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ABSTRACT

Two dimensional (2D) materials have provided a new era to biosensors research.
Biosensors are functional biodevices which include the integration of biology with
electronics. The integration of 2D materials with other nanomaterials has transformed
the understanding of the biological and electronics world and has paved a way for the
design and fabrication of novel 2D nanointerfaces. The use of 2D nanointerfaces has
given great success to biosensors and bioelectronics field which ultimately impacts on
biomedical diagnosis and sensing applications. The superior properties of 2D
materials such as large surface area, ease of hybridization, good biocompatibility, and
high electron transfer properties make them ideal interface materials for the design

and fabrication of bioelectronic devices including biosensors.

The thesis focused on the fabrication of 2D nanointerfaces by combining two 2D hybrid
materials and then nanostructuring with metal nanoparticles for better electron transfer
within the interface which is followed by immobilization of enzyme as a bio-recognition
element for biosensing purposes. The conjugation of the 2D hybrid nanointerface

materials was achieved through the self-assembly technique.

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were
used in the study for characterization of the 2D hybrid nanointerface structures and
chronoamperometry studies were employed to investigate the electrobiocatalytic
properties of the 2D hybrid nanointerfaces structures. Structural characterization was
done by using X-ray diffraction (XRD), transmission electron microscopy (TEM) and
scanning electron microscopy (SEM) techniques for morphological details of 2D hybrid
nanointerfaces structures. The fabrication of bioelectrodes was achieved by using the

conjugated 2D hybrid nanointerface materials.
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There are three different segments in this research study. All of these different

segments involved the use of 2D materials for bioelectronics purposes.

The first phase involved the fabrication of smart hierarchically self-assembled 2D
electrobiocatalytic interface system based on the combination of gold nanoparticles
(AuNPs) doped graphene oxide (GO)-molybdenum disulfide (MoS2) layered
nanohybrid, conjugated with poly (N-isopropylacrylamide, PNIPAAmM) resulting in
GO/AUNPs/MoS2/PNIPAAmM interface. The introduction of PNIPAAmM improved the

stability of the self-assembled GO/AuNPs/MoS: interface structure.

Horseradish peroxidase (HRP) was subsequently immobilized on the
GO/AuUNPs/MoS2/PNIPAAmM interface through electrostatic interactions giving
GO/AuNPs/MoS2/PNIPAAmM/Peroxidase electrobiocatalytic interface system as a
platform for electrobiocatalysis reactions for biosensing applications. Morphological
characterization of GO/AuUNPs/MoS2/PNIPAAmM indicates that this 2D nanointerface
structure has a wide surface area for enzyme immobilization due to their flake-like
structure. CV showed diffusion-controlled electron transfer properties at the interface.
The electrobiocatalytic activity of the nanohybrid interface structure was studied using
hydrogen peroxide (H202) as a model analyte. The fabricated bioelectrode exhibits a
wide linear response to the detection of H202 from 1.57 to 11.33 mM, with a detection

limit of 3.34 mM (S/N=3) and a capacitance of 8.6 F/cm?2.

The second phase of the study involved the fabrication of hybrid dual 2D-nanohybrid
structure through self-assembly combination AuNPs with hybrid 2D materials
consisting of boron nitride (BN) and tungsten disulphide (WS2) as a nanointerface
system for electrochemical biosensing. HRP was immobilized on the hybrid dual 2D-
nanoparticle systems to form a biointerface. Structural characterization showed high

crystallinity in the fabricated structure, while morphological characterization confirmed
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the high surface to volume area of the hybrid material and the presence of well-
dispersed AuNPs. Electrochemical characterization also confirmed that the fabricated
HRP/BN/WS2/AuNPs/GC bioelectrode exhibited excellent electron transfer properties
at the interface. The electrobiocatalytic activity of the nanohybrid interface structure
was studied using H202 as a model analyte. The fabricated bioelectrode exhibited a
wide linear range from 0.15 mM to 15.01 mM towards detection of H202 with a limit of

detection of 3.0 mM (S/N = 3) and a sensitivity of 19.16 pA/mM/cm?.

Theoretical studies of the BN/Au/WS2(001) nanohybrid structure was carried out using
density functional theory (DFT) calculation for confirming the charge transport mobility
and conductivity of the fabricated material. DFT calculations combined with the
experimental studies showed that the self-assembled combination of the
BN/Au/WS2(001) nanocomposite enhances the performance of the fabricated

biosensor due to an introduced new electronic state emanating from the N 2p orbital.

The third phase of the study involved the synthesis of acetylene sourced graphene
(Gr) by chemical vapour deposition (CVD) method. Self-assembly method was used
to prepare the 2D nanohybrid interfaces, which consist of Gr, WSz, AuNPs and HRP
for fabricating electrochemical biosensor for detection of H202. The XRD results
revealed that Gr/WS2/AuNPs nanohybrid structure has good crystalline nature. CV
and electrochemical impedance spectroscopy results showed that due to the
incorporation of AUNPs, the redox properties of Gr/WS2/AuNPs/HRP conjugate 2D
hybrid structure improved in comparison to Gr/WS2/HRP. The same trend was
observed in the chronoamperometric results. The Gr/WS2/AuNPs/HRP/GCE modified
bioelectrode exhibited a good electrobiocatalytic performance towards the detection

of H202 over a relatively wider linear range (0.40 mM to 23 mM), with a higher



sensitivity (11.07 pA/mM/cm?) than that of Gr/WS2/HRP/GCE modified bioelectrode
(9.23 pA/mM/cm?). The results have shown that electrobiocatalytic reactions can be

controlled by modifying the nanohybrid interfaces.
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CHAPTER 1

INTRODUCTION

11 BACKGROUND AND MOTIVATION

Sensors are devices which respond to changes in their environment, such as heat,
motion, light, pressure or any other environmental phenomena and this response is
converted into readable signals [1, 2]. Sensors are categorized into three types: (i)
chemical sensors which are used for identifying different chemical substances; (ii)
physical sensors for different physical properties for example temperature, position,
pressure; and (iii) biosensors for biological substances. The term, 'biosensor' is one of
type of sensor which involve the incorporation of biological entity like enzymes,

antibodies or cells into the sensing device [1].

The concept of biosensors was first explained by L.C. Clark and C. Lyons in 1962 with
an early invention of Clark oxygen electrode which was based on the concept that
electrochemical detection of oxygen or H202 could be used as the basis for the

detection of many analytes [3].

Biosensors are highly sensitive devices with simple and easy to use technology.
Generally, biosensors are analytical devices integrating a biological sensing element
with physicochemical transducers to produce an electronic signal that is proportional
to the quantity (or concentration) of the analytes which is being detected or analyzed

[4, 5].

A typical biosensor consists of five important components in which the first component
is the analyte which needs to be detected. The second is the bioreceptor such as
enzyme, cell, aptamers, antibodies and deoxyribonucleic acid (DNA), which is the

1
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molecule that specifically recognizes the respective analytes [6, 7]. While the third
component of the biosensor is the transducer whose role is to convert the bio-
recognition event into a measurable or detectable signal [8, 9]. The fourth and fifth
components are the electronics and display that processes the transduced signal and

converts it into readable output results [10] as shown in Figure 1.1.

. Enzyme 0 Electrochemical: Potentiometry,
‘ * _ Antibody R amperometry
@O _ T | ?elt;tézril{;:l:g:::;:;:):‘ Amplifier Microelectronics
’* Whole cells T Calorimetric
. * 7. IR Piezoelectric
Sample analyte _ Biorecognition elements Signal Transducer Signal processing Display

Figure 1.1 Schematic representation of different components of a biosensor.
Redraw from [10].

The transducing system can be electrochemical, piezoelectric, magnetic, optical or

acoustical and ion-sensitive. The bio-recognition element or bioreceptor consists of an

immobilized biocomponent that detects the specific analytes, which deals with an

event (chemical and electronic) between the analytes and the bio-recognition element

and may result in flow of electrons, change in pH, change in mass, release of heat or

other chemical changes which are transduced into electrical signals [11-13].

Historically, enzymes are the first known bio-recognition elements in electrochemical
biosensors [3, 14] where the resulting enzymatic reaction (indicating the performance
of the sensor) may be evaluated in terms of concentration change. Performance of
biosensors depends upon the chemical and physical conditions of immobilized bio-
recognition molecules and also on the stability of the respective electrode materials

[15].
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Based on bio-recognition element and the transduction element, biosensors can be

classified [16] as shown in Figure 1.2.

Piezoelectric

—  Enzymatic Mass based ]
* Magnetoelastic

Potentiometric

Protein receptor Amperometric
— — Electrochemical .
based Conductometric

Impediemetric

v Surface plasmon response

— Immunosensors — Optical

* Fiber optics

H DNA ‘— Calorimetric

- Whole cells

Figure 1. 2 Classification of biosensors. Redraw from [16].

The potential applications of biosensors cut across different areas ranging from
industry to military applications (forensic and safety) [17]. They are currently most
commonly applied in medical diagnostics, drug discovery, environmental monitoring
and food safety [17-20]. In today’s world, the development of functional devices are
the highlight of growing research which opened different possibilities for the integration

of electronic elements with biotechnology [22-24].

The recent progress being made relative to device development and fabrication in this

field have enabled world-leading research groups to find a connection between the
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living and artificial world with better understanding of various biochemical and/or

biophysical events in these systems [25].

Recent trends in device fabrication and design are to make the devices lighter, with
better durability, economical and [26, 27]. Various electrocatalytic bio-interfaces in
different devices are helpful for the production, monitoring and regulation of biological

reactions [28].

Biosensors have really been useful for upgrading the quality of life due to their various
applications in health care technology for disease detection [4, 29-31]. The current
research trend in the field of biosensors is towards the development of thin, flexible

and highly sensitive bio-interface for efficient signal transduction [32].

Electrochemical biosensing is an interdisciplinary field of biosensors that fuses the
knowledge of electrochemistry, nanotechnology and bioelectronics and has vast
applications in healthcare, environmental monitoring, water analysis and energy
(generation and storage). Consequently, there is a continuous need for the
development of ultrafast and more highly sensitive next generation of biosensors that
can easily be deployed in the field to target applications, with an accompanying fast

response time and robust signals in real time sample monitoring.

In addition, the other focused areas for biosensing technique are the improvements in
their sensing features, cost-effectiveness, efficiency and the miniaturization of the
biosensing platforms. To achieve these promising features, there is a need to develop
paper-formatted electrode technology, nanomaterial interfaced-electrode systems and
nanohybrid interfaces that involve the incorporation of 2D materials into concept
design for biosensing devices [33-35]. The combination of 2D materials is becoming

the most versatile tool for attaining ultra-sensitive and selective novel nanobiosensors

4
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[37, 38]. Consequently, recently, the fabrication of thinner, economical and flexible
bioelectronic devices based on the use of 2D materials has become a major focus in

biosensing [37-40].

The discovery of 2D materials has generated significant interest in the scientific
community lately because of their exotic properties, which has made them the ideal
materials for potential applications in biosensing, biomedical devices, energy storage

and conversion electrochemical devices [34, 35, 40-45].

2D materials possess very high surface area, high electrocatalytic efficiency, tunable
band gap and good biocompatibility [41, 46, 47]. In addition, 2D materials also offer
an extensive platform for the utilization of their arrays of distinctive properties due to
their electronic structure (hetero structuring), confinement effects [48] and their ability
to be hybridized with other materials [19]. Due to their catalytic, electrical and optical
properties [49, 50], 2D materials have rapidly gained research interest for the

fabrication of biosensing platform.

Typically, 2D materials possess strong ionic or covalent intralayer forces and weak
interlayer van der Waals forces which are responsible for their good stability [51] and
anisotropic properties [52]. These van der Waals forces are the paramount contributor
to the conventional lattice spacing and are responsible for the change in properties of

the nanomaterials compared to their bulk counterpart.

Graphene is one of the most widely known members of 2D materials family. A single
layer of graphene sheet consists of hexagonally arranged sp?-hybridized carbon
atoms. Graphene is usually classified as single layer graphene (SLG), few layer
graphene (FLG) and multi-layer graphene (MLG), all of them with the outstanding

properties, including high electrical and thermal conductivity [53], high specific surface
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area (2630 m? g1), good carrier mobility at room temperature [33], high mechanical
strength [54, 55], good absorption in the white light spectrum [56, 57], high enzyme

loading [58, 59], and good tunable optical properties [60].

The sp?-hybridization in graphene involves the mixing of 1 s-orbital and 2 p-orbitals (px
and py) resulting in a trigonal planar structure with the formation of a o-bond between
carbon atoms [61]. The o-bond is responsible for the vitality of the lattice structure in
all allotropes of carbon. The 1-bond is created due to p:-electron and the 1-bonds
hybridize together to form the -band and m*-band. These bonds are responsible for
electronic properties and high in-plane conductivity of graphene due to the half-filled

bond, which permits free-hopping electrons mechanism [56, 62].

Due to these diverse properties, graphene plays an important role in the field of energy
generation and storage [59, 63, 64], high-speed electronic devices along with low cost.
Graphene is also an ideal material for biosensors fabrication with better biosensing
performance [65-67], especially due to its electronic properties. In recent era, the use
of graphene based materials as immobilization matrixes have increased due to its high
surface area which is ideal for the immobilization of bio-recognition elements resulting

in improved biocatalytic processes [69-71].

Beyond graphene, the other well-known 2D materials are hexagonal boron nitride (h-
BN) [72, 73], and transition metal dichalcogenides (TMDs) [38] with the general
formula MXz, where M is transition metal (e.g., Mo, W, Nb, Hf, Ta, Bi) and X is a
chalcogen (e.g., S, Se, Te). TMD (MoS2, WSz, WSez, etc.) consist of a “sandwich” like
structure of a transition metal (M) atom between two chalcogen atoms. These different

non-graphene 2D materials have many salient features and divergent properties that
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enhance the different potential applications of 2D materials [19, 35, 38, 42, 44, 46, 74-

76].

Moreover, there is an obvious requirement to develop a higher surface area interface
hybrid matrix that will result in greater sensitivity due to higher enzyme loading on the
hybrid 2D interface matrix which will consequently lead to increase the
electrobiocatalytic activity within the 2D layered hybrid interface materials. Research
studies have also shown that the incorporation of novel 2D materials in the fabrication
of biosensor system have resulted in highly efficient, ultra-sensitive, fast and smart

biodevices.

Theoretical calculations were carried out in this study to confirm experimental data
using quadratic configuration interaction or coupled cluster theory in the case of 2D
nanohybrid structures. This helps to give more detailed information about the
electronic interaction between different interfaces. The DFT which describes electron
correlation energy was used to describe the coupling/correlation of electron motions
[77] for these nanohybrid structures. First—principles calculation is an actual tool to
unveil electronic interaction occurring at the nanohybrid structure interface [78] with
the help of Cambridge Serial Total Energy Package 30 code [79] of the Materials
Studio 2016 [80] software. The generalized gradient approximation function of the
Perdew—Burke—Ernzerhof was adopted to account for the exchange—correlation
effects and A Monkhorst—Pack 33 with k—points of 8 x 8 x 1 was used to optimize the

crystal structure of the studied systems [81].



Chapter 1: Introduction

1.2 PROBLEM STATEMENT

In the last century, there have been many discoveries in the line of the interface
between the biological and electronic world which has ultimately opened a novel field
of bioelectronics, which is basically a development involving the integration of
biotechnology with electronics [22, 25, 71, 82]. This also involves the use of
biomolecule to catalyze a chemical reaction, which is then eventually translated into a
readable signal. These discoveries have helped researchers to develop a deeper
understanding of various biochemical as well as biophysical events in living systems
[22, 24, 83, 84] and has also lead to the development of novel devices fabrication with

applications in health, environmental and industrial purposes.

However, there are some limitations with the current bioelectronics devices being used
in biosensing and other applications. These limitations include slow electron kinetics
between the electrode and target analytes, low sensitivity, high cost and poor
durability. Therefore, the fabrication of cheap, durable, fast and highly sensitive, super
thin electrobiocatalytic interfaces has become a necessity for the development of next

generation bioelectronics and biosensor devices [29, 85-89].

Consequently, it is very necessary that research is conducted into the possible
incorporation of highly electrocatalytic and thin 2D nanohybrid materials into the
design and fabrication of bioelectronic devices. Such research may possibly hold the
answer to the fabrication of super thin, cheap, highly sensitive, lightweight, and

ultrafast devices.
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1.3 JUSTIFICATION

The recent focus and developments in 2D materials research makes it possible to
achieve the design and fabrication of super thin and efficient biodevices including
electrochemical biosensors. Additionally, research studies have shown that the
integration of different materials, such as metallic nanoparticles, carbon dots, and
polymers with 2D materials has led to improvement in the properties of the individual
2D materials [84, 90]. Recent research studies have reported that the incorporation of
other 2D materials [74-76, 91] with graphene is a good way to overcome the zero band
gap limitation of pristine graphene. In addition, incorporation of AuNPs in 2D hybrid
structures has been reported to cause signal amplification in resultant fabricated

devices [42-44].

This study involves the fabrication of hybrid 2D composite materials for the
development of highly sensitive, fast and durable electrochemical interface as a
platform for the fabrication of low-cost thin, flexible and highly sensitive
electrochemical biosensor. This study will add an impact and make it possible to
develop portable point-of-care diagnostic biodevices, portable handheld
environmental monitoring sensors that can be deployed in rural communities for “on
the spot” and easy to handle analysis of samples to avoid the time taken route for

analysis of the sample in laboratories.

The effect of the combination of different 2D nanohybrid materials with the resultant
superior electrocatalytic and electrobiocatalytic is the major focus of this study. The
self-assembly approach has been extensively used for developing functional

materials. The self-assembled hybrid structures along with proper design can provide
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excellent materials with better performance. Here, the surface modified 2D materials

will be chosen to construct a self-assembled structure for biosensing applications.

In this thesis, the self-assembly method is used to assemble 2D nanohybrid materials
with enzyme and metal nanoparticles by hierarchical structuring using electrostatic
and hydrophilic interactions respectively, for the fabrication of electrochemical

biosensors platform.

1.4 AIM AND OBJECTIVES

141 Aim

The aim of this research is to fabricate hierarchically assembled 2D nanohybrid

interfaces for thin bioelectronic systems.

1.4.2 Objectives

The objectives of this project include:

a) Fabrication of 2D nanohybrid interfaces for super thin bioelectronic systems
using self-assembly structure approach.

b) Structural, electronic and morphological characterization of the fabricated 2D
nanohybrid interface structure using X-ray diffraction, Raman spectroscopy,
scanning electron microscopy and transmission electron microscopy.

c) Fabrication of modified bioelectrodes using the fabricated 2D based nanohybrid

interface conjugated structures.

10
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d) Examine and investigate the electrochemical behaviour of the fabricated 2D
nanohybrid modified bioelectrodes through electrochemical techniques (CV
and EIS).

e) Investigation of the interaction between different 2D materials and electronic
structure and properties of the 2D nanohybrid interfaces using Material Studio
2016.

f) Exploration of the electrobiocatalytic activities of the fabricated bioelectrode by
using chronoamperometric technique, with hydrogen peroxide as model
analytes while horseradish peroxidase was used as sample bio-recognition

element.

15 OUTLINE OF THE THESIS

The contents of the various chapters in this thesis are presented as follows:

Chapter 1 covers the general introduction along with background, problem

statement, justification and aim and objectives of the thesis.

Chapter 2 provides an overview of the concept of biosensors and different types of
biosensors. This chapter also includes recent updates on the background and review
of two dimensional materials, their classification and their applications in the
biosensing field. Additionally, this chapter also focuses on the basics of electrode

processes and different electrochemical techniques.

Chapter 3 discusses the respective methods that have been used in the synthesis of
materials, the reagents used, along with the information about material used with their

origin and source. The chapter also discusses self-assembly structure methodology in

11
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detail. This chapter provides a glimpse of principles and working procedures of

characterization techniques used in this work.

Chapter 4 discusses the fabrication of 2D nanohybrid interfaces involving the
conjugation of dual 2D material doped with metal nanoparticles (AuNPs) and
conjugated with a polymer (GO/AuNPs/MoS2/PNIPAAmM/Peroxidase) as a novel

interface system for bioreactors and electrobiocatalysis devices.

Chapter 5 presents the fabrication of BN/WS2/AuNPs/HRP modified bioelectrodes
with use of self-assembly procedure. In this work, BN and WSz are chosen as platform
for the immobilization of HRP enzyme for fabrication of novel biosensor and analyzed
electrochemical results. The electron transfer properties of conjugated material were
also studied using the generalized gradient approximation (GGA) exchange

correlation of the Cambridge Serial Total Energy Package (CASTEP).

Chapter 6 focusses on the fabrication of Gr, WSz and AuNPs with immobilized HRP
(Gr/\WS2/AuNPs/HRP) modified bioelectrodes and characterization of these 2D
nanohybrid materials with electrochemical measurements. This chapter also involves

synthesis of graphene by CVD method.

Chapter 7 presents the general conclusion of this PhD study along with the future

prospective based on the result obtained.
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CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION

Accurate and timely detection of specific physiological and pathogenic molecules in
the human body provides an opportunity for reduced cost and early diagnosis and
treatment of disease. However, most of the assays used in these processes are
expensive with slow responsivity. Deployment of biosensors in this area can serve
as an appropriate substitute as they are expected to provide highly specific, cost-

effective and extremely efficient tools for this purpose.

Significant efforts have been made by the scientific community to develop effective
biosensors not only for biomedical purposes but also for other fields of life such as
the military for defence purposes, drug discovery, agriculture, bioterrorism
prevention and so on. Although major successes have been achieved in this
respect, the developed biosensors still require improvements with regards to their
miniaturization, specificity, independence of physical parameters such as pH and
temperature, their reusability and their general effectiveness. Consequently, it has
become relevant to understand the basic concepts of biosensing which will serve as

the basis for the fabrication of more efficient biosensor devices.

This chapter contains literature on the basic concepts of biosensing, applications of
biosensors in various aspects of life, problems of biosensor effectiveness, the use
of 2D materials as transduction material, and some basic electrochemical processes
that are commonly used in electrochemical sensing and electrocatalysis including
CV, EIS and chronoamperometric techniques.
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2.2 BIOSENSORS

A biosensor is a self-sufficient device consisting of an integrated bio-recognition
element and a signal transduction element that performs a selective and quantitative
determination of a biological analyte of interest [1]. Thus, a biosensor contains two
major components: a bio-recognition element and a transduction element. The bio-
recognition element can be one of the following: enzyme, antibody, nucleic acid,
tissue, microorganisms or a polysaccharide. On the other hand, the transduction
element can be either an electric current, potential, conductance, impedance,

intensity and phase of electromagnetic radiation, mass, temperature or viscosity [2].

The two components of a biosensor (the bio-recognition and transduction elements)
can be joined together in one of four different scheme names, membrane
entrapment, matrix entrapment, covalent bonding and physical adsorption [2]. In the
membrane entrapment arrangement, the biorecognition element and the analyte are
separated by a semi-permeable membrane (through which the analyte diffuses) and

the biorecognition element is attached to the transducer.

The matrix entrapment arrangement involves the formation of a permeable
entrapment medium around the bio-recognition element which enhances its
attachment to the transducer. While, the covalent bonding scheme entails treating
the surface of the transducer as a reactive group on which the bio-recognition
element binds.

The physical arrangement relies on the attachment of the bio-recognition element
onto the transducer’s surface through the combination of hydrogen bonds, van der

Waals forces, hydrophobic forces and ionic forces [2].
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In principle, the bio-recognition element of the biosensor recognises the analyte of
interest and binds to it, producing a physicochemical response. The transducer
element then converts the physicochemical response into a measurable electrical
output or signal. The output signals is then amplified, processed and displayed.

Figure 2.1 presents a schematic diagram of this process.

Apart from biological analytes such as protein, exosome, DNA, cells and so on, the

analyte of interest can also be ions, toxin, dissolved gases and drugs [3].

a b c d e
S
e
e TR R
P HEH EHEHE
Reference

Figure 2.1 Schematic diagram of a biosensor showing (a) biocatalyst,
(b) transducer, (c) amplified output from the transducer,
(d) processed signal and (e) displayed readable result [4].

Based on the mechanism of transduction, biosensors can be categorised into

various types.

2.2.1 Types of biosensor/classification of biosensors

Biosensors can be classified into two main groups. The first group of classification
is based on the type of bio-recognition element used. That is, the biologically derived
component of the biosensor that identifies, interacts and binds to the analyte under
consideration. This type of biosensors includes a nucleic acid base, aptamer
(synthetic oligonucleotides) based, immunosensor (antigen-antibody) based,

enzyme-based and cell-based biosensors. The second group of classification is

25



Chapter 2: Literature Review

based on the signal transduction mechanism of the biosensor. Thus, the mechanism
by which the detector element converts the biological, chemical and physical signals
resulting from the interaction between the bio-recognition element and the analyte
into a measurable and quantifiable output signal. This type of biosensors include (i)
resonant biosensors, (ii) optical-detection biosensors, (iii) thermal/calorimetric
detection biosensors, (iv) ion-sensitive field electric transistor (ISFET) biosensors
(v), mechanical/piezoelectric detection biosensors and (vi) electrochemical
biosensors [5]. Figure 2.2 represents the different classifications of biosensors [6].

Detailed discussions of these two types of biosensors are provided in the ensuing

sections.

Figure 2.2 Different classifications of biosensors [6].
2211 Classification based on bio-recognition elements used

22111 Enzyme-based biosensors

This type of biosensor contains an enzyme as the bio-recognition element which is

coupled with the transducer to generate a signal proportional to the concentration
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of the analyte under consideration. Enzymes are regarded as an exceptional tool in
biosensors development because of their unique tendency to particularly identify
and catalyze the transformation of their substrates. Comparatively, this type of
biosensors is more specific with faster response time as a result of their inherent
shorter diffusion paths [5]. However, they tend to be relatively expensive to produce
due to the tiresome purification processes or the difficulty in isolating the enzyme [7]
and additionally, some might require cofactors/multi-enzymes for the generation of

the quantifiable signal [8].

221.1.2 Microbe/cell-based biosensors

In microbe/cell-based biosensors, live cells constitute the bio-recognition element of
the sensor. Its operation is based on the variations in the metabolism of the
microorganisms, gene expression and pH which are measured as the response of
the microbes to the target molecule of concern [9-11]. In most cases, the
microorganisms are genetically engineered in order to attain the desired selectivity,
sensitivity and the desired output signal [7]. Microbe-based biosensors are
appropriate substitutes to enzyme-based biosensors because of their associated
low-cost requirement and enhanced stability [12]. This system is also devoid of the
tiresome purification processes. In addition, the microbes can be easily manipulated
to withstand tough environmental conditions and can be produced in large quantities
through simple cell culture process. Moreover, the essential cofactors are existent

in the cells [13].
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22113 Immunosensors/antigen-antibody based biosensors

Immunosensors employ antigens and antibodies as the sensitive biological element
and relies on the ability of the antibody (Ab) to bind with a matching antigen (Ag)
with high specificity, stability and versatility [14]. It is grounded on Ag-Ab specific
interactions through which the transducing element directly or indirectly detects their
immunochemical reactions. They are mostly intended for the recognition of Abs or
Ags. However, preference is given to the detection of Abs owing to the fact that the
utilization of Abs as the bio-recognition element can result in diminished affinity

since the Abs will immobilize onto the surface of the transducer [15, 16].

22114 Aptamers (synthetic oligonucleotides) based biosensor

Aptamers are protein-binding oligonucleotides. They are single-stranded DNA or
ribonucleic acid (RNA) sequences that are schemed to bind to a specific molecule
with great specificity and affinity. They are regarded as suitable replacements for
antibodies whereby they can bind to their targets by going through conformational
changes [17]. Thus, an aptamer-based biosensor is the type where the bio-
recognition element is a DNA, RNA or a man-made equivalent of a naturally

occurring acid [17].

The possession of negative charges by the RNA and DNA strands makes them
unique bio-recognition elements or target elements in biosensors. These type of
biosensors are applied in various fields including identification of genes, detection
of pathogens, forensic investigation and so on [18]. They possess certain
advantages over other types of biosensors. These advantages include the

avoidance of animal use, thus eliminating ethical issues. They are highly specific
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with smaller sizes and with less complexity. They can be regenerated and possess
the ability to be easily modified and immobilized [19]. However, aptamer-based
biosensors are faced with the problem of structural pleomorphic (size and shape
variability) and chemical simplicity which causes a reduction in the efficiency of the

assay and increased cost of production [19].

22115 DNA/Nucleic acid base biosensors

This type of biosensor employs nucleic acid as the bio-recognition element. It takes
advantage of the high specific binding tendency between 2 single-stranded DNA
chains resulting in the formation of double-stranded DNA. In other words, its
principle is based on the ability of a single-stranded DNA chain to recognise a
complementary strand, bind with it through hydrogen bonding to form a double-
stranded DNA. This is achieved through immobilization of a single-stranded DNA
chain as the probe with the base sequence as complementary to the considered
target. Exposing the target to the probes causes the complementary single-stranded
DNA chains to become hybridized resulting in the formation of double-stranded
DNA. This process produces a reaction (biochemical) or a signal that is amplified by
the transducer [20]. The bio-recognition element (nucleic acid) can be easily
synthesized, is highly specific and can be reused several times after melting of the

DNA duplex [21].

29



Chapter 2: Literature Review

2.2.1.2 Classification based on signal transduction mechanism

22121 Optical biosensors

In optical biosensors, light is the transduction signal measured in response to the
physicochemical changes induced by the bio-recognition element as a result of the
binding of a target molecule. The components measured include changes in the
input light’'s amplitude, frequency, polarization or phase in response to the variations
in the bio-recognition process [22, 23]. Hence, an optical biosensor consists of a
light source, optical transmission medium, biological recognition element and optical

detection system [24].

This type of biosensors has the advantage of being used in remote sensing, free

from electromagnetic interference, fast, apart from being selective and specific [25].

The sensor can use two types of molecules namely: labelled or label-free molecules.
The label-free sensor relies on the changes in the properties of the incident light,
such as a refractive index to detect the binding of the considered molecule [2]. The
measured signal is produced as a result of a direct communication between the
analyzed material and the transduction element. On the other hand, label based
sensors involve the use of a label to produce the optical signal either through

luminescent, calorimetric or fluorescent methods [26].

2.2.1.2.2 Magnetic biosensors

In this type of sensors, either magnetic/super-paramagnetic particles or crystals are
employed as the means of detection of biological reactions through the

measurement of the changes in magnetic properties or the properties induced by
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the magnetic effect such as variation in resistance, inductance, magnetic and optical
properties [27]. This system consists of magnetic nanoparticles coated with a bio-

receptor (e.g. Abs or nucleic acid).

The presence of the target molecule permits the binding of the magnetic
nanoparticle with the surface of the magnetoresistance surface [28]. The binding
produces a change in resistance, which is proportional to the concentration of the
analyte. This change in resistance is then measured as a quantifiable output [29]. A
major merit of this type of sensor is the tendency to enhance the interaction of the
components through the manipulation of the magnetic particles in a magnetic field
which intends to permit the movement of the particles to the surface of the sensor

allowing the target to be rapidly detected [30].

2.2.1.2.3 Thermal/calorimetric detection biosensors

Thermal biosensors are designed on the basic properties of all biochemical
reactions, which is the production and absorption of heat which subsequently
changes the temperature of the reaction medium. They are composed of
immobilized biomolecules and temperature sensors. In principle, the change in
temperature produced as a result of the interaction of the bio-recognition element
and the analyte is measured as a function of the concentration of the analyte [31].
This type of sensor has the advantage of being easily miniaturized with high stability
and sensitivity [32]. Thermal biosensor can also be easily combined with microfluids

for enhanced sensitivity [33].
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22124 Piezoelectric/mechanical detection biosensors

In piezoelectric biosensors, a piezoelectric material (material with the ability to
generate voltage under mechanical stress) forms the sensor part (the transducer
element) with the biosensor element coated on the piezoelectric material. It operates
on the principle that a change in oscillation frequency occurs when there is a
measureable change in the mass of materials bound on the surface of the
piezoelectric material [34]. In general, excitation of the sensor occurs by changing
the voltage on the surface of the electrodes. The change in voltage results in
mechanical oscillation of the piezoelectric material. The frequency of the oscillation
is measured when the oscillating material is placed in an external oscillation/ electric
circuit [35]. Upon exposure of the analyte to the surface of the electrode located on
the piezoelectric material, a change in oscillation frequency which is proportional to

the mass of the analyte occurs [36, 37].

2.2.1.25 Resonance detection biosensors

Resonance biosensors utilize electromagnetic waves (surface plasmon waves) to
sense the changes produced on the sensor during the interaction between the target
analyte and the bio-recognition element. Upon exposure to any form of change, the
resonance sensor produces a corresponding change in refractive index which is
used as a measure of its sensitivity [37]. An interaction of the biomolecule with the
analyte on the surface of the sensor causes a variation in the refractive index of the
sensor [38]. This variation produces a corresponding change in the surface plasmon
wave’s propagation constant which is measured as the output signal. A significant

advantage of a resonance sensor is that it is highly appropriate for real-time
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monitoring as it operates as a label-free sensor without the use of fluorescence or

radioactive materials [38].

2.2.1.2.6 lon-sensitive FET (ISFET) detection biosensors

These are biosensors based on the combination of semiconductor sensitive field
effect transistors with ion-sensitive surface. The construction of the ion-sensitive
field effect transistors is achieved by wrapping the surface of the sensor with a
polymer that has selective permeability for the respective ions. The polymer permits
the diffusion of the ions through its pores and this diffusion creates an alteration in
the field effect transistor potential. The electrical potential of the surface changes
when an interaction occurs between the semiconductor and the ions, and this

change in potential is measured [2].

2.21.2.7 Electrochemical biosensors

As far as electrochemical biosensors are concerned, the communication between
the analyte and the biomolecule produces a chemical change proportional to the
concentration of the analyte. This chemical change is converted to an electric signal
which is measured. The transduction element is usually an electrode made of either
platinum, gold, carbon, or silver [39]. Electrochemical biosensors possess many
advantages such as simplicity, cost efficiency, portability, high specificity and
selectivity [40, 41]. With regards to the signal transduction mechanism or the type
of electrochemical variations detected during the interaction between the
biomolecule and the analyte, the electrochemical biosensor can be classified as

amperometric, conductometric, and potentiometric electrochemical biosensors.
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Details of these type of electrochemical biosensors are presented in Table 2.1

below.
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Table2.1 Examples of electrochemical biosensors, their working principles and types of electrodes employed.

Biosensor name

Working principle

Types of electrodes

References

Amperometric

biosensor

Potentiometric

biosensor

Conductometric

biosensor

Measurement of current as a function of time emanating from
oxidation-reduction reaction in a biochemical reaction of the
bioactive species. The magnitude of the current is dependent
on the concentration of the analyte.

Measurement of electrical potential difference between the
working and the reference electrodes which is produced during
interaction between the bioactive material and the analyte when
there is no or a negligible amount of current flowing through the
electrode. The magnitude of the measured potential is
proportional to the concentration of the analyte.

Measurement of the conductivity/ionic strength of an electrolyte
solution between two electrodes due to enzymatic reaction in
the electrode. The measured conductivity varies with changes

in the concentration of the electrolyte/ionic species.

Working electrode (e.g. Au,
C, Pt), reference electrode
(e.g. Ag or Ag/AgCl) and
counter electrode.

Working electrode (usually
made of permselective ion-
conductive membrane) and

reference electrode.

Working electrode

and counter electrode

[42, 43]

[42, 43]

[44]
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2.3 APPLICATIONS OF BIOSENSORS

Biosensors have found application in various fields including medical,
pharmaceutical, agricultural, food and environmental fields. For instance,
biosensors are applied in the clinical field for early detection of diseases. For
example, Wang et al. [45] developed electrochemical biosensors for early detection
of thyroid. Pesticides are known to exert negative effects on the nervous system.
Hence, the identification of traces of these pesticides on crops in the agricultural
industries will form a basis of an informed judgement whether the crops are safe for
consumption or not. Consequently, biosensors meant for the detection of pesticides
have also been developed including those developed by Ani et al. [46] and Ashish

et al. [47].

Determination of the concentrations of individual ingredients in drugs is necessary
to assess the efficacy or toxicity of a particular drug. This feat is now being achieved
through the use of biosensors. For instance, Langdong et al. [48] designed a
biosensor for recognition of STAT3 ligand concentration in herbal medicines. The
existence of pathogens in the environment, particularly in water bodies can pose

serious health-threatening consequences.

As a result, biosensors have been proposed for monitoring these organisms in the
environment. An example of such a biosensor is those proposed by Foudeh et al.
[49] for the detection of Legionella pneumophila and Enrico et al. [50] for the
detection of E. coli in contaminated water samples. Similarly, biosensors for the
detection of heavy metals such as mercury (Hg) [51], lead (Pb) [52] and so on have

also been developed.
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A number of biosensors have also been designed for sensing biological oxygen
demand (BOD) and other water contaminants [53]. For their application in the food
industry, biosensors for the quantification of amides, amines, carbohydrates,
inorganic ions, acids etc. in food have been produced [54]. Again, for quality
assurance purposes, the development of biosensors for the detection of microbes,
bacteria and viruses has been extensively investigated [55]. An array of
microbiological agents, chemicals and toxins have potential application in terrorist
attacks and warfare. Hence, a dependable and fast/early recognition of this
materials is of specific interest to security agents and health professionals to prevent
and resolve issues related to biochemical weapons attack [56]. To achieve this aim,
New Horizons Diagnostic Corporation (NHDC), for example, produced a biosensor

for early and quick detection of botulinum toxin [57].

2.4 PROBLEMS/CONCERNS OF BIOSENSOR EFFECTIVENESS

To be regarded as efficient, a biosensor must possess certain valuable properties:
It must demonstrate high specificity with regards to the analyte under consideration
and be stable when stored under ordinary storage conditions. It must also be stable
over a wide range of assays. Its activity should, as much as possible, not depend
on physical factors such as pH and temperature so as to permit sample analysis
with nominal pre-treatment. Additionally, a good sensor must have high sensitivity,
a low limit of detection and a linear response in an accurate and precise manner

over the suitable analytical range [55].

Although biosensors have been successfully applied in various aspects of life as

mentioned in section 2.3, the majority of these sensors do not meet all of the
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requirements of an effective biosensor and hence could have performed much
better than their current performances. Efforts to address the problems of sensors
inefficiency is being progressively pursued. One of the approaches being adopted
to solve this problem is the use of 2D materials as components of biosensors as
these materials are known to possess certain specific properties that can enhance
the performances of the sensors. A detailed discussion of 2D materials with
emphasis on their properties and their use in biosensors for enhanced efficiency is

presented in the ensuing sections.

2.5 TWO DIMENSIONAL MATERIALS

Recent studies have shown that dimensionality plays a very important role in
establishing the key properties of materials in addition to the arrangement of atoms
in the material. A 2D material is defined as a material in which the bond strength
and atomic arrangement along two-dimensions are similar and much stronger than
along a third dimension [54]. These are the materials with few nanometers of
thickness. The electrons in these materials experience free movement in the 2D
plane but their movement in the third direction is restricted due to quantum

mechanics [59].

2D materials have been one of the most studied classes of materials because of
their unique physical phenomena which occur when charge and heat transport is

confined to a plane [59].

The discovery of these newly found class of materials with their attendant exotic
properties has been highlighted over the past decade due to the intense research

activities that have been focused on them over other materials [60, 61] and recent
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library of 2D materials as shown in Figure 2.3 [62]. These intense research activities
by researchers all over the world have eventually led to a situation where around
140 hypothetical 2D materials have been discovered and studied till date [63, 64].
After the discovery of the first 2D material i.e. graphene in 2004, research studies in

quite a number of other 2D materials have also been vigorously intensified.

Graphene Graphene hBN BCN Fluorographene Graphene oxide
family ‘white graphene’
Semiconducting Metallic dichalcogenides:
2D MoS,, WS,, MoSe,, dichalcogenides: NbSe,, NbS,, TaS,, TiS,, NiSe, and so on
Chalcogenides WSe, MoTe,, WTe,, ZrS,, Layered semiconductor:
ZrSe, and so on GaSe, GaTe, InSe, Bi,Se, and so on
Micas, Hydroxides:
BSCCO MoO,, WO, Perovskite-type: Ni(OH),, Eu(OH), and so on
2D oxides - LaNb,0;, (Ca,Sr),Nb;0,,, Bi,Ti,O
Ti0,, MnO,, V,0s, 25Ty o= 2 3105 Dig 11312,
Layel_red T:-:Oi R:O;anfi 550 Ca,Ta,Ti0;q and so on Others
Cu oxides o

Figure 2.3 The 2D materials library [62].

Andre Geim and Konstantin Novoselov at the University of Manchester discovered
graphene which led them to achieve a Nobel Prize in Physics in 2010 [65, 66]. Their
ground breaking experiment which led to the isolation of the first single layer 2D
material, graphene, through scotch tape exfoliation of graphite in 2004 [65, 66]. It
showed that two-dimensional crystals might occur in a free-standing form and

exhibit fascinating and unique physical properties [60].

But more than 80 years ago, researchers put forward their theory that due to the
thermal fluctuations in low dimensional crystal lattices, atom displacement becomes
comparable to interatomic distance at finite temperature [67]. They also theorized
that with a decrease in thickness, the melting points of thin films decrease rapidly

causing the films to segregate into islands with thickness of more than 12 atomic

39



Chapter 2: Literature Review

layers [68, 69]. They concluded that 2D crystals were thermodynamically unstable

and cannot exist without a three-dimensional base.

The existence of other layered 2D materials has since been made known, including
TMDs and transition metal oxides (TMOs). TMDs possess the general formula MXz
(X-M-X), where M could be any of the following metals including Hf, Zr, Ti, Mo, Ta,
Bi, V and W; and X is a chalcogen (Se, S and Te) thus giving rise to an arrangement
involving covalently bonded sheets with adjacent sheets attached by van der Waals

forces. TMOs consist of transitional metals bonded to oxygen atoms [70, 71].

251 Classification of 2D materials

25.1.1 2D layered inorganic nanomaterials (2D-LINSs)

2D-LINs consist of stacked sheets of inorganic nanomaterials with van der Waals
forces between the layers. The 2D-LINs include hexagonal boron nitride (h-BN),
MoS2, WSz, indium selenide (In2Ses), gallium selenide (GaSe), vanadium selenide
(VSe2), iron sulphide (FeS), tungsten selenide (WSe2), molybdenum selenide
(MoSe2), gallium telluride (GaTe), and gallium sulphide (GaS) [72-74]. These
materials have attracted attention, as new and novel inorganic layered materials due
to their interesting physical and chemical properties. These materials exhibit weak
van der Waal or hydrogen bonding (out of plane) and strong covalent or ionic

bonding (in-plane).
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2.5.1.2 2D layered ionic solids

These group of 2D materials consist of transition metal carbides and/or carbon
nitrides labelled as MAX [75]. Their composition is generally represented as
Mn+1AXn, where M is a transition metal, A is groups 13 or 14 element, X is C and/or
N, and n =1, 2, or 3. Currently, more than 60 different pure MAX phases are known
[76]. The bonds between the layers in the MAX phases are stronger in contrast to
other layered 2D materials such as graphite and TMD which are made up of weak
van der Waals interactions. The MAX family includes TisC2, Ti2C, Nb2C, V2C, (Tios,

Nbo.s)2 C, (Vos, Cros)s C2, TisCN, and TasCs[74].

Another important class of 2D materials of layered ionic compounds consist of
charged polyhedral layer sandwiched between hydroxide or halide layers by
electrostatic forces. Exfoliated europium hydroxide such as Eu(OH)2.5(DS)os [77]
and perovskite-type oxides such as KLnNb20O7 and RbLnTa207 [78] are some

examples.

2.5.1.3 Graphene

Graphene is an allotrope of carbon with sp? hybridized carbon atoms that are
organised into a 2D honeycomb lattice with a C—C bond length of 0.142 nm (Figure
2.4) [79]. It is a zero-bandgap semiconductor with a conical band structure and an
excellent in-plane conductivity [62]. The electrons in graphene act like massless
relativistic particles with distinctive properties such as an anomalous quantum Hall
effect [80] and ambipolar electric field effect along with ballistic conduction of charge

carriers [81].
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Apart from the above-mentioned properties, graphene sheets possess other
peculiar properties that make them applicable in biosensors. Among these
properties are a large surface area, greater elasticity, high mechanical strength,
thermal conductivity and high electron mobility at room temperature [82]. In addition,
graphene has the tendency to display voltage differences in the presence of a
magnetic field at room temperature [50, 83]. It also exhibits excellent optical
properties and tunable band gap with no existence of electron states. The
comparatively low cost of production coupled with its environmentally friendly nature
makes it more appropriate and a desirable material for the fabrication of biosensors
[84, 85]. These properties of graphene endow graphene-based biosensors with

enhanced performances.

Chemical functionalization of graphene prior to its use in biosensors is a hecessary
requirement. This process enhances its biocompatibility and hence ensures a

successful biological receptor immobilization [85].

Figure 2.4 Structure of graphene (redrawn from [59]).
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2.5.2 Application of 2D materials in biosensing

Following the discovery of graphene, research attention has been focused on the
discovery of other 2D materials with exceptional and extraordinary properties. 2D
materials have atomically-thin geometry with intrinsic flexibility and the ability to be
easily integrated with various substrates due to the absence of surface dangling
bonds. They also possess excellent electronic, optical and mechanical properties
[86] and as a result, are considered as ideal materials for the design and fabrication
of functional materials including biosensors. The next sections of this chapter
discusses the progress that has been made in the utilization of graphene, layered
ionic solids and layered inorganic nanomaterials as 2D material in enhancing the

efficiencies of biosensors.

25.2.1 Application of graphene and graphene-related materials in

biosensing

25211 Application of graphene in biosensing

A number of graphene-based biosensors have been fabricated with reports
indicating improved performances. For example, Afsahi et al. [87] developed a
cheap and portable graphene-based biosensor for early recognition of Zika virus
infection as shown in Figure 2.5. They applied the graphene-based biosensor in the
detection of the Zika antigen in a human serum and attained a detection at a low

concentration of 0.45 nM with high selectivity.
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Figure 2.5 (a) Schematic representation (b) capacitance (%) response on the
graphene biosensor chip surface [87].
Published data is available on the use of an enzymatic biosensor containing cerium
oxide and graphene composite immobilized on glassy carbon electrode (GCE) [88].
The study was done comparatively using different electrodes consisting of cerium
oxide and GCE, graphene and GCE, and cerium oxide-graphene GCEs. The
efficiency of the sensor was observed to be higher in the electrodes containing the
graphene, signifying the significance of graphene in the sensing mechanism. For
the purposes of cholesterol detection, an enzymatic biosensor with graphene-based
electrode has been developed [89]. Similarly, an electrochemical biosensor for H202
detection has also been reported [90] as shown in Figure 2.6. This sensor showed
a linear response range of 0.3-1.8 nM, a detection limit of 0.11 yM, about 95 %
steady state rapid response in 5s with a high sensitivity value of

2774.8 yA mM~' cm™.
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Figure 2.6 Preparation of the Hemin-graphene nanosheets/AuNP/GCE
biosensor for the detection of hydrogen peroxide [90].

25.2.1.2 Application of graphene oxide in biosensing

GO is one of the graphene-related materials. Due to the existence of both
hydrophobic and hydrophilic functional groups in its structure, GO disperses easily
in water, displays high biocompatibility coupled with the ability to bind with a wide
range of molecules. As a result, GO has been utilized in the fabrication of a number
of biosensors. A GO-based label-free biosensor meant for aflatoxin B1 detection

has been developed [91].

The GO was utilized in conjunction with AuNPs for the fabrication of the electrode
on which the monoclonal antibody was covalently immobilized. The fabricated
electrode was then used as the sensing platform for the detection of the aflatoxin
antibody. A wide linear detection range of 0.5-5 ng mL, an impressive sensitivity of
639Q/(ng/ml)/cm? with five weeks of storage stability were some of the attributes of
the developed sensor [91]. Shaikh et al. [92] proposed a biosensor consisting of GO
and a dual-peak long period grating meant for use as an immunosensor as shown

in Figure 2.7.
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Figure 2.7 Schematic of the GO deposition on fiber optic sensor surface
[92].
According to their study, the sensitivity of the dual-peak long period grating
increased to about 150 % after it has been coated with GO. Upon immobilization of
immunoglobulin G onto its surface, the GO-dual-peak long period grating based
biosensor was deployed in detecting anti-immunoglobulin G and anti-prostate
specific antigens. The performance of the sensor was impressive with high
selectivity and sensitivity toward the respective antibodies [92]. A lectin immobilized-
GO based label-free impedimetric biosensor for glycoproteins detection [93] and
GO-based fluorescence sensor for estriol recognition [94] have also been performed

with impressive sensitivity, selectivity and reproducibility results.

25.2.13 Application of reduced graphene oxide in biosensing

Reduced graphene oxide (rGO), another example of graphene-related materials, is
viewed as one of the more suitable materials for biosensing application owing to its
high electrical conductivity, and the fact that the deoxygenation procedure enhances
the succeeding modification and immobilization of bio-recognition element onto its

surface [95]. As a result, several rGO- based biosensors have been developed and
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applied in the detection of various analytes. A study performed by Zhou et al. [96]
involved the functionalization of 1-aminopyrene on rGO-GCE followed by

immobilization of laccase onto the electrode as shown in Figure 2.8.
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Figure 2.8 (a) Schematic diagram for the immobilization of Lac/AP-
rGOs/Chit/GCE  (b) current-time response of Lac/AP-
rGOs/Chit/GCE of hydroquinone and catechol [96].

The fabricated biosensor was subsequently employed for the detection of
hydroquinone and catechol. The sensitivity and linear range of the sensor were
14.16 yA mM~'and 3-2000 uM respectively with respect to hydroquinone detection.
For catechol detection, 15.79 y)AmM~' and 15-700 uM were the respective
sensitivity and linear range results. The detection limits were measured to be 2 uM
(hydroquinone) and 7 uM (catechol) within a response time of 5s. The sensor was
stable for 7 days with more than 300 fold sensitivity and excellent repeatability with

3.96 % standard deviation [96].

Again, Zhou et al. [97] described the use of an rGO based electrochemical sensor
on a GCE for the concurrent determination of four DNA bases. The analysis showed

that the rGO-GCE electrode was more effective than the bare graphite and the GCE
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electrodes as the rGO-GCE electrode displayed a comparatively higher
electrochemical activity. In a similar manner, cyclin Az detection was performed
through the use of rGO-porphyrin electrode as an electrochemical impedance

sensor. The schematic representation is shown in Figure 2.9.

[Fe(CN)e] >

[Fe(CN)e] >™*

Figure 2.9 Schematic diagram of the porphyrin graphene-based peptide
sensor for cyclin Az detection [98].

The fabrication and application of a 3-amino propyl triethoxy silane functionalized
zirconium oxide (ZrOz2) coated rGO based biosensor for the detection of aflatoxin
B1, a food toxin, has been carried out by Suveen et al. [99]. The electrochemical
studies proved that the rGO based sensor was capable of detecting the aflatoxin B1
within a wide linear detection range of 0.1-2.5 ng/ml. The sensitivity and stability of
the sensor were remarkably high with values of 1.2 mA mL ng cm sensitivity and

up to eight weeks of stability.

25.2.2 Application of non-graphene 2D materials in biosensing

25221 Application of molybdenum disulphide in biosensing

Various 2D non-graphene materials have been used in electrochemical biosensing

for the detection of analytes such as glucose, dopamine, H202 and DNA [100]. An
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example of these types of material is MoS2. The structure of MoS: is made up of a
Mo atom sandwiched between two atoms of S, with the three layers stacked

together forming a layered structure (Figure 2.10) [61].

© Mo Qs
Figure 2.10 (a) Top view and (b) side view of the structure of MoS2 (redrawn
from [61]).

MoS:2 has been identified as an excellent functional material owing to the fact that
the 2D electron-electron interactions among the Mo atoms in the structure help in
promoting planar electric transport tendencies [101]. Consequently, MoS2 has been

used in a number of biosensing platforms [102-105].

A MoS: based field-effect transistor biosensor was developed (see in Figure 2.11)
and applied in a quantitative prostate cancer antigen detection through the reduction
of non-specific molecular binding events and the realization of even adsorption of

the prostate cancer antigen onto the surface of the MoS2[106].
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Figure 2. 11 (a) Schematic diagram of experimental procedure for the
preparation of anti-PSA on MoS:2 surface with PSA and (b) a
pseudo double gate structure of a MoS2 biosensor [106].
The sensor detected a low concentration of the antigen (0.0001 ng/mL) with a 9%
standard error apart from demonstrating excellent sensitivity and reproducibility and
was proposed to be appropriate for diagnostic applications [106]. Similarly, a field-
effect transistor biosensor for the detection of a prostate cancer antigen has been
developed by Lee et al. [107] based on a multilayer MoS:2 through a back-gated
scheme with no insulating oxide requirement (see Figure 2.12). In this sensor, the
MoS: surface played the two roles of a transducer and the recognition element with
a major enhancement in its sensitivity due to its hydrophobicity. The sensor
achieved a minimum of 0.001 ng/mL limit of the prostate cancer antigen

concentration, much below the acceptable clinical detection limit of 4 ng/mL [107].
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Figure 2. 12 (a) Schematic of a MoS2 biosensor illustrating PSA antibody with
the binding of PSA antigen with antibody receptors. (b) transfer
characteristics of MoS:2 biosensor functionalized by anti-PSA
under various PSA concentrations [107].

In their study, Shan et al. [108] fabricated a bilayer MoS2 based FETs as a biosensor
for glucose detection. The fabricated sensor was noted to respond linearly to
increasing glucose concentration. The source-drain current was observed to
increase in direct proportionality with glucose concentration [108]. The bilayer MoS2-
based FET sensor’s sensitivity was determined to be 260.75 mA mM-1 with 300 nM
as the detection limit. They noted that the developed biosensor exhibited certain
advantages, including a short response time of less than 1 second, linear detection
range between 300 nM and 30 mM and excellent stability. A similar glucose sensing
platform was fabricated using silver nanoparticles (AgNPs) coated MoS:2 based
interface system. This resulted in 97.5% reproducibility with a high stability for the

fabricated sensor [109] as shown in Figure 2.13. The sensor also displayed
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impressive sensitivity values of 9044.6 pJAmM~'cm™, a linear range of 0.1-1000 uM
and a very low limit of detection of 0.03 uM [109].
Together with high selectivity, the sensor was regarded as being appropriate

enough for application in glucose detection in human body fluids including saliva

and sweat.
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Figure 2.13 Electrochemical characterization (a) cyclic voltammetry of
AgNPs and AgNPs/MoS: electrodes at a scan rate of 0.1 V. s (b)
square wave voltammetry (SWV) curves of the AgNPs/MoS:2
electrode containing different concentration of glucose (c) the
calibration curves (concentration vs current) of the biosensor
[109].

25222 Application of tungsten disulphide in biosensing

Tungsten disulfide, WSz, is a classic example of inorganic equivalents of graphene

(see Figure 2.14) [62].
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@

(b)

‘W WS

Figure 2.14 (a) Top view and (b) side view of the structure of WSz (redrawn
from [110]).
Layered WS: has a trigonal prismatic coordination and comprises of sandwiched S—
W-S bonds [111, 112]. WSz nanosheets can be produced in large quantities at a
low cost. They have a large surface area to volume ratio and are reported to be
highly conductive and exhibit catalytic and sensing ability. They are easily dispersed
in aqueous solutions [113]. These properties make WSz nanosheets feasible for
application in biosensors [113]. As a result of these interesting properties, several
documented research works on the use of WSz based biosensors for the detection
of many biological molecules are available. Among these documented research
works is the one published by Li et al. [114]. They fabricated a biosensor consisting
of WS2 and single-stranded DNA (WS2-ssDNA) for adenosine triphosphate (ATP)
detection as shown in Figure 2.15. They initially immobilized the DNA sequence with
—SH at one end on a gold electrode followed by the immobilization of WS:2

nanosheets on the surface of the gold-DNA/SH electrode.

53



Chapter 2: Literature Review

[“\ _J}l S— 4 »\_?/- <R - \ )
© SH-DNA T ws, ) - :
Electrode Aptamer

Q‘

N  — (};Q ¢
EIS signal ‘ i w ,

Figure 2.15 Schematic illustration of the electrochemical sensing for the
detection of ATP or Hg* [114].
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®
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Subsequently, the ATP binder was immobilized on the WS2-Au-DNA/SH electrode.
These immobilizations were possible because of the high attraction between the
single-stranded DNA and the WS:2 [114]. The sensor was noted to be highly
sensitive, selective and stable toward the detection of ATP due to the peculiar
interaction within the WS2-ssDNA interface and the explicit recognition between the

aptamers and the target.

Again, a 1T phase WSz nanosheet has been used for the fabrication of a biosensor
for H202 detection [115]. The sensor fabrication involved the immobilization of
haemoglobin on the 1T phase WSz nanosheet and the subsequent entrapment of
glutaraldehyde on the haemoglobin. The 1T-WS:2 nanosheet was identified to play
a number of roles in the sensor’s ability to detect H20:. It provided a large surface

area and a conductive surface for the immobilization of the haemoglobin, facilitated
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the transfer of electrons to the surface of the electrode, and demonstrated

electrocatalytic activity toward H202 reduction as shown in Figure 2.16.
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Figure 2.16 (a) Schematic representation of the construction of GTA/Hb/1T-
WS2/GC electrode (not to scale) (b) cyclic voltammograms of
ferri/fferrocyanide redox probe at various modified electrodes at
scan rate 100 mVs™ (c) chronoamperometric responses of the
GTA/Hb/1T-WS2/GC upon successive additions H202 (d)
logarithmic relationship between the concentration of H202 and
the catalytic current of the GTA/Hb/1T-WS2/GC [115].

WS:2 based biosensor displayed impressive results in terms of its ability to selectively
sense the H202 over a wide range with high stability and reproducibility [115]. WS>
has also been employed in designing a surface plasmon resonance biosensor which
was used to sense glycerin solutions [116]. This analysis was done by employing

both theoretical and experimental approaches. According to the result, the

theoretical results corroborated those of the experimental ones confirming that the
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presence of WSz enhanced the sensitivity of the sensor over 300 folds. They
attributed this improved sensitivity to the excellent optical absorption property of the
WS:2 which promoted the rate at which light energy was converted to electrical
energy followed by enhanced resonance effect, and the fact that the WS: provided
a large sensing surface area for adsorption of the analyte. A WS2-CdS
heterojunction based biosensor for the determination of glutathione has also been

studied by Zang et al. [117].

25223 Application of boron nitride in biosensing

BN, ‘white graphene’ as the structure of BN is analogous to graphene whose availability
IS quite economical and has potential applications in field of catalysis and sensing [103].

BN usually exists as flakes or sheets as shown in Figure 2.17.

@nN Os

Figure 2.17 Structure of BN (redrawn from [62]).

The hexagonal polymorph of BN present as a semiconductor and has been applied in
sensors. Itis, however, important to note that BN has high hydrophobicity which renders
it difficult to disperse in water. Thus, BN requires addition functionalization or surface
treatment prior to its use as a component of a biosensor [118]. A study by Xu et al. [119]

involved the functionalization of BN with chitosan that improved its hydrophilicity and
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hence permitted the immobilization of catalase on its surface. The designed biosensor
was then used for sensing for chlorfenuron within linear range and detection limits of
0.5-10 mM and 0.07 uM respectively. An electrochemical biosensor system containing
BN nanosheet and AuNPs has also been reported for H202 detection [120] as shown in

Figure 2.18.
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Figure 2.18 (a) lllustration of the synthesis of AUNPs/BNS nanocomposites
(b) cyclic voltammograms of different modified electrodes 0.1 M
PBS at pH 7.4 in the presence of 10.0 mM H20:2 at scan rate 50 mV
s? (c) chronoamperometry response of AuNPs/BNS/GCE to
successive addition of H202 into PBS under stirring (The insert is
the calibration curve) [120].
Through fluorescence and electrochemical methods, another biosensor consisting of a
hexagonal BN and AuNPs was developed and applied in detecting interleukin-6 [121].
Qun et al. [122] demonstrated the fabrication of an amperometric sensor through the
use of a platinum nanoparticle (PtNP) and porous hexagonal BN whiskers. They noted
that the fabricated electrode displayed a noteworthy amperometric response with
regards to H202 reduction and oxidation processes and hence used it as a glucose
sensor through the immobilization of glucose oxidase on its surface. The distinctive

properties of the sensor include a fast response time of 5 s, 0.1-2.7 mM linear range,

14.1 uM detection limit with a sensitivity of 6.37 mA M~ cm=[122].
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2.6 ELECTROCHEMICAL TECHNIQUES

26.1 Overview of Electrode Processes

Electrochemistry is a branch of chemistry which involves the study of the chemical
changes due to the passage of an electrical current and chemical reactions that
results in the production of electrical energy. Electrochemistry is an efficient tool for
probing reactions involving electron transfer and for understanding the kinetics and

thermodynamics of electrode reactions.

Electrochemistry field involves the measurements of different electrical quantities,
for instance, potential, current, charge, and also their connection to chemical

parameters [123].

Electrochemical techniques have been divided into two major types namely;
controlled current and controlled potential techniques. Electrolysis, coulometry and
chronopotentiometry are examples of controlled current techniques. The controlled
potential methods comprise mostly of other electrochemical techniques like
potential step (chronoamperometry, chronocoulometry, and differential pulse
voltammetry (DPV)), potential sweep (CV, anodic stripping voltammetry, rotating

disk electrode) [124] and EIS.

The controlled potential techniques deal with charge transfer processes that take
place at the electrode solution interface and has advantages like high selectivity and
sensitivity towards electroactive species [125]. In these techniques, potentiostats
are used in keeping the potential at a certain value while the current is measured.

This kind of techniques is called voltammetric techniques.
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The scope of electrochemistry has been increased over the years from basic
concepts e.g. electrophoresis electroanalysis, corrosion, electrosynthesis, and
metal electroplating to device application e.g. electrochemical sensors [126], energy
storage (batteries and fuel cells) [127, 128] and energy conversion devices. To
understand electrochemistry in detail, it is necessary to explore some basic

concepts related to it.

26.1.1 Electrochemical cells and reactions

There are some processes which influence the transport of charges across the
interface between an electrolyte and electrode. In an electrochemical system, two
electrodes are separated by at least one electrolyte phase. The difference in electric
potential that occurred between the electrodes is then measured by a high
impedance voltmeter. Both electrodes are linked by conducting paths via ionic
transport (through the electrolyte) and via electric wire externally for transportation

of charge [129].

The electrode reactions are usually heterogeneous in nature and they occur at the
interfacial region between a solution and an electrode. The electrode processes or
reactions produce a very small unbalance in the electrode’s electric charges,
resulting in an interfacial potential difference. At an interface, the magnitude of the
potential difference influences the relative energies of charge carriers of the different

phases which control the rate and direction of charge transfer [123].

In an electrochemical cell, the cell potential (V) determines the collected differences
in electric potential between all the different phases. So, the measurement of cell

potential has become the most important aspect of experimental electrochemistry.
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To understand the thermodynamic properties of electrode processes, it is necessary
to know about the structure of the electrochemical cell. When an electrochemical
reaction occurs at each electrode, the reaction is called half-cell reaction which
means the presence of two electrodes in a typical cell. The overall chemical reaction
is made up by combining two independent half-cell reactions. Each half-reaction

represents the interfacial potential difference at the corresponding electrode.

For the occurrence of a redox reaction, the two materials in each half-cell are
attached by a closed circuit in which electrons can flow from the reducing agent to

the oxidizing agent.

For example, Zn(s) is constantly oxidized to produce Zn?* (ag) as shown in equation

(2.1):

ZN(S) = ZN2F (@) 28 i e (2.1)

Again, Cu?* is reduced in the cathode (equation 2.2):

CUPT(AQ)F 287 = CU(S) e, (2.2)

So this electrochemical cell is notated as in equation (2.3)

Zn (S) 1 Z02* (AQ) 1/ CUZ* (AG) 7 CU (S)- v veeeeeeeeeeeeeeeeeee e e eee e (2.3)

In this notation, / denotes a phase boundary, // represents the separation of the
anode half reaction from the cathode half reaction. The state of the solution is written
adjacent to its corresponding element. According to IUPAC convention, oxidation
takes place at the anode (left half-cell) and reduction at the cathode (right half-cell)

[130].
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The Nernst equation for the whole cell is represented in equation (2.4)

RT . 2+
Eceu = Eo cell + E |n T (24)

Azn2+

This equation relates the activities of the oxidized and reduced species involved in
the reaction with the electrode potential of the cell E,.;;. Where E°,,;; is the standard
potential of the oxidized (a.,2+) and reduced (ay,z+) species and a 2+ = az2+ =
1, n is the number of electrons transferred (here, n=2), the value of R is
8.314 J Kt mol-*(universal gas constant), the value of F is 96.485.33 C mol*

(Faraday constant) and T denotes temperature (Kelvin).

An electrochemical cell in which electrical energy is obtained from spontaneous

redox reactions which occurred within the cell is called galvanic or voltaic cell [123].

Oxidation is spontaneous at the anode which means that excess electrons are
present at the electrode. Galvanic cell has many commercial applications especially
non-rechargeable cells, rechargeable cells and fuel cells. On the other and, an
electrochemical cell in which the electrical energy generated from external voltage
source is used to deliver electrons and the corresponding energy regulates the
direction of the electrode reactions is known as an electrolytic cell. The electrolytic
cells have potential application in electrolytic syntheses (e.g., the production of

aluminium and chlorine), electroplating (e.g., gold and silver) and electrorefining

(e.g., copper).

2.6.1.2 Faradaic and non-faradaic processes

Two types of processes take place at the electrode. The first type is related to

reactions in which transportation of charges happens across the electrode/solution
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interface. The reactions obeyed Faraday’s law which means the amount of charge
generated (current flow) is directly proportional to the amount of chemical reaction

taking place and it is known as faradaic process [123].

When some reactions are thermodynamically or kinetically unfavourable, then no
charge transfer reactions occur, and this process is a non-faradaic electrode
process. However, in a non-faradaic electrode reaction, adsorption and desorption
processes occur and also the electrode-solution interface can be modified with

varying potential or solution composition [123].

Both faradaic and non-faradaic processes may take place at an electrode. In a
faradaic process, there is no change in bulk phase composition, voltage and
electrode charge with applied constant current. Thus, a steady state current-voltage
curve can be obtained experimentally. For a non-faradic (capacitive) process,
charges are stored and also the electrode composition varies with time from which

a charge-voltage curve may be obtained [131].

2.6.1.3 Electrode processes

It is important to study the transportation of species to the electrode surface and this
can be accomplished by mass transport toward the electrode surface [132].

There are three possible different transport mechanisms

(a) Diffusion

(b) Migration

(c) Convection
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In electroanalytical experiments, diffusion occurs at the electrode/electrolyte
interface when redox reaction occurs at the electrode surface [123]. Figure 2.19 is

the schematic representation of a typical electrode process.

The general electrochemical process has shown that electrode reaction rate
depends upon mass transfer of oxidized species, transfer of charge from bulk
solution to the electrode surface, several chemical reactions which contain
dimerization or protonation processes and catalytic decomposition which happens
on the surface of electrode and other desorption, adsorption, or crystallization and

electron transfer at the surface of the electrode [123].
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Electrode process
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Figure 2.19 The schematic representation of electrode processes [123].

There are two types of electrode processes, one is that controlled by diffusion and
the other one is controlled by kinetics of the electrode reaction as shown in Figure
2.19. In a diffusion controlled process, the rate of mass transport to the electrode

surface is the slowest step of electrode processes which determines the rate of the
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overall process. In kinetic controlled processes, diffusion is more prompt than

electrode reaction hence the rate of the process is determined by kinetics [123].

26.14 Electrical Double Layer

It is important to understand the electron transfer between the analyte in solution
and surface of the electrode. The structure of the electrode—solution interfacial
region has been comprehensively studied. Firstly, Helmholtz considered the
problem of a charged surface connected with an electrolyte solution which gave rise
to the designation of double layer [133] and later Gouy and Chapman changed the
classical model with the introduction of diffuse double layer. They concluded that
the double layer with a flexible thickness in which ions are allowed to move freely
into solution and the value of double layer capacity depends upon applied potential

and electrolyte concentration [134, 135].

In 1924, Stern combined Helmholtz model and Gouy-Chapman model and proposed
that the double layer was created by a dense layer of ions near electrode which is
followed by a diffuse layer spreading into bulk solution [136]. Further work was
carried out by Grahame, with the addition of one more region close to the electrode
surface due to the existence of specific adsorption. Modern models of the double
layer have considered the physical nature of the interfacial region [137]. Bockris,
Devanathan and Miuller model showed the majority of solvent molecules near the

interface [138].

As shown in Figure. 2.20, the solution component vicinity of the electrode surface
can be divided into several layers. The region close to the electrode, the inner layer

contained absorbed solvent molecules and ions or molecules which is also known
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as inner Helmholtz plane (IHP) which is the locus of the centre of absorbed species
at a distance x1, Outer Helmholtz plane (OHP) x2, is the closest distance a solvated
ion can get to the surface, which is the locus of the centres of these nearest solvated
ions. The interaction of solvated ions with charged metal comprises of long-range
electrostatic forces and these solvated ions are not specifically adsorbed. The non-
specifically adsorbed species are spread to the diffuse layer which spreads from

OHP into the bulk solution [139].
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Figure 2.20 A schematic diagram of atypical model of the double-layer region
between the solution and metal with the negatively charged
surface where x is the distance and ¢ is the inner potential [123].
The double layer structure can interfere with the rates of electrode processes. When
the electroactive species is non-specifically adsorbed, they can go toward the

electrode till OHP. There is a potential drop from the electrode surface to the

solvated molecules and the total potential is less than the potential between the
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solution and the electrode by an amount ¢2-¢S, which is referred to the potential drop

across the diffuse layer. ¢ is the potential of the solution [123].

2.6.2 VOLTAMMETRIC TECHNIQUES

Voltammetry is an electrochemical analytical technique where the current versus
potential behaviour at an electrode surface is assessed. Mostly, the applied potential

(E) is varied or the current (I) is monitored over a period of time (t).

In voltammetric methods, the concentration of electroactive species is directly
proportional to the current as a range of potentials are scanned. This change in
concentration happens at the electrode surface due to oxidation or reduction

process [123].

For the valuation of electrochemical sensors, numerous voltammetric methods, i.e.,
potential step voltammetry (PSV), linear sweep voltammetry (LSV), DPV, square-

wave voltammetry (SWV) and CV have been used and discussed in detail later.

The following section summarizes some voltammetric techniques.

2.6.2.1 Potential Step Voltammetry

In an electrochemical cell, changing of the potential signal is implemented on a
working electrode and this generates a typical current response which can be

determined in a PSV method.
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In potential step technique, the voltage applied to the electrode is increased from V1
to V2 and the corresponding current is measured as the function of time [140] as

presented in Figure 2.21(a & b).

Voltage (V) Current (1)
A
A (a) (b)
Y
V1 ................... e S ———————— I -
—Time(s) — Time(s)

Figure 2.21 A schematic illustration of (a) potential step (b) corresponding
current in potential step voltammetry [140].

Here, when the voltage is increased to V2then current starts rising sharply and then

drops back as a function of time, due to slow diffusion of the electroactive species

to the surface of the electrode.

The concentration gradient drops when the material can diffuse away from the
electrode. The number of reactants decreases with the drop of the concentration
gradient and therefore the current also decreases. Potential step voltammetry helps

to estimate the diffusion coefficients of the species in the electrolyte [123].

2.6.2.2 Linear Sweep Voltammetry

In the LSV, the potential is applied over a certain range and current range is
recorded as a function of sweep potential rather than time. The potential of the

working electrode starts from value Ei at which oxidation cannot go through
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reduction to a potential E2 where the reaction arises quickly as shown in Figure 2.22.
Peak or trough formation in the current signal occurs due to reduction or oxidation
of the species. The current begins to increase when the potential reaches the value
at which electrode reaction can happen. Due to the quick electrode reaction at
higher potentials, the current starts decreasing due to sluggish diffusion of
electroactive species [141]. The LSV is more useful when the reaction is not
reversible for example the production of methane from CO2[142].

I Current

A

@ (b)

/ Increasing

scan rate

Potential
A

Time(s) N\ E, E, E,

Figure 2.22 (a) Linear sweep voltammetry potential step (b) current response
[141].
Unlike potential step measurements, the current response is measured as a function

of potential rather than time in LSV measurements.

Figure 2.22 (b) displayed a sequence of linear sweep voltammograms recorded at
different scan rates. With the change of scan rate, the response of current also
changes and there is an increase in current with increasing scan rate. Consequently,
the extent of the diffusion layer above the electrode surface will be changed with

changing scan rate [142].
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2.6.2.3 Differential Pulse Voltammetry

DPV is a derivative of staircase voltammetry or LSV. The potential is also scanned
with a series of voltage pulses and each potential pulse of small amplitude is fixed
and superimposed on altering base potential. Current is measured just before the
pulse is applied and before it ends. For each potential pulse, the difference between
current measurements is measured against the base potential. In contrast to linear
single sweep voltammetry, which gives non-symmetric peaks, DPV gives symmetric
peaks which start from zero-current values and finish at zero-current values. DPV is
mainly useful for the determination of the formal electrode potentials of partially
overlapping successive electron transfers [142] and very useful for the

determination of trace concentrations of heavy metal ions.

2.6.24 Square Wave Voltammetry

SWYV uses a combined square wave and staircase potential applied to a fixed
electrode. The potential between the reference electrode and working electrode is
swept linearly in time where current is measured in voltammetry experiment. The
square wave voltammogram, as in DPV, is peak-shaped, but it consists of a
differential curve between the current recorded in the forward half-cycle and the
current recorded in the reverse half-cycle. SWV is very effective in solving nearly
overlapping processes which provide information on the subsequent presence of
chemical complications coupled to the electron transfers and is being used in

detectors for liquid chromatography.
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2.6.2.5 Cyclic Voltammetry

CV is a very useful technique for obtaining both qualitative and quantitative
information about electrochemical reactions. The technique is capable of giving
information about electron transfer reaction kinetics, redox process thermodynamics
and understanding reaction intermediates. CV experiments usually involve the
observation of the redox behaviour of electroactive species over a larger potential

range.

CV is comparable to LSV. To typically evaluate redox reactions using CV, the
potential is normally varied between two values (see below in Figure 2.23(a)) at a
fixed rate. Typically the forward reaction is scanned from E1 to E2 when the potential
reaches E:z the scan is reversed and the potential is scanned back to E1 as shown
in Figure 2.23(a). A characteristic cyclic voltammogram measured for a reversible
electrode reaction is presented in Figure 2.23 (b). The plot of current versus

potential is labelled as cyclic voltammograms.

e (b)
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(a) :/
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;é: Time(s) o E
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b . T
’ AE,,‘ '
Potential

Figure 2.23 (a) Schematic representation of potential sweep
(b) corresponding current response in cyclic voltammetry [143].
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A typical example is the electro-reduction of hexacyanoferrate (lll) to

hexacyanoferrate (II) in agueous solution as shown in equation 2.5 below.

Felll (CN)g2 4+ e = Fell (CN) g2 . i, (2.5)

A typical example of a cyclic voltammogram is presented in Figure 2.23 (b). At first,
the sweep direction is negative with observed faradic current and transport is by
diffusion of the electroactive species. The potential is firstly scanned negatively
(cathodically) from A to D, called forward scan as shown by the arrow in Figure
2.23 (b). When the potential starts increasing, the electrode reaction begins, thus
increasing the cathodic current, this current increases rapidly until the concentration
of Fe'l' (CN);3 at the surface of the electrode is significantly reduced at point C,
where the peak cathodic current (I,.) is highest. Then the current decays as the
solution near the electrode is depleted of Fe!'' (CN);® due to its electrolytic
conversion to Fe!! (CN);* (C—D). For the reverse scan (D—A), the potential is still
suitably negative to reduce Fe''' (CN)z3, so the cathodic current remains even
though the potential is scanned in positive (anodic) direction. When the electrode
become sufficiently strongly oxidative, Fe!' (CN)z*, which has been collecting near

the electrode, will now be easily oxidized by the electrode process (equation (2.6)).

Fell (CN)z* = Felll (CN) g3 4 @uniinieie e, (2.6)

The process generates an anodic current which rapidly increases until the
concentration of Fe'! (CN);*on the surface is sufficiently reduced causing the
current to peak (at point F). Then the current decays as the solution near the

electrode is depleted of Fe!! (CN)*.
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. Felll (CN)g3
The ratio W

IS the potential excitation signal at the electrode surface as given
by the Nernst equation for a reversible system. The concentrations of Fe!'' (CN);3
and Fe!' (CN)z* are equal at points B and E at the electrode surface, in accordance

to Nernst equation (equation 2.7). Similarly, at halfway potential between the two

resulting peaks C and F, E = Eu2, (Figure 2.23(b)).

The electrochemical cell potential (E) relative to the standard potential of the redox
species (E°") and the relative activities of redox analyte in the system at equilibrium

the Nernst equation as expressed in equation (2.7).

0.059 Felll (CN)g3
E=E% _ s+ l ENULy. ...,
Fell (cN)g* Fe!ll (CN)g? 1 Fell (CN)z*

Here E?' is the formal reduction potential of the oxidized and reduced species. An
initial value of E which is adequately positive of E° results in a ratio in which

Fe!'l (CN);2 significantly dominates.

Fe!l (CN)53

The logarithmic relation between E and ———=;
Fell (CN)g

is reflected by a rapid rate of

FeIII (CN)g3

. . —_ ol ; ——————
change in the region where E = E' i.e. Fell (CN)-*

= 1. This causes rapid increase in

cathodic current during forward scan.

In the forward scan, Fe!! (CN);*is electrochemically produced from Fe!! (CN)¢3 as
designated by the cathodic current. In the reverse scan this Fe'' (CN);* is oxidized
back to Fe!'' (CN);2 as designated by the anodic current. Thus, CV is capable of
promptly producing a new oxidation state during the forward scan and then probing

its outcome on the reverse scan.
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The important parameters in cyclic voltammogram are cathodic peak current (I,,),
anodic peak current (I,,), cathodic peak potential (E,:) and the anodic peak

potential (E,,) as shown in Figure 2.23 (b).

An electrochemical process where the oxidized and reduced species rapidly
exchange electrons with the working electrode is designated an electrochemically
reversible couple. The formal reduction potential E°’ for a reversible couple is

centred between E,, and E,. as represented in equation (2.8).

The peak potential separation is essential in the determination of the number of

electrons (n) transferred in a typical redox reaction as shown in equation 2.9.

Thus for a fast one-electron process, such as the reduction of Fe!' (CN)g3 to
Fe'' (CN)3*, the value of AE, is about 0.059 V. A sluggish electron transfer at the
electrode surface results in irreversibility and leads to an increase in AE,, [144]. Thus,

for a typical fast and reversible redox reaction, the ideal peak separation between
the cathodic and anodic peak potential is around % mV, and the range between

60-70mV are usually acceptable in real experimental situations.

2.6.2.5.1 Importance of the scan rate

Higher current responses are observed with an increase in scan rate, which is an

indication of the decrease of the diffusion layer [123]. The Randles- Sevcik equation
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(equation 2.10) gives a description of the peak current for an electrochemically

reversible system, at room temperature 25 °C [140, 145, 146].

2 1
Ip = (2.69x10%)N3 ADz CVY/2 oo, (2.10)

where A is the electrode surface area (cm?), I, is the peak current (A), n is electron
stoichiometry, D is the diffusion coefficient (cm?/s), v is scan rate (V/s) and C is the

bulk concentration of the analyte (mol/dm?3).

According to equation (2.10), Ip is directly proportional to v'/? and it is also directly
proportional to concentration. This relationship to concentration is very important
when electrode mechanism is being studied. For a simple reversible couple, the

values of I,, and I, should be identical as shown in equation (2.11)

However, the ratio of the peak currents can be considerably affected by chemical

reactions which are related to the electrode process.

It has been established that electrochemical irreversibility is mainly due to slow
electron exchange between the redox species and the working electrode. In the
situation where the reaction is electrochemically irreversible, then equations (2.8),

(2.9), (2.10) and (2.11) are not applicable.

2.6.3 CHRONOAMPEROMETRY TECHNIQUES

The chronoamperometry technique is a controlled potential voltammetry, and it

involves the measurement of currents as a function of time in response to a potential
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pulse. Chronoamperometry technique is capable of being used for the identification

of electrode mechanism relative to certain redox changes.

In a typical multi potential step chronoamperometry technique, the potential is
stepped from a value at which no faradic reaction takes place to a potential where

the surface concentration of active species is zero [147] as shown in Figure 2.24

(a).

The potential is initially stepped from E1 where there is no oxidation or reduction
reaction of electrochemically active species (no observed current) to E2 where large
current response occurs which is as a result of the electrode reaction. Similarly,
there is an observed decay in the current [148] due to depletion of electroactive
species near the surface of the electrode as shown in Figure 2.24 (b). The current-
time plot shows that as time gradually increases, the diffusion layer also expands

with the corresponding decay in current relative to the time at the electrode.

The Cottrell equation [123] shows the dependence of current on time for redox

reactions after the application of a potential step and as indicated in equation (2.12).

nFAcD/2

I(t) = W - kt_l/z .......................................................................... (212)

Where F, n, D, ¢, A and t are the Faraday constant, number of electrons involved in
the reaction, the diffusion coefficient of the electroactive species, concentration,

electrode surface area and time respectively.

The current decays with time as shown in Figure 2.24 (b).
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Reaction of all species I b
E, reaching the electrode  (a) (b)

E, | No reaction

0 > Time(s) —> Time(s)

Figure 2.24 Principle of chronoamperometry (a) change of potential with
changing time and (b) resulting current response [148].

2.6.3.1 Chronoamperometry: Application

26.3.1.1 From Cottrell equation

It is useful for:
(i) measurement of surface area (A)
(i) measurement of diffusion coefficient (D)

(iif) measurement of analyte concentration

2.6.3.1.2 Analytical performance of sensors

Chronoamperometry experiment is usually used in the investigation of the
electrocatalytic performance of modified bioelectrodes in electrochemical sensors
while different parameters such as sensitivity, limit of detection, linear range and

dynamic range are used for the evaluation of analyte concentration in the system.

77



Chapter 2: Literature Review

4 Addition of different concentration of Analyte

r 3

Linear range

v
L]

ESIopeISensitivity

Electrochemical Signal, current

Dynamic range

Electrochemical Signal, current

Time Concentration of Analyte

(@) (b)

Figure 2.25 (a) lIllustration of a typical amperometric sensor response
(b) Calibration plot showing the linear range, the dynamic range,
and other relevant analytical useful parameters [149].

2.6.3.1.2.1 Sensitivity

The calibration graph (Figure 2.25 (b)) [149] (current versus concentration) was
plotted for the determination of key parameters such as sensitivity, linear range,

dynamic range and limit of detection (LoD).

The sensitivity of the electrode is defined as the slope of the calibration graph (b) as
shown in Figure 2.25 relative to the effective electrode surface area as shown in

equation (2.13).

Sensitivity (s) = Slope of the calibration curve) _ e, (2.13)

Surface area of the bare eelctrode

Sensitivity is calculated over the linear portion of a calibration curve and with the
improvement of electron transfer between the electrode surface and target redox

species, there is an increase in sensitivity.

78



Chapter 2: Literature Review

2.6.3.1.2.2 Limit of Detection

LoD is described as the lowest analyte concentration in the sample which is
precisely measured by sensing electrode under an acceptable signal to noise (S/N)

ratio.

The LoD is determined or calculated from calibration plots as three times the
standard deviation of the current or potential signals (o) as given in equation (2.14)

[150].

2.6.3.1.2.3 Linear and dynamic range

The region where the current is directly proportional to the concentration within the
working range of analyte concentration is called linear range while the dynamic
range is the range of analyte concentrations where there is a calculable response

to the addition of analyte [151] as shown in Figure 2.25 (b).

2.6.3.1.2.4 Response time

Response time is an important parameter for sensors, and it is defined as the time

required for a response signal to reach 95 % of the steady-state value.

264 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY

In EIS, the electrode or cell impedance is plotted vs. frequency [152]. EIS is a
sensitive, non-destructive technique which is used for the evaluation of

electrochemical systems and processes like heterogeneous charge transfer
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parameters and also for the study of double layer structures. EIS has been used for
providing the electrode kinetic information for various types of materials like fuel

cells and batteries [153].

The resistive and capacitive behaviour of the electrode—electrolyte interface can
be studied by applying a small amplitude alternating current (ac) signal to the cell
which is held at a constant voltage at equilibrium [153]. The response of the applied
ac-signal is shown in a sinusoidal form. The analysis of electrode processes is
achieved through the measurement of amplitude (i.e. impedance) and the phase
difference. When the frequency of the ac-signal is changed, the impedance is then

measured as a function of frequency.

The perturbation due to an applied potential at a frequency (w) in the

electrochemical cell may be expressed as given in equation (2.15) below:

E = SINWITt. e e (2.15)

Where E, is the voltage amplitude, V (t) is voltage at time t and w is the radial
frequency. The current response may then take the form of a phase shift denoted

by ¢ which as shown in equation (2.16).

TCE) = Iy SIN (G .o eee ettt (2.16)

Where I, is the current amplitude, | (t) is the current at time t and ¢ is the phase
shift. The impedance of the system is usually expressed as a complex number as

given in equation 2.17 [123].
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If the magnitude is expressed as Z, =V, /I, and the phase shift is (¢), the complex

notation for impedance will then be as given in equation 2.18,
Z=Zy(cosO+]sind)=Z + | Z (2.18)
where, j = /(—1), Z' is the real and Z" is the imaginary part of the impedance.

The impedance (Z) is expressed as given in equation 2.19.

_E — E, sinwt — sinwt
L = s = Ly S G (2.19)

Where Z, w and ¢ are impedance, radial frequency and phase shift respectively

[122].

The variation of the impedance with frequency can be displayed in different ways.
One representation is a Nyquist plot; which uses the plot of Z’ vs. Z” for different
values of w to interpret the impedance data of electrochemical results. The Nyquist
plot usually displays two portions; one is the semi-circular portion and the other one

is linear as shown in Figure 2.26 (a).

Similarly, an electrochemical system may be represented by parallel and series
configuration of capacitors and resistors and this representation is called the
equivalent circuit. The most frequently used circuit representation is called the

Randles equivalent circuit [154] which is shown in Figure 2.25 (b).

In Nyquist plot, the semicircle portion refers to the higher frequency range electron-
transfer-limited process which is denoted by R.; whereas the linear portion of the
Nyquist plot corresponds to the low frequency range diffusional-limited electron

transfer process [123]. The diameter of the semi-circular portion of the Nyquist plot
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equals the charge transfer resistance (R.;) at the interface, the R.; may equally be

expressed according to the following equation (2.20):

Ret+ ow™1/2

(cwl/2C4+1)2+ w2C3(Ree+ ow™1/2)

Z(a)) = RS +

7 +

. [“’Cd(Rct +ow 1/2) 4 aw‘l/z(cdaw1/2+1)]

(Caow/2+1)*+ w2C3(Rep+ ow—1/2)*

where R is solution resistance, C; is the double layer capacitance, w is the 2xf,
where f is frequency, the second term is termed as Z' and the third term is Z"' in the

above equation and o is defined as shown in equation (2.21).

s = KT ( 1,1 )
—\/‘2n2F2A D(l)/zco Dé/ch -------------------------------------------------------------

Where A is the surface area of the electrode and D, and Dy are the diffusion
coefficients of the different species (oxidants and reactants), C, and Cgrepresent
the bulk concentrations of oxidants and reductants respectively and F is Faraday’s

constant, T is the temperature in Kelvin and R is the gas constant.

The components are represented as complex plane plot as shown in Figure
2.25 (a). It is quite useful to consider two limiting forms of equations (2.20) and

(2.21) which may be expressed in terms of equations (2.22) and (2.23).

When w — 0; then equations (2.20) and (2.21) may be respectively expressed as

(2.22) and (2.23) below
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The low frequency limit is the straight line of the unit slope, which when extrapolated
to the real axisZ’, gives an intercept of R, + R.; — 206%C4. This line relates to

diffusion controlled reaction and the impedance become Warburg impedance [154]

with the phase angle being % see Figure 2.26 (a).

The analogy is a resistor-capacitor (RC) parallel combination and the equation

(2.18) becomes

(2 = Ry =) 4 (222 (B) (2.24)

2

Equation 2.24 relates the circle of radius R% with intercepts on the Z' axis of Rq

(w = o) and R; + R.; (w — 0) as shown in Figure 2.26 (a).

@
g (®)

Kinetic controlled | ™Mass Transfer
i Controlled l |

/w

1 /’/
T
Rs \ Rs + Rct zZ
R/

t
R +T” Rs + R — 20%C,

Figure 2.26 (a) Nyquist plot (b) Randles equivalent circuit of a simple
electrochemical system [156].

To understand the physical significance of the semi-circle, it is pertinent to note that

firstly, at very high frequency, Z" (= —i) become very small, then it starts to
d

increase as frequency reduces. Conversely, at low frequency, current passes

largely through R.; which increases Z' and diminishes Z"'.
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Consequently, the final impedance of a cell in most electrochemical systems is
mostly a combination of different processes including electron transfer kinetics,
diffusion, and charge transfer impedance. Also to do a circuit equivalent fittings for
the experimentally obtained Nyquist plots, Randles equivalent circuit usually
include solution resistance (R,), double layer capacitor Cy;, R, and Warburg
impedance W. Due to the relative value of the components R.;, W and Cy , only the

semicircle or only the straight line are observed [123].
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CHAPTER 3

EXPERIMENTAL METHODOLOGY

3.1 INTRODUCTION

This chapter gives detailed information on the chemicals and materials that were
used in the study, and the preparation procedures that have been used to achieve
the objectives of this research. A detailed description of the different instruments

used in the study is also presented.

3.2 CHEMICALS AND MATERIALS

All the chemicals used in this research work were procured from reliable suppliers.
They are of analytical grade and were used without further purification. Aqueous
solutions were prepared with Milli-Q water (18.2 MQ.cm) obtained with Millipore

system. All the materials used are listed in Table 3.1.
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Table 3.1 List of chemicals and materials

Chemical/Materials Formula/Description Purity (%) Source
Graphene oxide GO, 0.3-0.7 um flake size, 1 atomic Not applicable  Graphene
Layer thickness (NA) Supermarket
Molybdenum disulphide MoS2, 100-400 nm flake size, 1-8 monolayers >99.0% Graphene
thickness Supermarket
Boron nitride BN, 50-200 nm flake size, 1-5 monolayers >99.0% Graphene
thickness Supermarket
Tungsten disulphide WSz, 50-150 nm flake size, 1-4 monolayers >99.0% Graphene
thickness Supermarket
Gold nanoparticles solution 10 nm diameter, 6X10? particles/mL, reactant free NA Sigma Aldrich
Peroxidase from horseradish Type Il, essentially salt-free, lyophilized powder, NA Sigma Aldrich
(HRP) 150-250 units/mg solid
Poly(N-isopropylacrylamide), amine (CeH11NO)nSCH2CH2NH2 (PNIPAAmM, average mol NA Sigma Aldrich

terminated

wt=2500
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Hydrogen peroxide

Potassium dihydrogen phosphate
Dipotassium hydrogen phosphate
Disodium hydrogen phosphate
Potassium chloride

Sodium chloride

Potassium ferricyanide
Potassium ferrocyanide

Ethanol

Micro-polish Alumina Slurry

Micro-cloth

Reference electrode:
Silver/Silver Chloride (3M KCI)
Counter electrode:

Platinum Wire

H202, ACS reagent, 30 wt% in H20
KH2PO4

K2HPO4

NazHPO4

KCI

NaCl

Ka[Fe(CN)g]

Ks[Fe(CN)s]

C2HsOH

1.0 ym, 0.5 pm and 0.03 pm

PSA, 10 Inch

Ag/AgCI

Pt wire

NA

99.99%

99.0%

99.0%

99.0%

99.0%

99.0%

98.5%

99.0%

NA

NA

NA

NA

Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich

Buehler

Buehler

ALS Co., Ltd

ALS Co., Ltd
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Working electrode: GCE, diameter, 3mm NA ALS Co., Ltd
Glassy Carbon Electrode

Copper sheet Cu, 1 mmx15.0cm x 15.0cm 99.9% Alfa Aesar
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3.3 RESEARCH SCHEME

The research scheme of the experimental work mainly consisted of the fabrication
of 2D based nanohybrid electrobiocatalytic interfaces using self-assembly
approach, preparation of bioelectrodes, and the structural and morphological
characterization of the self-assembled interface system and finally the
electrochemical characterization of the as-fabricated nanohybrid electrobiocatalytic

interfaces. Figure 3.1 elucidates the overall research scheme of this work.

Figure 3.1 Flow chart of Research Scheme
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3.4 FABRICATION OF 2D BASED HIERARCHICALLY SELF-
ASSEMBLED NANOHYBRID STRUCTURES

A self-assembled method was used to assemble GO/MoS2 nanohybrid structure

with metal nanoparticles (AuNPs), polymer (PNIPAAmM), and the immobilization of

enzyme (Horseradish Peroxidase, HRP) using non—covalent interactions [1] as

shown in Scheme 3.1.

2 50 i
PNIPAAM | é% Peroxidase

Scheme 3.1 Schematic representation of the fabricated GO/AuNPs
MoS2/PNIPAAmM/Peroxidase 2D hierarchically self-assembled
nanohybrid interfaces. (Note: Scheme not drawn to scale)

34.1 Preparation of GO/AuNPs/MoS2/PNIPAAmM/Peroxidase
nanohybrid Interface structures
100 pL of the AuNPs solution (6x10'? particles/mL) was added to 15 pL of the
agueous GO solution (0.5 mg/mL) and the mixture was sonicated for 1 hour at room
temperature (RT). This was immediately followed by the introduction of 100 uL of
an aqueous solution of MoS2 (0.018 mg/mL, dispersed in water), and the mixture
was again sonicated for 1 hour. The resultant suspension was centrifuged three
times (at 4000 rpm) to isolate AUNPs-MoS:2 decorated graphene oxide nanosheets.
The resultant GO-AuNP-MoS:2 hybrid nanosheets structure was mixed with 10 pL of

Poly (N-isopropyl acrylamide), amine (PNIPAAm) solution (10 mg/mL), washed with
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distilled water to remove excess PNIPAAmM and dried at RT prior to conjugation with

enzyme peroxidase (10 mg/mL).

The GO-AuNP-MoS2-PNIPAAmM hybrid structure was subsequently conjugated with
the peroxidase enzyme as follows: 10 mg of peroxidase was dissolved in 1 mL of
deionized water; and the mixture was incubated for 3 hours at RT. 10 pL of
peroxidase solution (10mg/imL) was added to the GO-AuNP-MoS2-PNIPAAM
hybrid structure. The mixture was then centrifuged at 5000 rpm for 30 min after
which the precipitate was washed with PBS and centrifuged successively (three
times) to remove loosely attached enzymes from graphene oxide surface. The
various stages involved in the fabrication of the GO-AuNPs-MoS2-PNIPAAmM-

peroxidase is shown in Figure 3.2 (step 1).

3.4.2 Fabrication of bioelectrodes

GCE were carefully polished using 1.0 pm, 0.3 um and 0.05 pm alumina slurry on
polishing micro-clothes. They were then rinsed with deionized water (DI) and
ethanol, sonicated for a few minutes in double-distilled water, and were allowed to
dry at room temperature. The steps involved in purifying the GCE are presented in

Figure 3.2 (step 2).

The nanohybrid solution containing a mixture of the GO-AuNPs-MoS2-PNIPAAmM-
peroxidase enzyme was sonicated for 5 minutes to achieve a homogeneous
dispersion. Subsequently, 10 pL of this suspension was drop-cast on the surface of
the pre-cleaned GCE and dried for 8 hours at 4 °C as shown in Figure 3.2 (step 3).
The other electrodes, such as those with/without enzyme, were prepared by the

same procedures described above.
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Step 1: Preparation of GO/AuNPs/MoS.,/PNIPAAm/Peroxidase nanohybrid Interface
structures

Sonication & Addition of 100pL of
Incubation MoS, (0.018mg/mL

Y

Centrifugation

(10mg/mL) to GO- MoS,

AuNPs-MoS,

Step 2: Fabrication of Bioelectrode

GC electrodes polished with 1.0 0.05 um alumina slurry

i i 0.3 pym alumina slurry .
Mm alumina slurry on micro-cloth 3 -
on micro-cloth on micro-cloth

- A A

Step 3: Immobilisation of nanohybrid solution

Sonicate of 1mL of GO- |
AuNPs-MoS,-PNIPAAmM- 10pL of the suspension

' The modified
Peroxidase nanohybrid 4 ‘ on precleaned GCE

/ bioelectrode was dried |

solution for 5 min at 4°C overnight. J

\

Figure 3.2 Schematic representation of the synthesis procedure of
GO/AuNPs/MoS2/PNIPAAmM/Peroxidase nanohybrid interface
structure.

3.4.3 FABRICATION OF BN/WS2/AuNPs/HRP NANOHYBRID
INTERFACE STRUCTURES

A self-assembled method was used to assemble BN/WS:z nanohybrid structure with
AuNPs and then immobilized HRP using non-covalent interactions [1-2] as shown

in Scheme 3.2.
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Decoration with ERT, o
AUNPS == _. Immobilization of HRP

¢

Scheme 3.2 Fabrication of hierarchical self-assembly interfaces of
BN/WS2/AuNPs/HRP nanohybrid structures. (Note: Scheme not drawn to

scale)

3.4.4 Preparation of BN/WS2/AuNPs/HRP nanohybrid Interface
structures
The schematic presentation of the synthesis procedure of BN/WS2/AuNPs/HRP 2D
hierarchically self-assembled nanohybrid interfaces is shown in Figure 3.3 (a). The
assembly of the BN/WS2/AuNPs nanohybrid structure was achieved by adding
15 pL each of the aqueous solution of BN (5.4 mg/L) and AuNPs (6X10%?
particles/mL) to 15 pL of the aqueous solution of WS2 (26 mg/L). The composite
solution was then ultra-sonicated for 2 hours so as to produce a homogenous
mixture of BN/WS2/AuNPs. The resulting suspension was centrifuged three times
for 5 minutes each at 4000 rpm to isolate unassociated and loose BN flakes, which

were then separated from the hybrid structure.

A fresh 10 mg of HRP was dissolved in 1mL of deionized water. Subsequently, HRP
was non-covalently immobilized onto BN/WS2/AuNPs by adding 15 pL of an
aqueous solution of HRP (10 mg/mL) to the prepared mixture of BN/WS2/AuNPs,

followed by sonication for 30 minutes to achieve a homogeneous dispersion of the
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HRP/BN/WS2/AuNPs nanohybrid structure. These samples were stored at 4 °C for

further use.

3.4.5 Preparation of modified bioelectrodes

The GCE were carefully polished in three stages with 1.0 pm, 0.3 pm and 0.05 pm
alumina slurry respectively on Buehler polishing micro-clothes. The polished GCE
were successively rinsed with deionized water and ethanol in an ultrasonic bath.

The cleaned GCE were then dried with nitrogen gas.

Subsequently, 15 pL of BN/WS2/AuNPs/HRP suspension was drop-cast on the
surface of the pre-cleaned GCE and dried overnight at 4 °C. The other electrodes,
such as those with/without enzyme, were prepared by the same procedures
described above. The stages involved in the preparation of the modified

bioelectrodes are depicted in Figure 3.3 (b).
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(a) Preparation of HRP/BN/WS,/ AuNPs nanohybrid solution

(b) Fabrication of bioelectrodes

=
——
o
e
——
P

Figure 3.3 Schematic representation of the fabrication procedure of
BN/WS2/AuNPs/HRP nanohybrid interface structure.
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3.4.6 Theoretical studies of BN/Au/WS2 (001) nanohybrid structure

Theoretical studies of the BN/Au/WS2(001) was done using first principle
calculations. First—principles calculations reveal the nature of the electronic
interaction occurring at the nanohybrid structure interface [3]. First—principles
calculations were done for detailed study of the properties of BN/Au/WS2(001)
nanohybrid structure to obtain the theoretical perspective for its biosensing

properties.

All the calculations were implemented using the CASTEP [4] code of the Materials
Studio 2016 [4]. The GGA function of the Perdew—Burke—Ernzerhof were used to
account for the exchange—correlation effects [5]. A Monkhorst—Pack [6] with k—
points of 8 x 8 x 1 was used to optimise the crystal structure of the studied systems.
The wavefunction of the valence electrons (4f1# 5d° 6s? for Au, 4f1* 5d* 6s2 for W,
3s? 3p* for S, 2s? 2p2 for B and 2s? 2p° for N) were expanded using a plane wave
cut—off energy of 400 eV. The atomic positions and the lattice parameters were fully
relaxed using the Broyden—Fletcher—Goldfarb—Shanno approach [7] up until the
convergence criteria of force and energy were less than 0.3 eV Al and 106 eV,
respectively. To accurately describe the electronic properties, a hybrid

Heyd-Scuseria— Ernzerhof functional was used [8].
3.5 FABRICATION OF Gr/WS2/AuNPs/HRP NANOHYBRID
INTERFACE STRUCTURES

In this section, a self-assembly fabrication of Gr/WS2/AuNPs/HRP nanohybrid
interface structure was achieved through the conjugation of CVD grown Gr with

another 2D material (WS2) decorated with AUNPs, followed by the immobilization of
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HRP on the nanohybrid 2D materials using non-covalent interactions as shown in

Scheme 3.3.

Scheme 3.3 Fabrication of hierarchical self-assembly interfaces of
Gr/WS2/AuNPs/HRP nanohybrid structures (Note: Scheme not drawn to scale)

3.5.1 Preparation of Gr/WS2/AuNPs/HRP nanohybrid Interface
structures

The synthesis procedure of fabrication of Gr/WS2/AuNPs/HRP 2D hierarchically

self-assembled nanohybrid interfaces consist of three steps and represented in

Figure 3.4.

3511 Preparation of CVD-synthesized graphene

The synthesis procedure of acetylene (C2Hz) sourced CVD grown graphene has
been reported by Osikoya et al. [9]. Firstly, the copper sheet (2x6 cm, 1mm
thickness) was cleaned with ethanol thoroughly. The Cu metal strip was inserted in
the middle of a horizontal tube furnace connected with the mass flow controller. The
deposition of graphene on Cu sheet was achieved using a mixture of argon (Ar) and

nitrogen (N2) as carrier gases at flow rates of 350 cm®min and 250 cm?/min,
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respectively. C2H2 was used as the carbon source. The process involved purging
the quartz tube with argon gas flowing at the rate of 50 cm3/min for 30 min, after
which the temperature controller had started heating the CVD system. The synthesis
reaction was started by the introduction of acetylene gas at the flow rate of
10 cm3/min for 2 minutes and was ended by stopping the acetylene gas flow. The
reaction products were allowed to cool to 500 °C under the inert gas mixture of Ar
and Nz and they were then cooled to room temperature under nitrogen gas flow

(alone) at a flow rate of 50 cm3®/min as shown in Figure 3.4.

Synthesis Procedure of CVD grown Graphene

H = = ‘I
Tube Furnace
CH,

Gas Outlet

f Copper sheet | ‘( — |

N, +Ar e

Synthesis Temperature 850°C

Figure 3.4 Schematic of the synthesis of graphene using CVD process. (Note:
Image not drawn to scale)

3.5.1.2 Preparation of Gr/WS2/AuNPs/HRP nanohybrid Interface
structures

A 1 mg of the as synthesized graphene powder was dispersed in 1 mL of deionized
water. The dispersed graphene was sonicated for 2 hours to produce a homogenous
mixture. The resulting suspension was centrifuged 3-4 times for 10 minutes at 5000
rpm, to isolate monolayer graphene from multilayer graphene.

The graphene-WS: assembly was prepared by adding 20 uL of the dispersed
graphene (1 mg/1lmL) to 10 pL of the aqueous solution of WS2 (0.026 mg/1mL). To

prepare Gr/WS2/AuNPs nanohybrid solution, 20 pL of 10 nm sized AuNPs solution
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was added to the Gr/WS2 composite. The 2D nanohybrid solution was mixed for

10 minutes to make a composite solution of Gr/WS2/AuNPs.

A fresh 1 mg of HRP was dissolved in 1 mL of deionized water. Consequently, HRP
was non-covalently immobilized onto Gr/WS2/AuNPs by adding 10 pyL of aqueous
solution of HRP (1 mg/mL) to the 2D nanohybrid solution, followed by mixing for 1
min to achieve homogeneous dispersion of the Gr/WS2/AuNPs/HRP nanohybrid
structure. These samples were stored at 4 °C for further use. The procedure

described above is depicted in Figure 3.5 (a).

3.5.1.3 Preparation of bioelectrodes

The glassy carbon electrode was polished with 1 um, 0.3 um and 0.05 pum alumina
slurry sequentially. It was then sonicated in (1:1) ethanol and deionized water. After
that, the GCE was dried in air and Gr/WS2/AuNPs/HRP dispersion (10 pL) was drop
cast onto it and dried overnight. This procedure is presented in Figure 3.4 (b). The
other modified electrodes were similarly prepared with/without enzyme using the

same procedure described above.

118



Chapter 3: Experimental overview and Instrumentation

(a) Preparation of Gr/WS,/AuNPs/HRP nanohybrid solution

(b) Fabrication of bioelectrodes

Figure 3.5 Schematic representation of the synthesis procedure of
fabricating Gr/WS2/AuNPs/HRP nanohybrid interfaces.
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3.6 ELECTROCHEMICAL CHARACTERIZATIONS
3.6.1 Experimental set-up for the electrochemical experiment
3.6.11 Electrochemical cell and electrodes

The electrochemical cell consists of a working electrode (WE), a reference electrode

(RE), and usually a counter (auxiliary) electrode (CE) as shown in Figure 3.6.

Figure 3.6 Image of the electrochemical cell used in this study.

3.6.1.2 Working electrode

The working electrode is made of a glassy carbon, with a well-defined surface area

as shown in Figure 3.7.
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Active surface area

Figure 3.7 Image of glassy carbon electrode used in this project.

3.6.1.3 Reference electrode

The reference electrode used in this study is the silver/silver chloride electrode

(Ag/AgCl) as shown in Figure 3.8.

"
RE-ICY

AEXX
AS REY

6 mm

6mm. L

u

Figure 3.7 Images of reference electrodes (Ag/AgCl) used in this project.
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3.6.14 Counter electrode

The counter electrode is made of platinum wire. The counter electrode used in this

study is shown in Figure 3.9.

Figure 3.8 Image of the counter electrode used in this study.

3.6.1.5 Supporting electrolyte

Phosphate buffer solution (PBS) was used as the supporting electrolyte in this

project. The detailed procedure for preparing of PBS is described in 3.6.2.1

3.6.2 Cyclic voltammetry experiment and solution preparation

As shown in Figure 3.7, GCE was used throughout this project. The cleaning of
these electrodes was done by mechanical polishing with alumina slurry. The CE
were used as available and they were rinsed in deionized water before and after
each use. The reference electrode, Ag/AgCl, was always stored in a solution of 3M

KCI when not in use and also rinsed with deionized water before each use.

The CV experiment was performed in 10 mM ferro/ferri cyanide solution containing

10mM PBS (pH=7.4) as a redox probe by scanning a potential -0.2 to 0.8 V with
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E start =0.8 V at different scan rates which ranges from 10 to 100 mV/s and current

range of 100 PA is selected as shown in Figure 3.10.

Figure 3.9 Typical electrochemical set up used in this study involving the
three electrode cell system and Iviumstat potentiostat.

Equations (3.1) and (3.2) were used in the calculation of solution concentrations

used in the study.

Concentration (mTOI) = Mass (9) (3.1)

" Molcular weight(%)xVolume w

Where dilute solutions are required, equation (3.2) was used in diluting the stock

solutions to the required concentrations.

Where (; is the starting concentration and V; is the starting volume and C, is the

final concentration and V, is the final volume.
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3.6.2.1 Buffer solution preparation: 10mM phosphate buffer saline (PBS)

A 250 mL PBS (10mM) stock solution was prepared by dissolving 0.36 g of
Na2HPO4, 0.06 g of KH2PO4, 0.05 g of KCI, 2.0 g of NaCl in 200 mL of deionized
water. Also, 0.1 M NaOH and 0.1 M HCI were separately prepared respectively for
adjusting the pH of the PBS to 7.4 by adding them as required. After adjusting to the

required pH of 7.4, the solution is topped up to 250 mL by adding deionized water.

3.6.2.2 Preparation 10mM Ferri/Ferro cyanide

For preparing 100 mL of ferrifferro cyanide ([Fe(CN)>~/*"]) stock solution, 0.329 g

of KsFe(CN)s and 0.422 g of KsFe(CN)s were dissolved in 80 mL of 10 mM PBS of
pH 7.4 and subsequently made up to 100 mL (with the prepared 10 mM PBS). The

prepared solution was used as the redox probe in this project.

During the CV and EIS measurements, certain volume of prepared electrolyte

(20 mM [Fe(CN)z"/"_] and 10 mM PBS) were put into the electrochemical cell. The

10 mM PBS and 10 mM KCI supporting electrolyte were used in all

chronoamperometry experiments.

3.6.3 Analyte sensing

H202 was used as the model target analyte in the study to demonstrate the
electrobiocatalytic and biosensing ability of the differently modified bioelectrodes (as
mentioned in sections 3.4.2, 3.5.2 and 3.6.1.3.1). Different concentration of H202

was prepared by using equation (3.2).
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3.6.4 Analytical performance

The efficiency and applicability of the fabricated sensors were determined from

chronoamperometry experiment.

3.7 MATERIALS CHARACTERIZATION

Structural and morphology characterization of the synthesized nanohybrid
structures were carried out using different techniques i.e. XRD, TEM and SEM. On
the other hand, electrochemical characterization of the different modified electrodes

was done by CV and EIS.

3.7.1 X-Ray Diffraction

XRD is a versatile, non-destructive analytical technique capable of giving
information about structural features and phase determination of materials under
analysis. The crystallite size and shape of crystalline materials could also be

determined with XRD technique.

3.7.1.1 Principle of XRD analysis

X-rays are electromagnetic radiations with wavelengths of about 1 A (10-2°m). The
X-rays are generated form cathode ray tube (see Figure 3.11) and filtered to
produce monochromatic x-ray which is then focused on the sample. The incident
ray is diffracted in accordance with Bragg’s law as stated in equation (3.3). The

diffraction angle and intensity of the diffracted ray is then detected and measured.
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This law (Bragg’s law) expresses the relationship between the wavelength of
electromagnetic radiation to the diffraction angle and the lattice spacing in a

crystalline sample.

NA = 2d SINO ..o (3.3)

Where n, A, d and 6 describes an order of reflection, wavelength, the distance
between different planes of atoms in the crystal lattice, and the angle of diffraction,

respectively.

X-ray
Detector

Crystalline
Sample

() (b)
Figure 3.10 (a) Schematic representation of X-ray diffractometer
(b) image of Shimadzu XD-3A X-ray diffractometer used in the
project.
Bragg’s equation gives the relationship between the wavelengths of electromagnetic
radiation (A), lattice spacing in crystalline sample (d) and the diffraction angles (0)
[9].
Different diffraction patterns are produced with different crystalline samples due to
different kinds of arrangement of atoms present in particular crystal structure which
in turn determine peak intensities and peak positions at a particular diffraction angle

of 26.
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The following information could be obtained from x-ray diffraction pattern:

(i) Unit cell structure, lattice parameters and Miller indices.
(i) Phase identification

(iii) Crystalline size from the width of the peak in a particular pattern.

The XRD of all the fabricated nanohybrid structures in this study were investigated
using Shimadzu XD-3A X-ray diffractometer (Figure 3.11(b)) at 20 kV using Cu-Ka

radiation (k =0.1542 nm) within the diffraction angle range (28) from 4° to 90°.

3.7.2 Transmission Electron Microscopy

Due to their versatility and high spatial resolution, electron microscopes have
evolved as great tools for the characterization of a wide range of materials. The two
main types of electron microscopes are the transmission electron microscope and

the scanning electron microscope.

The TEM principle is to use the transmitted electrons; the electrons which are
passing through the specimen before they are collected as shown in Figure 3.12

[10].
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Figure 3.11 Schematic diagram showing the interaction of electrons with
specimen [10].

A beam of electron is transmitted through a very thin lens which interacts with the

specimen. Due to the interaction of the electrons transmitted through the specimen,

an image is formed and then this image is magnified and focused on a fluorescent

screen or detected by light-sensitive charged-coupled device (CCD) camera. The

detected image is shown in real time on a monitor or via a computer [11] as indicated

in Figure 3.13.
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Projector Lens
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(a) (b)
Figure 3.12 (a) A schematic diagram describing the path of an electron beam
in a TEM (b) Image of installed JEOL (JEM-2100).

TEM provides very important and valuable information on the inner structure of the

sample, such as crystal structure [12].

l____———!" ,,_.c_f - ,.
g | L e

TEM sample support mesh "grid”, with
ultramicrotomy sections

() (b)
Figure 3.13 (a) TEM sample support mesh grid, and (b) a sample holder with

vacuum rings.

The specimen stage of TEM contain airlocks which allow the insertion of the

specimen holder into the vacuum. The specimen holders are used to hold a
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standard size of the grid. The sample is placed onto the inner meshed area having
a diameter of approximately 2.5 mm and the usual grid materials are copper,
molybdenum, gold or platinum (Figure 3.14 (a)). This grid is placed into the sample

holder (as shown in Figure 3.14(b)) which is paired with the specimen stage.

In this study, the sample for TEM was prepared by drop-casting 20 L of the sample

hybrid material onto a Cu-grid coated with a lacy carbon film.

3.7.3 Scanning Electron Microscopy

In contrast to the TEM technique, the electrons are not transmitted through the
sample in SEM. In SEM, two types of electrons are primarily detected: (a)
backscattered electrons (BSE) and (b) secondary electrons (SE) as shown in Figure
3.12. SE are as a result of inelastic interactions between the electron beam and the
sample. Thus, SE come from surface regions and backscattered electrons are
reflected back after elastic interactions between the beam and the sample while

BSE originates from deeper regions of the sample.

The SEM produces images by probing the specimen with a focused electron beam
which is scanned across a rectangular area of the specimen and so images are
produced by detecting secondary electrons and the detector captures the image by
mapping the detecting signal based on beam position as presented in Figure 3.15

(a). SEM has the advantage of revealing three-dimensional images [13].
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Electron Gun
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Detector
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() (b)
Figure 3.14 (a) Schematic diagram of SEM (b) Image of installed LEO 155

Gemini.

The surface morphologies and elemental analysis of the samples used in this study
were examined using a scanning electron microscopy (LEO 155 Gemini) under a

20 kV electron acceleration voltage as shown in Figure 3.15 (b).
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CHAPTER 4

HIERARCHICALLY ASSEMBLED TWO-DIMENSIONAL
HYBRID NANOINTERFACES: A PLATFORM FOR
BIOELECTRONIC APPLICATIONS

4.1 INTRODUCTION

The design and fabrication of two-dimensional nanointerfaces for bioelectronic
systems has recently become a major focus in bioelectronics applications and
devices due to the superior electrical, thermal, optical and mechanical properties of
nano-structured 2D materials over their three-dimensional (3D) and bulk
counterparts [1-3]. The atomic thinness of these 2D materials makes it possible to
easily integrate them in bioelectronic device design as advance interface materials.
Additionally, their flexibility, electron transport properties, good biocompatibility,
large surface area, notable electron transfer and ease of hybridization [4-8] make
them the ideal interface materials in devices designs where flatness, sensitivity and

high efficiency are requirements [3, 9].

Some of the materials with the potential applicability in the fabrication of two-
dimensional nano-interfaces for bioelectronic systems are graphene/graphene
oxide and MoS: [10]. Graphene possesses excellent electron mobility of about
120000 cm?/Vs which makes it a very effective material for application in
nanoelectronics, electrobiocatalytic reactors and biosensors [11-13]. GO, an
oxidized form of graphene, with oxygen-containing functional groups (such as
epoxy, hydroxyl, carbonyl and carboxyl groups) on the basal and edge planes, is
more compatible with biomolecules thus, making it an excellent platform for

electrobiocatalysis reactions [14-17].

The work presented in this chapter has been published in the Electroanalysis, 30 (2018) 2339-
2348.
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Similarly, layered TMDs, with the generalized formula MXz2, where M is a transition
metal of groups IV, V, and VI, and X is a chalcogen such as S, Se, and Te, mostly
possesses graphene-like structural features leading to similar electron mobility
features in their nanosized forms. MoS2, a typical TMD with structural feature
involving a Mo atom sandwiched between two S atoms (S-Mo-S), with the S-Mo-S
repeating units chemically bonded to form nanosheets [11, 18, 19], possesses quite

a number of outstanding properties.

These properties include tunable energy band gap, high electron mobility, relatively
low toxicity, good chemical stability and large specific surface area [20]. Due to its
catalytically active sites, MoS: is suitable for capturing various biomolecules which
provide the excellent increase in signal amplification which is quite essential in the
operations and functions of bioelectronic devices [7, 11]. The combination of two
hybrid 2D materials i.e. GO and MoS:2 hybrid structures offer the possibility to create
devices with broad functionalities with better electrochemical performance due to
improvement in electron transport features and good biocompatibility with
biomolecules [20-22]. GO-Mo0S2 nanohybrid combination will facilitate efficiency by
preserving the effective carrier mobility of graphene while facilitating electron

transfer at the interface [9, 10].

Studies have shown that the incorporation of AUNPs at the interfaces of nanohybrid
leads to an increase in the electrobiocatalytic activities of such devices [23]. This is
due to the introduction of current amplification features by the AuNPs at the
interface, and the synergistic effect of the smart nanohybrid combinations leading

to improved conductivity, good stability and high electrocatalytic activity [23-26].
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It is a known fact that the presence of oxygenated functional groups in the GO,
(though enhances biocompatibility through improved hydrophilicity) leads to
decreased conductivity [18, 27-29]. Consequently, the GO-MoS:2 hybrid interface
structure was decorated with AuNPs to improve the conductivity and interface

electron transfer.

Poly (N-isopropylacrylamide, PNIPAAmM) was subsequently conjugated with the
hybrid nano interface materials through both covalent and non-covalent interactions
to enhance the stability of the interface material and reduce leaching at the electrode
surface [27, 28]. A suitable bio-recognition element (HRP) was eventually
immobilized on the polymer-nanohybrid interface materials and the resultant
bioconjugate structure was immobilized on pre-cleaned electrode GCE for the
electrochemical detection of the model target analyte (H202) to demonstrate

biosensing ability of the fabricated bioconjugate interface material.

We, therefore, report the fabrication of dual 2D system consisting of AUNPs doped
GO/MoS2/PNIPAAM/HRP conjugated hybrid structures as a platform for
electrobiocatalytic reactions for the fabrication of sensitive biodevices. Using
electrochemical techniques, we demonstrated by using H202 as a model analyte,
that the dual 2D nanohybrid electrobiocatalytic interface structure can be used as a
platform for efficient electrobiocatalytic reactions in bioreactors, biosensing and

bioelectronics applications.
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4.2 EXPERIMENTAL

421 Characterizations

The zeta potential of the graphene oxide dispersions before and after surface
modification with enzyme was determined using a Nano ZS dynamic light scattering
(DLS) Zeta potential instrument (Malvern Instruments, Worcestershire, UK). For the
morphology of the sample, we used a SEM instrument (Jeol XL30, MA, USA) with
image magnification range of x5—-x1,000,000; a resolution of 2 nm and an

accelerating voltage of 1-30 keV using an aluminium stub.

The GO was characterized with Raman spectroscopy, SEM, TEM and atomic force
microscopy (AFM). The surface charge analysis was done by using zeta potential
measurement. The fabricated modified bioelectrodes were characterized to assess
the electron transfer properties at the interface, by using CV and EIS, while the
electrobiocatalytic activity of the fabricated modified bioelectrodes towards the
reduction of H202 was done via chronoamperometric measurements. The detailed
procedures followed in the characterization of all the samples using CV, EIS,
chronoamperometry, TEM and SEM are discussed in sections 3.7.2, 3.7.2.2, 3.7.3,

3.8.2 and 3.8.3 respectively.

4.2.2 Preparation of monohybrid electrobiocatalytic interfaces

structures

Chapter 3, section 3.4.1 provides a detail description of the preparation.
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423 Fabrication of bioelectrodes

The bioelectrodes fabrication procedures are discussed in chapter 3, section 3.4.2.

4.3 RESULTS AND DISCUSSION

The hierarchically self-assembled AuNPs doped GO-MoS2-PNIPAAmM-Peroxidase
hetero structure interface system is presented in Scheme 4.1(a) with the
correspondent electrobiocatalytic reduction of H202 via the nano-constructed

interface bioelectrode in Scheme 4.1(b).
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Layered GO/MoS,/AuNPs
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Scheme 4.1 2D-hetero hierarchically self-assembled hybrid interfaces:
(&) AuNPs doped layered GO/MoS2 2D nano-hetero interfaces
(b) fabrication of GO/AuNPs/MoS2/PNIPAAmM/Peroxidase
bioelectrode and electrobiocatalytic conversion of H202. (Note:

Scheme not drawn to scale)

Raman spectroscopy result of the GO is presented in Figure 4.1(a), showing the
presence of the D-band at 1347 cm™ and the G-band at 1591 cm™ respectively.
Raman spectroscopy is one of the key tools for the characterization of sp? hybridized
carbon nanomaterials [11], the technique is non-destructive, and it is capable of

being utilized in the structural and electronic assay of the material.

Experimental results have shown that Raman spectroscopy is quite useful for
studying the electron-defect scattering, electron-electron and electron-phonon
phenomenon in graphene at variable carrier density. The presence of the D-band
indicates the presence of a chemical bond, edges, and symmetry breaking
perturbations in the sample, it basically requires the presence of lattice defects to
be Raman active [30, 31]. The G-band in carbon nanomaterials including graphene
is as a result of sp? hybridized C-C bond stretching, corresponding to the first-order

scattering of the E2g mode [32-34].
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The surface charge analysis (zeta potential) result for the 2D nanohybrid interface
materials is presented in Figure 4.1(b). The zeta potential of a colloidal system is
quite important for understanding the electrochemical equilibrium of the interface
material, giving information about the effect of pH on the surface charge at the
interface, and consequently the colloidal stability of the dispersed material. The
isoelectric point (IEP) of the colloidal system (which is the pH at which the electrical
charge at the interface is neutral) could also be determined through the zeta

potential measurements.

In the present study, the surface of the GO nanosheets was first modified with a
metallic nanopatrticle, then with a metallic sulphide. These surface modifications
altered the initially observed surface charge of the GO nanosheets due to the
electrostatic interaction between the electronegative oxygenated functional groups
in the GO and the electropositively charged metallic substances. The zeta potential
of the unmodified GO was observed to decrease with increasing pH from - 4.36 mV
to - 74.53 mV, this may be due to the hydrolysis of C-O and carbonyl (C=0) groups

in the GO by the alkaline environment to carboxylic (-COO") group.

However, after modification with metallic AUNPSs, the surface charge at the strongly
acidic pH 2 was observed to be 43.5 mV. This observation may be due to the overall
influence of the acidic protons (H*) coupled with the metal particles to produce
overall highly electropositive charge which will be attracted to the electronegative
surface of the GO, resulting in the observed highly electropositive surface charge at
low pH. This surface charge (of the GO) was observed to decrease with increasing
basicity and at pH 10, the surface charge was observed to be - 32.8 mV, which

might be due to the neutralizing effect of the base on the metallic charge in the
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strongly basic medium, the formation of the —COO group. These results clearly
showed that the surface charge characteristic at the interface can be tuned by

modifying the pH of the system.

The surface morphology and the height profile for the GO nanosheets were
characterized by AFM (Figure 4.1(c) & (d)). AFM has the unique advantage of being
able to provide an image for both conducting and non-conducting substances. It can
measure the topography of samples at sub-nanometer resolutions, and thus the
AFM characterization provides information about the suitability and the availability
of large aspect ratio on the 2D material for the immobilization of enzyme or other
bio-recognition elements. This information is quite important for the understanding

of the electron transfer reaction at the interface.

In this study, the sample for the AFM characterization was prepared by dispersing
1 mg of the GO powder in 10 mL of deionized water. The mixture was sonicated for
30 minutes for even dispersion of the GO nanosheets in the aqueous medium, and
the mixture (20 pL) was subsequently drop cast on a gold substrate and allowed to
dry in the fume hood for about 8 hours before taking the AFM measurement. The
AFM image (Figure 4.1(c)) shows flat nanosheets with large aspect ratio, while the

height profile plot (Figure 4.1(d)) shows a maximum height of about 4 nm.
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Figure 4.1 (a) Raman spectrum of the graphene oxide, (b) zeta potential
measurement of the dispersed interface material in deionized
water at pH 4-10, (c) AFM image of the dispersed graphene oxide
on gold substrate, (d) AFM height profile distribution analysis
spectra of the dispersed graphene oxide on gold substrate.

Morphological characterization of the 2D hierarchically assembled hetero structures
(containing AuNPs doped GO-MoS2) was done using SEM (Figure 4.2(a)). The
figure shows thin flake-like structures with high aspect ratio, thus indicating a very
good platform for enzyme immobilization and a wide area for interface electron
transfer activities, while the inset shows a high magnification AFM image showing

the amorphous nature of the self-assembly layered interface structures.
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Figure 4.2(b) is the SEM image of the resulting 3D structure after the immobilization
of polymer and enzyme PNIPAAmM and peroxidase) on the layered self- assembled
2D interface structure showing a rough and undulating amorphous surface providing
a very wide surface area for contact with the substrate which is a recipe for good

electron transfer.

Mag= 522KX
WD= 39mm

Figure 4.2 Morphological characterization of 2D-hetero hierarchically 3D
self-assembled hybrid interfaces: SEM images of (a) AuNPs
doped layered GO/Mo0S2 2D nano-hetero interfaces and the inset
shows AFM image of AuNPs doped layered GO/MoS2 nano-
heterostructures and (b) GO-AuNPs-MoS2-PNIPAAmM-Peroxidase
bioelectrode.

Further material characterizations was done and presented in Figures Al1.1; Al.2;

and A1.3 (Appendix Al). Figure Al1.1 (a) (Appendix Al) is the TEM image of the GO

showing a crumpled structured material agglomerate around the 3 mm copper grid
used for the analysis, while Figure Al1.1 (b) (Appendix Al) shows the material to be
like folded sheets. Further analysis of some other sections of the material using SEM

shows an almost smooth, thin plane with a wide aspect ratio (Figure Al.1(c)

Appendix Al) and a petal-like assemblage (Figure A1.1(d) Appendix Al).
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The TEM image of the 2D MoS2 nanosheets at different magnification is presented
in Figure Al.2 (a—d) Appendix Al. Figure Al1.2 (a & b) shows agglomerated
nanosheets flakes of the material while the high-resolution image of the materials
showed that the material is highly crystalline in nature Figure A1.2 (c & d) Appendix
Al. Also, the TEM images (at different magnifications) of the dispersed spherically

shaped AuNPs on the MoS2 nanosheets is presented in Figure A1.3 (a—d).

Using 10 mM ferrofferricyanide [Fe(CN)¢]®~/#~ solution in 10 mM PBS as redox
probe, the bare and modified bioelectrodes were characterized using CV and EIS
(Figure 4.3 (a—d); and Figure A4 (a—f), Appendix Al) respectively. The CV response
displays the classical sigmoidal shape while exhibiting narrow peak to peak potential
separation (AE,) for all the AUNPs doped GO and MoS2 modified electrodes which
is an indication of fast electron transfer kinetics which can be attributed to the wide
surface area presented by the 2D graphene system and the 2D TMD (MoS:2) and

their reported fast electron transport properties [7, 10, 35].
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Figure 4.3 Bioelectrode characterization showing (a) cyclic voltammetry

response at 50 mV/s in 10 mM PBS and 10 mM [Fe(CN)4]3~/4~ for
the bare GC and all modified electrodes; (b) effect of scan rate on
the cathodic peak current I, and the anodic peak current I,4; (C)
EIS Nyquist plot with Randles circuit equivalent diagram as an
inset, and (d) charge transfer impedance histogram for the EIS.

Similarly, the peak current of the nanohybrid assembly of AUNPs doped GO-MoS:2

fabricated electrode is higher compared to the assembly without the doped AuNPs.

This

is an indication that the presence of the AuNPs contributed to increasing the

effective electroactive surface area in agreement with Randle-Sevcik equation

(equation 4.1) from which it can be seen that the peak current (I,) is directly
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proportional to the effective electrode surface area (A) and based on the assumption

that mass transport is diffusion controlled

Ip = 2.69 X 107 5ADY 203 2y Y20 i (4.1)

where D is the diffusion coefficient of the molecules (6.70x10%¢ cm?/s), n is the
number of electrons transferred, y is the scan rate in V/s and C is the concentration

of the redox probe solution in mol/dm3.

It is also observed that the reduction peak potential (E,.) after the immobilization of
PNIPAAmM and peroxidase on the nano-hybrid assemble modified electrodes,
shifted to negative values (Figure 4.3(a)) thus indicating that the forward (reduction)
reaction requires more activation energy than similar reaction without the presence
of PNIPAAmM and peroxidase. This fact is also reinforced by the increased AE,
observed for the CV scans for the modified electrodes involving PNIPAAmM and

peroxidase [34-38].

The effect of scan rates on the reduction (forward) reaction peak current and the
oxidation peak current was equally evaluated using cyclic voltammetry
measurements in 10 mM ferri-ferro cyanide probe and 10 mM PBS and the results
presented in Figure 4.3(b) and Figure Al.4 (a—f) Appendix Al. The cathodic peak
current (I,.) and the anodic peak current (I,,) for the bare GC and all modified
electrodes increase linearly with increasing scan rates from 10-100 mV/s, thus

indicating a diffusion-controlled electrode process at the interface.

EIS in a solution of ferro/ferricyanide redox probe was also used to characterize the

treated modified electrodes (Figure 4.3(c)). It is widely known that the double-layer
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capacitance (Cy4;) and interfacial electron transfer resistance of the electrode surface
can be changed by modifying the electrode using polymers, nanomaterials and
semiconducting materials. To do correct fitting of the Nyquist plots, it was needed
to replace C,; with a constant phase element (CPE) in the Randles equivalent circuit.
Due to the presence of CPE in the Nyquist plots, there is a microscopic roughness,
which causes an inhomogeneous distribution in both C,; and bulk electrolyte

solution resistance (R;) [39].

The Nyquist plot of the EIS (Figure 4.3(c)) displays the presence of kinetic controlled
impedance, (the semicircular part) and the diffusion controlled impedance (the linear
part, which is notably quite small in this impedance measurement) at lower
frequencies in the electrochemical system, while the Randles circuit equivalent
fittings (Figure 4.3(c) inset) showed the presence of solution resistance Ry, charge
transfer resistance R.;, the constant phase element corresponding to the double-
layer capacitance CPE,;, and the frequency dependent Warburg impedance w. At
higher frequencies, the diameter of the semi-circular part is equivalent to the
electron transfer resistance (R,;) in the electrochemical system, and the value of the

R.; as an inverse relationship with the electrochemical activity of the specimen.

In an electrochemical system, the solution resistance R, results from the ohmic
resistance of the electrolyte solution, while the double layer capacitance is a non-
faradaic component which comes from the charging of the dielectric features at the
electrode-electrolyte interface which is dependent on the surface modification of the
electrode. The frequency dependent Warburg impedance w, is as a result of the
diffusion of the ionic species in the redox probe to the interface for charge transfer

to occur in a faradaic system, while the charge transfer resistance R, is the
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activation energy in a faradaic electrochemical system that must be overcome for
electron transfer to occur at the interface and it is also dependent on the surface

modification of the electrode [40-42].

The R_; is a measure of the kinetic controlled resistance (or the interfacial electron
transfer rate) between the redox probe electroactive species and the electrode
surface of the modified electrode system. In this study, the comparative R.; values
for the bare and all modified electrodes were evaluated based on the diameter of
the semi-circular part of the Nyquist plot (Figure 4.3(c)) and a histogram
representation of the respective values is presented in Figure 4.3d [41]. The R, may

also be evaluated using equation 4.2.

Ree+ ow™1/2

(cwl/2C4+1)2+ w2C3(Ree+ ow™1/2)

Ziw) = Rs +

. [de(Rct + aw_1/2)2+ 0w—1/2(C¢0w1/2+1)]

(Caow/2+1)*+ 2C3(Rept cw=1/2)"

Where w=2T11f, f=frequency, C, is the double layer capacitance and o is expressed

as given in equation 4.3.

o = KT ( L, )
—\/ZnZFZA Dé/zco D;/ZCR ---------------------------------------------------------------

Where R is the gas constant, T is the temperature in Kelvin, F is Faraday’s constant,
A is electrode surface area, D, and Dy are respectively the diffusion coefficients of
oxidants and reductants, C, and C; are the concentrations of the oxidants and

reductant respectively.
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Significant changes in the impedance spectra were observed after different
treatments. The equivalent circuit compatible with the Nyquist diagram has been
shown as inset Figure 4.3(c). The circuit element that is most pertinent to this work
iIs R.:. This is because it often relates directly to the accessibility of the modified
electrode and also reflects the flow of charge across the modified interface into the

substrate electrode.

The ohmic R, for the layered structured modified electrode, was calculated to be
565.2 Q, which is higher than that of the bare GC electrode (92.8 Q), thereby
signifying that the introduction or the presence of the electronegative oxygenated
groups (C=0s and COO"s) in GO and the sulphide (S;) group in the MoS2 causes
a resistance to electron transfer between the redox couple at the interface. However,
when the layered matrix was doped with AuNPs, there was a marginal reduction in
R.; value to 433.1 Q, signifying the role of AuNPs in enhancing electron transfer
kinetics at the interface [5, 6]. A summary of the circuit element representation and

the corresponding ohmic resistance and CPE values are presented in Table 4.1.
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Table 4.1 Randle circuit equivalent values
Circuit GO- GO-Au- GO-Au-MoSe- GO-Au-MoSz- GO-Au-MoS2-PNIPAAM
Element MoS2/GCE MoS2/GCE Peroxidase/GCE PNIPAAM/GCE Peroxidase/GCE
Rs/ohm 207.9 215.4 136.4 163.4 66.35
CPE-T/IF 7.858x10° 6.505x10° 3.613x10°C 3.310x10°® 3.7553x10
CPE-P/F 0.7776 0.7867 0.8636 0.8585 0.8467
Rcvohm 702.4 525.8 2206.0 1379 1161.0
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Further modification of the electrodes through the introduction of the polymer matrix
(PNIPAAmM) resulted in a considerable increase in the R.; value to 1345.0 Q, which
is an indication of the insulating effect of the terminated amine group polymer matrix
at the interface. However, after conjugation of the matrix with the peroxidase
enzyme, the R, value was reduced to 1130.0 Q, thus indicating that the enzyme
conjugation mitigated against the insulating effect of the polymer matrix at the
interface. Moreover, an increase of membrane capacitance was observed with
modified electrodes in absence of the polymer matrix (PNIPAAmM) and peroxidase
enzyme in comparison with treated electrodes, probably due to the increase of the
dielectric constant caused by electronegative oxygenated groups in GO and/or

sulphide (S5) group in the MoS2.

The electrobiocatalytic activity of the fabricated modified GO-AuNPs-MoS:-
PNIPAAmM-Peroxidase-GC bioelectrode was investigated using
chronoamperometry at a constant applied potential of +0.60 V (vs. Ag/AgCl) using
100 mM PBS and 100 mM potassium chloride (KCI) as supporting electrolyte. To
establish reproducibility, the sensing experiments were repeated three times and
the standard deviation of the current response was calculated and plotted as current
range in the calibration curves (Figure 4.4(a) and 4.4(b)), the average standard
deviation was calculated to be 0.023 %. Similarly, to evaluate the contribution of
PNIPAAmM in the assembled nano interface hybrid, the chronoamperometric
measurement experiments were repeated without PNIPAAm in the electrode matrix
(Figure 4.4(c) and 4.4(d)). The fabricated bioelectrode exhibited a fast response

(reaching a steady state current in about 5s) towards the successive addition of
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H20:2. The current time plots for the chronoamperometric response are presented in
Figure 4.4(a) and 4.4(c) while the corresponding calibration curves are presented in
Figure 4.4(b) and 4.4(d). The GO-AuNPs-MoS2-PNIPAAmM-Peroxidase-GC
fabricated bioelectrodes exhibited a wide linear range from 1.57 mM to 11.33 mM
and dynamic range from 0.19 mM to 13.94 mM towards hydrogen peroxide
detection with a limit of detection of 2.432 mM (S/N=3) and a sensitivity of 14.237
HA/mM/cm?. The sensitivity of the bioelectrode was calculated by dividing the slope

of the calibration curve with the surface area of the electrode.
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Figure 4.4 Chronoamperometric response showing (a) current-time plot and
(b) calibration curve response for the fabricated GO-AuNPs-
MoS2-PNIPAAmM-Peroxidase bioelectrode and (c) current-time
plot and (d) calibration curve response for the fabricated GO-

AuNPs-MoS2-Peroxidase at an applied potential of +0.6 V in 100
mM PBS.
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The GO-AuNPs-MoS2-Peroxidase-GC fabricated bioelectrodes also exhibited a fast
response to successive addition of H202 reaching a study state current in 4 s. The
GO-AuNPs-MoS:2-Peroxidase-GC bioelectrode also exhibited a linear range from
1.23 mM to 9.41 mM; a dynamic range from 0.11 mM to 14.12 mM with a limit of

detection of 3.34 mM (S/N=3) and a sensitivity of 12.542 pA/mM/cm?.

It was observed that the GO-AuNPs-MoS2-Peroxidase-GC modified bioelectrode
(without PNIPAAmM) is more prone to leaching during the chronoamperometric
experimental measurements. Also, the experiments involving GO-AuNPs-MoS:-
PNIPAAmM-Peroxidase-GC modified bioelectrodes showed a more consistent
current response (as can be seen in the current range bars in Figure 4.4(b)) than
the current responses from the GO-AuNPs-MoS:z-peroxidase-GC fabricated
modified bioelectrodes (as seen in the current range bars in Figure 4.4(d)). The
average standard deviation for three separate measurements for the detection of
H202 under similar conditions is 24.23%. This may be attributed to the stabilizing

effect of the PNIPAAmM.

It was equally observed that in all repeated comparative experiments, the GO-
AuNPs-MoS2-PNIPAAmM-peroxidase-GC modified bioelectrodes always exhibited a
wider linear range than the GO-AuNPs-MoS2-peroxidase-GC fabricated modified
bioelectrode. A comparative summary of the responses from the modified

bioelectrode matrices in this study is given in Table 4.2.
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Table 4.2 Summary of electrobiocatalytic responses to stepwise H202

additions

GCE/GO-AuNPs-MoS2-

GCE/GO-AuNPs-MoS:2-

PNIPAAM-HRP HRP
LoD 2.432 3.34
Linear range (mM) 1.57-11.33 1.23-9,41
Dynamic range
(mM) 0.19 — 13.94 0.11 - 14.12
Sensitivity 14.237 12.542
(LA/mM/cm?)
Regression (R?) 0.9779 0.9905

Similarly, a comparative table showing the linear response of similar studies as

compared to this study is presented in Table 4.3.

Table 4.3 Comparative table showing the linear response similar studies

Immobilization Matrix Sensing Linear Range Ref.
target [mM]

HRP/Mo0S2/Graphene/GCE H202 0.0002 - 1.103 [43]
Mb-HSG-SN-CNTs/GCE H20:2 0.002 -1.2 [44]
MoS2/GR-MWCNTs/GCE H20:2 0.005 -0.145 [45]
Hb-AuNPs@MoS2/GCE H20:2 0.01-0.3 [46]
PEG-Mo0S:2 nanosheets H202 0.00286-0.286 [47]
HRP/graphene/GCE H202 0.00033-0.014 [48]
hemin/GO/CNT-modified GCE H20:2 0.0006-7.2 [49]
GO/AUNPs/MoS2/HRP/PNIPAAM/  H20:2 1.57-11.33 Present
Peroxidase Work

The Table 4.3 shows that the GO-AuNPs-MoS:z-peroxidase-GC of this study

displayed a wider linear response compared to the other mentioned systems. The

stability of the GO-AuNPs-MoS2-PNIPAAmM-Peroxidase-GC modified bioelectrodes
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was studied over a 5-day period by measuring the current response to 10 mM H20:2
in 100 mM PBS and 100 mM KCI supporting electrolyte while the modified
bioelectrode is stored at 4 °C after each usage. It was observed that there were no
significant changes to the current response over this 5-day period. This result is an
indication that the fabricated modified bioelectrode is stable over the 5-day period

of the stability test.

The specific capacitance of GO-AuNPs-MoS2-PNIPAAmM-Peroxidase bioelectrode

can be calculated from CV plots (Figure 4.3(a), f) using equation 4.4.

¢, = LD (4.4)

Y R T R R LR R R RCEEECRCRERE

Where ,/I(V) is equal to the integrated area under the CV plot, and v is the scan

rate, A is the electrode area and AV is the potential window. Figure 4.5 plots areal

capacitance with potential (V) Vs Ag/AgCl for scan rate 50 mV/s.

155



Chapter 4: Hierarchically assembled two-dimensional hybrid nanointerfaces: A platform for bioelectronic applications

GO-AuNPs-MoSz-PNIPAAm-Peroxidase

Areal Capcitance(FIcmz)
XS O - N oW
— "

A
)
I

00 02 04 08 08
Potential (V) vs Ag/AgCI

S
N

Figure 4.5 Electrochemical performance of GO-AuNPs-MoS2-PNIPAAmM-
Peroxidase bioelectrode showing areal capacitance vs potential
(V) vs Ag/AgCl at scan rate 50 mV/s in 10 mM [Fe(CN)g]3~/4~.

The calculated specific capacitance of GO-AuNPs-MoS2-PNIPAAmM-Peroxidase
bioelectrode is 8.6 F/cm? for scan rate 50 mV/s. The performance of this
bioelectrode suggests that hierarchically assembled two-dimensional hybrid
nanointerfaces can readily be incorporated as a platform for electrobiocatalytic

reactions in biosensors and other bioreactors.

4.4 SUB-CONCLUSION

In this study, we have successfully combined dual 2D hybrid layered structures
including GO and MoSz, then doped the layered structure with AUNPs, followed by
the immobilization of the polymer (PNIPAAmM) and the bio-recognition element
(peroxidase) leading to the fabrication of an electrode material with very high surface

area coupled with the known excellent electron transport properties of these 2D
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materials. We have exploited the biocompatibility and hydrophilicity of the GO,
coupled with the wide surface area and conductivity MoS2 and combined this with
the signal enhancement of the AuNPs. This nanohybrid matrix was stabilized by the
introduction of PNIPAAmM. HRP was subsequently immobilized as the bio-
recognition element for the detection of H202 as a model analyte. Thus, we have set
the stage for the fabrication of stable electrobiocatalysis interface platform using the
advantages of the hybrid multi nano 2D polymer-enzyme bioconjugate framework
for the design and fabrication of thin, flexible, fast, and sensitive bioelectronics,

bioreactors and biosensors.
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Figure A1.1 TEM images of GO (a & b); SEM images of GO (c & d)
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Figure A1.2 TEM images of MoS2 nanosheets with different magnifications (a-
d).
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Figure A1.3 TEM images of MoS2/AuNPs nanosheets with different
magnifications (a-d).
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Figure A1.4 Cyclic voltammetry response showing the effect of scan rates on
the cathodic peak I,., and the anodic peak I,,,, in 10 mM PBS and
10 mM KCI and 10 mM [Fe(CN)¢]3~/*~ vs Ag/AgCl reference
electrode for (a) Bare GCE; ( b) GO-MoS2/GCE; (c) GO-Au-
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respectively.
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CHAPTER 5

HIERARCHICALLY ASSEMBLED TWO-DIMENSIONAL
GOLD-BORON NITRIDE-TUNGSTEN DISULPHIDE
NANOHYBRID INTERFACE SYSTEM FOR
ELECTROCATALYTIC APPLICATIONS

5.1 INTRODUCTION

The focus in devices fabrication has recently been towards making slimmer, smarter
devices with excellent performances. As a result of this, the use of 2D materials in
concept design for nano bioreactors are fast gaining ground as a platform for
biodevices fabrication which mostly combined the advantages of 2D material in
electronic transport properties, flexibility, durability and biocompatibility with those

of biotechnology.

It can be said that the discovery of graphene has been mainly responsible for the
focus on 2D materials for device fabrication. And quite naturally, after the initial
excitement about the discovery of graphene had subsided, and with the realization
that graphene, with all its wonderful properties, has its own limitation as a choice
material for device fabrication (particularly the possession of zero band-gap in single
layer graphene), research focus among material scientists are now shifting to
beyond graphene era [1-3]. This has led to the discovery of quite a number of non-
graphene 2D materials, some of which possess some properties that are absent in
graphene which makes them promising for quite a number of applications. Studies
on the applications of these 2D non-graphene materials are still in their infant stages

and detailed research studies on their uses and applications are still quite rare.

The work presented in this chapter has been published in the journal of Materials Chemistry and
Physics 226 (2019) 129-140.
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Some of these graphene-like 2D materials are layered TMD, metal oxides and other
2D compounds such as BN, BizTes, BizSes, TaSe2, MoS2 and WS: etc. [4]. Studies
have shown that these non-graphene 2D materials generally possess excellent
mechanical strength of up to 1.0 TPa, very good thermal conductivity of between
3080 to 5150 W/mK, excellent electrical conductivity (200 S/m), superior thermal
stability with oxidation resistance temperature properties of the as-prepared
nanohybrid structures. The ability of 2D TMD nanosheets to facilitate rapid electron
transfer at the electrode-electrolyte interface has been established by several

research studies [5-8].

BN has been reported to have a wide electrical band gap of 5.9 eV [9], excellent
ultraviolet photoluminescence, excellent thermal conductivity and stability, superb
in-plane mechanical strength, good resistance to oxidation and chemical inertness
[10, 11] and it is thus a good candidate for the provision of good stability features in

fabricated electrobiocatalytic devices.

Similarly, WSz, with a band gap of 2.1 eV [12] has been shown in several studies as
a material that is capable of overcoming the gapless band structure limitation of
graphene. It possesses very wide in plane length and a nanoscale dimension in
thickness [13]. Structurally, WSz is a hexagonally arranged layered material where,
in each layer, one W atom is six-fold coordinated and hexagonally packed between
two trigonal coordinated sulphur atoms [14]. Each S-W-S layer is bonded to
seceding layers via weak Van der Waal forces. WSz possesses outstanding
physico-chemical properties including large surface area, very high charge density,

outstanding electron mobility and very high electronic density of state [15], causing
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it to be regarded as an inorganic graphene. Additionally, WS2 possesses good
biocompatibility and it is highly dispersible [16] in water, making it a good candidate
for the fabrication of hybrid self-assembled layered structures in conjunction with

other materials [13].

Consequently, a nanohybrid composite consisting of BN and WS:2 layered dual 2D
structure as developed in this study. Gold nanoparticle was subsequently introduced
into the dual 2D system to strengthen the electron transfer properties of the
composite structured materials to obtain a self-assembled structured dual 2D-

nanomaterial composite.

Horseradish peroxidase was chosen as a model bio-recognition element and
immobilized on the self-assembled dual 2D-Nanomaterial composite structure, thus
obtaining HRP/BN/WS2/AuNPs dual 2D-nanomaterial biointerface structure as a
platform for the design of novel efficient and fast bioreactors and electrobiocatalysis
devices thus demonstrating a new and unique design concept in biodevices
fabrication to overcome the obvious setbacks of limited durability, slow interface

electron transfer activities and low sensitivity of existing biodevices.

The immobilization of the HRP on the dual 2D-AuNPs matrix was achieved through
electrostatic attraction under physiological conditions because of the attraction of

the residual net charges between HRP and the dual 2D hybrid matrix.

As a novel concept, we have used a combination of experimental and theoretical
studies to correlate the charge transport mobility and conductivity of
BN/Au/WS2(001) nanohybrid structure as biosensing interface material. The

theoretical study was performed using a hybrid DFT calculation to offer a
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fundamental interpretation of the experimental data, as well as to elucidate the
chemical nature, stability, electronic and structural properties of the as-prepared

nanohybrid structure.

5.2 EXPERIMENTAL

5.2.1 Fabrication of BN/WS2/AuNPs/HRP nanohybrid structure

The synthesis procedure of BN/WS2/AuNPs/HRP nanohybrid structure is presented

in section 3.4.4.

5.2.2 Preparation of modified bioelectrodes

The followed methods for preparation of modified bioelectrodes are discussed in

section 3.4.5.

5.2.3 Computational details

The computational details of BN/WS2/AuNPs nanohybrid structures were given in

section 3.4.6.

5.3 RESULTS AND DISCUSSION

The bioelectrode fabrication steps are illustrated in scheme 5.1. Firstly, hybrid 2D
heterostructure was formed via self-assembly of BN and WSz, followed by the
dispersion of metallic AUNPs via electrostatic attraction to the nitride and sulphide
ions of the self-assembled hybrid 2D heterostructures. This was followed by the
immobilization of the bio-recognition element on the self-assembled nanohybrid

structure and finally the immobilization of the entire structure on pre-cleaned GC
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electrode and eventually culminating in the electrobiocatalytic detection of H202 at

the interface as represented by equation 5.1.

2H2024+ 26 5 H2O 4 Oz (5.1)

Decoration Immobilization
with AuNPs '%of HRP
2
< gy

BN/WS,/AuNPs/HRP
Biosensors Fabrication nanohybrid structure
(BN/WS,/AuNPs/HRP nanohybrid structure)

Scheme 5.1 Fabrication of hierarchical self-assembly interfaces of
BN/WS2/AuNPs/HRP nanohybrid structures showing H20:2
reduction at the interface. (Note: Scheme not drawn to scale)

The stability of the self-assembled nanohybrid interface material was firstly

assessed through theoretical computational studies.

5.3.1 Theoretical studies

5.3.1.1 Theoretical calculation for the stability of BN/WS2/AuNPs

Before the Au/WS2(001) and BN/Au/WS2(001) nanocomposites were built, the
geometry of WSz, pure Au and BN sheet were initially optimized. The optimized
lattice constants were a = b = 2.498 A, ¢ = 6.634 A for BN sheet, a = b = 3.153 A,

c = 14.323 A for WSz monolayer, and a = b = ¢ = 4.078 A for pure Au. These
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optimised lattice parameters were in good agreement with earlier studies (a = b =
2.504 A, ¢ =6.653 A for BN [17], a = Db = 3.153 A, ¢ = 12.323 A for WSz monolayer
[18], and a = b = ¢ = 4.070 A for pure Au [19]). The bond lengths of W-S, BN,
Au—Au and S-S were calculated as 2.40, 2.85, 1.40 and 3.13 A, respectively, and
the S-W-S bond angle was 81.35°. These values were in agreement with earlier
theoretical studies [20-22]. This indicates the validity and accuracy of the
parameters used in this study. The Au/WS2(001) and BN/Au/WS2(001) nanohybrid
structures were constructed using a 4 x 4 supercell of WSz monolayer (16 W and 32
S atoms), a 3 x 3 supercell of pure Au (18 Au atoms), and a 5 x 5 supercell of BN
sheets (25 B and 25 N atoms). The resulting lattice mismatch was —2.99 (2.09 %)
between Au and WS2 monolayer (BN sheet). The periodic interaction between the
adjacent systems of the nanocomposites was prevented using a vacuum region of

20 A. The optimized structures are shown in Figure 5.1.
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Figure 5.1 The side view of the optimized structure of (a) Au/WS2(001) and
(b) BN/Au/WS2(001) nanohybrid structure.
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The equilibrium distance between Au and WSz was 4.98 A, while the interlayer
spacing between BN and Au was 2.13 A for the BN/Au/WS2(001) nanohybrid
structure. Moreover, the interlayer spacing between Au and WS> was 4.51 A for the
Au/WS2(001) nanohybrid structure. The adsorption stability of the as—fabricated
BN/Au/WS2(001) nanohybrid structure was evaluated by calculating the interface

adhesion energy (E,q4) [23]:

Ead = [EBN/Au/WSZ(001) - EBN - EAu - EWSZ]/S ...................................... (52)

where Egn/au/ws,001): Esn: Eau, @nd Eyws, are the total energies of the relaxed
BN/Au/ WS2(001) nanohybrid structure, BN sheets, pure Au, and WS2 monolayer
respectively, and S is the surface area. The adhesion energies of the Au/WS2(001)
and BN/Au/WS2(001) nanohybrid structures was calculated as -1.20 and
-1.89 eV A2, respectively. The negative adhesion energies show that both BN and
Au could form a stable interface with the WSz substrates. The interlayer binding
energy of the Au/WS2(001) and BN/Au/WS2(001) nanohybrid structure was
calculated to assess the nature of the interaction between the monolayers of these

as—prepared nanohybrid structures:

Eb = _[EBN/Au/WSZ(001) - EBN - EAu — EWSZ]/HW ......................................... (53)

Here, nW is the number of W atoms per supercell. From equation. 5.3, the interface
binding energy was 1.86 and 2.94 eV per WS: for the Au/WS2(001) and
BN/Au/WS2(001) nanohybrid structure, respectively. The small binding energies
indicate that BN sheets, pure Au, and WS2monolayer bind together through physical

adsorption due to the long-range van der Waals interactions.
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5.3.1.2 Electronic properties

To comprehend how BN sheet and Au influence the conductivity of WS2>—based
sensors, we studied their electronic structures. The band structures of BN sheets,
BN(001) surface, pure Au, WS2 monolayer, WS2(001) surface, Au/WS2(001) and

BN/Au/WS2(001) nanohybrid structure were calculated with the results depicted in

Figure 5.2.
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Figure 5.2 Calculated band structures of (a) WS2 monolayer, (b) WSz (001),
(c) pure Au, (d) Au(001), (e) BN sheet, (f) BN(001), (g) Au/WS2(001)

and (h) BN/Au/WS2(001) nanohybrid structure.

Our calculations show that pristine WSz monolayer was a direct bandgap
semiconductor with both the valence band maximum (VBM) and conduction band
minimum (CBM) positioned on the K point. The calculated bandgap value of

2.29 eV, seen in Figure 5.2(a) was in agreement with earlier theoretical and
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experimental results [24]. When the WSz monolayer was exposed along the 001
surface, a direct bandgap energy of 2.45 eV was obtained (Figure 5.2(b)). This was
ascribed to the quantum—confinement effects induced by the thickness limit of the
(001) surface. For pure gold, the gapless characteristic was retained with Dirac
points of the partially occupied band crossing the Fermi energy level near the vicinity
of L and G points in the Brillouin Zone (Figure 5.2(c)), thereby forming a “half’ Dirac
cone. The zero bandgap confirms the metallicity of Au. The electronic band structure
of pure Au was analogous to that of graphene sheet [25], hence its inherent
dispersion was gapless. The Dirac cone formation feature near the Fermi energy
level still remains in the Au(001) surface ( Figure 5.2(d)).

Bulk BN sheet was an indirect bandgap with a value of 5.32 eV. This value is within
the experimental band gap range of 3.8-5.9 eV [26]. The indirect band gap of
BN(100) surface was 5.56 eV, and this was located at the K and G points. The
Au/WS2(001) nanohybrid structure shows a metallic band structure due to the
introduction of spherical Au nanoparticles and the weak interlayer interactions.
Thus, the Dirac cone shape was preserved. The metallic band of Au/WS2(001)
nanohybrid structure was considerably flattened and this indicates that the effective
mass of electron becomes higher compared to the clean edges. Based on the semi
classical Drude model, the large effective electron mass might lower its electrical
conductivity [27, 28]. Upon the formation of the hybrid interface, the bandgap value
of BN/Au/WS2(001) nanohybrid structure was about 0.49 eV. Due to the sub lattice
symmetry breaking caused by the coupled BN sheets, the interactions among BN,
Au and WS induce a bandgap opening at the Dirac point of Au (Figure 5.2(d)).
Thus, the bandgap opening causes the BN sheets to generate inhomogeneity in the

Au electrostatic potential [29] and this can change the periodicity of Au, thereby
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breaking the degeneracy of band at the M point. Moreover, the introduction of BN
sheets much increases the thermal conductivity of BN/Au/WS2(001) nanohybrid
structure. This indicates that BN sheets may be a suitable substrate for WS: in

sensors (Figure 5.2(a)-(h)).

5.3.1.3 Density of State

Since the electronic band structure of nanohybrid structure mostly relies on the
interfacial interactions of the individual monolayers, the nature of orbitals and
variation of electronic properties of Au/WS2(001) and BN/Au/WS2(001) nanohybrid
structure, the total density of states (TDOS) and partial density of states (PDOS)
was calculated. For comparison, the TDOS and PDOS of the individual BN, Au, WS2
and their surfaces before the formation of the interface was also calculated as shown

in Figure 5.3(a)-(h).
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Figure 5.3 Calculated PDOS of (a) WS2 monolayer, (b) WS2(001), (c) pure Au,
(d) Au(001), (e) BN sheet, (f) BN(001), (g) Au/WS2(001) and (h)
BN/Au/WS2(001) nanohybrid structure.

From the PDOS of the WSz and WS2(001) sheets (Figure 5.3 (a) and (b)), the CBM

and VBM primarily consisted of W 5d state with some contribution from S 3p state.

The PDOS results agree well with earlier theoretical studies [30]. For pure Au and

Au(001) surface (Figure 5.3 (c) and (d)), the VBM was primarily contributed by Au

5d state, while the CBM was mainly dominated by Au 5p state. The same

observation was made in earlier studies [31]. For pure BN sheet and BN(001)
surface (Figure 5.3(e) and (f)), the VBM was mainly occupied by N 2p state, whereas
the CBM was dominated by B 2p state and this was in agreement with earlier studies

[32, 33]. Figure 5.3 (g) demonstrates that the density of the VBM distributes around

the Au 5d state, while that of the CBM was around the W 5d state. The PDOS results

showed that the metallic states originate largely from the Au 5d state on the edges.
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Based on the PDOS of BN/Au/WS2(001) nanohybrid structure (Figure 5.3(h)), we
can draw a conclusion that the VBM was dominated by the N 2p and Au 5p states,

whereas the CBM was contributed by W 5d state of the WS2 monolayer.

The charge density distribution of the lowest unoccupied and highest occupied
levels (LUL and HOL) was calculated to shed more insights on the PDOS results.

The results are shown in Figure 5.4.

(by) (by)

y00000QO0

Figure 5.4 The charge density distribution plots of the HOL (a1, a2) and LUL
(b1, b2) for the Au/WS2(001) and BN/Au/WS2(001) nanohybrid
structure. The isovalue is 0.04 e A3,

In the Au/WS2(001) nanohybrid structure (Figure 5.4(a1)), the HOL was contributed

by Au, while the LUL was almost localised on the WSz sheets. However, the charge

distributions of BN/Au/WS2(001) nanohybrid structure was different with the HOL
comprising of states from BN sheets and Au (see Figure 5.4(az)), while the LUL was
composed of W 5d states hybridized with a small Au 5p state localized mostly
around the Au atoms (Figure 5.4(b2)). As shown in Figure 5.4(az2) and (b2), although
the charge density for both the HOL and LUL were mainly distributed in the BN

sheets and WS2 monolayers, there was considerable charge density of the HOL and
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LUL being localised on the Au surface. This induces orbital hybridization between

Au and BN sheets or WS2 monolayers.

53.14 Charge transfer and mechanism analysis

The Fermi energies of Au, BN sheets, WSz monolayers, Au/WS2(001) and
BN/Au/WS2(001) nanohybrid structures were calculated as —-4.64, —2.86, —2.56, —
2.40 and —1.76 eV, respectively. Such Fermi energy shift indicates a redistribution
of charges between the involved monolayers. The charge transfer was visualised

by the three—dimensional (3D) charge density difference plot, see Figure 5.5((a),

(b)).
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Figure 5.5 The 3D charge density difference of (a) Au/WS2(001) and (b)
BN/Au/WS2(001) nanohybrid structure with an isovalue of
0.008 e A3,

The orange and magenta isosurfaces are the charge accumulation and depletion,

respectively. The charge density redistributions occur at the interface region of
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BN/Au/WS2(001) nanohybrid structure. As shown in Figure 5.5(b), the electrons
were mainly accumulated on the bottom of BN sheets and Au, while the electron
depletion appears around the top—most Au atoms, as well as the bottom—most WS>
monolayer. The charge density redistribution revealed the electron acceptor—
transporter role played by Au in the interfacial layer of BN sheet and WS2 monolayer.
Therefore, in this study, Au could act as a sensitizer and a co—catalyst in the
BN/Au/WS2(001) nanohybrid structure to enhance its performance as sensors.
Nevertheless, for the Au/WS2(001) nanohybrid structure, the electrons and holes
were accumulated on the Au and WS2 monolayer, respectively. Figure 5.6 showed
that the charge distribution at the interface of Au and WSz in BN/Au/WS2(001)
nanohybrid structure was more enhanced than in the Au/WS2(001) composite. A
Mulliken population charge analysis revealed that the total charge migrating from
BN sheets via Au to the bottom WS2 monolayer was 1.60 |e|. Moreover, the Mulliken
population charge analysis indicates a charge transfer of 0.64 electrons from Au to
W atoms of the WSz sheets. The larger charge transfer in the BN/Au/WS2(001)

nanohybrid structure was due to the increased interlayer and adhesion energies.

5.3.15 Work function

The work function of a surface is a vital parameter in evaluating the charge transfer
at the nanohybrid structure interface [23]. Therefore, to further understand the
source of such interfacial electron migration, the work function of the monolayers
BN(001), Au(001), and WS2(001) were evaluated by aligning the Fermi level to the

vacuum level [34].
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where @ is the work function, E,,. represent the electrostatic potential of the vacuum
energy level, and Er is the Fermi energy level. The calculated work function for
monolayers BN(001), Au(001), WS2(001), and the Au/WS2(001) and

BN/Au/WS2(001) nanohybrid structures are given in Figure 5.6.
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Figure 5.6 The calculated electrostatic potential of (a) WS2(001), (b) Au(001),
(c) BN(001), (d) Au/WS2(001) and (e) BN/Au/WS2(001) nanohybrid
structure.

Based on equation 5.4, the work functions of WS2(001), Au(001), BN(001),
Au/WS2(001) and BN/Au/WS2(001) nanohybrid structures were calculated as 5.73,
5.18, 4.70, 4.83 and 4.67 eV, respectively. The obtained work functions for WS>
monolayer was slightly comparable with an earlier theoretical calculation of WS:2
monolayer (5.89 eV) [35], BN sheet (4.70 eV) [36] and clean gold (5.20 eV) [36].
The work function of the WS2 monolayer was larger than that of Au and BN sheet.

Hence, when WS2 monolayer comes into contact with Au and BN sheet, electrons
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may flow from both Au and BN sheet to WSa2. Therefore, both Au and BN sheet were
positively charged relative to WS2 near the interface due to electrostatic interaction
of the nano conjugated materials. This results in an electron depletion at the BN
surface, as revealed by the charge density difference plot, while making the WS2
environment electron—rich [30]. Subsequently, a built—in electric field perpendicular
to the nanohybrid structure was induced due to the electron transfer between these
monolayers. The calculated work function of Au/WS2(001) and BN/Au/WS2(001)
nanohybrid structures were 4.83 and 4.67 eV, respectively and this was much lower
than that of the WS2 monolayer. It implies an easier transfer of electrons in the
Au/WS2(001) and BN/Au/WS2(001) nanohybrid structure. The Fermi energy level of
WSz, Au and BN sheets shifts upward by 1.06, 0.51 and 0.03 eV for
BN/Au/WS2(001) nanohybrid structure. However, for the Au/WS2(001) nanohybrid
structure, the Fermi energy level of WS2 and Au shifts upward by 0.9 and 0.36 eV,

while the Fermi energy level of BN sheet shifts downward by 0.15 eV.

5.3.2 Materials characterization

Materials characterization for hybrid 2D nanointerfaces structure (BN-WS2-AuNPS)
was performed using TEM and SEM for morphological characterization while XRD
was used for structural characterization (Figure 5.7((a)-(d)). Figure 5.7(a) shows the
TEM image of the dual 2D structure comprising BN and WS: hybrid structure. The
image showed layered structures with wide specific surface area which are quite
desirable for the immobilization of bio-recognition element and for achieving good
electrobiocatalysis. Figure 5.7(b) shows the TEM image of the dual 2D hybrid
structure (BN/WS2) after the dispersion AUNPs on the hybrid structure. It is observed

that the AuNPs were well dispersed on the layered dual 2D hybrid structure and
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consequently led to increasing the available surface area of the interface structure.
Figure 5.7(c) is the SEM image of the 2D hybrid interface structure. The image
equally showed flat layered materials with wide aspect ratio which is in agreement
with the observations of the TEM image of the hybrid structure as shown in Figure

5.7(a).

The structural characterization of the nanointerface structure was done using XRD
and presented in Figure 5.7(d). The XRD is a non-destructive characterization which
is used to determine the crystal structure and phase of crystalline samples. The
lattice planes and geometry and size of structures of the sample are determined by

the angular positions of the X-ray diffraction peaks. BN/WS, and BN/WS,/AuNPs

nanohybrid structures have been prepared by dispersing 500 pL of both composite
solutions on silica disk with low background. Figure 5.7 (d) shows that the X-ray

diffractograms of BN/WS, and BN/WS,/AuNPs nanohybrid structure have crystalline
structures. The reflections observed for BN/WS, (26=12.84, 14.65, 16.54, 20.93,

25.86, 26.76, 29.55, 33.41, 39.22, 42.5, 53.1°) can be indexed to combination of BN

and WS, and the reflections observed for BN/WS_/AuNPs (26=12.90, 16.54, 26.74,

29.18, 31.69, 33.37, 38.58, 45.47, 51.08, 52.85, 64.76°) can be indexed to a

combination of BN, WS, and Au and match with database JCPDS file no. 073-2095
of BN and JCPDS no. 84-1398 of WS, as evaluated by X'pert software [37-39] as
shown in Figure 5.7. The plot for BN/WS,/AuNPs resembles the combined profiles

of the (111) and (220) of Bragg peaks seen in the theoretical diffraction pattern of
metallic gold nanoparticles [40]. These observations are consistent with the

presence of BN, WS, and AuNPs in nanohybrid structures.
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Figure 5.7 (a) TEM image of the BN/WS2 hybrid structure, (b) TEM image of
BN/WS2/AuNPs nanohybrid structure, (c) SEM image of the
BN/WS:2 2D hybrid structure and (d) XRD spectra for BN/WS:2 and
BN/WS2/AuNPs nanointerfaces structure.

533 Electrochemical behaviour of the modified bioelectrodes

The fabricated modified bioelectrodes were characterized using CV and EIS (Figure
A2.1 ((a)-(d)) Appendix A2 and Figure 5.8((a)-(d)). The CV curves for the bare GC
and all the fabricated modified bioelectrodes exhibited the classical sigmoidal shape
(Figure 5.8(a)), thus indicating that faradaic electron transfer process took place at

the interface in 10 mM [Fe(CN)4]3~/#~ solution redox probe and 10 mM PBS as
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supporting electrolyte. Figure A2.1 ((a)-(d)) Appendix A2 shows the CV scan

response at different scan rates for the bare GC and all modified electrodes.

It was observed that the anodic peak current (I, ) and the cathodic peak current
(I,,) increases with increase in scan rates. Figure 5.8(a) (1-IV) is the CV response
for the bare GC and all the modified electrodes at 50 mV/s also shows the classical
sigmoidal shape with different peak to peak potential separations (AE,) [41]. The
bare GCE displayed narrow AE,, of 100mV and I, versus I,,_ratio of 1 (Figure 5.8(a)
(1)). The narrow AE, is an indication of fast electron transfer kinetics at the

electrode-electrolyte interface, while the I, - I,  ratio of 1 is an indication of the

DPc
reversibility of the redox reaction of the [Fe(CN)¢]>~/*~ solution redox probe. The
BN/WS2/GCE (Figure 5.8(b) (1)) equally displayed a well-defined redox peaks that
indicate the occurrence of faradaic process at the interface. The AE, value for the
BN/WS2/GCE is quite wider (398 mV) than that of the bare GC electrode, while the
L, /I, ratio is ~1 which is an indication of a slower electron transfer kinetics at the
modified electrode surface compared to the bare GCE. This slow electron transfer
can be attributed to the quasi reversible nature of the redox reaction at the
BN/WS2/GCE surface [42]. The peak to peak potential separation for
BN/WS2/AuNPs/GCE (Figure 5.8 (a) (Ill)) is considerably lower (199 mV) than that
of the BN/WS:2 without AuNPs, thus signifying that the incorporation of Au
nanoparticles led to improved electron transfer kinetics. Also, the increased current
response indicated that AuNPs equally acted as a current booster due to the
increase in effective surface area of the BN/WS2/AuNPs/GCE electrode compared
to BN/WS2/GCE [43]. After immobilization of enzyme HRP on the surface of the

modified electrode containing BN/WS2/AuNPs, peak potential separation AE, is
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observed to increase to 321 mV (Figure 5.8 (a) (IV)) and the I, /I,,_ratio is calculated

to be ~1.4, thus indicating that the presence of the HRP layer caused a reduction in
available surface area and consequently led to the lowering of the electron transfer

kinetics at the interface and thus leading to a quasi-reversible redox process.

Similarly, the redox peak potentials were also observed to shift (anodic peak
potential toward positive and cathodic peak potential toward negative) with
increasing scan rates (Figure 5.8(b)). Also, the plot of the oxidation and reduction
peak currents as a function of the square root of scan rates exhibited linear
relationships (Figure 5.8(b)). This is in agreement with the Nernstian equation which
shows interfacial activities of electro-active components in the process of adsorption
and desorption [41, 44, 45]. The observed shift in potential coupled with the linear
increase in I, and I,,_relative to the square root of the scan rate is an indication that
mass transfer is diffusion controlled at the interface [46] in agreement with Randles—

Sevcik equation as given in equation 5.5.
I, = 2.69 x1075 ADY/2n3/2y Y20 L., (5.5)

Where I, is the peak current and it is directly proportional to the effective electrode

surface area (A), concentration (C), and the square root of scan rates (y/?)
respectively of the modified electrode where mass transport is diffusion (D)

controlled.
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Figure 5.8 Bioelectrode characterization showing (a) cyclic voltammetry
response at 50 mV/s in 10 mM PBS and 10 mM [Fe(CN)g]3~/4 for
the bare GC and all modified electrodes; (b) effect of scan rate on
the cathodic peak current I, and the anodic peak current I,,; (C)

EIS Nyquist plot with Randles circuit equivalent diagram as inset,

and (d) charge transfer impedance histogram for the EIS.
The fabricated modified bioelectrodes were further characterized using EIS. It is
commonly known that current flowing through the interface during an
electrochemical reaction always contains the faradaic and non-faradaic component.
The faradaic component is due to electron transfer when a redox reaction takes
place and the transferring electron overcomes a certain activation barrier (usually
referred to as R, which is basically dependent on the environment at the surface of

the electrode and an uncompensated solution resistance (Rg) [47].

Similarly, the mass transport of reactants and products to the interface give rise to
another class of resistance known as Warburg impedance (Z,,). The non-faradaic
current results in the charging of the double layer capacitance (C4). Levi and

Aurbach [48] in their study, established the relationship between R. and the
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thickness of materials at the electrode surface. Thus, EIS is an excellent way of
evaluating the effect of electrode modification on electron transfer process during
an electrochemical reaction. The complex EIS is usually presented as a plot of real
(Z") versus imaginary (Z'") components arising from resistance and capacitance of

the cell respectively [49].

The EIS characterization for the bare and all modified electrodes in this study is
presented as Nyquist plot (Figure 5.8 (c) (I-1V)) showing the semi-circle region and
the linear region, while the Randles circuit equivalent fittings for the electrochemical
cell is presented as an inset to Figure 5.8 (c). The semicircle portion of the Nyquist
plot corresponds to the higher frequency range electron-transfer-limited process
which is denoted by R.; whereas the linear portion of the Nyquist plot corresponds
to low frequency range diffusional-limited electron transfer process [49]. The
diameter of the semi-circular portion of the Nyquist plot equals the charge transfer
resistance (R.;) at the interface [47-49], the R.; may equally be expressed according

to the following [47] equation 5.6 and 5.7 [47, 50].

Ree+ ow™1/2
Z(a)) = R + ct? I = +

(cwl/2C4+1)2+ w2C3(Ree+ ow™1/2)

. [de(Rct + aw_1/2)2+ ow‘l/z(Cd0w1/2+1)]

........................................................ 5.6
(Cdaw1/2+1)2+ w2C5(Ree+ aw—l/z)z ( )
w is defined as 2nf, where f is frequency, and j = (—=1)'/? and
RT 1 1
o= (Dg/2c0<x,t>+ D;/ZCRW) ......................................................... (5.7)
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where A is electrode surface area and Cs are the different concentrations of the
different species at a distance x and t is time. Also, the Warburg impedance is

related to ¢ according to the following equation 5.8 [47].

In this study, the R; for the bare GC electrode was evaluated to be 92.8 Q (Figure
5.8(c) () but this was substantially increased to 3946 Q after the modification of the
electrode with BN/WS2 hybrid (Figure 5.8(c) (I1)), this may be due to the electrostatic
repulsion between S2~ ion in the WS2 and the electron being transferred from the

redox couple [50].

Similarly, the wide bandgap and hydrophobic nature of BN could also be a
contributor to this observed large difference between the R, values for the bare and
BN/WS:2 modified electrodes. It was however observed that when AuNPs was added
to the dual 2D hybrid structure, the calculated R, value for the resulting
BN/WS2/AuNPs modified electrode was 1990 Q (Figure 5.8 (c) (lll)). This observed
reduction in R, value maybe attributed to the signal amplification properties of
AuNPs due to increased effective electrode surface area introduced by the presence

of the AuNPs [13, 51].

However, after the immobilization of HRP on the dual 2D nanoparticle hybrid
structure to obtain BN/WS2/AuNPs/HRP/GCE (Figure 5.8 (c) (IV)), it was observed
that the R.; value was increased to 3523 Q, indicating that the enzyme exhibited an
insulating property at the interface in the redox probe. This observation is in

agreement with what was reported by Parlak et al. [50].
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5.34 Electrocatalysis of H202 at BN/WS2/AuNPs/HRP/GCE

The electrobiocatalytic properties of the fabricated BN/WS2/AuNPs/HRP/GCE were
evaluated using H202 as a model analyte. It is well known that H202 is a substrate
or side product in many enzyme-catalyzed reactions. Consequently, many reports
on oxidase based biosensors rely on the detection of H202 produced by enzymatic
reactions because the amount of H202 produced by such enzymatic reactions is
normally directly proportional to the quantity of the substrate generating it. As a
result, using chronoamperometric technique, the activity of the fabricated modified
BN/WS2/AuNPs/HRP/GCE towards the detection of H202 was investigated and the

results are presented in Figure 5.9((a)-(d)).

The current-time response curve to successive addition of H202 in 10 mM PBS and
at a constant potential of 0.6 V is presented in Figure 5.9 (a) while the corresponding
calibration curve is presented in Figure 5.9 (b). The fabricated bioelectrode exhibited
a fast response to successive addition of the analytes with a wide linear range from
0.15 mM to 15.01 mM, a sensitivity of 19.16 pA/mM/cm? and the limit of detection
(LoD) was calculated to be 3 mM. To assess repeatability, the biosensing
experiments were performed 3 times and the average standard deviation for each
measurement was calculated to be around 2% and it was plotted as the current

range in the calibration curve (Figure 5.9 (b)).

The electrocatalysis experiments were again repeated using fabricated
BN/WS2/AuNPs/GCE (without HRP), the results are presented in Figure 5.9((c)-(d))
(Current-time and calibration curves respectively), to assess the role of HRP in the
electrocatalysis reaction. It was observed that the current response is considerably

lower which could be as a result of low conversion of the analyte. The response time
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is equally slower, and the sensitivity is lower (3.19 pA/mM/cm?). Similarly, the
chronoamperometric measurements were also repeated 3 times, the average
standard deviation was calculated to be 33%. This is an indication that the
repeatability of the reaction is far less reliable without the presence of the bio-

recognition element to aid the detection process.

The stability of the fabricated modified BN/WS2/AuNPs/HRP/GCE was evaluated
over a one month period during which the electrodes were stored at 4 °C. It was
observed that there was no appreciable change in current response during the
month long stability evaluation period. These results showed that the fabricated

bioelectrodes were quite stable over a one month period.
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Figure 5.9 Chronoamperometry response showing current-time plot at an
applied potential of + 0.6 Vin 10 mM PBS and calibration curve
for the chronoamperometric response for fabricated
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BN/WS2/AuNPs/HRP/GCE (a & b) and BN/WS2/AuNPs/GCE ( ¢ &
d) nanohybrid structure.

5.4 SUB-CONCLUSION

In this study, we report for the first time the fabrication of dual 2D hybrid interface
system for applications in bioreactors, bioelectronics and biosensors. To increase
signal amplification, AUNPs were conjugated with the 2D hybrid structure to form a
hybrid nanointerface structure. To form a biointerface structure, HRP was
subsequently immobilized on the nanointerface material. H2O2 was used as a model
analyte to assess the electrobiocatalytic performance of the resultant fabricated

modified BN/WS2/AuNPs/HRP/GCE.

Additionally, the charge transfer, conductivity, electronic structure and stability of
Au/WS2(001) and BN/Au/WS2(001) nanohybrid structures were investigated using
hybrid DFT calculations. We found that both Au and BN sheet can adsorb on the
WS:2 monolayer by weak van der Waals forces with higher thermodynamic stability.
Due to the intrinsic interlayer dipole, the linear band structure of Au/WS2(001)
nanohybrid structure was disrupted and further widened to 0.49 eV when BN sheets

were coupled with Au and WS2 monolayers.

The first—principle calculations revealed that the BN sheets acted as an electron
donor, while the noble metal Au served as an electron bridge with monolayer WS
acted as electron acceptors. The synergistic effects of BN sheets, metallic Au and
monolayer WS: contributed to the enhanced performance of BN/Au/WS2(001)
nanohybrid structure as biosensors. These theoretical studies not only rationalise
the experimental findings obtained in this study but also offer an efficient route to

design future 2D—based biosensors.
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Using chronoamperometric measurements, the fabricated electrochemical
biointerface structure exhibited a fast response towards the detection of hydrogen
peroxide reaching a steady state current within a few seconds after the successive
addition of the analyte, with a wide linear range from 0.51 mM to 15.01 mM and a
sensitivity of 19.16 pA/mM/cm?. The fabricated biointerface structure also exhibited
remarkable stability with no appreciable current response loss when tested for about
14 days while being stored at 4 °C. This has thus set the stage for the use of
BN/WS2/AuNPs hybrid nanointerface structure in the design and fabrication of

bioreactors, biosensors and bioelectronics devices.
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CHAPTER 6

CVD GROWN GRAPHENE ON WSz AND AuNPs: A TWO-
DIMENSIONAL NANOHYBRID INTERFACE FOR
DETECTION OF H202

6.1 INTRODUCTION

Significant attention has been given to 2D layered materials in recent years [1, 2]
after the discovery of graphene in 2004 [3, 4]. These 2D layered materials have
generated huge interest due to their potential for being used in diverse applications
such as nanoelectronics, electrochemical sensors, photonics, and catalysis and

energy storage devices [5-7].

Although graphene with its extraordinary properties is a choice material for the
fabrication of novel smart and flexible devices, it however has limitation in electronic
and optoelectronic applications [8-10] due to its zero band gap which then becomes
a major drawback to it being used in different advanced energy and biomedical
applications. This limitation of graphene has triggered more research interest toward
other 2D layered materials that include conductors, semiconductors and insulators
with different band gaps [2]. These broad class of 2D layered materials with tunable
material properties create the possibility of fabricating novel nanohybrid structures
with unique functionalities which involves the formation of graphene

heterostructures [11-16].

2D layered materials could be single or multi-layered, with well-ordered 2D planar
structures. The layered nanomaterials usually possess strong intralayer covalent

bonding while the interactions between neighbouring layers are held by weak

The work presented in this chapter is under review in the journal Material Research Bulletin.
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interlayer van der Waals forces [15, 17]. The ultrathin thickness and large surface
area of these 2D nanomaterials make them suitable for the fabrication of novel

nanohybrid structures with unique structural characteristics [18].

Graphene, possessing honeycomb lattice arrangement of sp? bonded carbon atoms
with high crystallinity is reported to possess excellent thermal, mechanical and
electronic properties [3, 19, 20]. Graphene has many intrinsic properties like high
carrier mobility (~ 200000 cm? V- s1), high specific surface area (2630 m? g1 ),
good mechanical strength (~ 1.0 TPa), superior thermal conductivity (between 3080
and 5150 W m* K1) and room-temperature quantum Hall effect [8, 21]. It also
possesses other promising properties like good biocompatibility, good conductivity
and fast electron transport rate which makes it (graphene) an excellent material for

the designing of electrochemical and bioelectronics devices [7].

Besides chemical reduction and mechanical exfoliation methods, CVD technique is
one of the most practical and common methods for the scalable synthesis of highly-
crystalline 2D heterostacks and high-quality 2D materials with thicknesses from a

single to few atomic layers [22, 23].

Inorganic 2D layered materials are generally, TMDs with general formula MX2 where
M is a transition metal of groups 4-10 (typically Mo, Nb, W, Ni, V, or Re) and X
represents the chalcogen atom (typically S, Se or Te), M is sandwiched between
two chalcogen atom layers in which each monolayer has thickness of about 6-7 A
[24, 25]. They involve van der Waals interactions between adjacent sheets with

strong covalent bonding within each sheet.
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Based on the co-ordination and oxidation state of the metal atoms, TMDs are
classified either as semiconductors such as WS2 [26], MoS2 [27], tungsten
diselenide (WSe2), molybdenum diselenide (MoSez), or as semimetals such as
tungsten ditelluride (WTez2), titanium diselenide (TiSe2) [6] or as metals such as
vanadium diselenide (VSe2) etc. [2, 25]. These materials are mostly newly
developed and have been reported to be useful in a wide range of potential
applications in past few years, but there is a need for more extensive investigation
into their properties and applications [2, 15, 28]. These layered materials can either
be synthesized through exfoliation methods [29, 30] or by using CVD technique [31,

32].

2D TMD nanomaterials have been reported to have the ability to enhance interfacial
electron transfer properties and are consequently quite useful in the fabrication of
efficient and highly sensitive nano bioelectronic devices. An emerging trend in
device fabrication is the use of novel hybrid materials involving the combination of
graphene, 2D TMDs and other nanostructured materials in the design and
fabrication of smart nano bioreactors for environmental and health applications [33-

35].

One of the inorganic-layered materials, WSz has been reported to have excellent
properties with wide band gap and lower defect density than graphene which makes
it a very promising material for electrochemical applications [36-38]. Layered WS>
nanosheets consist of S—-W-S sandwich structures that are stacked vertically with
interplanar van der Waals interactions [37], good intrinsic electric conductivity and

good theoretical specific capacity. Due to these properties, it is used as an electrode
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material for lithium-ion batteries, as a semiconducting material for field-effect

transistors and as an electrode material in bioelectronics devices [38-40].

WS:2 has received great attention in the field of energy storage and hydrogen
evolution catalysis [41, 42] although it is still in the very initial stage in the field of

biosensors [43].

The WS2 nanocomposites along with graphene have been used as an active
material for improving the performance of electrochemical sensors [42, 43, 45, 46].
Consequently, the interaction between WS> with other 2D materials can offer further
prospects in designing devices with greater efficiency, stability and sensitivity [6, 11,
44, 47, 48]. 1t has been reported that the combination of tailored heterostructures
involving graphene and WSz has led to the fabrication of new field effect transistors

[42].

The stable and conductive nanointerfaces of hybrid structure involving WSz and
graphene has been studied and reported to be useful for the electrochemical
detection of DNA [47], and also for the simultaneous determination of hydroquinone,
catechol and resorcinol [45]. Similarly, detection by layered WSz nanosheet/AuNPs
nanocomposites has extended to other analytes, such as H202 where WS2/Au act

as an efficient electrobiocatalytic platform [11].

The incorporation of AUNPs on the surface of TMD materials have been reported to
lead to improved sensing performance as observed in the enhancement of current

response in their electrochemical signals [49].

In this chapter, CVD-synthesized graphene has been successfully combined with

WSz (Gr/WS2) to fabricate a novel H202 electrochemical biosensor. HRP enzyme
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was immobilized on Gr/WS2/AuNPs for sensing of H202. These self-assembled
structures were characterized using XRD for structural properties. Electrochemical
characterization and electrocatalytic activity of the modified bioelectrodes were

explored through CV, EIS and chronoamperometry.

6.2 EXPERIMENTAL

6.2.1 Apparatus

Electrochemical measurements were performed on a Bio-logic SP-300

electrochemical workstation potentiostat connected to a data controller.

XRD patterns were recorded on a Bruker D8 Advance X-ray diffractometer operating
at 20 kV using Cu-Ka radiation (ka ~ 0.1542 nm). The measurements were
performed over a diffraction angle range of 26=10° to 70° and data analysis was

done by X’'pert XRD software.

6.2.2 Preparation of CVD-synthesized Graphene

The synthesis procedure for acetylene-sourced CVD grown graphene was

discussed in section 3.6.1.1.

6.2.3 Fabrication of graphene-WS2-enzyme self-assembled nanohybrid

structures

The detailed preparation method was elaborated in section 3.6.1.2.
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6.2.4 Preparation of modified bioelectrodes

The preparation of bioelectrodes was explained in section 3.6.1.3.

6.3 RESULTS AND DISCUSSION

Scheme 6.1 demonstrates the general method for the structuring of the AUNPs on
CVD grown graphene and WSz nanosheets and HRP based nanohybrid structure

for electrobiocatalytic detection of H20: at the interface.

H,0, H,O

%’ S 4"" >

'\
[, |
W RE ||CE 9

Potentiostat

N

Scheme 6.1 Schematic representation of AuNPs structuring on a CVD grown
graphene and WSz interface and electron transfer process in the
Gr/WS2/AuNPs/HRP nanohybrid structure on the glassy carbon
electrode in an electrochemical cell which is connected to a
potentiostat. (Note: Scheme not drawn to scale).

To determine the crystallinity of the sample, XRD analysis was performed on
Gr/WS2/AuNPs nanohybrid structure which had been prepared by dispersing
1000 uL of the composite solution of graphene, WSz and gold nanoparticles on silica
disk for XRD experiment.

An XRD pattern for the Gr/WS2/AuNPs sample is presented in Figure 6.1. It was

observed that the diffraction peaks of WSz centered at 26=14.2°, 31.7°, 33.3°, 45.4°,
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50.4°, 66.2° which corresponds to (002), (004), (100), (105) and (114) planes of WSz
(JCPDS No. 37-1492) respectively [50-52]. Two diffraction peaks centered at 26.5°
and 44.8° corresponding to (002) and (101) planes of graphene were also observed
[22] and two other diffraction peaks at 38.1° and 45.4° corresponding to (111) and
(200) planes of gold [53]. XRD results revealed the presence of all the elements of

Gr/WS2/AuNPs nanocomposites.

GI'IWSZIAUNPS (004)* *WS
| #Gr
-
=
(4] (002)*
'
2
2 (114)*
)
el
k= (002)* (101)*
(100)"Au(111)
Au(200 »
M‘J( /):v(‘IOS) LJL

‘T520 25 30 35 40 45 50 55 60 65 70
20 (degree)

Figure 6.1 XRD spectra for Gr/WS2/AuNPs nanointerface structure where *
and # denote WS2 and Gr peaks respectively.

Figure 6.2 (I) presents the CV of bare GCE (a), Gr/GCE (b), Gr/WS2/HRP/GCE (c),

and Gr/WS2/HRP/AuNPs/GCE in 5.0 mM [Fe(CN)4]3~/#" solution containing 0.1 M
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PBS and 0.1 M KCI. The figure showed typical pair of well-defined reversible redox

peaks of the probes with different peak-to-peak potential separation.

80} —(a) Bare GCE (a) (1) 100} v Bare GEC ()
= (b) Gr/GCE ® Gr/GCE v
60 — (c) GrWS /HRPIGCE 75k € GrWS,HRPIGCE v v *
—— () GrIWS JAUNPSIHRPIGCE & Gr/WS,JAUNPS/HRPIGCE ° 14 .
40r 50 v ¢ : 4
< A < 2% H
g £
5 ° g o
5 -20t 3
3 O 2504
-40' ] v 1 <
3_’ -50r v <
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B | v
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Figure 6.2 Bioelectrode characterization showing (I) CV responses ; (Il) The
effect of scan rates on the cathodic (I, ) and anodic peaks (I, ) of

bare and all modified electrodes at 50 mV/s vs. Ag/AgCl reference

electrode in 5 mM [Fe(CN)¢]3~/4~ containing 0.1 M PBS and 0.1
M KCI.

The CV responses of [Fe(CN)¢]*/*"in 0.1 M PBS and 0.1 M KCI supporting
electrolyte for the bare GCE and all modified electrodes were studied at the scan
rate of 50 mV/s and the result is presented in Figure 6.2 (1). It can be seen that a

pair of redox peaks with I, of 82.8 uA and I, of =77.4 yA appear at the bare GCE
(curve a) with 90 mV AE,, which indicated fast electron transfer between electrode
and redox probe. The peak currents of the Gr/GCE (curve b, I, 51.5 pA and
I,.-50.0 pA) decreased from bare GCE since immobilization of CVD grown Gr
nanosheets occurred and there was an increase in AE, (229.1 mV). The lowest

redox peaks (I,,, 48.1 pA and I, -35.1 pA) at the Gr/WS2/HRP/GCE (curve c)

210



Chapter 6: Hierarchically assembled of CVD grown Graphene on WS, and AuNPs: A Two- dimensional nanohybrid
interface for detection of H,O,

indicate that with the introduction of HRP to Gr/WS:2 decreased the peak currents of
[Fe(CN)¢]*/*~. Also the value of AE, for Gr/WSz/HRP/GCE increased as
compared with bare GCE and Gr/GCE. This could be ascribed to the insulating
effect of immobilized enzyme (HRP) on Gr/WS2, which slowed the electrochemical
response. With the introduction of AuNPs to HRP immobilized Gr/WS2/GCE, peak
current (curve c, I, 54.0 pA and I,  -50.1 pA) was increased as compared to
Gr/GCE (curve b) and Gr/WS2/HRP/GCE (curve c). The peak to peak potential
AE, (194.8 mV) was observed to decrease. The amplification of current and
decrease of AE,, value was due to the integration of AUNPs which has properties

such as large surface area and good electronic conductivity.

Figure 6.2 (Il) shows the effect of scan rate on the anodic and cathodic peak
currents at the bare GCE (a), Gr/GCE (b), Gr/WS2/HRP/GCE (c), and
Gr/WS2/HRP/AUNPs/GCE. As shown in Figure 6.2 (1), the anodic and cathodic peak
currents of the bare and all the modified electrodes increase linearly with increase
in scan rate from 10 to 100 mV st and the results are presented in Figure A3.1 (a-
d) Appendix A3. The oxidation and reduction peak currents are directly proportional
to the square root of scan rate, indicating a diffusion controlled electrode process

based on following Randles-Sevcik equation (6.1) [54]:
I, = 2,69 x1075 ADY/2n3/2y1/2C i (6.1)

Here, n is the number of electrons participating in the redox reaction, D is the
diffusion coefficient of the ions, C is the concentration of the probe molecule in the

solution (mol/dm?3), and y is the scan rate (V - s2).
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Figure 6.3 EIS’s Nyquist plots for the bare GC and all modified electrodes at

50 mV/s vs. Ag/AgCl reference electrode in 5 mM
[Fe(CN)g]>~/*~ containing 0.1 M PBS and 0.1 M KCI. The inset is
the equivalent of Randles circuit which is used to fit the data.

EIS is a useful technique for probing the charge transfer properties of modified

electrodes. Figure 6.3 shows EIS’s Nyquist plot for all modified electrodes in 5 mM

[Fe(CN)¢]*~/*~ in 0.1 M PBS and 0.1 M KCI. The data of impedance outputs were

fit by Randles equivalent circuit (inset, Figure 6.3) [55]. The Nyquist plot contains a

semi-circular portion and a linear portion. This indicates that both electron transfer

limited process and diffusion controlled process occurred simultaneously. The

charge transfer resistance [2] (R.;) at the electrode surface can be calculated based

on the diameter of the semi-circular part of the plot. It is observed that the R,.; of bare

GCE was about 0.09 kQ (curve, a). When dispersed graphene sheet was

immobilized on the bare GC electrode, the value of R.; increased to 0.79 kQ (curve,
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b), thus indicating that the immobilization of graphene on GCE caused a slight
increase in charge transfer resistance due to kinetics. When the enzyme (HRP) is
immobilized on Gr/WS2/GCE, the value of R, increase to 2.1 kQ (curve, c) which
shows that the presence of HRP causes an increase in electron transfer resistance
Rct in the redox probe ([Fe(CN)4]>~/47). This phenomenon may be attributed to the
insulating effect of HRP that restrict the interfacial electron transfer [12]. When
AuNPs are further introduced at Gr/WS2/HRP/GCE, the value of R, decreased to
1.2 kQ (curve, d) as compared to Gr/WS2/HRP/GCE which indicates that the
presence of AuNPs facilitates electron transfer at electrode surface. These
phenomena is consistent with the observations in the CV experiment results (Figure

6.2 (I)).

The electrocatalytic activity of the fabricated Gr/HRP, Gr/WS2/HRP and
Gr/WS2/AuNPs/HRP interface system towards the reduction of H202in PBS (0.1 M,
pH = 7.4) and 0.1 M KCI was evaluated using chronoamperometric technique and

the results presented in Figure 6.4 [(al, a2), (b1, b2) and (c1, c2)] respectively.

Chronoamperometric experiment was carried out at a constant potential of +0.7 V
versus Ag/AgCl in 0.1 M PBS. The chronoamperometric response for the Gr/HRP
modified electrodes to the successive addition of H202in 0.1 M PBS (pH 7.4) and at
an applied potential of +0.7 V is presented in Figure 6.4 (al), while the
corresponding calibration curve is presented in Figure 6.4 (a2). It was observed that
there is a stepwise increase in current response of Gr/HRP/GCE modified electrode
with the successive addition of H202 (in Figure 6.4 (al)). The catalytic current display
a linear relationship to H202 concentration in a range from 0.27 mM to 29.1 mM, a

sensitivity of 6.06 pJA/mM/cm? and the LoD was calculated to be 2.8 mM.
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Chronoamperometry experiment was also done using Gr/WS2/HRP/GC fabricated
modified electrode, the results are presented in Figure 6.4 (b1-b2) (Current-time and
calibration curves) respectively. The fabricated Gr/WS2/HRP/GCE showed a linear
response from 0.32- 20 mM H20:2 concentration with a sensitivity of 9.23 pA/mM/cm?

(R?=0.999) and a detection limit of 2.06 mM based on S/N = 3.

The typical amperometric response for the modified electrode containing Gr/WSa,
AuNPs and HRP immobilized electrode (Gr/WS2/AuNPs/HRP/GCE) exhibited
higher current response per unit analyte added as compared to Gr/WS2/HRP/GCE
(without AuNPs) as shown in Figure 6.4 (c1) while the corresponding calibration
curve was presented in Figure 6.4 (c2). This increase of performance may be
ascribed to the homogenous assembly of AUNPs on the surface modified electrode
leading to increased surface area which favour electron transfer. The sensitivity and
detection limit of Gr/WS2/AuNPs/HRP/GCE were 11.07 pA/mM/cm? and 3.23 mM
(S/N=3), respectively. Accordingly, Gr/WS2/AuNPs/HRP/GC electrode provided
good catalytic performance for the detection of H202 over a relatively wider linear
range (0.40 mM to 23 mM), higher sensitivity than Gr/WS2/HRP/GCE as listed in

Table 6.1.
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Table 6.1 Summary of electrobiocatalytic responses of differently modified bioelectrodes with H202 stepwise

additions
Gr/HRP/GCE Gr/WS,/HRP/GCE Gr/WS,/AuNPs/HRP/GCE
LoD 2.8 2.06 3.23
Linear range (mM) 1.57 -11.33 0.32-20 0.40-23
Sensitivity (WA/mM/cm?) 6.06 9.23 11.07
Regression (RZ) 0.975 0.999 0.940
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Figure 6.4 Chronoamperometry response showing current-time plot at an
applied potential of +0.7 V in 0.1 M PBS and 0.1 M KCI and
calibration curve for the chronoamperometric response for
fabricated Gr/HRP/GCE (al, a2), Gr/WS2/HRP/GCE (b1, b2) and
Gr/WS2/AuNPs/HRP/GCE (c1, c2) nanohybrid structures.

6.4 SUB-CONCLUSION

In this study, CVD graphene based nanohybrid interfaces including WSz, and nano
structuring with AuNPs have been successfully fabricated which is followed by

immobilization of HRP by self-assembled method. Few-layer graphene was
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synthesized by CVD method and then combined with other 2D materials WS2. The
XRD results revealed that the Gr/WS2/AuNPs nanohybrid interface was crystalline
in nature. Electrochemical characterizations of modified Gr/WS:2 based interface
structure indicated that this novel nanostructured hybrid interface material can be
applied in the design, fabrication and development of flexible, thin, smart and highly

sensitive bioelectronics and biosensing devices.
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Figure A3.1 Cyclic voltammetry response showing the effect of scan rates on

the cathodic peak I,, , and the anodic peak I, , in 0.1 M PBS and

0.1 MKCl and 5 mM [Fe(CN)3™/*"] vs Ag/AgCl reference electrode

for (a) bare GC electrode; (b) Gr/GCE; (c) Gr/WS2/HRP/GCE; (d)
Gr/WS2/AuNPs/HRP/GCE respectively.
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CHAPTER 7

CONCLUSION AND FUTURE PERSPECTIVES

This research study has successfully combined dual 2D hybrid layered structures
using different 2D materials (Gr, MoS2, BN and WS2) then doped the layered
structure with metal nanoparticles (AuNPs), followed by the immobilization of bio-
recognition element (HRP) using a self-assembled procedure. This has led to the
fabrication of novel electrode interface materials with very high surface areas
coupled with the excellent electron transport properties which was facilitated by the

presence of these 2D materials.

The electrobiocatalytic activities of the fabricated 2D nanointerface platforms were

evaluated by using H202 as a model analyte throughout the study.

It has been found that the hierarchically self-assembled 2D nanointerface structures
showed good electrocatalytic properties for detection of H202. The AuUNPs
incorporated into the 2D nanohybrid structure further endowed the nanohybrid with
good electron transfer properties leading to the efficient electrocatalytic properties

of the fabricated nanohybrid structures.

A theoretical study using DFT calculations indicated that the observed increase in
electrobiocatalytic performance was due to the synergistic effects of the dual 2D
hybrid materials and the gold nanoparticles. The presence of horseradish
peroxidase was observed to cause an improvement in electrobiocatalysis

performance of the novel hybrid interface structure.
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This study has thus set the stage for the incorporation of nanostructured dual 2D
hybrid materials as electrocatalytic interface materials in the design and fabrication
of novel smart and highly sensitive bioelectronics, bioreactors and biosensing

devices.

For future work, it is suggested that the 2D materials should be functionalized for
the betterment of biosensor applications. Similarly, this developed dual 2D hybrid
interface materials may be incorporated in the fabrication of sensors for
environmental pollutants in air, soil and water. The resulting fabricated platform

could be modified for specificity in detecting either organic or metallic pollutants.
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