical wrinkled structure of RGO in Figure 3.11 (a) with corrugation.
No observable change in the surface morphology was observed after plasma
functionalization. Further, investigation on the SAED patterns of all the four
samples (Figure 3.10 (d), (e) and (f)) confirmed that there is no change in the
diffraction pattern before and after plasma treatment, supporting that the crystalline

structure remains unaltered.
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Figure 3.11 TEM images of (a) RGO, (b) RGO-0O2, (c) RGO-Nz and (d) RGO-NH3
with (e)—(h) respective SAED pattern

3.3.8 OES
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Figure 3.12 OES spectra of (a) oxygen, (b) nitrogen and (c) ammonia plasma.

The ionized species generated during Oz, N2 and NH3 RF plasma functionalization

were investigated through OES (Figure 3.12). The acquired emission spectra were

in the wavelength range of 300—1000 nm with an integration time of 5 s. The spectra

illustrated in Figure 3.12 (a) reveal various ionized oxygen generated during O2

plasma. The first, second, third and fourth ionized oxygen spectral features

observed in 334.8, 313.8, 355.6 and 351.4 nm correspond to atomic transition 3s

5S-5p 5P, 3p 4D°-4s 4P, 3s' 3P-3p' 3P° and 6d 2D-7p ?P°, respectively. And also a

55



triplet peak corresponding to first ionization oxygen is observed at 777 nm. The
relative intensity of neutral oxygen at 334.8 nm was very low, which is 1, as
compared to oxygen at second and third ionization states which have the relative
intensities of 332 and 688, respectively.

In the case of N> plasma, OES spectrum depicted in Figure 3.12(b) reveals a triplet
peak observed at 767 nm corresponds to first ionization is N1. The first ionized
nitrogen (N I) observed at 389.2 nm with a relative intensity of 9 has the atomic
transition 3s 2P-5p 2D°. The second ionization of nitrogen (N II) observed at 295.5
403.7 and 636.6 nm correspond to atomic transition 3d 3D°-5f', 3d 3F°-4f', 3s 3P°-
3p 'P, respectively are observed with the respective relative intensities of 7, 31 and
1.

Various nitrogen ionized species generated during ammonia plasma was
investigated from the Figure 3.12 (c). It reveals the presence of second ionized
nitrogen (N II) observed at 296.0 and 404.353 nm corresponds to atomic transition
3d 3D°-5f" and 3d 3F°-4f, respectively. Third, fourth and fifth ionized nitrogen (N
III, N IV and N V) spectral feature with the respective relative intensities of 490,
60 and 11 observed at 335.3, 314.2 and 35.9 nm, correspond to atomic transitions
of 3p' 4P°-3p' 4P, 3p' 3D-4f 3F°and 7d 2D-10p 2P°, respectively.

3.3.9 Electrochemical characterization
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Figure 3.13 CV of (a) RGO, (b) RGO-N3, (¢) RGO-0O7 and (d) RGO-NH3
in SmM ferro cyanide at 100 mV/s scan rate.

56



The electrocatalytic property of the modified electrodes was studied and illustrated
in Figure 3.13 by performing CV using 5 mM ferro cyanide as electrolyte under the
scan rate of 100 mV/s. The modified electrodes were prepared by drop casting 7 uLL
of RGO, RGO-0, RGO -N; and RGO-NH3 suspension in ethanol and dried at room
temperature for 12 h. Among the modified electrodes, due to presence of abundant
defects and nitrogen atom introduced during ammonia plasma functionalization,
RGO-NH3 shows higher oxidation peak current and minimum potential difference
1.e AE, value, indicating enhanced electrocatalytic activity.

Herein, RGO functionalized with NH3 plasma, having various functional reactive
groups such as amino, amine and other nitrogen moieties enhanced electrocatalytic
property. It was applied to investigate the direct electron transfer (DET) of redox
protein hemoglobin (HDb).

3.4 Application of NH3 plasma functionalized RGO in DET studies

Hb is a quarternary structured iron-containing oxygen-transport metalloprotein,
consisting of four globular proteins, each associated with a heme group containing
an iron (Fe) at the Hb centre, is a preferred model for the DET of a redox protein
(Xianbo Lu, Zou, & Li, 2007). In recent times, DET between Hb and electrode
surface has received tremendous attention not only to understand the
thermodynamic and kinetic properties of protein, but also to design label free
biosensors (Gorton et al., 1999). On the contrary, electroactive sites buried in Hb
hinders the DET with the electrode. It is often a challenge to identify a potential
electrode material that enables DET with the electroactive sites in protein, while
retaining the protein structure and activity on electrode material. Various
chemically modified electrode materials have been developed for studying the
electron transfer of Hb including mesoporous carbon (Feng, Xu, & Chen, 2007),
silica thin films, membranes, metal nanoparticles and graphene nanosheets (GS)
(Geim & Novoselov, 2007). Amid of the modified electrodes, extensive research
works have been performed on the GS modified by incorporating functional
moieties such as hetero atom, metal or metal oxide nanoparticles, polymers and
other functional moieties can tune the electronic property of GS by increasing the

free charge carriers, thereby enhancing conductivity (Xueqing Gao et al., 2015).
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Meanwhile, due to the beneficial properties of Hb modified electrode, several
research work have been conducted to develop biosensors using Hb for the
determination of nitrite (NO2"). Nitrite used as preservative and additive in food,
can interact with the blood, may results in methaemoglobinaemia, which leads to a
condition called “blue baby syndrome.” It also has the ability to interact with
amines and proteins to generate highly carcinogenic N-nitrosamines, which will
enhance the possibility of cancer and hypertension (P. Li, Ding, Wang, et al., 2013),
(Fu et al., 2013).

In this section to study the DET between Hb and RGO-NHj3, we fabricated Hb
modified RGO -NHj; electrode by directly immobilizing 10.0 pL of 15.0 mg/mL Hb
on the modified electrode GCE/RGO-NH3; and we investigate the bio-
electrocatalytic activity towards nitrite reduction (Y. Chen et al., 2008), (P. Li,
Ding, Lu, et al., 2013).

3.5 Results and Discussions

3.5.1 Electrochemical characterization

Often, the transfer of electron between the chemical species and the modified
electrode was studied using the outer sphere redox species such as [Ru(NHj3)e]**/>*.
Figure 3.14 (A) illustrates the CV of 1.0 mM [Ru(NH3)s]**** in 1.0 M KCl at GCE,
GCE/RGO and GCE/RGO-NHj;. The corresponding peak potential separation
(AE;) values were found to be 88 + 1.7 mV (N=5), 84 £ 1.1 mV (N=5) and 66 £ 1.5
mV (N=5). A lower AE; indicates a fast electron transfer and readily available
unoccupied energy states for electron transfer at the GCE/RGO-NH3 than at the
GCE/RGO and bare GCE.

On the other hand, the surface active sites of the electrode were studied using the
inner sphere redox probe [Fe(CN)s]*. Figure 3.14(B) is the representative CV of
4.0 mM ferricyanide in 1.0 M KCI at GCE, GCE/RGO and GCE/RGO -NH3 and
their corresponding AE, values are 95 +1.3 mV, (N=5), 84+1.7 mV, (N=5) and
63+1.5 mV, (N=5) respectively. The lower AE, value of RGO -NH3; is due to the
introduction of more electroactive sites (as a result of nitrogen incorporation) to
facilitate charge transfer, thereby resulting in a higher electrochemical performance
of RGO-NH3 with current values of 51, 62 and 71 pA that corresponds to GCE,
GCE/RGO and GCE/RGO -NHjs, respectively.
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Figure 3.14 CV of (A) 1.0 mM [Ru(NH3)s] ***in 1.0 M KCl, (b) 4.0 mM
[Fe(CN)s]*”* in 1.0 M KCl, at a scan rate of 100 mV/ s at (a) GCE (b) GCE/RGO
and (c) GCE/RGO -NHas.

3.5.2 Characterization of RGO-NH3/Hb composite film

The distribution of charge can be evaluated from the Zeta potential values. The Zeta
potential for RGO and RGO -NH3 was found to be 0.139 mV and -27.5 mV.
Compared to RGO the negative surface charged RGO -NH3 can strongly interact
with hemoglobin and thereby pulls more Hb towards RGO -NHj3 surface.

The immobilization of Hb onto the surface of RGO -NH3 was confirmed by FTIR
measurements. From Figure 3.15 (A), it was evident that the peak at 1700-1600
cm ! resulted from the C=O stretching vibration of peptide linkages in the
backbone of protein and the peak at 1620— 1500 cm™ ! was due to the combined N—
H bending and C-N stretching (George & Hanania, 1953). The presence of peaks
at 1637 and at 1543 cm™ for RGO -NH3/Hb composite film, is in good agreement
with the peaks obtained for native Hb (Figure 3.15A (a)), confirmed that the protein
did not suffer any de-naturation and demonstrated the biocompatibility of RGO -
NH; (Figure 3.15A (b)). UV—Vis spectroscopy is also an effective way to
investigate the stability of Hb immobilized on RGO -NHj3. The Soret absorption
bands of heme proteins provide information about the conformational integrity of
the proteins. As shown in (Figure 3.15 B), the Soret absorption band of Hb
immobilized on RGO-NHz3 is located at 405.7 nm, which is close to that of native
Hb at 406.2 nm, indicating that Hb retained the essential features of its
conformational integrity. This reveals that RGO-NH3 has biocompatibility and did

not suffer protein denaturation.
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Figure 3.15(A) FT-IR spectra and (B) UV-Vis of (a) Hb and (b) RGO -NH3/Hb.
3.5.3 Effects of solution pH on direct electron transfer of GCE/RGO-NH3/Hb
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Figure 3.16 CV of GCE/RGO -NH3/Hb in PBS (pH =4, 5,7, and 11) (Scan rate:
100 mV/s)
It is well-known that most heme proteins exhibit a pH dependent conformational

equilibrium and thereby it is expected that the pH of the phosphate buffered saline
(PBS) would influence their electrochemical reactions. Herein, we have
investigated the effect of pH on the electrochemical response at GCE/RGO -
NH3/Hb in pH ranging from 4.0 to 11.0 (Figure 3.16). From our results, it is evident
that the electrochemical performance is excellent at pH 4.0 and therefore this pH
was opted for further investigation.

3.5.4 Direct electrochemistry of Hb

Figure 3.17 is the representative CV of 0.1 M PBS (pH 4.0) at various electrodes at
a scan rate of 100 mV/s. From CV, it is evident that there are no redox peaks noticed

at (a) GCE, (b) GCE/HDb, (c¢) GCE/RGO, (d) GCE/RGO-NH;3 and (¢) GCE/RGO/Hb

60




thereby confirming the electrochemically inactive nature of the above mentioned
platforms towards Hb. Redox peaks of Hb were difficult to observe at the above
mentioned electrode materials other than GCE/RGO-NH3/Hb electrode, since Fe is
deeply buried in a cavity and not easily accessible for direct electron transfer
reaction at the electrode surface. A well-defined reduction peak was observed for
(e) GCE/RGO-NH3/HDb on the cathodic scan (at — 0.285 V) indicating the reduction
of Fe!' to Fe!! with an irreversible electron transfer process (Baccarin et al., 2016).
It indicated that availability of abundant (47.9%) pyrrolic N group, large surface-
to-volume ratio with good biocompatibility of RGO-NH3 enhance the protein
adsorption and promote direct electron transfer between redox protein by
accelerating the electron transfer between matrix and Hb, leading to a more rapid

current response for Hb at the electrode surface.
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Figure 3.17 CV of (a) GCE, (b) GCE/Hb, (c) GCE/RGO, (d) GCE/RGO-NH3;, (e)
GCE/RGO/HD and (f) GCE/RGO-NH3/Hb electrodes in pH 4.0 phosphate buffer
solution at the scan rate of 100 mV/s.

3.5.5 Effect of scan rate

The influence of scan rate on the voltammetric response of GCE/RGO-NH3/Hb is
shown in Figure 3.18(a). The linear relationship between the cathodic peak currents
and scan rate obtained in the range of 10 to 100 mV s ! indicates a typical surface-
controlled electrochemical behaviour illustrated in Figure 3.17(b). The surface
concentration of electroactive species (I'c) in mol cm™ can be calculated by the
equation:

L= n?F2vAT, 31
P 4RT (3-1)
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where v is the sweep rate, A is the geometrical surface area of electrode and the
other symbols have their usual meaning. From the slope of cathodic peak current
vs. scan rate, the calculated surface concentration of Hb is 1.42 x 10~ mol cm >
which was larger than the theoretical monolayer coverage (1.89x10!! mol/cm?)
(S.-F. Wang et al., 2005).

The larger surface area and better biocompatibility of RGO-NH3 exhibits stronger
hydrogen bonds interactions with Hb, which contribute to a higher surface coverage
of GCE/RGO-NH3/Hb and is in excellent agreement with the already reported
GS/Hb modified electrodes in the literature (W. Sun, Dong, et al., 2014).
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Figure 3.18 (a) CV of GCE/RGO-NH3/Hb in pH 4.0 PBS with different scan
rates (10-100 mV's 1); (b) plot of I, against v (c) the relationship of E,

against Inv.
From the plot (Ep vs In v) illustrated in Figure 3.18(c), we noticed shift in peak
potentials with respect to increase in the scan rate. The redox peak potentials
exhibited a linear relation with log scan rate (In v) in the range from 10 to 100
mV s~! (as shown in Figure 3.18(c)).

The electron transfer coefficient (o) can be obtained by the equation (3.2).

RT
Epja—Bp=1875 —————————- - (3.2)
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where E; is the half wave potential, E;, is the reduction potential, R, T and F have
their usual meanings. From the obtained o value (0.43) the electrochemical
parameters such as heterogeneous electron transfer rate constant (ks) and number of
electrons (n) for immobilized Hb onto GCE/RGO-NH3; were calculated using

Laviron's equation (Laviron, 1974, 1979).
RT

F slope (Epvs In(v))—————— - (3.3)
anF
kg = ﬁslope (Epvs In(v))———————— - (3.4)

where v is the scan rate. Based on the equation (3.2), the value of n was estimated
as 0.99, suggesting one electron was involved in the reaction. The values of a and
ks were calculated as 0.43 and 1.05 s, indicating that the GCE/RGO-NH3/Hb
provided a suitable microenvironment for promoting the electron transfer rate of
Hb at the underlying electrode surface.

The obtained ks value was larger than the reported values of Hb immobilized on
GS/titanium dioxide nanorods composite (0.69 s (W. Sun, Guo, et al., 2013) ,
graphene oxide and ionic liquid composite film (0.92 s') (W. Sun, Gong, et al.,
2014) , GS and multi-walled carbon nanotubes (MWCNT) (0.97 s™') (W. Sun, Cao,
et al., 2013), Coo-MWCNT composite film (0.39 s 1) (Hua Zhang, Fan, & Yang,
2006), MWCNT film (0.58 s ') (Qi, Zhang, & Li, 2006), and GS/Fe304+/Hb/GCE
(0.3s 1 (C. Yuetal., 2013).

3.5.6 Detection of Nitrite

Increase in nitrite concentration beyond its maximum level in human beings can
irreversibly convert hemoglobin to methemoglobin and cause hemoglobin to lose
oxygen uptake and its transport capability. To investigate the electrocatalytic
activity of Hb modified electrodes towards nitrite reduction, CV was performed and
the obtained results are illustrated in Figure 3.19. No significant redox response was
observed on both GCE/RGO/Hb and GCE/RGO-NHs modified -electrodes
(voltammogram “a & d”) in the presence of nitrite, which indicates that these
electrodes do not facilitate the reduction of NO> . However, GCE/RGO -NH3/Hb
in the absence of NaNO> shows a reduction peak at -0.285 V vs. Ag/AgCl, which
could be ascribed to DET between Hb and the underlying electrode, in PBS at pH
4 (voltammogram b). Upon addition of NaNO;, Hb immobilized on GCE/RGO-
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NHs acts as an effective catalyst towards reduction of NO>~ which yields [Hb Fe(II)
(NO)*]*, with a new irreversible reduction peak at — 0.675 V (voltammogram c),
which was attributed not from reduction of NO>™ but from the [Hb Fe(Il) (NO)*]*

nitrosyl adduct. Further increase in potential reduces NO to N>O with the release of

water molecule.
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Figure 3.19 Cyclic voltammograms of (a) GCE/RGO/Hb, (c) GCE/RGO-NH3/Hb
and (d) GCE/RGO-NHj3 in presence of nitrite 1.0 mM NaNO-, (b) GCE/RGO-
NH3/Hb in the absence of nitrite.

The mechanism of the electrocatalytic reduction of nitrite at Hb immobilized on

GCE/RGO-NHj; can be the following (Hui Liu et al., 2015).

Hb (Fe) +e—— Hb (Fe)— — — — — — — - (3.5)

Hb (Fe") + HNOx>+ HY ——[Hb (Fe")-NO]* + H,O— — — — —— —-(3.6)
[Hb (Fe")-NOJ* + e ——[Hb (Fe")-NO]— — — — — — —— -(3.7)
[Hb (Fe") -NO]J +e'—— [Hb (Fe')-NO] — — — — — — — -(3.8)

[Hb (Fe") -NOJ" + H*——Hb (Fe')) + HNO— — — — —— -(3.9)
2HNO —»N 0 +H0 — — — — — — —— —(3.10)

The electrochemical reduction of Hb results in the formation of Fe(II) from Fe(III)
(Eq. (3.6)). NO> ™ in the acidic medium (pH 4.0) forms an unstable molecule HNO:.
This molecule reacts with Hb to yield [HbFe(I[)NO]* nitrosyl adduct. Further,
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nitroxy adduct decomposes by loss of HNO which ultimately leads to formation of

N2O.
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Figure 3.20(a) Amperometric curve obtained using GCE/RGO -NH3/Hb to
successive addition of NaNOz (5 to 300 nM) in stirred 0.1mol L' PBS (pH
4.0), at applied potential of —0.67 V with a time interval of 50s; Inset:
Magnified portion of amperometry from O to 500 s time interval. (b)
Calibration curve with respect to peak current (I/pA) vs. nitrite
concentration/(nM). Inset: Concentration range from 0 to 100 nM. Error bars
represent the standard deviation for three independent measurements.

The performance of the GCE/RGO-NH3/Hb for the detection of nitrite was also
investigated by amperometry. From Figure 3.20 (a), we observed a step like
increase in the current response towards nitrite within 5 s demonstrating its rapid
response. Moreover, as illustrated in Figure 3.20 (b) the sensor displayed a linear
response in the 5 to 300 nM nitrite range with a correlation coefficient of 0.9975,
sensitivity of 256 pA/nM cm? and detection limit of 1.3 nM (based on a signal-to
noise ratio of 3). Performances of various nitrite biosensors reported in literature
are listed in Table 3.3.

This superior performance of GCE/RGO-NH3/Hb can be ascribed to the following
reasons. Firstly, RGO-NH3 with nitrogen moieties could provide a favourable
microenvironment for the protein to retain its structure and thereby stability.
Furthermore, RGO-NH3 with a relatively high mobility of charge carriers also
emerged as the good interface for efficient electron transfer between the protein and

the electrode.
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Table 3.1 Comparison of different Hb-based nitrite sensors.

Modified electrode

Surface
concentration

/(mol cm™2) /(uM)

Limit of

detection

Linear

range/(mM)

[Ref.]

Hb/RTILs/ZrO>

nanotubes!

— 0.2

0.005-0.5

(Ma, Zhan,
Ma, Wang,
& Li,
2012)

Hb/RTIL/PDDA-GN?

4.25x 10710 0.04

0.0002-0.0326

(K. Liu,
Zhang,
Yang,
Wang, &
Zhu, 2010)

Cht’-Hb-MWCNT-
RTILs/CILE

2.87x 107 100

0.4-8

(Z. Zhu et
al., 2010)

Hb—PVA-RTILs/GC *

22x1071° —

0.3-11.4

(Yafen
Zhang,
Yan, Zhao,
& Zeng,
2009)

Hb-microbelts modified

GCE

8.41x 1071 —

(Ding,
Wang, Li,
& Lei,
2010)

Hb/PI’/MWCNTSs/GCE

— 0.63

0.03-0.68

(Kou, Jia,
Wang, &
Ye, 2012)

GCE/RGO -NH3/Hb®

9.26x 108 0.0013

0.000005-
0.000300

This work
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1 — Zirconium dioxide; 2-graphene nanosheets; 3 — chitosan; 4 - polyvinyl alcohol; 5 —
polyimide; 6-Glassy carbon electrode/N-doped reduced graphene oxide/ Hemoglobin.
3.5.7 Selectivity, stability and repeatability

The selectivity of the biosensor was investigated in the presence of interfering
species such as (0.5 mM) ascorbic acid (AA), (0.5 mM) uric acid (UA), (0.5 mM)
dopamine (DA) and (0.5 mM) H>0; along with NaNO; (100 nM) solution. The
sensor exhibited negligible response towards the interfering species confirming the
selectivity of the proposed sensors and is shown in Figure 3.21. Further, no obvious
change in the voltammograms is noticed after 50 continuous scans on the
GCE/RGO-NH3/Hb modified electrode confirming the excellent stability of the
GCE/RGO-NH3/Hb modified electrode.

Current/uA

0 10 20 30 40 50

Time/s

Figure 3.21 Interference study of GCE/RGO-NH3/Hb in the presence of 100 nM
NO7, 0.5 mM of AA, UA, DA and H2Oo.
Moreover, the long-term stability of the above platform was studied by examining
its current response after storage at 4 °C for a month. The modified electrode
retained 92.7 % of its initial response towards the detection of 1.0 mM nitrite after
a month, demonstrating a good long-term stability (Figure 3.22). The observed
behaviour can be attributed to the excellent biocompatibility of RGO-NH3s, that
provided a favourable environment for Hb to retain its bioactivity. Moreover, the
electrodes exhibited an excellent repeatability with a R.S.D of 2.5% (N=5

electrodes) when the electrodes were employed for the detection 10 mM nitrite.
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Figure 3.22 Plot showing the stability tests of GCE/RGO-NH3/Hb in 0.1 M PBS
pH 4.0 containing 1 mM NaNO,. Current decay recorded every three days
consecutively for 30 days.
3.6 Conclusion

In summary, this chapter discusses the simple method for synthesis of RGO via the
chemical reduction-based process using hydroiodic acid with acetic acid as
reducing agent at low temperature presented. Further, RGO was successfully
functionalized by O2, N> and NH3 RF plasma. The effect of functionalization on
crystallinity and morphology investigated by XRD and TEM, indicates that there is
no distortion in the graphitic structure of RGO after plasma treatment, while FTIR,
XPS and Raman spectroscopy analysis confirmed the effective functionalization.

The excellent conductivity together with large surface area of RGO-NHj3 provided
a suitable platform for the immobilization of Hb. RGO-NHj3 significantly promoted
the direct electron transfer between Hb and the underlying electrode with enhanced
electron transfer. Furthermore, the fabricated mediator-free biosensor was applied
for detection of nitrite with a limit of detection of about 1.3 nM (S/N=3), as well as
prolonged stabilization and repeatability. This suggests that the RGO -NHj;
modified electrode appears to be a potential candidate for the biosensing

applications.
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CHAPTER 4
GS/GNR hybrid graphene: Synthesis, functionalization,

characterization and application in electrochemical biosensor
This Chapter deals with the hybridization of graphene, functionalizing the
hybridized material with nitrogen heteroatom by plasma functionalization and
incorporating nickel nanoparticle by chemical reduction method. Detailed
characterization studies were carried out to understand the structure and
morphology of all the three materials. The electrochemical behaviour of hybrid
graphene, nitrogen functionalized hybrid graphene and nickel incorporated hybrid
graphene were monitored with the selective interaction of AA, simultaneous
detection of AA, DA UA and detection of glucose, respectively. Finally, a
comprehensive analytical result for the sensing platform is presented.
4.1 Introduction
The limitations of RGO can be overcome by another promising approach i.e
hybridization, wherein RGO acts as a 2D planar substrate for anchoring
other nanomaterials like carbon-based nanostructured materials CNT, GOS, GNR
and fullerene, and metals/metal oxides nanomaterials (Yen et al., 2011) (Chao Xu,
Wang, & Zhu, 2008). The nanomaterials incorporated in between the 2D platform
acts as a spacer material, thereby prevents the face to face stacking, increases its
specific surface area and exhibits synergetic properties of GS and spacer material
by providing increased electrical conductivity which enhances the ion diffusion (H.
Wang, Kakade, Tamaki, & Yamaguchi, 2014). In the past few years, there has been
considerable interest in preventing the GS aggregation by including the carbon
spacers, such as functionalized carbon nanotubes (f-CNT) or carbon black (CB) or
carbon nanofibers (CNF). Because of unique properties like enhanced surface area
and increased electrical conductivity, these hybrid material serves as a novel
electrode in various applications including sensors and energy storage.
The electrocatalytic performance of GS/GNR may be further improved by
functionalization i.e either by plasma functionalization with heteroatoms such as
nitrogen or by incorporating metal nanoparticles via chemical method (A. Kumar
et al., 2013), (Ensafi, Ahmadi, & Rezaei, 2017). The functionalization of nitrogen

alters the electronic properties and surface chemistry of GS, thereby further
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enhances the electrocatalytic activity of carbon materials. Many research works, for
instance, nitrogen-doped graphene (Sheng et al., 2012), mesoporous nitrogen-rich
carbonaceous material (Sheng et al., 2012), nitrogen-doped carbon nanofibres (J.
Sun et al., 2015), are reported as suitable material for fabricating electrochemical
biosensor.

Incorporation of metal nanoparticles is also an approach to enhance the
electrocatalytic performance of the hybrid material. In spite of various catalytic
materials, like metal, metal oxide and alloys, such as Pt, Au, Ag, Cu, Ni,
Co, NiO, NiC0204, NiC00O2, C0304 (Xinran Wang, Tabakman, & Dai, 2008), nickel
(Ni) based nanomaterials (X. Xiao et al., 2012) with wide linear range and excellent
catalytic activity have captured more attention towards researchers, in the field of
electrochemical biosensors (Fleischmann, Korinek, & Pletcher, 1971). Despite their
high electrocatalytic activity, the long-term stability of the Ni nanoparticles gets
reduced by its surface fouling effect. Hence, the need for a conductive
nanostructured substrate arises which can enhance the electrode stability and
electron transfer toward oxidation of analyte. Therefore, due to the increased
specific surface area, good electrical conductivity, fast electron transfer and high
loading capacity, the carbon-based hybrid material has drawn much attention as an
excellent catalyst support material (Ensafi et al., 2017).

4.2 Experimental

4.2.1 Synthesis of GS/GNR hybrid material

As displayed in Figure 4.1 GOS and GOR, taken in the ratio 10:1 was co-reduced
with 15 mL (NH2)2.H20 by stirring for 24 h at 40°C. The product was rinsed with
distilled water, ethanol and acetone. To increase the rate of deoxygenation, leading
to better conductivity, the product was stirred with 15 mL of HI for 24 h at
40°C. Finally, the filtered product with distilled water, ethanol and acetone was
vacuum dried at room temperature for 24 h to obtain GS/GNR hybrid material.
The reaction mechanism of formation of GS/GNR hybrid by co-reducing GOS
and GOR is depicted in Figure 4.2.
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Figure 4.2 Reaction mechanism of preparation of hybrid graphene.

4.2.2 Plasma functionalization of GS/GNR

The functionalization of GS/GNR illustrated in Figure 4.3 via No/Ar RF plasma is
as follows. Initially, the sample was loaded on the substrate holder and the system
was evacuated to a pressure of 0.1 Pa. After achieving the base vacuum, N> and Ar
gases were introduced through a mass flow controller at a desired flow rate of
10 sccm each. Once the desired pressure was stabilized at 50 mTorr, plasma was
generated between the two electrodes at a fixed power of 100 W for a preset time

of 10 min.
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Figure 4.3 Schematic representation of functionalization of GS/GNR via No/Ar
RF plasma.
4.2.3 Synthesis of Ni/GS/GNR hybrid material and Ni nanoparticles
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Improved
method” _-_

® >

NiCL.6H,0
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unzipped % . .
method [ -
"
MWCNT GOR
Figure 4.4 Synthesis of Ni/GS/GNR
Ni/GS/GNR was prepared by in-situ chemical reduction method as follows: GOS
and GOR suspension (1.0 mg mL') were mixed at the ratio of 1:1

and ultrasonically dispersed for 1 h in distilled water. Then, 0.020 g of PVP

dissolved in 15 mL ethanol and 60 mL water at room temperature was added with
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0.1 M NaOH solution and 0.05 M NiCl2.6H20. After sonicating for 1 h, the
solution was reduced by 2 mL of (NH2)>. H>O at 100 °C for 12 h. Later after washing
with ethanol and water for several times, the product was dried under vacuum at
60°C for 12 h to obtain Ni/GS/GNR.

Ni nanoparticles were synthesized using NiCl,.6H>O as a precursor via chemical
reduction method. First, the mixture was dissolved in 0.020 g of PVP in 15 mL
ethanol and 60 mL water, followed by addition of 0.1 M NaOH solution and 0.05
M NiCl,.6H>0 the mixture was reduced by 2 mL of (NH2).. H>O after sonicating for
1 h. Later, after washing with ethanol and distilled water for several times, the
product was dried under vacuum at 60°C for 12 h to obtain Ni nanoparticles.

As depicted in Figure 4.4 the preparation of Ni/GS/GNR hybrid material
via chemical reduction method involves three stages. Firstly, Ni** were adsorbed to
the GOS and GOR surface through electrostatic interaction of functional groups
(carboxyl, hydroxyl and epoxy groups) on GOS and GOR surface. Then, after
adding NaOH, Ni** in GOS and GOR mixture gets converted to Ni (OH).. Finally,
the mixture was co-reduced by hydrazine hydrate. During this process, the reducing
agent plays its role in reduction of GOS and GOR into GS/GNR hybrid and
Ni2* ions to Ni’ nanoparticles, as well as in the growth of Ni nanoparticles into
GS/GNR network. Finally, incorporated Ni nanoparticles into hybrid graphene
leads to form a complex network where the GNR and GS are intermeshed together
with randomly interspersed Ni nanoparticles.

4.3 Characterization

4.3.4 Morphological studies

The obtained SEM images illustrated in Figure 4.5 (a) and (b) investigate the
morphology of GOR and GS/GNR. The ribbon-shaped structure observed in the
image Figure 4.5 (a) indicates the completely unzipped CNT. During the co-
reduction of GOS and GOR, the oxygen moieties present on the edge and basal
planes of both GOS and GOR interact and get reduced with the formation of
wrinkled morphology of the sheets along with GNR on the basal and edges of GS as
reflected in Figure 4.5 (b) evidences the successful formation GS/GNR hybrid
material through the incorporation of GNR on GS.
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Figure 4.5 SEM image of (a) GOR and (b) GS/GNR
During the reduction process the incorporated GNR acts as carbon spacer between
the GS, prevents the agglomeration of GS with an increase in surface area
and pore size. As aresult of incorporation of ribbons into sheets, the specific surface
area of GS/GNR (82.7 m?/g) is increased by a factor of four compared to RGO (20.7
m?/g).

5 1/nm

Figure 4.6 TEM image of (a) GOS (b) GOR and (c) GS/GNR with respective
SAED pattern d, e and f

The HRTEM image demonstrated in Figure 4.6 depicts the morphology of GOS,
GOR and GS/GNR. Figure 4.6 evidences the morphology of GOS with a thin

crumpled cloth like structure with folded edges. Wavy structured strip, with an
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increase in the width to 60 nm, depicted in Figure 4.6 (b), showed the completely
unzipped CNT. Typical width of GOR lies in the range of 50-100 nm range. Well-
dispersed GNR in GS as depicted in Figure 4.6 (c) evidences the quasi-
1D GNR incorporated to 2D GS. The enlarged area containing GS and GR are
shown in the inset image of Figure 4.6 (c).

Moreover, the ring pattern observed in the SAED depicted in Figure 4.6 (d and e)
indicates the polycrystalline character of both the samples (GOS (d) and GOR (e))
(Wilson et al., 2009). Randomly arranged bright spots are corresponding to the
crystalline character of randomly overlapped GS and GNR in the GS/GNR hybrid
(Figure 4.6 (f)).

SO nm. .

Figure 4.7 TEM images of (a) N2/Ar/GS/GNR and (b) SAED pattern.
Typical morphology of N2/Ar/GS/GNR with the corresponding SAED pattern
depicted in Figure 4.7 (a) & (b) respectively demonstrates the random distribution
of GNR with GS and graphite AB stacking order. The clear diffraction spots with
six-fold symmetry observed strongly evidences the prevention of graphite AB

stacking in lattice even after plasma functionalization (Sheng et al., 2011).
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Figure 4.8 TEM image of (a) Ni (b) Ni/GS/GNR (c) selected area energy
diffraction (SAED) pattern of Ni and (d) Ni/GS/GNR.

As depicted in Figure 4.8(a), the nanostructure of Ni nanoparticles exhibits
dispersed sphere like morphology with an average size of 55 + 2 nm. The
morphology of Ni/GS/GNR hybrid, displayed in Figure 4.8(b) describes the
Ni nanoparticles coexists along with GS/GNR. The SAED pattern depicted in
Figure 4.8 (c and d) describes the diffraction data of both Ni and Ni/GS/GNR. The
lattice spacing of 0.24 nm and 0.21 nm which could be readily indexed to the (111)
and (200) crystal planes respectively confirm the crystalline structure of
Ni nanoparticles. The bright spots in hexagonal pattern attributed to sp> -bonded
carbon frameworks, along with diffraction spots at (111), (200) and (210) planes
assigned to cubic Ni in Ni/GS/GNR hybrid are in good agreement with XRD results
shown in Figure 4.9.

4.3.2 XRD

The crystalline phases of GOS, GOR and GS/GNR displayed in Figure 4.9
was examined with X-ray diffraction technique. The exfoliation of graphite via
oxidation was evidenced by the diffraction peak around 10° at (001) plane as

illustrated in Figure 4.9 (a) (Marcano et al., 2010). The intense peak observed
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around 8° as shown in Figure 4.9 (b) indicates the exfoliation of CNT through
unzipping (Higginbotham et al., 2010).
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Figure 4.9 XRD pattern of (a) GOS, (b) GOR, (c) GS/GNR, (d) Ni/GS/GNR and
(e) Ni nanoparticles.

XRD pattern of GS/GNR displayed in Figure 4.9 (c), demonstrates the co-
reduced GOR and GOS mixture with the appearance of graphitic peak at 25.2° at
(002) (Guo, Wang, Qian, Wang, & Xia, 2009). The Ni nanoparticles incorporated
with GS/GNR in Ni/GS/GNR hybrid material was evidenced by the diffraction
peaks at 20 = 25.2°, 44.7°, 52° and 76.5° in Figure 4.9 (d), corresponding
to GS/GNR and Ni with a FCC lattice (1 1 1), (2 0 0) and (2 2 0) planes,
respectively. Moreover, the diffraction peak of Ni displayed in Figure 4.9 (e) was
found around 44.7°, 52° and 76.5° corresponding to the characteristic peaks of Ni
(JCPDS card No. 04-0805), with a FCC lattice, which belong to (1 1 1), (2 00) and
(2 2 0) planes, respectively.
4.3.3 Surface chemistry
The chemical moieties on the surface of GOS, GOR and GS/GNR are qualitatively
analysed by FTIR, and their respective spectra are illustrated in Figure 4.10. The
sp? character of carbon was observed at 1570-1620 cm ! in all the three cases
(Figure 4.10 (a, b, c)). Epoxy and hydroxyl groups were observed at 1217 and
~3200 cm! in GOS and GOR (Figure 4.10 (a) and (c)). The disappearance of
carbonyl groups peak at 1720 and 1717 cm™" at GS/GNR evidences the co-reduction
of GOS and GOR.
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Figure 4.10 FTIR spectra of (a) GOS, (b) GS/GNR, and (c) GOR
4.3.5 Raman Spectroscopy
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Figure 4.11 Raman spectra of (a) GS/GNR (b) N2/Ar/GS/GNR and (c)
Ni/GS/GNR
Raman spectroscopy investigates the effect of the functionalization of No/Ar
and Ni nanoparticles on the structure of GS/GNR. The Raman spectra illustrated
in Figure 4.11, exhibit two characteristic peaks at 1352 and 1581
cm ! corresponding to D and G band (Ni, Wang, Yu, & Shen, 2010). The
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intensity ratio between D and G band was effectively used to evaluate the degree
of disorder in GS/GNR, N2/Ar/GS/GNR and Ni/GS/GNR. The enhancement in
In/Ig ratio from GS/GNR: 0.5 to No/Ar/GS/GNR: 1.08 and Ni/GS/GNR 1.16,

reveals

the

increased disorder

and defect

density generated by

the sp? transformed to sp>configuration during functionalization.

4.3.6 XPS
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Figure 4.12 Survey spectrum of (a) GS/GNR and (b) N2/Ar/GS/GNR

140000
120000+
100000

80000

" 60000

Intensity/a.u

40000

20000 1

04

£V

Intensity/ a.u

(b)

280

800

T T T T
300 295 290 285 280 275 300 295 290 285 275 27
Binding energy/B.E eV 240 Binding Energy/B.E eV
(c) pyrolic N
220+
pyridinic N oxidized nitrogen
3 -
é <00 raphjtic N
Z 180
g
160 1
1401

T T T T T T T
380 385 390 395 400 405 410 415
Binding Energy/B.E eV

Figure 4.13 XPS high resolution spectrums Cls of (a) GS/GNR (b)
N2/Ar/GS/GNR and (c) N1s of N2/Ar/GS/GNR.
The detailed quantitative and qualitative analysis of chemical moieties introduced

during plasma functionalization was investigated by XPS. The survey spectrum of
N2/Ar/GS/GNR illustrated in Figure 4.12 confirms, the C, O and N containing
functional groups are attached to the carbon scaffold with the respective Cls, N1s

and Ols peaks appearing at about 284.5 eV, 400 eV, and 533 eV. Figure 4.13 (a)
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and (b) illustrate the de-convoluted Cls high-resolution spectra of GS/GNR and
N2/Ar/GS/GNR, respectively. The deconvoluted high-resolution Cls peak exhibits
five peaks. The peak at 284.8 eV was ascribed to the sp? carbon atoms constituting
graphitic regions. The other four weak peaks centred at 285.3, 286.2, 287.6 and
288.8 eV correspond to (C=N), (C-N/C-0), (C=0) and (O-C=0), respectively (Lee,
Lee, Chang, & Hu, 2011) and the actual concentration of the same are depicted in
Table 4.1.

High-resolution N 1s peak demonstrated in Figure 4.13 (c) was deconvoluted into
four peaks centered at 398.5 + 0.2 eV, 399.8 £ 0.1 eV, 400.7 £ 0.5 eV and 401.6 +
0.5 eV corresponding to pyridinic, pyrrolic and graphitic nitrogen and oxidized
nitrogen (Hulicova, Kodama, & Hatori, 2006). The respective concentrations of the
functional moieties are given in Table 4.2.

Table 4.1 Elemental data and C1s, peak analysis of GS/GNR and N»/Ar/GS/GNR.

Sample Elemental analysis at % Cls composition%
C O N C=C C-O0 C=0 C=N C-N
(284.8eV) (286.2eV) (288.5¢eV) (287.6eV) (285.3eV)
GS/GNR 82.5 17.5 0 82.3 9.01 8.59 Nil Nil
N>/Ar/GS/GNR  65.9 30,0 4.1 18.03 11.38 8.38 10.22 51.99
Table 4.2. N1s XPS peak analysis of GS/GNR and N2/Ar/GS/GNR.
Sample N1s composition%
Pyridine Graphitic N Pyrrolic N Oxidized nitrogen
(398.6 eV) (400.7 eV) (399.7¢V) (401.6eV)
GS/GNR - - - -
N2/Ar/GS/GNR 249 25.03 24.97 25.09

4.4 Application of hybrid graphene and modified hybrid graphene materials
material in sensing various electrochemically active analytes.

This section investigates the application of GS/GNR, N2/Ar/GS/GNR and
Ni/GS/GNR in detecting various biological analytes by electrochemical method.

The sensing mechanism of the respective materials are illustrated in Figure 4.14.
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As a first step, the electrocatalytic activity of GS/GNR was studied towards the
oxidation of AA, a most common electroactive biological compound found in fresh
fruits, vegetables, seeds and nuts. Next the N2/Ar RF plasma functionalized
GS/GNR was applied to simultaneously detect AA, DA and UA. Finally, Ni

incorporated GS/GNR was employed to investigate the sensing of glucose.
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Figure 4.14 Schematic illustration of various biological analytes sensing
mechanism on the surface of GCE/GS/GNR, GCE/N2/Ar/GS/GNR and
GCE/GS/GNR/N:i.

AA plays a role in antioxidant, cancer prevention, free radical scavenger and
effective antiviral agent (Arrigoni & De Tullio, 2002). Detection of AA is
important, particularly in the pharmaceutical and food industries by an inexpensive
and easy method. Among the various methods such as available
turbidimetry (Farajzadeh & Nagizadeh, 2002), spectrophotometry (Toral et al.,
2001) and potentiometry (Abdullin, Turova, Ziyatdinova, & Budnikov, 2002) AA
could be effectively detected by electrochemical method (Keeley et al., 2010) with

good sensitivity and selectivity.
In this electrochemical process, GS/GNR hybrid material acts as a working
electrode for sensing AA. Here, the adsorbed AA molecules on the electroactive

sites available on the surface of GCE/GS/GNR get oxidized to dehydroascorbic acid
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with the release of two protons and two electrons (F. Li, Li, Feng, Yang, & Du,
2011) as depicted in Figure 4.14 (a).

4.4.1 Electrochemical surface area determination

Before applying the GCE/GS/GNR electrode, its electrochemical surface area
(ECSA) was estimated by recording CV at different scan rates using 4 mM
Fe(CN)6*~in 0.1 M KCL electrolyte (Figure 4.15 (a)).
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Figure 4.15 (a) CV recorded at various scan rate (10-200 mV/s) in SmM Fe(CN) ¢
3 with 0.1 M KCL (b) (I,) vs v}/2.

By using the Randles servick equation (4.1)

B k

~ (2.69 * 105)n3/2D1/2C

where n is the number of transferred electrons for the redox reaction, D is the

A

———> (4.1

diffusion coefficient (6.70 x 10°® cm? s!), C is the molar concentration of
ferricyanide (4 mM), A is the electrochemical surface area (cm?) and k is the slope
value obtained from the plot between peak current (I,) and square root of scan rate
v1/2 (Figure 4.15 (b)). The ECSA of GS/GNR was calculated to be 0.365 cm?.
4.4.2 Optimization of pH

The effect of pH on the modified electrode in 0.1 M PBS containing 5 mM AA with
different pH values in the range of 4 to 9, was investigated by CV. The I, increased
with pH from 4.0 and reached a maximum at pH 7.0. As shown in Figure 4.16 peak
current value decreased with further increase in pH of the solution. Therefore,

the further electrochemical analysis was performed at pH 7.
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Figure 4.16 Effects of the pH on the oxidation current.
4.4.2 Electrochemical Characterization of AA sensor
Figure 4.17 illustrates the CV response, in presence of 5 mM AA, of the electrodes
such as bare GCE, GCE/RGO, GCE/GS/CNT and GCE/GS/GNR in PBS buffer
(pH=7) at a scan rate of 100 mV/s. Both GCE and modified GCE

exhibited electrocatalytic oxidation response towards AA.
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Figure 4.17 CV of (a) GCE, (b) GCE/RGO, (¢) GS/CNT/GCE and (d)
GCE/GS/GNR electrodes, recorded in the presence of 5 mM AA in PBS (pH 7) at
scan rate of 100 mV/s.

In the cases of GCE, GCE/RGO and GCE/GS/CNT, oxidation of AA resulted in a
broad peak with the peak potential of 0.666 V (Figure 4.17a), 0.222 V (Figure
4.17b) and 0.150 V (Figure 4.17c), while GCE/GS/GNR exhibited a low oxidation
peak potential at 0.080 V with a pronounced current signal (176 pA) (Figure 4.17d).

The substantial negative shift with an onset potential at ca. -0.03 V and larger
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current signal demonstrated the strong electrocatalytic activity of the
GCE/GS/GNR. Herein, the GS/GNR with the large electroactive surface area and
excellent electric conducting ability contributes to the decreased oxidation potential

of AA.
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Figure 4.18 EIS of (a) GCE, (b) GCE/RGO and (¢) GCE/GS/GNR in SmM AA.
EIS was further executed to make a comparison of electron transfer of GCE,
GCE/RGO and GCE/GS/GNR in an electrolyte of 5 mM AA. The diameter of a
semi-circle obtained at higher frequency in the Nyquist plot (Figure 4.18) represents
the electron transfer resistance (Rc) while the linear part at lower frequency
represents the diffusion limited process. The GCE and GCE/RGO exhibited a semi-
circle in the high frequency range with a large electron transfer resistance (Rc) of
15700 Q and 14500 Q respectively (Figure 4.18 (a) and (b)), suggesting a relatively
sluggish electrochemical performance of the probe. Whereas GCE/GS/GNR in
Figure 4.18 C showed nearly straight line with electron transfer resistance (Rc) of
140 Q indicating a facile electron transfer from the redox probe towards the
electrode surface. This could be attributed to the good electron transfer ability
of GS/GNR, which facilitates the electrocatalytic oxidation of AA on electrode

surface.
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4.4.3 Effect of scan rate

Figure 4.19(a) demonstrates the behaviour of GCE/GS/GNR at different scan rates
from 10-100 mV/s in 5 mM AA dissolved in PBS solution at pH=7. Plot of peak
current ( I,,) against the square root of scan rate (v/?) shown in Figure 4.19(b)
exhibiting a linear relationship over the range suggests that the oxidation reaction
of AA is diffusion-controlled. From the slope value of the plot ( I,) vs (v) (Figure
4.19(c)), the estimated surface coverage (/c) of ascorbic acid on the surface
of GS/ GCE/GNR to be 2.1192 x10® mol/ cm? by using the following equation
(4.2).
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Figure 4.19 (a) CV of GCE/GS/GNR in PBS pH=7 with 5 mM AA at different
scan rate (10-100 mV/s), (b) I, vs (v)”2, (¢) I, vs v, (d) log I, vs log v and (e) Epa
vsinv
As shown in Figure 4.19(d), the logarithm of peak current (log I,) versus logarithm
of scan rate (log v) shows a linear relationship (log I, = 0.62log v +1.28; R =0.992).
The obtained slope value (0.62) is slightly higher than the theoretical value of 0.5
for the diffusion-controlled process, but less than 1 which is for the adsorption-
controlled electrode process. This confirmed that the electrode process is diffusion

controlled.
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As shown in Figure 4.19(e), the linear plot between E, and In v (E, = 0.04738 In v
— 0.12394) confirms the irreversible electrochemical process of AA. In addition,
the number of electrons transferred in the rate determining step (n) and the electron-
transfer coefficient (o) were determined by using the obtained slope in Laviron’s
equation (Laviron, 1979). (RT/anF= 0.04738). Therefore, by considering the
number of electrons transferred as 2, the electron transfer coefficient would
be determined as 0.27 which is closely matching with the theoretical value ranging
between 0.3 and 0.7.

4.4.4 Amperometric studies

The potential would be optimized, by varying the potential from 0.05 to 0.09 V and
measuring the corresponding amperometric current to AA (shown in Figure 4.20).
The response current increased rapidly with the increase of applied potential. When
the applied potential was >0.07V, a decrease in current and increase in noise
appeared. Therefore, 0.07 V was selected as the optimum applied potential for

amperometric detection of AA in the subsequent studies.
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Figure 4.20 Optimization of potential in amperometric studies
The amperometric response of GCE/GS/GNR towards the successive addition of
AA could be examined at the potential of 0.07 V in the stirred solution containing
PBS at pH 7. Figure 4.21 (a) demonstrates the stepwise increase in current with
respect to increase in concentration, with a correlation coefficient of 0.99076, with

the signal to noise ratio 3.
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Figure 4.21 Amperometric studies on (a) GCE/GS/GNR in PBS (pH=7) at 0.07 V
with different concentration of AA from 10 to 360 uM (i &ii) magnified image of
A (b) Calibration curve.

The amperometric signal shows a linear correlation of AA concentration in the
range of 10 to 360 uM with a sensitivity of 22 nA/uM c¢cm? and LOD of 230 nM
calculated by using 30/m, where ¢ is the standard deviation of blank and m is the
slope value calculated from the calibration curve as shown in Figure 4.21(b).
The linear regression equation was expressed as:

j=6.18633 1072 + 2.22174 * 10710Cy, — — — —> (4.3)
With R = 0.99076. j is the current density and Caa is the concentration of AA. The
better performance of the GS/GNR towards AA with low over potential and lower
detection limit was comparable with various electrodes as presented in Table 4.3.

Table 4.3 Comparison of electrochemical performance of different electrodes for
AA sensor

T T T T T T T
0 50 100 150 200 250 300 350 40

Electrode material Applied Detection Reference

potential limit (uM)

(mV)
CoPc-MWCNT/GC 190 1.0 (Zuo, Zhang, & Li,
2012)
CuNps/c-MWCNT/PANI/Au 400 1.0 (Chauhan, Narang,
Rawal, & Pundir,
2011)
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Ni-Pt alloys 200 - (Weng & Hsiao,
2011)

Graphene/Pt-modified GCE 200 0.15 (C.-L. Sun, Lee,
Yang, & Wu, 2011)

PdNPs-GO/GCE 100 - (Wu et al., 2012)

PPF/GS electrode 370 0.12 (Keeley et al., 2010)

MSAPANI/MWCNTs/GCE — 0.6 (Ying Liu et al.,
2013)

Q-chitosan/C composite GCE 90 3 (Jirimali, Nagarale,
Saravanakumar, Lee,
& Shin, 2013)

GS/GNR/ modified GCE 80 0.23 This work
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Figure 4.22 Interference study on GCE/GS/GNR in PBS (pH=7) at 0.07 V with
0.2 mM AA and other interferents dopamine, citric acid and uric acid and also 2

mM concentration.

The GCE/GS/GNR selectivity towards AA, could be investigated by amperometric

studies with the interfering compounds like dopamine, uric acid and citric acid in 2

mM concentration along with 0.2 mM AA in PBS (pH=7) with continuous stirring
at 0.07 V. Negligible response observed in Figure 4.22, indicated GCE/GS/GNR is

highly selective to AA.
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Figure 4.23 CV of GCE/GS/GNR in the solution containing 5 mM AA, vitamin C
tablet and tablet with solid AA
The GCE/GS/GNR response was stable over a period of 50 min for 5 mM AA in
0.1 M PBS (pH-7) with a limited loss of 45.5% in the current signal. The current
response measured three times for vitamin C tablets using the same electrode with
a RSD of only 1.5% (Figure 4.23) confirms that the GCE/GS/GNR has a high
stability.
4.5 Application of GCE/N2/Ar/GS/GNR towards simultaneous determination
of AA, DA and UA
In the last few decades, determination of AA (Arrigoni & De Tullio, 2002), DA
(Wightman et al., 1988) and UA (Dutt & Mottola, 1974) has been of utmost
important. Even the slight variation of their concentration can be used as an
indicator for a wide variety of diseases like schizophrenia, parkinson’s, gout, scurvy
and cardiovascular diseases. Hence, simultaneous determination of these
biomolecules, and in biological fluids is very important not only for investigating
their physiological functions but also for diagnosing diseases.(Hadi & Rouhollahi,
2012)
In this section, as illustrated in Figure 4.14 (b), No/Ar RF plasma functionalized
GS/GNR is employed to fabricate an electrochemical sensor for the simultaneous
determination of AA, DA, and UA. Here, nitrogen plays a role in the

enhancement of the electrocatalytic property, whereas the purpose of inert gas (Ar)
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is to reduce amorphous carbon particles during N> functionalization without
significantly affecting the structural stability of the GS/GNR.

4.5.1 Electrochemical characterization

The individual electrocatalytic activity of bare GCE, GCE/GS/GNR and
GCE/N2/Ar/GS/GNR towards AA, DA and UA, were first investigated by CV
(Figure 4.24). In the case of AA, the oxidation peaks observed in all the three
electrodes correspond to the hydroxyl groups oxidized to carbonyl groups
in furan ring of AA. As depicted in Figure 4.24(a), among three
electrodes, negative shift in the anodic peak potential of AA observed in
GCE/N2/Ar/GS/GNR, infers the enhanced electron transfer rate, which may
be attributed to the abundant pyrrolic-N structure in N2/Ar/GS/GNR.
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Figure 4.24 CV of 1.0 mM AA, 1.0 mM DA and 1.0 mM UA in 0.10 M PBS (pH
7.4) at (a) GCE, (b) GCE/GS/GNR and (c) GCE/N2/Ar/GS/GNR at a scan rate of
100 mV/s.

In all the three electrodes, a well-defined redox couple appeared towards DA
corresponds to two-electron oxidation of DA to quinone and the subsequent
reduction of dopamine quinone to DA. Figure 4.24(b) depicts the anodic peak
currents (Ipa) for 1 mM DA, for the bare GCE and GCE/GS/GNR of 7.38 pA and
10.76 pA, respectively. The I of GCE/N2/Ar/GS/GNR is much larger (24.49 pA)
than that of the bare GCE and GCE/GS/GNR. This enhanced redox peak current
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observed in GCE/N2/Ar/GS/GNR could be due to three main reasons: one due to
the n—m interactions between the benzene ring of DA molecule and the carbon layer.
Second, because of the hydrogen bonds formed between hydroxyl or amine group
in DA molecule. Thirdly due to the enhanced electrocatalytic property of nitrogen
atoms within GS/GNR layers. From Figure 4.24(c), a well-defined oxidation peak
observed in all the three cases, reveals that UA gets oxidized to quinonoid. The
positive shift of UA oxidation peak from +333 mV (GCE/GS/GNR) to +446 mV
(GCE/N2/Ar/GS/GNR), infers that GCE/N2/Ar/GS/GNR can simultaneously detect
AA, DA and UA without any overlapping of oxidation potential of the
three analytes. From CV it is evident that AA, DA and UA molecules with different
structures have different interaction modes with the mentioned three electrodes. The
above investigations demonstrate that GCE/N2/Ar/GS/GNR exhibits the enhanced
electrocatalytic performance, than the other two electrodes namely GCE
and GCE/GS/GNR, with decrease in the overpotential and increase in the peak

current by about three times toward the electrooxidation of AA, DA and UA.
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Figure 4.25 DPV of GCE, GCE/GS/GNR and GCE/N»/Ar/GS/GNR in 1000uM
AA, 50 uM DA and 100uM UA in 0.1M PBS (pH 7.4).
This could be attributed to its unique structural features and improved
electrochemical property of GCE/N2/Ar/GS/GNR, where the nitrogen atoms
in No/Ar/GS/GNR may interact with the target molecules via hydrogen bonds,
which can activate the hydroxyl and amine groups and accelerate the charge transfer
kinetics of the target molecules. Moreover, the enhanced electrochemical surface

area of No/Ar functionalized GS/GNR can provide more active sites, which
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significantly improves its electrocatalytic activity. In other words, the
excellent electrocatalytic activities of GCE/N2/Ar/GS/GNR may also be due to the
hybrid structure of GS/GNR and properties originating from the nitrogen/argon
plasma functionalization effect. All these results indicate that GCE/N2/Ar/GS/GNR
possesses excellent electrocatalytic activity, which can effectively separate the
oxidation potentials and improve the oxidation peak currents towards AA, DA and
UA.

The excellent electrocatalytic activity of GCE/N2/Ar/GS/GNR towards these three
biomolecules in the tertiary mixture were also investigated by the DPV experiments
(Figure 4.25) with a mixture of 1.0 mM (AA), 50 uM (DA) and 100 uM (UA) in
0.1 M PBS (pH 7.4). The electro-oxidation of the three biomolecules, at GCE and
GCE/GS/GNR, presents a broad peak attributed to overlapping of AA, DA and UA,
which infers that simultaneous determination of these molecules does not take place
in GCE and GCE/GS/GNR. On the contrary, in the case of GCE/N2/Ar/GS/GNR,
it would be noted that the anodic peak potentials of AA (60 mV), DA (280 mV) and
UA (432 mV) were well separated, making GCE/N2/Ar/GS/GNR a promising
electrode for simultaneous determination of these three biomolecules with higher
peak current intensity and larger peak potential separation (AEaa-pa = 220 mV,
AEpaua = 152 mV, AEaaua = 372 mV). It clearly demonstrates that
GCE/N2/Ar/GS/GNR is a potential electrode material in the electrochemical
biosensor for simultaneous detection of DA, AA and DA.

Both the CV and DPV demonstrate that GCE/N2/Ar/GS/GNR possesses good
electrocatalytic activity towards the oxidation of these analytes. This could be
attributed to its particular hybrid structure of two and one-dimensional
microstructures and properties originating from Nz/Ar functionalization. For
instance, various nitrogen moieties and additional defects created during No/Ar
plasma functionalization facilitates electron transfer and enhances adsorption
strength of biomolecules.

4.5.2 Effects of scan rate on the electrochemical response of AA, DA and UA
The influence of scan rate were studied to examine the kinetics of electrode reaction
on the redox peak current and potential through the CV of 1 mM AA, ImM DA and
1 mM UA in 0.1 M PBS with different scan rates at the GCE/N2/Ar/GS/GNR. As

92



shown in Figure 4.26 a, c, e with increasing scan rate (10—-100 mV s, the oxidation

peak potentials of AA, DA and UA on the as-prepared GCE/N2/Ar/GS/GNR

underwent small positive shifts, suggesting that the adsorption does not

occur significantly on electrode in 0.1 M PBS (pH = 7.4) solution. The increase in

redox current intensities with increasing scan rates between I, and the v'/? (Figure

4.26 b,d,f), indicates that the electrochemical activity of GCE/N2/Ar/GS/GNR on
AA, DA and UA is the diffusion controlled process.
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Figure 4.26 CV of N2/Ar/GS/GNR /GCE in 0.1 M PBS solution (pH 7.4)
containing 1 mM AA (a), ] mM DA (c), and 1 mM UA (e) at different scan rates
10-100 mV s''. With their respective plots of the I, vs v’ (b, d, f).
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Figure 4.27 Ep, vs log v mV/s of N2/Ar/GS/GNR /GCE in 0.1 M PBS solution (pH
7.4) containing 1 mM AA, 1 mM DA, and 1 mM UA at different scan rates 10-
100 mV s!

Subsequently, from the Figure 4.27, the electrochemical parameter “a” electron
transfer coefficient was calculated by using the obtained slope value between E,

and log v in Laviron’s equation (4.4) (Laviron, 1979).

2.3RT
(1 — a)nF
The obtained “o” electron transfer coefficient are 0.08, 0.32 and 0.69 for AA, DA

= slope value (Epvs logv) ——————— - (4.4)

and UA, respectively by assuming two-electron transfer.

4.5.3 Effects of pH on the electrochemistry of DA, AA and UA

The effect of pH was investigated on the electrocatalytic oxidation of 1 mM AA,
50 uM DA and 100 uM UA at GCE/N2/Ar/GS/GNR by DPV in 0.1 M PBS solution
at a scan rate of 100 mV/s in the pH range of 4.0-9.0. With the increase of solution
pH, the oxidation peak potentials of the three molecules gradually shifted
negatively. The slope values of 30.8 mV, 60.8 mV and 65.7 V obtained from the
linear relationships between peak potentials of AA, DA and UA and pH (Figure
4.28(a)), indicate that protons were directly involved in the overall oxidation
reactions which occurred via electron transfer step followed by protonation process.
The slopes are close to the theoretical value of 59 mV/pH (25 °C), indicating that
their oxidation reactions are accompanied by the transfer of an equal number of
protons and electrons. Besides, it was found that the separation of peak potentials

for AA-DA and DA-UA and oxidation peak currents reached the maximum at pH
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= 7.0 (Figure 4.28 (b) and (c)). Considering the effect of redox peak potential
separation and current response, physiological pH value, pH = 7.4 was chosen in

the following measurements.
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Figure 4.28 Effect of pH o the peak current (a), peak separation potential (b) and
the peak potential (c) for the oxidation of 1 mM AA, 50 uM DA, and 100 uM UA
in PBS buffer solution (pH 7.4) at the GCE/N2/Ar/GS/GNR using DPV.

4.5.4 Amperometric response of AA, DA, and UA

The GCE/N2/Ar/GS/GNR sensitivity towards AA, DA and UA was investigated by
adding different concentrations of analytes into the electrolyte. Amperometric
responses of GCE/N2/Ar/GS/GNR was carried out under constant magnetic stirring
upon successive addition of aliquots (20 uL) of AA, DA, or UA stock solution in
PBS of pH 7.4 at 20 s interval at the optimum working potential (0.06 V for AA,
0.280 V for DA, and 0.430 V for UA, respectively). Figure 4.29 a, c, e shows the
amperometric responses of GCE/N2/Ar/GS/GNR to the successive addition of AA,
DA, or UA into the PBS buffer. Initially, only PBS (15 mL, 0.1M, pH 7.4) was
present in the cell. After the successive addition of 20 pL aliquots with the given

concentration range, GCE/N2/Ar/GS/GNR shows rapid response with a step-like
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increase of responding current towards the concentration of the analyte and attained

the steady-state current within 5 s demonstrating its fast response.
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Figure 4.29 Amperometric curve of N2/Ar/GS/GNR /GCE in 0.1 M PBS (pH 7.4)
with successive additions of (a) 0.1-1400 uM AA, (b) 0.01-400 uM DA, (c¢)
0.02-350 uM UA, and (d, e, f) their calibration plots between the peak current
intensities and the concentrations. The working potential was 0.06 V for AA, 0.28
V for DA and 0.43 for UA.

The calibration curves between current vs concentration (Figure 4.29 b, d, e)
illustrate a linear relation in the range of 0.1 to 1400 pM, 0.01 to 400 uM and 0.02
to 350 uM, corresponding to AA, DA and UA respectively. GCE/N2/Ar/GS/GNR
sensitivity was estimated by using the slope of the calibration curve, as 501 pA/uM
cm?, 652 pA/uM cm? and 576 pA/uM cm? for AA, DA and UA respectively. And
detection limits of of AA, DA and UA were determined to be 5.3 nM, 2.5 nM and

5.7 nM, respectively, with a signal-to-noise ratio of 3.
The above electrochemical measurements evidenced the excellent electrocatalytic
activity of GCE/N2/Ar/GS/GNR towards AA, DA and UA with higher sensitivity

and lower detection limit. The electrochemical performances including linear

detection ranges, detection limits and the peak potential separations of
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GCE/N2/Ar/GS/GNR are comparable with those of other listed literature (Table

4.4).

Table 4.4 Comparison of the performances of sensors for the simultaneous

determination of AA, DA and UA with those of sensors based on different matrices.

Electrode Peak separation  LOD in uM Ref
AE1 AE>» AE; AA DA UA
NGCE/GS 170 120 290 22 0.25 0.045 (Sheng et al.,
2012)
HNCS/GCE 212 136 348 0.04 0.91 0.02 (C. Xiao et al.,
2011)
Au/ZnO/NGCE/GS 195 198 393 5 0.4 0.8 (Xianlan Chen
et al., 2016)
Pt NSs/Ce0/GCE 176 132 308 043 0.07 0.63 (X. Zhang,
Ma, & Zhang,
2015)
(ZnO—CuxO- 150 154 304 25 0.04 0.2 (Ghanbari &
PPy)/GCE Hajheidari,
2015)
Au/RGO/GCE 200 110 310 05 14 1.8 (Caigin Wang
etal., 2014)
RGO/carbon fiber 116 167 283 4.5 0.77 2.23 (Yang et al.,
electrode 2014)
Chitosan/GCE/GS 165 90 255 50 1 2 (D. Han, Han,
Shan, Ivaska,
& Niu, 2010)
Pd/GS/chitosan/GC 252 144 396 20 0.1 0.17 (Xue Wang et
E al., 2013)
N2/Ar/GS/GNR 220 152 372 0.00 0.0025 0.0057 This work
53
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4.5.5 Interference, stability, repeatability and selectivity of N2/Ar/GS/GNR
based electrochemical sensor

The effect of other several possible interferential species such as glucose, I-cysteine,
NaCl, KCl, CaClz, MgS0Os4, Fe(NO3); towards simultaneous determination of AA
(1000 uM), DA (50 uM) and UA (100 uM) using GCE/N2/Ar/GS/GNR were

examined.
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Figure 4.30 Interference study of GCE/N2/Ar/GS/GNR in 2 mM of glucose, 1-
cysteine, NaCl, KCl, CaClz, M GSOs4, Fe (NO3)3 towards simultaneous

determination of (a) AA, (b) DA and (c)UA at AA (1000 uM), DA (50 uM), and
UA (100 uM).

It was found that the existence of afore mentioned species (2 mM) showed
negligible interferences, revealing a good selectivity of GCE/N2/Ar/GS/GNR
(Figure 4.30 (a) AA, (b) DA, (c) UA). GCE/N2/Ar/GS/GNR stability
was determined by CV in a solution containing 1 mM AA, 50 uM DA, and
100 uM UA. Figure 4.31 clearly shows no significant change in peak current even
after 50 consecutive cycles. To further calculate the long-term stability of the
proposed sensor, the response of GCE/N2/Ar/GS/GNR was recorded over a period
of 30 days as depicted in Figure 4.32, there was a very little decay in the peak
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currents of AA, DA and UA with the respective values of 2.7%, 3.6% and 2.8%.

This clearly shows that proposed sensor retains excellent stability over a period of
30 days.
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Figure 4.31 Repeatability of GCE/N2/Ar/GS/GNR after 50 cycles
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Figure 4.32 The stability of GCE/N2/Ar/GS/GNR in 4° C after 30 days.
The repeatability of the proposed sensor was verified using three different
electrodes. The RSD of the corresponding peak currents obtained for AA, DA and
UA were 2.4%, 2.2% and 1.9% respectively, which suggests that proposed

sensor possesses good repeatability.
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Table 4.5 Determination of AA, DA and UA in human serum samples (n = 3).

Samples Added uM Found uM Recovery % RSD%
AA DA UA AA DA UA AA DA UA AA DA UA
0 0 0 6.62 0.323 17.9
1 10 05 20 16.02 0.759 37.3 94 87.2 97 329 416 230
2 15 1 25 20.89 1.398 428 95.1 1075 99.6 240 3.53 2.01
3 20 15 30 25.84 1907 475 96.1 1056 98.6 2.62 296 2.62
4 30 2 35 37.92 2355 526 1043 101.6 99.1 3.02 3.39 2.5
5 40 25 40 459 30 574 98.4 1073 98.7 27 34 2.06

The practical applicability of N2/Ar/GS/GNR in analytical determination of AA,
DA and UA was carried out using five human serum samples using
standard addition method. Serum samples taken from the lab, are diluted 50 times
using 0.1 M PBS (pH 7.4). To authenticate the proposed sensor certain known
amounts of AA, DA and UA are added to the diluted serum sample and then
detected. The results obtained are tabulated in Table 4.5. The recovery of the spiked
sample ranges between 94 and 104 % which validates the applicability of
N>2/Ar/GS/GNR based sensor for real sample analysis.

4.6 Application of GCE/GS/GNR/Ni towards oxidation of glucose

The Ni/GS/GNR was applied to diagnose diabetes mellitus, a chronic disease
related to glucose digestion caused by insufficient insulin secretion, resulting in
increasing death rate worldwide. Therefore determination of glucose level in blood
is of practical importance to reduce the complications associated with diabetes. In
recent years considerable research have been devoted in development of vast
number of rapid, sensitive and accurate glucose sensors to monitor glucose which
are not only relevant to determination of glucose level in blood but also in the food
industry, bioprocessing, etc (Wild, Roglic, Green, Sicree, & King, 2004). Among
the various methods available for glucose sensor, such as high performance liquid
chromatography method, spectrophotometric assay, polarimetry method and
electrochemiluminescence (Shuang Song et al., 2008), (Kanchana, Sakai, Teshima,
Katoh, & Grudpan, 2007), (Kang, Lee, Lee, & Jung, 2008), (X. Liu et al., 2008),

electrochemical sensor has triggered extensive attention owing to its high
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sensitivity, excellent selectivity, rapid response, lowest detection limit and good
reliability (Singh et al., 2013). So, in this section, Ni incorporated into the network
of GS/GNR hybrid by in situ chemical reduction method was further used for as a
stable and sensitive non-enzymatic glucose sensor.

4.6.1 Electrocatalytic oxidation of glucose
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Figure 4.33 Effect of concentration of NaOH towards GCE/GS/GNR/Ni
Chemisorbed hydroxide ions (OH-) facilitate a stronger interaction between glucose
and Ni based electrode and decrease the activation energy for the oxidation of
glucose as follows. First, OH- neutralises the protons generated during the
dehydrogenation steps; second, the formation of glucose intermediate occurs at a
faster rate in alkaline solution; and third, the formation of NiOOH catalyst with the
conversion of glucose intermediate to gluconolactone. Therefore, the effect of
concentration of the electrolyte (NaOH) on the electroactivity of the catalytic
material was investigated by CV measurements, with different concentrations
of NaOH 0.01, 0.1, 0.2, 0.3 and 0.4 M. As illustrated in Figure 4.33, we observe
increase in peak current at 0.01 M NaOH, further increase in NaOH concentration
results in decreased oxidation peak due to the blockage of active sites on the
electrode by the increased concentration of hydroxide ions. Therefore, 0.1 M NaOH
was selected as the optimal concentration for the further experiments.

The electrocatalytic behaviour of GCE, GCE/GS/GNR, GCE/Ni and
GCE/GS/GNR/Ni1 were evaluated by CV in alkaline medium with and without
addition of glucose and illustrated in Figure 4.34. All CV experiments were carried

out in the potential window of 0.0-1.0 V at a scan rate of 50 mV s .
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Figure 4.34. CV response of bare GCE (a); GCE/GS/GNR (b); GCE/Ni (c) & (e);
GCE/GS/GNR/Ni (d) & (f) in 0.1 M NaOH; (a, b, c, d - in absence of glucose, e, f
- in presence of 0.1 mM glucose); scan rate: 50 mV s,

The CV obtained at bare GCE and GCE/GS/GNR revealed no redox behaviour,
indicating that both the electrodes do not undergo redox reaction in 0.1 M NaOH
(Xiaohui Gao, Lu, Liu, He, & Chen, 2015). In contrast, owing to excellent
electrocatalytic properties of Ni nanoparticles, GCE/Ni and GCE/GS/GNR/Ni
modified electrodes exhibited a pair of well-defined redox peaks, under an alkaline
solution with Ep. and Epc peak potential of +0.5 V and +0.3 V vs. Ag/AgCl
respectively, which correspond to the redox reaction that occurs between Ni
nanoparticles and OH to form Ni(OH)2/NiO(OH), indicating that the modified
electrodes exhibited significant electro catalytic activity in the alkaline medium and

the involved electrochemical reaction as follows:

Ni(OH), + OH™ — —— NiO(OH) + H,0 + e~ — — — ——> (4.5)
Moreover, the observed oxidation peak current of the GCE/GS/GNR/Ni (Figure
4.35) was much higher than that of other electrodes. The superior electro catalytic
performance of GCE/GS/GNR/Ni was attributed to the synergistic effect of
GS/GNR hybrid network and Ni nanoparticles. In the hybrid network of
GS/GNR/Ni, where Ni nanoparticles were uniformly dispersed on GS/GNR, the
GS/GNR hybrid provides higher specific surface area, enhanced electrical
conductivity and more active sites, providing a facile transport pathways for ions

and offers unhindered diffusion of OH- during the electrochemical process.
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Figure 4.35 Peak current of GCE/Ni, GCE/GS/Ni, GCE/GNR/Ni and
GCE/GS/GNR/Ni modified electrodes towards 0.1 M NaOH electrolyte.

Ni nanoparticles serve as excellent catalytic active material for direct glucose
oxidation, which would further enhance the electron transfer resulting to high
sensitivity, lower detection limit and good selectivity towards glucose detection.
Similar catalytic mechanism was exhibited in the Cu20 nanocubes incorporated on
GS structures (Minmin Liu, Liu, & Chen, 2013). Upon addition of glucose, the
significant increase of the oxidation current was ascribed to the fact that Ni was
oxidized to Ni(OH)2 on the surface of the GCE/GS/GNR/Ni electrode (equation
(4.6)), and then glucose was catalytically oxidized to gluconolactone, further to
gluconic acid by a hydrolyzation process (equation (4.6 and 4.7)). In addition, due
to the adsorption of glucose and the oxidized intermediates on the active sites in
Ni/GS/GNR based electrode, the anodic peak potential shifts to a little positive
direction. It was also ascribed to the diffusion limitation of glucose at the electrode
surface; these results are consistent with the previous reported works on Ni
(Sivasakthi, Ramesh Bapu, & Chandrasekaran, 2016).
The mechanism for oxidation of glucose by Ni nanomaterials can be described by
the following reactions (Joseph Wang, Chen, & Chatrathi, 2004), (L.-M. Lu et al.,
2009).

NiO(OH) + glucose—— Ni(OH), + gluconolactone — ——— (4.6)
Finally, gluconolactone was turned into gluconic acid by hydrolysis:

Gluconolactone — —— gluconic acid — ——- (4.7)
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Figure 4.36 Peak current of GCE/Ni, GCE/GS/Ni, GCE/GNR/Ni and
GCE/GS/GNR/Ni modified electrodes towards 0.1 M NaOH electrolyte in
presence of 0.1 mM glucose.

The electro oxidation of glucose towards GCE/GS/GNR/Ni was investigated along
with other electrodes such as GCE/Ni, GCE/GS/Ni, and GCE/GNR/Ni and
illustrated in Figure 4.36. Among the modified electrodes GCE/GS/GNR/Ni shows
significant enhancement in oxidation peak currents. The excellent electrochemical
performance observed at GCE/GS/GNR/Ni was ascribed to GS/GNR hybrid
network which improves the glucose sensing not only by large surface area and
better dispersion of Ni nanoparticles, but also by high electrical conductivity and

charge transfer capability.

Moreover during co-reduction of GOS, GOR and Ni(OH), the ample functional
groups available in both the edges and basal of GOS and GOR, provide more
anchoring sites for the incorporation of more Ni nanoparticles i.e catalytic site and
enhance the rate of electron transfer between glucose and the electrode. Also the
homogeneously dispersed Ni nanoparticles over the GS/GNR matrix extended the
electroactive surface area of Ni/GS/GNR material, which further improved the
adsorption of analyte.

4.6.2 Electro-kinetic studies

To evaluate the kinetics of glucose oxidation on the surface of GCE/GS/GNR/N;i,
CV were recorded at different scan rates ranging between 10 and 100 mV s! and

depicted in Figure 4.37. The peak potential for the oxidation of glucose shifts to
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positive values, along with increase in oxidation and reduction peak currents with

increasing scan rate from 10 to 100 mV s! (Figure. 4.37 a and b).
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Figure 4.37 (a) CV of the GCE/GS/GNR/N:i electrode at different scan rates (10-
100 mV/s), (b) I, vs v/2 (c) Ep vs log (V).
The linear relationship between the peak current and square root of scan rate with

a linear regression equation of

I, = 49608 + 1.4076vz (mvzs 2 )R = 0.9972 — —— (4.8)
indicates that the oxidation of glucose on the surface of GCE/GS/GNR/Ni is
diffusion controlled (Shen et al., 2016). As shown in Figure 4.37c, the Ep. was
linearly dependent on the logarithm of the scan rate.
The electrochemical parameters for instance electron-transfer coefficient (o) and

apparent charge-transfer constant (ks) can be calculated using Laviron's model

(Laviron, 1979).

. RT (1-a)
Eye = E +(1—a)nF n - - ——(4.9)
o RT a
Epc =FE°— ﬁlna— —_ (410)

RT o(l-— oc)nFAEp
logks = alog(1 —a) + (1 — a)loga — log nFv 2.3RT

—— (4.11)
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where m = (RT/F)(ks/on)------ (4.12), n is the number of electrons transferred in the
rate-determining step, AE; is the peak potential separation, R is the gas constant
(8.314 J mol' K™"), T is the room temperature (298 K) and F is Faraday's constant
(96,485 C mol '), and v is the scan rate. a and ks as determined from these plots and
Eq. (4.13) to be 0.43 and 2.37 s’!, respectively were higher than Nafion/SBA-15-
Cu (I) modified GCE (Shamsipur, Karimi, Amouzadeh Tabrizi, & Rostamnia,
2017). This indicates that the GCE/GS/GNR/Ni electrode can effectively promote
electron transfer.

4.6.3 Impedance studies of modified electrodes
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Figure 4.38 EIS spectra of GCE, GCE/GS/GNR and Ni/GS/GNR/ GCE electrodes
in a 1 M KCl electrolyte with 5 mM K3[Fe(CN)s] and 5 mM K4[Fe(CN)g] with

Randles circuit along with (a) magnified portion of Nyquist plot.
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The impedance measurements of GCE, GCE/GS/GNR and GCE/GS/GNR/Ni were
performed in 1 M KCl with 5 mM Kj3[Fe(CN)g] and 5 mM Ka[Fe(CN)g] and shown
in Figure 4.38. After fitting the data, among the three modified electrodes, the R
value of GCE/GS/GNR/Ni is found to be significantly less (17 Q) compared to
GCE/GS/GNR (140 Q), and GCE (15700 ). The decreased charge transfer
resistance was attributed to the hybrid network of graphene sheet and graphene
nanoribbon which not only enhances the surface area available for Ni incorporation
but also accelerates the rate of electron transfer, thereby increasing the electrical
conductivity and decreasing the charge transfer resistance, effectively enhancing

the detecting sensitivity and shortening the response time.
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4.6.4 Optimization of potential in glucose sensing

The effect of increase in concentration of glucose towards GCE/GS/GNR/Ni was
studied elaborately by amperometric method. Considering that the amperometric
response of the sensor can strongly be influenced by the applied potential, we have
investigated the optimum potential for the amperometric determination of glucose.
The amperometric response of GCE/GS/GNR/Ni electrode with successive
addition of 0.1 mM of glucose in 0.1 M NaOH in the potential range of +0.4 to +0.7
V vs. Ag/AgCl was illustrated in Figure 4.39. When the applied potential is
increased from +0.4 V to +0.5 V, the oxidation current of glucose was increased
gradually with the successive addition of 0.1 mM glucose. As shown in the inset,

the response current reaches the maximum value at +0.5 V.
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Figure 4.39 Amperometric response of the GCE/GS/GNR/N1 at different
potentials with successive addition of 0.1 mM glucose into 0.1 M NaOH solution.
Inset: Magnified view of current response.

However, the current response was decreased when the applied potential further
increased. The reason for this phenomenon can be explained by the fact that the
generation of many interfering substances interacted with the electrode, which leads
to the decayed current. By comparison, the applied potential of +0.5 V enabled the
best performance, which was selected as the suitable working potential for glucose
detection in subsequent experiments, which is also potentially beneficial for

elimination of interferences from electroactive substances such as DA, UA and AA.
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4.6.5 Amperometric detection of glucose

The sensitivity of GCE/GS/GNR/Ni towards glucose detection was investigated by
adding different concentrations of glucose into the electrolyte. Amperometric
responses of GCE/GS/GNR/Ni upon successive addition of certain amount of
glucose to 0.1 M NaOH was carried out under constant magnetic stirring at the
optimum potential of 0.5 V. Figure 4.40 (a) illustrates the current response recorded
with respect to time for the GCE/GS/GNR/Ni with the incremental addition of
glucose. Figure 4.40 (b) represents calibration curve (current vs concentration) for
the electrochemical responses of the GCE/GS/GNR/Ni with the successive
injection of 10 puL glucose with concentration ranging between 5 nM and 5 mM.
The wide linear range might be due to the larger surface area with more electro
active sites for the oxidation of glucose at GCE/GS/GNR/Ni. We observed a step-
like increase of responding current towards glucose and it attained 95% of the
steady current within 5 s demonstrating its fast response. In addition, the fast
response may be due to the promoted electron transfer and excellent catalytic

activity provided by Ni nanoparticles and the hybrid structure of GS/GNR
(Shamsipur et al., 2017).
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Figure 4.40 (a) Amperometric i-t response of GCE/GS/GNR/Ni with the
successive addition of different concentrations of glucose in the range of 5 nM -

5SmM in 0.1 M NaOH at an applied potential of 0.5 V vs. Ag/AgCl with time
interval 20 s (Inset: Magnified view of time response from 0 - 220 s) and (b)
Calibration curve for glucose concentration ranging between 5 nM and 5 mM with
the error bars indicating the standard deviation of triplicate determinations.
The sensor displays a linear relationship between the current response and glucose

concentration for a range of 5 nM - 5 mM glucose with a correlation coefficient of

0.9975, high sensitivity of 2.32 mA/mM cm? and detection limit of 2.5 nM with a
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signal-to-noise ratio of 3. The high sensitivity and low detection limit of
GCE/GS/GNR/N1 electrode can be attributed to the excellent electrocatalytic
property toward the oxidation of glucose owing to the unique structure of
hybridised graphene sheet and nanoribbon which provides enhanced area for
loading more Ni nanoparticles which provide many active sites for the oxidation of
glucose. The GS/GNR structure can also facilitate the diffusion of glucose
molecules and accelerate the electron transfer.

A list of the reported non-enzymatic glucose sensors based on Ni is shown in Table
4.6; it can be seen that the analytical performance of the sensor proposed in this
study is better than most of the previous studies in terms of sensitivity, LOD, and
linear range.

Table 4.6 Comparison of performance of as-fabricated glucose sensor with other
glucose sensors reported previously.

Electrode Sensitivity Linear range LOD Ref

Ni/GS/GNR 232mAmM'ecm™? 5nM-5mM 2.5nM This work

PVPY/GS/NiNPs*-CS®  103.8 yAmM'cm?  0.1uM-0.5 mM 30 nM (Z. Liu, Guo, &
Dong, 2015)

CNT/Ni NAs? 1381 yAmM'ecm?  0.5-10 mM 1uM (J. Zhu et al.,
2011)

Ni NWs® 367 uA mM! cm? I yM-5 mM IuM (Jinhong Wang,
Bao, & Zhang,
2012)

CNT/Ni 1384.1 yAmM' cm? 5 uM-2 mM 2uM (Choi et al.,
2015)

PAA/Ni s 5 uM-12 mM 0.65uM (T. Liu et al.,
2016)

NiNPs/GN# 865 uA mM! cm? SuM-0.55mM 1.85uM (B. Wang, Li,
Liu, & Yu,
2014)

NiNPs/CNF" 4204 yAmM' cm?  2uM-2.5mM 1uM (Yang Liu,
Teng, Hou, &
You, 2009)
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NiNPs/BDD! 1040 pyA mM! cm™ 10uM-10 mM 2.7uM (Toghill, Xiao,
Phillips, &
Compton, 2010)
Ni/PSi-CPE* s 2 uM-5000 uM 0.2 uM (Ensafi et al.,
2017)
RGO/Ni(OH).'/GCE 1143 mAmM'cm? 2uM-3.1 mM 0.6uM (Yue Zhang et
al., 2011)
NiO"/HMS"/GCE 239mAmM ! cm™ 1.67 uyM—6.87 mM  0.53uM (Cietal., 2014)
AgNPs°/CPE 540.7 uA mM ! 28.6 uUM-9.80 mM 5.5 uM (Ghiaci,
Tghizadeh,
Ensafi, Zandi-
Atashbar, &
Rezaei, 2015)
s-NiOP/GD4 36.13mA mM 'mm2 Upto 10.0 mM 0.9uM (Hu Liu et al.,
2015)
AgNPs/F-MWCNTs' 1057.3 mA mM ! 1.3 - 1000 mM 0.03mM  (Ensafietal.,
/GCE 2016)
Ni(OH)2/NND?® 3.20 and 1.41 mA 0.02-1 mM and 1- 1.2uM (Ko, Huang,
mM ! cm? 9 mM Raina, & Kang,
2013)
Pd/NiO/Nile- - 0.020-20.0 mM 22 uM (Ensafi,
RGO/CPE Ahmadi, Jafari-

Asl, & Rezaei,
2015)

*PVP- poly vinyl pyrrolidene

bCS -chitoson

¢ NPs -nanoparticles

INAs- nanostructuted arrays
°NWs -nanowires

'PAA -poly(azure A)

¢GN -Graphene sheet
"NiNPs-CNF- Ni nanoparticles loaded carbon nanofiber.
iBDD- boron-doped diamond
iPsi-porous silicon

KCPE - carbon paste electrode
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'Ni(OH),- nickel hydroxide

"NiO-nickel oxide

"HMS-hollow micro sphere

°Ag-Silver

Ps-NiO- porous NiO nanosheets

9GD-graphite disks

"F-MWCNTs-functionalized multiwall carbon nanotubes
*NND-nitrogen-incorporated nanodiamonds

'Pd-palladium

4.6.6 Interference, stability and repeatability of the sensor

In physiological fluids, endogenous species such as ascorbic acid (AA), uric acid
(UA), sodium chloride (NaCl), sucrose and dopamine (DA) generally co-exist with
glucose. Hence, the effect of these species towards the selectivity of
GCE/GS/GNR/Ni on glucose detection was investigated and illustrated in Figure
4.41. While, the normal physiological level of glucose in human blood is 4.4—-6.6
mM (Ensafi et al., 2015) and various endogenous species which could hinder the
performance of GCE/GS/GNR/Ni are below 0.1 mM. The interference experiment
study was undertaken with the addition of 0.5 mM glucose, followed by consecutive
injection of 0.01 mM of each ascorbic acid (AA), uric acid (UA), dopamine (DA),
NacCl and sucrose by amperometric method. Negligible current response observed
towards addition of interferents demonstrates that the glucose sensor based on

GCE/GS/GNR/N1 has high selectivity for possible practical applications.
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Figure 4.41 Effect of interferents, 0.01 mM of AA, UA, NaCl, sucrose and DA on
the response of the GCE/GS/GNR/NI1 to glucose of 0.5 mM in NaOH at 0.5 V.

Moreover, long-term stability of the fabricated Ni/GS/GNR/ GCE electrode was
investigated by measuring the change in current response over 30 days period as

depicted in Figure 4.42. The electrode was stored in air at room temperature and
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their current response was investigated every three days after injecting 0.5 mM
glucose to 0.1 M NaOH electrolyte. The response current was decreased by only
8.7% from its original current and became saturated after 30 days, which suggests

that the fabricated GCE/GS/GNR/Ni has good long term stability.
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Figure 4.42 Long-term stability of GCE/GS/GNR/Ni modified electrode stored at
4°C after 30 days in 0.5 mM glucose.
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Figure 4.43 Repeatability of GCE/GS/GNR/Ni in 0.5 mM glucose by measuring
30 successive CV measurements.

Furthermore, the stability of sensor was also evaluated by measuring the response
current of 30 successive CV measurements of 0.5 mM glucose in 0.1 M NaOH with

single electrode. No obvious change in peak current was observed as shown in
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Figure 4.43 which reveals that Ni nanoparticles incorporated with GS/GNR
efficiently enhance the stability of the sensor material towards consecutive cycle.
The repeatability of as-fabricated GCE/GS/GNR/Ni electrode was also verified
using the amperometric responses of glucose (500.0 pmol L) at a series of freshly
prepared five electrodes. The RSD of 2.16%, indicates that the fabricated sensor
possesses good repeatability.

4.6.7 Real sample analysis

The reliability of the GCE/GS/GNR/Ni sensor was also evaluated by determining
the glucose level in human serum using standard addition method. In brief, five
serum samples obtained from healthy donors were diluted with 10 mL of 0.1 M
NaOH. The obtained results were consistent with the blood glucose meter (Figure
4.44) with recovery rates of glucose detection of >95%. This strongly suggests that
the fabricated GCE/GS/GNR/Ni electrode can be successfully utilized for glucose

detection in blood samples without any pre-treatment step.
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Figure 4.44 The bar chart showing the glucose recovery in human serum samples
as determined between commercial glucose meter and GCE/GS/GNR/Ni.
This superior performance of Ni/GS/GNR based non-enzymatic glucose sensor can
be ascribed to the excellent conductivity of GS/GNR, where the GNR incorporated
between the GS layers could prevent the restacking of graphene sheets, thereby
increases the electron transfer from electrode to electrolyte and vice versa.

Furthermore, the incorporated GNR with GS effectively increases the surface area
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of GS/GNR, provides more sites for Ni nanoparticles, and quickens the rate of
glucose oxidation.

4.7 Conclusions

Novel hybrid material with large electroactive surface area was fabricated via
chemical reduction method and functionalized by two approach one by RF N2/Ar
plasma and the other by incorporation Ni Nanoparticles in GS/GNR hybrid
material.

Further, GCE/GS/GNR applied as a modified electrodes exhibited remarkable
electrocatalytic performance towards AA with increased peak current and less
overpotential than GCE/RGO, GCE/GS/CNT and GCE. It also exhibited high
sensitivity of 22 nA/uM cm? for the electrochemical detection, with the lowest
detection concentration of 230 nM.

Next, the same GS/GNR hybrid material on N2/Ar plasma functionalization was
found to be capable of detecting AA, DA and UA simultaneously. The modified
electrode shows a well-resolved potential peak separation (AEaa-pa= 220 mV,
AEpa-ua= 152 mV, AEaa-ua= 372 mV), strong peak current response, high stability
and good recovery in real serum sample analysis along with lowest detection limit.
Finally, the hybrid material of Ni nanoparticles incorporated in GS/GNR, applied
to detect glucose, showed remarkably improved electrocatalytic response of
glucose and exhibited excellent performances for the amperometric determination
of glucose with rapid response, low detection limit, high sensitivity and selectivity,
wide linear range and good long-term stability for the oxidation of glucose. These
findings would be beneficial to the development of advanced electrode materials

for novel electrochemical biosensors.
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CHAPTER 6
CONCLUSIONS AND FUTURE PERSPECTIVE

6.1 Conclusions

GS is the interesting class of carbon based electrochemical nanomaterial
which attracted scientific community in the recent past because of its intriguing
properties such as low-toxicity, biocompatibility, large surface area, wide potential
window, cheap and easy synthetic routes and so on. GS and its derivatives have
been scrutinized in ample number of applications which include chemical and
biosensors, supercapacitor, energy storage and conversion, bioimaging, etc.
Although a variety of synthetic routes and technological possibilities of GS have
been explored over the years, there are a few issues which need further attention.
(1) The pristine GS possesses inertness to reaction, which exhibits poor dispersion
in both water and organic solvents and weakens the competitive strength of
graphene in the field of sensor (ii) due to van der Waals force GS tends to restack
and reduce the surface area. (iii) Due to the structural complexity, the origin of the
electrochemical property in GS are not well understood. Our work aims to address
a few of the aforementioned issues and also to develop electrochemical biosensors
using modified GS having high selectivity towards some biologically important
molecules and ions.

Chapter 1 contains introduction and literature review. It gives an overview of
the present status of various synthetic routes for GS and GNR, its electrochemical
property and its electrochemical based sensor applications. The basics of
electrochemistry, mechanisms of electrochemical sensing and general approaches
to electrochemical sensing were discussed in this Chapter.

The material and methods, characterization techniques with theoretical
background, fabrication of electrodes for electrochemical sensor and various
electrochemical techniques are explained in chapter 2.

A DET based highly selective sensing of nitrite is demonstrated in Chapter 3.
The GS synthesized by chemical reduction method called reduced graphene oxide
(RGO) was functionalized by Oz, N> and NH3 RF plasma. NH3; plasma

functionalized GS with enhanced electrocatalytic with the presence of nitrogen
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heteroatom and immobilized with hemoglobin is used for sensing nitrite. The RGO-
NH;3 acts as an electrode and immobilized hemoglobin binds to specifically to
nitrite. The selectivity of this DET based nitrite sensor was studied by interacting
the sensor system with AA, DA, UA and hydrogen peroxide. It was found that there
is no significant response of sensor system towards these molecules.

The synthesis of hybridized GS, functionalization of hybridized GS, the
electrochemical property and their application as electrochemical biosensor are
detailed in Chapter 4. The synthesis was accomplished by introducing GNR with
GS via chemical co-reduction method. Functionalization of GS/GNR was
performed by two different approach: (i) generating nitrogen moieties on the
GS/GNR skeleton by N2/Ar RF plasma. (i1) Introducing Ni nanoparticles into
GS/GNR  via chemical reduction method. The detailed spectroscopic
characterization of all the three materials reveals the well dispersed GS and GNR,
effective functionalization of graphitic, pyridinic and pyrrolic nitrogen atoms at the
core of the GS/GNR and NH> group at the surface and successful incorporation of
Ni nanoparticles on GS/GNR.

The GS/GNR with increased surface area and enhanced electrical
conductivity was utilized for the selective sensing of AA in the presence of other
interferents like dopamine, uric acid and citric acid at a minimum potential of (0.08
V), with a detection limit of 230 nM and sensitivity of 22 nA/pMcm?.
N2/Ar/GS/GNR with enhanced electronegativity provides a reagent less approach
to detect AA, UA and DA with large peak separation potential and increased current
response. Highly selective and sensitive determination of AA, DA and UA exhibits
a detection limit of 5.3 nM, 2.5 nM and 5.7 nM respectively, with high stability,
and satisfying recovery results in real serum samples. Ni nanoparticles dispersed
uniformly in GS/GNR/Ni hybrid, provides higher specific surface area, enhanced
electrical conductivity and more active sites, providing a facile transport pathways
for ions and offers unhindered diffusion of OH™ during the electrochemical process.
Due to these excellent properties, the hybrid material of GS/GNR/Ni showed
remarkably improved electrocatalytic response of glucose with a detection limit of

2.5 nM and good long-term stability for the oxidation of glucose
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In Chapter 5, a PGNR was synthesized via chemical etching of iron oxide
GNR hybrid and electrochemically deposited by AuNPs. The obtained
AuNPs/PGNR hybrid was applied to dignose HCC. Microscopic analysis clearly
demonstrated the formation of porous structures and with AuNPs deposited on
porous GNR. The fabricated electrode was applied to detect AFP, a biomarker to
diagnosis HCC. Here porous GNR quicken the rate of electron transfer, whereas
AuNPs deposited on the material acts as an immobilization platform for AFP and
also enhances the electrocatalytic property. It was observed that AuNPs/PGNR
shows high selectivity on AFP with the presence of other interfering biological

species.
6.2 Future perspectives

Owing to the better graphitization, enhanced electrocatalytic property and
increase in surface area, we propose to functionalize RGO by Ar/NH3 RF plasma.
Pores introduced by Ar plasma functionalization may increase the rate of electron
transfer. Moreover, various nitrogen moieties introduced can increase the
electronegative property of the material, also it may act as an immobilization
platform for biomolecules and can be utilized in biosensing various biomarker.

Although there are several reports on the application of functionalized GS in
energy storage, to the best of our knowledge, only few reports are available on dual
plasma functionalization i.e with both nitrogen and sulphur. The dual plasma
functionalized GS with large surface area and increased the chemical reactivity
can be used in electrocatalytic oxygen reduction reaction and in lithium ion
battery.

Biological applications of functionalized GS are yet to be explored in its
capacity. The non-toxicity of GS make them alternative to traditional heavy metal
based material in the field of biotechnology and drug delivery applications. It has
the propensity to be modified according to the needs. Controlled functionalization
of GS have the potential to become next generation electrochemical sensor,

bioimaging agents and energy storage.
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