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Abstract

Heavy metal toxicity is a major environmental problem world-wide. Increased
spreading and high concentration levels of the toxic heavy metals in water
environments have posed a severe threat to human health and the ecosystem.
Over the years, to improve the drinking water quality standards, safe threshold
concentrations of these highly toxic pollutants are constantly being lowered by
the governmental and environmental bodies. Current instrumental techniques
used to detect these low levels of heavy metal ions are laboratory based, use
sophisticated instruments, expensive, time consuming and require trained
personnel. There is a constant need for the development of in-situ, rapid, highly
sensitive and selective sensors to monitor the very low concentration levels.
Various approaches for improving sensitivity and selectivity have been
investigated over the years involving multiple detection techniques. In general,
optical approaches provide higher sensitivity along with simplicity while
electrochemical sensors provide better selectivity. In the Ilast decade,
nanomaterials have emerged as a key element in their sensitivity improvement.
Combining all these advantages, a novel hybrid sensor has been envisaged
integrating optical and electrical fields in addition to nanomaterials. This thesis
reports investigations on enhancing the sensitivity/selectivity through optical,
nanomaterials and electrochemical routes, and then integrating these to realise a

hybrid sensor.

A novel optical sensor has been developed using the phenomena of evanescent
waves in optical fibre with dithizone to detect heavy metal ions. A U-bent sensor
geometry has been investigated to enhance the optical sensitivity of the sensor
through higher evanescent field near the surface. Further, optical field
confinement to the surface has been investigated through thin film coating to
improve the sensitivity. A new inverted trench design based sensor has been
developed, and sensitivity enhancement has been achieved through this novel
design and confirmed using modelling work accompanied by experimental

results.

Large surface to volume ratio of nanomaterials, such as ZnO nanowires, on the
sensor surface can provide enhanced surface interactions leading to higher

sensitivity. But, surfaces modified with ZnO nanostructures tend to be
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hydrophobic in nature. A new remote and non-contact method to tune the
wettability of the ZnO nanostructures using LEDs has been developed. Higher
sensitivity has been achieved by tuning the wettability of ZnO nanowires using

the developed method.

Electrochemical sensor has been developed in order to understand the potential
effects of the electric field on the near surface molecular dynamics and thereby,
effects on the optical detection. Effects of parameters such as deposition time,
scan frequency, concentration, electrode materials and their surface area have
been investigated to improve the sensitivity and selectivity. Multi-ions selectivity
has been achieved by simultaneous detection of copper, mercury and lead ions in
buffer solution. Higher sensitivity has been obtained by modifying the gold

electrode using graphene flakes.

Further, to integrate the optical field with this sensor to realize the hybrid sensor,
thickness of the gold electrode has been optimised to allow the penetration of
evanescent field onto the electrode surface. Under optimised conditions
evanescent field resonantly couples to the surface plasmons of the gold
electrode. Computational investigations have been carried out to study the effect
of number of graphene layers on the sensitivity of the surface plasmon
resonance (SPR) based optical sensor integrated with the electrochemical sensor.
Preliminary investigations on the developed hybrid sensor show that the electric
field complements the optical field. Investigations have shown that application of
electric field enhances the sensitivity for optical detection by attracting more ions
on the electrode and also, provides the multi-ion selectivity. These investigations
have opened up new possibilities for the real-time monitoring of highly sensitive
and selective molecular interactions, showing strong potential in a range of
applications areas such as environmental sensing, biosensing and agricultural

sensing.

Keywords: Fibre Optic Sensor, Surface Plasmon Resonance, Electrochemical
Sensor, Heavy Metal ions, Graphene, Gold, ZnO nanowires, Wettability
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1 Introduction

1.1 Overview

Today, the maintenance and enhancement of conditions that will enable humans
and other organisms to exist on earth, is the biggest challenge faced by
humankind. Therefore, there is a need to monitor the quality of living
environments and the influence of their activities thereon. This can be achieved
through gathering information of various parameters and substances in the
environment and the process is referred to as environmental monitoring. The
emphasis in the environmental monitoring is to assess the level of harmful and
potentially harmful substances/pollutants, their effects on humans and living

organisms and their discharges in the environment.

There are several ways to classify the environmental pollutants based on their
source, phase, toxicity and geographical availability [1]. Analysis of these
pollutants depends on the factors such as their physical and chemical properties,
temporal and spatial distribution, and environmental conditions. Broadly,
environmental pollutants can be classified into atmospheric pollutants (such as
sulphur dioxide, nitrogen oxides, carbon monoxide, trace metals, particulate
matter, organic compounds, photochemical oxidants etc.), water pollutants (such
as heavy metals, metalloids, volatile organic compounds, biological pollutants
etc.) and soil pollutants such as (pesticides, heavy metals, petroleum
hydrocarbons, chemicals etc.) [1-3]. Among all these pollutants, heavy metal
ions form an important group of pollutants which can be found in air, water and

soil.

1.2 Heavy Metal ions and Their Toxicity

Heavy metals are any metallic chemical element with a relatively high density
and are found as natural components of the Earth’s crust. Heavy metals ions are
non-biodegradable, have very low water solubility and tendency to accumulate in
living organisms [4]. Some heavy metals such as mercury, copper, cadmium,
lead, chromium, nickel, arsenic have severe harmful effects on humans and the
ecosystem because of their toxicity [5]. Mercury can cause severe damage to

brain, heart, kidney, lung, immune system and neurological system [6]. Lead
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can cause severe harmful effects on liver, brain, reproductive system, kidney and
central nervous system. These toxic heavy metal ions are primary elements and
hence cannot be destroyed. These heavy metal ions enter into the environment
through direct or indirect discharge of industrial and consumer waste, mining
operations, fossil fuels combustion and volcanoes [1,7]. Therefore, heavy metal
ion pollution emerges as a serious environmental problem today due to their

toxicity, volatility and mobility [8].
1.3 Overview on Heavy Metal ions Detection Techniques

Environmental and governmental bodies across the world set the limit of highest
level of contaminants, referred to as maximum contaminant level (MCL), allowed
in public water systems by enforcing strict laws and regulatory standards. Over
the vyears, these Ilimits of contaminant concentration levels of many
environmental pollutants including heavy metal ions in drinking water have been
lowered by United States Environmental Protection Agency (EPA) and World
Health Organization (WHO) to protect public health [9,10].

Current instrumental techniques used to detect heavy metal ions includes laser
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) [11], atomic
fluorescence spectrometry (AFS) [12], inductively coupled plasma optical
emission spectrometry (ICP-OES) [13] and atomic absorption spectroscopy
(AAS) [14]. These techniques require laboratory-based highly sophisticated
instruments and trained personnel to carry out the sample analysis. Although,
these techniques are very sensitive and selective, they are time consuming and
expensive. Considering the cost, time and efforts involved in evaluating the
realistic information from the environmental samples, an obvious need exists for
the development of in-situ, portable, rapid, highly sensitive and selective, and

easy to use field sensors.

Over the years many heavy metal ion sensors have been developed for in situ
application using different techniques. These sensors can be broadly divided into
two categories such as optical sensors and electrochemical (EC) sensors based
on the signal transduction mechanisms. The following section presents a very
brief overview of optical and electrochemical sensors used to detect heavy metal

ions.
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1.3.1 Optical Sensors

1.3.1.1 Colorimetric and Fluorescent Sensors

Colorimetric sensors can be sub-classified based on the reagent used to detect
the heavy metal ions such as calixarene-based, small molecule based, polymer
based, DNA-based, nanoparticle based chemosensors [15-17]. Among these
sensors especially nanoparticles based colorimetric sensor have reported higher
sensitivity [15,16]. Surface plasmons of the metal nanoparticles are extremely
sensitive to the surrounding environment and to the surface binding and
adsorption events. An aggregation of nanoparticles induced by any such events
cause the change in surface plasmon absorption band. This in turn leads to the
change in the colour of the solution and therefore, forms the basis of colorimetric
detection. Colorimetric sensors provide rapid, direct visual detection of various
metal ions [15,18,19].

A basis of fluorescent based sensors is to detect the change in physiochemical
properties of fluorophores induced by heavy metal ions. This can be in the form
of fluorescent intensity or lifetime change and attributed to the charge transfer
or energy transfer processes. Among the fluorescent sensors for heavy metal
ions, fluorescence resonance energy transfer (FRET) based sensors are of prime
focus for the researchers [20-22]. FRET is the mechanism of energy transfer
between two molecules upon interaction with light. The process of FRET can be
described as an excited donor molecule transfers the excitation energy to the
acceptor molecule through the dipole-dipole interaction without emission of the
photon. As stated, the process occurs through dipole-dipole coupling, it depends
on the inverse sixth power of distance (1/d®) between the molecules [20,23,24].
FRET requires the spectral overlap between the emission band of a donor
molecule and the absorption band of acceptor molecule [21]. Gold nanoparticles
(GNPs) are excellent quencher over broad wavelength range and in fluorophore-
quencher based sensors, energy transfer strongly depends on the plasmonic
nature of the GNPs [25,26]. If the GNPs show SPR, energy transfer mechanism
follows the FRET effect and if no SPR, energy transfer mechanism follows the
nanometal surface energy transfer (NSET) effect [25,27]. The NSET process

occurs over a longer separation distance 1/d*, compared to the FRET effect [28].
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DNA is a negatively charged biomolecule and, therefore, has a tendency to bind
with the positively charged metal ions. A group of families developed from the
combination of DNA and enzymes, referred to as DNAzymes, possesses catalytic
activities. These DNAzymes offer several advantages such as inexpensive to
produce, high specificity to metal ions, wide selection range, higher resistance to
the hydrolysis process. Therefore, DNA and DNAzymes based biosensors are
becoming attractive for metal ion detection applications [29]. DNA-based
Hg®* sensor has been developed by Ono [30] using FRET effect, where the
binding of Hg?* enables the FRET process amongst the quencher and fluorophore.
The developed sensor has achieved a 40 nM detection limit for Hg?* in buffer
solution. Another candidate for fluorophore-quencher based sensors is graphene
oxide (GO). Graphene oxide is also excellent fluorescence quencher. It is also,
water soluble, inexpensive and easy to functionalize with various functional
groups [22,31-34]. Recently, very few papers have reported fluorescent sensors

for heavy metal ions using graphene/graphene oxide [35,36].

1.3.1.2 Surface Plasmon Resonance (SPR) Sensors

A surface plasmon is the collective oscillation of free electrons in the metal
surface or in other words, it is a propagating electron density waves at the
metal-dielectric interface and is very sensitive to the surrounding environment.
In the past two decades, SPR has evolved as an optical tool to probe the
molecular level interactions in real time. It has been used to investigate the
physical, chemical and biological activities at the interface region. More than a
decade ago, heavy metal ions detection using SPR has emerged. Wu and Lin
have developed SPR sensor using metallothionein to detect cadmium (Cd), zinc
(Zn) or nickel (Ni). The sensor has achieved a detection limit of less than 2uM
within a small range but suffers from interfering metal ions and pH [37]. Moon et
al. [38] have carried out the in situ adsorption study of Pt** using SPR
spectroscopy. Their findings have revealed the role of wettability of the surface
on adsorption property of metal ions using SPR. Their experimental results have
indicated that the hydrophilic surface increases the adsorption rate of the metal
ions on the surface. A problem with the SPR technique is to distinguish between
the change in dielectric constant and thickness of the layer, change in refractive
index of buffer solution and adsorption of metal ions and other interfering species

[39]. Furthermore, SPR technique is not suitable to detect small molecules,
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especially metal ions because the SPR response is not sufficient to recognize
them. The difference in refractive index of metal ions is very small and therefore,
it is very hard to differentiate them [40]. Therefore, approaches where metal ion
specific chromophores (such as calixarene and dithizone) have been attached on
the SPR substrate which leads to enhanced SPR response have been reported
[41,42].

1.3.1.3 Surface Enhanced Raman Scattering (SERS) Sensors

Raman scattering process occurs through the inelastic collision of photons with
molecules and is a very weak effect. However, if the process takes place on the
surface of metal nanoparticles, resonance between surface plasmons and optical
fields leads to enhanced Raman scattering signal and is referred as surface-
enhanced Raman scattering effect (SERS) [43,44]. SERS spectroscopy is a
powerful technique to probe the biomolecular interactions at single molecule
level and has been extensively exploited in the field of biosensing and medical
diagnostics [45]. Although, SERS is a molecular level spectroscopy, it is unable
to provide the signal for the heavy metal ions, unless the metallic particles are
modified with the specific binding ligands [46]. Therefore, there are very few

papers reported for heavy metal ion detection using SERS [47-50].

1.3.2 Electrochemical Sensors

Heavy metal ions have defined oxidation and reduction potentials. Therefore,
even a bare electrode can provide the selective detection of heavy metal ions
without the need of a recognition agent or surface modifications. Several
electrochemical sensing methods have been used to detect heavy metal ions,
including potentiometry, voltammetry, amperometry, impedemetry [51]. In
particular, anodic stripping voltammetry (ASV) is the popular technique used for
sensitive and selective detection of heavy metal ions [52-56]. However, the
technique has several limitations such as the necessity of buffer solution and
electro active species, problem of background currents and electroplating of the

surface. Also, EC sensors are unable to detect intermetallic compounds.

Unique electronic properties and a large surface to volume ratio of nanomaterials
such as carbon nanotubes, graphene and metal/metal oxide nanoparticles make

them attractive for electrochemical sensing applications [57,58]. Nanomaterial

7| Page



modified electrode gives enhanced surface area and fast electron transfer rate
compared to the bulk electrode materials. Therefore, electrodes modified with
nanomaterials have shown increased sensitivity and lower detection limits

towards the heavy metal ion detection [59].

1.4 Scope of Improvement

For the environmental monitoring applications, it is important to have
information such as ionic state of the heavy metals and association with organic
compounds because the chemical, biological and physical responses of these
metals will vary based on their physio-chemical conditions [60]. For example,
chromium (III) is an essential trace element, while chromium (VI) is carcinogenic
[5]. Hg(0), Hg(II) and methyl mercury (CHsHg) have different temporal and
spatial scales of transport, lifetime and toxicity [8]. Therefore, multiple analysis
techniques/sensors have been used in the field to get additional information as
stated. A hybrid sensor which includes multiple detection techniques can simplify
this analysis process, reduce the time and costs involved and provide realistic
information in the field. In general, optical approaches provide higher sensitivity
along with simplicity while electrochemical sensors provide better selectivity. In
the last decade, nanomaterials have emerged as a key element in their

sensitivity improvement.

There are several novel approaches being developed over the time in order to
improve the sensitivity and selectivity of the existing techniques and to gain
more insight into the detection/monitoring/reaction of the species by
interrogating their different properties simultaneously. These approaches are
based on combining multiple/hybrid sensing techniques to utilize their
advantages and try to overcome the respective drawbacks as discussed in

section 1.3.

Analysis of co-polymerization behaviour between terthiophene and a carbazole
moiety has been carried out by combining electrochemical quartz crystal
microbalance (EC-QCM) techniques and electrochemical surface plasmon
resonance spectroscopy (EC-SPR). Each technique represents the unique aspect
of interaction going on between the species and therefore, provides more insight
into reaction among them in a single measurement [61]. Glucose detection has

been carried out using N-alkylaminated polypyrrole/glucose oxidase multi-layers,
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by combining electrochemical surface plasmon resonance (EC-SPRS) technique
[39]. Electropolymerization of aniline and then the doping-dedoping process of
polyaniline film have been investigated by Baba et al. [62]. Investigations have
been carried out by combining surface plasmon resonance spectroscopy (SPRS)
and surface plasmon field-enhanced light scattering (SPLS) with electrochemical
(EC) method [62]. The reaction of hydroquinone-benzoquinone and their
intermediate products have been studied by combining electrochemical surface
plasmon resonance spectroscopy (EC-SPRS) [63]. Movement of fluorophore
labelled antibody has been studied by combining surface plasmon resonance
(SPR) and surface plasmon field-enhanced fluorescence spectroscopy (SPFS)
[64]. In situ optical, electrochemical and morphological studies of the conjugated
polymer electropolymerization process have been reported by Baba et al. [65]
using a novel combined electrochemical, surface plasmon resonance

spectroscopy and atomic force microscopy (EC-SPRS-AFM).

Among all such novel approaches the combination of electrochemistry and the
surface plasmon resonance have emerged as an exciting development for
characterizing surface interactions and sensing applications. Application of this
technique has been well exploited in the field of biosensing, but limited in the
field of environmental sensing, especially on heavy metal ions. There are very
few reports on heavy metal detection using such hybrid techniques and has a
huge potential for environmental monitoring applications [42,66,67]. Panta et al.
[68] have developed Hg?* sensor combining the SPR and electrochemical sensing
techniques. They have reported sensitivity enhancement by incorporating the
magneto hydrodynamic convection along with the SPR and ASV. Robert et al.
[69] have reported ion adsorption study by simultaneous electrical and
plasmonic monitoring of applied potential. Mirkhalaf and Schiffrin have developed
metal ion sensor combining SPR and anodic stripping voltammetry and studied

the effect of applied potential on the SPR response in situ [42].

A hybrid EC-SPR technique offers several advantages in detecting heavy metal
ions. Electrochemical sensing in combination with the SPR acts as a
complementary to enhance the response time, to improve detection limit and to
regenerate the sensor surface. Also, it provides the additional information about

the ionic state of the metal ions which is necessary for the environmental
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applications. Intermetallic compounds can also, be detected using SPR but not
with ASV [42,66,67].

In this work, various investigations on the development of a novel hybrid sensor
to detect heavy metal ions which combine the integrated effect of optical, electric
field and surface modified with nanomaterials to achieve higher sensitivity and
selectivity have been carried out. The hybrid sensor mainly consists of three
layers as shown in Figure 1.1. The optical layer not only allows optical detection
for a suitable approach, but also facilitates an interface with the second material
layer. The second layer consists of thin coating of conductive/semi-conductive
materials to perform the electrochemical detection. The third layer includes a
coating of suitable nanomaterials such as graphene and ZnO to further enhance
the sensitivity by utilizing their special structural, electrical and optical
properties. The coating includes nanomaterial or composite nanomaterials and
may be used for immobilization of absorption or fluorescence based analyte
specific reagents (ASR).
I F—Nanomaterial Layer

(w/ or w/o ASR)
Electrical Layer

T~

Optical Layer

Figure 1.1 A schematic of the layered design of hybrid sensor.

Figure 1.2 shows the schematic representation of the research work carried out

and various investigations in order to develop the novel hybrid sensor.
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Figure 1.2 A schematic of the research work to investigate various parameters on the
development of a novel hybrid sensor.

1.5 Summary

The discussion in this chapter has provided the need for the development of a
novel hybrid sensor to detect heavy metal ions for environmental monitoring
applications. Various optical detection approaches to detect heavy metal ions
including chromophore-based, fluorophore-based, surface plasmon resonance
based, surface enhanced Raman spectroscopy based have been discussed and
the limitations have been identified. Electrochemical sensors for heavy metal ions
have been discussed and the problems associated with the anodic stripping
voltammetry have been identified. A scope for sensitivity and selectivity
improvement through the development of a novel hybrid sensor has been

presented.
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1.6 Research Aim and Objectives

This thesis aims to report various investigations on enhancing the
sensitivity/selectivity through optical, hanomaterials and electrochemical routes,
and then integrating these to realise a hybrid sensor. This goal is further divided

into separate objectives as follows:

= Identification of suitable chromophore and fluorophore for the detection
of heavy metal ions and their interaction study

= Synthesis of suitable materials for the development of sensor surface.

= Development of absorption and fluorescence-based sensors to detect
heavy metal ions

= Develop an optical sensor using suitable approach, and investigate effect
of various environmental parameters, materials parameters and sensor
design configurations to enhance the sensitivity and selectivity

» Surface modifications using nanomaterials to improve the sensitivity and
investigate the effects of surface modifications on sensitivity

= Investigate the effect of the electric field in the near surface region by
the development of electrochemical sensor and investigations of various
parameters to achieve higher sensitivity and selectivity

= Investigate the development of integrated hybrid sensing combining
optical and electrical detection along with surface modification with

nanomaterials, and various parameters to enhance the sensitivity

1.7 Thesis Organisation

The thesis consists of seven chapters with detailed results and discussion on the
set objectives of the research work. Chapter 1 gives an overview of the research
work, scope and objectives of the research work. A very brief review on
environmental monitoring and the necessity for monitoring concentration levels
of heavy metal ions in water, review on existing methods and sensors have been
included. The chapter summarises with the objectives and methodology of the

research work to be carried out.

Chapter 2 includes the investigations on materials suitable for developing the
hybrid sensor. Absorption and fluorescence based approaches for the detection of

heavy metal ions and their interactions with dithizone and rhodamine B have
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been investigated. Synthesis of materials and coatings has been presented,
various parameters have been analysed and their effects on properties of the

material have been discussed.

Chapter 3 includes the various investigations on optical sensor development.
Optical fibre based sensor have been developed based on evanescent waves to
detect heavy metal ions in water. Investigations have been carried out to study
the effect of factors such as pH, concentration range, optical fibre parameters,
and geometrical configuration of the fibre. Various parameters have been
evaluated using modelling and experimental work in order to enhance the
sensitivity. The possibility of multi-ion detection has been demonstrated through
multi-ion detection experiment. A novel inverted trench configuration has been

developed to enhance the sensitivity of the developed evanescent wave sensor.

In order to enhance the sensitivity using nanomaterials and for developing the
required sensor surface, various investigations have been carried out, and are
discussed in chapter 4. Surface modification with ZnO nanostructures, gold thin
films and graphene have been carried out. Wettability tuning using LEDs has
been carried out and control parameters have been identified in order to enhance

the sensitivity.

Chapter 5 reports investigations on the development of electrochemical sensor
for heavy metal ions detection. Techniques such as cyclic voltammetry and
anodic stripping voltammetry have been investigated. Parameters such as
electrode materials and their surface area, buffer solution, deposition time, scan
rate and scan frequency have been investigated in terms of their probable effects
on the optical sensing. Multi-ions selectivity has been exploited through
simultaneous detection of mercury, copper and lead ions. Sensitivity
enhancement has been carried out through surface modification using graphene.
Developed electrochemical sensor has been exploited to integrate the optical
detection in order to develop the novel hybrid sensor. The hybrid sensor has
been developed and various investigations on the development have been
discussed in chapter 6. A study on various parameters affecting the sensitivity
has been carried out and their optimization has been carried out through

computational work. Investigations have been carried out using experimental
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and theoretical work and initial results on the hybrid sensing have been

discussed.
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2 Materials, Synthesis and Characterization

2.1 Introduction

Detection of any gas molecules, biomolecules, or any other chemical species
depends on their interaction with the molecules/atoms present on the sensor
surface and therefore, chemical and physical properties of the surfaces become
very important in sensor designs. Nanomaterials such as carbon nanotubes,
graphene, metal and metal oxide nanostructures are the most favourable for the
new generations of sensors with “bottom-up” approach. Their simple and
scalable synthesis, dispersion properties in common solvents (i.e. methanol,
ethanol, isopropanol), size and shape dependent special electrical and optical
properties, density of states, high aspect ratio (of nanowire and CNT) and high
surface to volume ratio makes them a candidate of research [1]. Despite their
different characteristics, their structures are still closely related to their parent
bulk material which enables the prediction of their electrical and optical
properties. These unique properties make them highly suitable candidates for
sensing applications. Sensors based on these nanomaterials are emerging as a
powerful tool for ultrasensitive detection of chemical and biological species [2-4].
As discussed in chapter 1, this chapter presents investigations on selection of
materials, their synthesis process, and characterizing their interactions with
suitable heavy metal ion receptors for the development of the hybrid sensor.
Absorption and fluorescence-based detection methods have been used to detect
heavy metal ions based on suitable chromophore and fluorophore. Various
interactions among the selected chromophore, fluorophore with metal ions have

been analysed using absorption and fluorescence spectroscopy, respectively.

Gold is a biocompatible and chemically stable metal used in various areas of
physics, chemistry, pharmacy, biology for a wide range of applications. Gold
nanoparticles, first synthesized more than 150 years ago, have been extensively
researched to enhance their applicability in diverse fields, especially in sensing
applications [5-9]. Unique electronic and optical properties of gold nanoparticles
have been explored in a range of areas in last few decades [10-12]. Gold
nanoparticles enhance the sensitivity of electrochemical sensors by increasing

the surface area of the electrode [6,8]. Several papers on gold nanoparticle

23| Page



modified electrodes for sensing drug such as Fluorouracil [13], bacteria such as
Escherichia coli O157:H7 [14], heavy metal ions such as mercury, lead and
copper [15,16] have been reported. Gold nanoparticles have been used in
various optical sensing applications based on surface plasmon resonance [17-19]
and fluorescence resonance energy transfer [20-22]. Different nanostructures of
gold can be created with low-cost chemical reduction method [23-25]. Therefore,
gold has been identified as suitable material for the development of proposed
sensor based on its compatibility with optical and electrochemical sensing
methods. Simple electroless chemical reduction method [26] has been utilized to
develop gold nanoparticles and gold thin films which will be elaborated in the

synthesis section 2.2 and section 2.3.

Another material that can be used in these applications is ZnO. It is a
semiconducting, biocompatible and transparent material [27,28]. ZnO
nanostructures are amongst the extensively researched material in the last
decade for a range of applications such as solar cells, lasers, transparent
conducting materials/coatings/electrodes, field emitters, surface acoustic wave
devices and various sensors [29-31]. ZnO nanostructures have been widely
investigated for sensing applications due to their properties such as
biocompatibility, high electron mobility, chemical stability, electrochemical
activity and ease of developing nanostructures through diverse methods at low-
cost [29,30]. The above properties of ZnO nanostructures provide enhanced
sensing characteristics and therefore, have been used to develop chemical
sensors, UV sensors, gas sensors, biosensors, pH sensors and many others
based on different sensing mechanisms [32,33]. ZnO and their composites have
been used to modify the electrode for electrochemical sensing of metal ions [34],

toxic gases [35], glucose [36] and antigen [37] to enhance their sensitivity.

Recently, there have been few reports on the ZnO based SPR sensors. Liang et
al. [38] have developed SPR biosensor to detect the presence of tumour marker
carbohydrate antigen CA15-3 in human saliva using Au/ZnO thin film and results
have shown higher sensitivity over conventional SPR. Wang et al. [39] have
developed SPR biosensor to detect rabit IgG using ZnO-Au composites and
achieved a 16 fold lower detection limit over the conventional SPR. DNA
hybridization has been detected by incorporating ZnO nanorod arrays on SPR by

Byun et al. [40] and reported sensitivity improvement of more than three times.
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Therefore, ZnO has been identified as the second material for modifying the

sensor surface in order to enhance the sensitivity of the proposed hybrid sensor.

Sample/material characterization has been carried out based on techniques such
as absorption spectroscopy, fluorescence spectroscopy, optical microscopy,
scanning electron microscopy (SEM) and transmission electron microscopy
(TEM). UV/Vis Spectrometer (Lambda 950) from Perking Elmer, Luminescence
Spectrometer (LS50B) from Perking Elmer, Transmission Electron Microscope
(JEM-1400) from JEOL and Scanning Electron Microscope (EVO LS10) from ZEISS
have been used to characterize the samples. The material composition has been

investigated using energy dispersive X-ray spectroscopy (EDX).

2.2 Gold Nanoparticle Synthesis

2.2.1 Chemicals

All the chemicals used in the experiments were analytical grade. Sodium citrate,
sodium borohydride (NaBH,;), hydroxylamine hydrochloride and 3-aminopropyl
trimethoxysilane (APTMS) were purchased from Sigma-Aldrich, UK. Hydrogen
tetrachloroaurate (III) hydrate (HAuCl4,-H,O) was purchased from Fisher
Scientific, UK. All glassware was cleaned in deionized water prior to the

experiment.

2.2.2 Synthesis Method

Gold nanoparticles (GNPs) were synthesized from gold chloride using sodium
citrate reduction method [26]. Briefly, 0.2 ml 1% aqueous sodium citrate was
added into 10 ml of 0.01% aqueous HAuCl, with vigorous stirring. After 1 min,
0.2 ml of 0.075% (w/v) NaBH,; in sodium citrate was added. Thereafter, the
solution was stirred for 5 min and the synthesized gold nanoparticles (referred as
GNP1) were characterized by UV-Vis absorption spectra. The same process was
repeated by increasing the amount of reducing agent (1% sodium citrate) to 1

ml and the synthesized particles were referred as GNP2.

Figure 2.1 shows the absorption spectrum of synthesized gold nanoparticles in
water. GNP1 and GNP2 show the absorption peak, Amax, at 513 nm and 532 nm
respectively. Observed red shift in Anax and increased absorption of GNP2

indicates an increase in the average particles size [41]. The reason behind the
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observed increase in particle size was due to the increased citrate (reducing
agent) concentration [42]. GNP2 shows a strong plasmonic peak with reduced
FWHM and increased falling edge slope. These results can be attributed to the

increase in particle size with a reduction in their polydispersity [42].
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Figure 2.1 Absorption spectra of synthesized gold nanoparticles suspended in water.

The size of the synthesized gold nanoparticles was calculated from the UV-Vis
absorption spectra. Gold particle size was calculated using the method by Haiss
and team [43]. Particle size calculation was carried out for the GNP1 and GNP2
dispersed in water at 20°C without any surface modifications. In these
calculations, the refractive index of water (n=1.3330) was assumed as

wavelength independent.

Particle diameter, d (in nanometer) can be given by [43],

AS r
d= exp(BlKSO— B,) .. (2.1)

where, B; = 3.55 and B, = 3.11 derived from the calculations based on gold
particles’ absorption spectra, As,r and Assp was absorption at plasmon resonance
peak and at 450 nm wavelength respectively [43]. Substituting the
corresponding values into equation (2.1), gives d; = 3.39 nm and d, = 61 nm

which are in agreement with the literature [26,41,44].

Figure 2.2 shows TEM images of the synthesized GNP2 at different
magnifications. From the images, itcan beseen that the particles

are polydispersed and <100 nm in diameter. Also, the calculated value of
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average diameter (61 nm) of GNP2 based on absorption spectra is in agreement

with the observed TEM image data.
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Figure 2.2 TEM images of the synthesized GNP2 at a scale of (a) 500 nm and (b) 100 nm.

2.3 Gold Thin Film Development

2.3.1 Synthesis Method

Gold thin films have been developed on a glass slide in order to prepare the
electrode of the sensor using electroless plating method [26,45,46]. The
chemicals used during this process are same as mentioned in section 2.2.1. The
process was suitable for developing thin film on non-flat, non-uniform surfaces
made of most widely used fibre materials and the developed coatings have been
used as electrode of the sensor. Figure 2.3 shows the process flow diagram of
developing the gold thin film on a glass slide using the electroless method.
Broadly, the glass substrates were cleaned and silanated using APTMS and
thereafter, GNPs were allowed to attach on the substrate. Furthermore, the GNP
coated substrates were soaked in gold chloride solution and agitated on a shaker

to form the film. Finally, substrates were annealed on the hotplate.

Glass substrates were cleaned using the ultrasonic bath in isopropanol, acetone
and deionized water for 10 min each. Thereafter, substrates were soaked in 20%
HCI solution for 30 min to remove the particulate materials from the surface.
Substrates were immersed into a dilute solution of APTMS (0.26 ml of APTMS in
6 ml methanol) for 24 hours. Thereafter, the substrates were rinsed with

methanol and annealed at 120° C for 30 min.
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Figure 2.3 Process diagram of gold thin film development using electroless plating

method.

The ultra-thin film of gold particles was developed by immersing the APTMS-
coated substrates into the synthesized gold colloid solution for 24 hours.
Thereafter, substrates were soaked in an aqueous mixture of 0.4 mM
hydroxylamine hydrochloride and 0.1% (w/v) HAuCl, and were kept for agitation
on shaker (120 rev/s) for 5 to 20 min. During the agitation process, substrate
changes the colour from pink to purple to the gold cluster. Gold plated substrates

were rinsed with water and annealed at 250°C for 3 hours.

Figure 2.4 SEM images of GNPs deposited on glass slide after silane treatment at (a)
25Kx and (b) 50Kx magnification.

Figure 2.4(a) and (b) shows SEM images of GNPs coated on the glass substrate
at different magnifications. As can be observed in the SEM images, particles were
polydispersed and not exactly spherical in shape. The spatial distribution of the
GNPs attached on the glass substrate seems to be nearly uniform at a larger

scale. Extended magnification, (Figure 2.4(b)) shows that there are some
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patches of void areas at the nanometer scale (or spatial non-uniformity at the

nanoscale).

Figure 2.5(a) shows the absorption spectra of developed gold thin films on glass
substrates at different coating/agitation times. Three characteristic features have
been observed in the spectra: red shift, broadening and increased absorption of
plasmon peak. An increase in agitation/coating time results in an increase in the
film thickness [26]. Increase in film thickness results in the red shift of the
plasmon peak [47] from 537 to 567 nm in 5-20 mins as shown in Figure 2.5(b).
Also, the increased film thickness has caused the broadening of plasmon peak

and increase in the overall absorption.
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Figure 2.5 (a) Absorption spectra of developed gold thin film on glass slide for different
agitation times of 5, 10, 15 and 20 mins and (b) variation of plasmon peak wavelength

vs agitation time. The trend line shows an exponential fit to the data.

Figure 2.6(a) and (b) shows SEM images of the developed gold thin film (coating
time 20 mins) on a glass substrate. At a larger scale, the film seems to be
uniform with some patches of void areas. Furthermore, the magnified image
(Figure 2.6(b)) reveals that the developed thin film is porous in nature with
randomly distributed pores (<1 pm pore size). The observed nanoscale porous
nature of the developed gold film can be ascribed to the observed non-uniform
spatial distribution of the polydispersed GNPs seen in the previous step of the

coating process. This has affected the homogeneity of the developed thin film.
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Figure 2.6 SEM images of the gold thin film deposited on a glass substrate using
electroless deposition method at (a) 700x and (b) 10Kx magnification.

EDX spectrum was collected of the developed gold thin film and is shown in
Figure 2.7. Strong characteristic peaks of gold along with the elements of glass
such as silicon, calcium, oxygen, magnesium, sodium indicate the presence of

gold thin film on a glass slide.
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Figure 2.7 EDX spectrum of the developed gold thin film on a glass substrate.

Synthesis of gold nanoparticles and thin film has been carried out and the
parameters affecting the process have been identified. Synthesized gold
nanoparticles and thin films is used to study and characterize the chromophore
and fluorophore, and as a metal coating for the electrochemical sensor
development.
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2.4 ZnO Nanoparticle Synthesis

As discussed, another material suitable for the hybrid sensor is ZnO. Therefore,
synthesis of the ZnO nanostructures is carried out and discussed in this section.
A higher yield of product and reaction rate can be achieved through rapid heating
for shorter times using microwave irradiation. Therefore, microwave based
synthesis method has been selected to synthesize the ZnO nanoparticles [48-
50].

2.4.1 Chemicals

All the materials used in the experiments were analytical grade. Zinc acetate
(Zn(Ac),), zinc nitrate hexahydrate (Zn(NOs3),:6H,0), ammonium hydroxide
(NH4OH), and hexamethylenetetraamine (HMTA) were purchased from the
Sigma-Aldrich, UK. All glassware was cleaned in deionized water prior to the

experiment.

2.4.2 Synthesis Method

In a 50 ml 10 mM zinc acetate solution, NH,OH was added dropwise to adjust the
pH to 10 while stirring the solution. After 20 min of stirring the solution at
moderate speed, white precipitates were observed. Thereafter, the solution was
kept in a domestic microwave oven (2.45 GHz) for 30 sec at 700 W and allowed
to cool down at room temperature. A yellowish white solution of ZnO particles
was observed after the microwave irradiation. The particles were separated by
centrifugation and washed three times with methanol to remove the unreacted
precipitate. The synthesis process was repeated for different microwave

irradiation times such as 40, 60 and 70 seconds.

Synthesis process of ZnO nanoparticles was analyzed by taking the absorption
spectra of samples before and after the microwave irradiation, as shown in
Figure 2.8(a) and (b). The absorption spectrum of zincate precipitates (Figure
2.8(a)) shows a broad absorption peak at 590 nm and gradually increasing
absorption towards the UV region. After 30 seconds of microwave irradiation,
the excitonic peak of ZnO at 365 nm was observed [51]. Also, a broad
absorption peak at 590 nm indicates the presence of unreacted precipitates.

Thereafter, particles were separated using centrifugation and washed with
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methanol. The filtered particles were suspended in methanol and their absorption

spectrum was measured as shown in Figure 2.8(c).
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T T T T T T T
300 400 500 600 700
Wavelength (nm)

Figure 2.8 Absorption spectra of zincate precipitates before (a) and after (30 sec)

microwave irradiation (b), and filtered ZnO nanoparticles (c).

Furthermore, the effect of microwave irradiation time on the particle was
analysed by repeating the synthesis process for 40, 60 and 70 seconds and
corresponding absorption spectra (normalized) were recorded (as shown in
Figure 2.9). Three characteristic features were observed in the spectra: the blue
shift of the excitonic peak, increase in the absorbance band edge slope and
reduced absorption/scattering in the visible range. A longer irradiation time
allows consumption of almost all the zincate precipitates, which may lead to the
observed reduction in the visible absorption [52]. Also, the increase in the
absorbance band edge slope and blue shift of the excitonic peak under the longer
irradiation time can be attributed to the reduction in polydispersity of the
particles [53]. The observed blue shift of the excitonic peak can be attributed to

the change in particle size and/or shape [51,53].
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Figure 2.9 Absorption spectra of synthesized ZnO nanoparticles at different microwave

irradiation time.

As per the effective mass approximation model, the bandgap of the ZnO

nanoparticles (assumed spherical with radius R) can be represented by [54,55],

Ey = Egpun + Mfz—;o(mijmih) .. (2.2)

where, E; and Egpux (=3.37 eV) are the bandgap of particles and bulk material,
R is the radius of particle, m, is the mass of electron, m. and m, are the effective
mass of electron and hole in ZnO. Calculated values of particle diameter (using
equation (2.2)) for different microwave irradiation times were presented in Table
2.1. Following values were used for the calculation: m. = 0.24, m, = 0.45,
my=9.11 x 103" kg, h=4.136 x 10** eV's, 1 eV = 1.6 x 10?1 and E, = 1240/\,
[55]. Calculated values were similar to the ones reported in the literature
[51,55].

Table 2.1 ZnO particle size and excitonic peak wavelength with microwave irradiation

time
Microwave irradiation time (s) Peak wavelength (nm) Diameter (nm)
30 354 4.25
40 344 3.20
60 342 3.06
70 340 2.94

SEM images of the synthesized ZnO particles were taken at different
magnifications (as shown in Figure 2.10) which shows that the particles were

polydispersed (<100 nm) and seems to be nearly spherical in shape.
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Figure 2.10 SEM images of ZnO nanoparticles synthesised using microwave synthesis
method at (a) 3Kx and (b) 10Kx magnification.

Figure 2.11 shows the fluorescence spectrum of ZnO nanoparticles dispersed in
ethanol. The spectrum shows four peaks at 387, 423, 481 and 528 nm. The
strong peak at 387 nm corresponds to the near band edge emission, resulting
from the recombination of excitons. The weak emission observed at 423, 481
and 528 nm can be attributed to the native lattice defects such as zinc and

oxygen interstitials, zinc and oxygen vacancies [56].

300
250
200
150

100 +

Intensity (counts)

50

- T ¥ T » T ¥ T
450 500 550 600
Wavelength (nm)

T T
350 400

Figure 2.11 Fluorescence spectrum of the synthesized ZnO nanoparticles dispersed in

ethanol excited at 315 nm.
2.5 ZnO Nanowire Synthesis

ZnO can be synthesized into different nanostructures like nanowire, nanorod,
nanoring, nanoflakes, needles shape, flower shape, whiskers shape by various
synthesis methods such as thermal evaporation [57], sonochemical [58], vapour
liquid solid (VLS) growth [59], pulsed laser deposition (PLD) [60], hydrothermal
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[61] and microwave [62]. In this work, simple and low-cost microwave and
hydrothermal synthesis methods have been used to develop ZnO nanostructures

for the sensor surface.

2.5.1 Synthesis Method

ZnO nanowires were grown on a glass substrate using hydrothermal seedless
growth method [61]. The chemicals used during this process are same as
mentioned in section 2.4.1. ZnO nanowires were grown by immersing the glass
substrates into the mixture of 125 ml 20 mM zinc nitrate and 7 ml 28-30%
ammonium hydroxide and annealed on a hotplate at 95°C for 5 hours.
Thereafter, substrates were removed from the growth solution and rinsed with
deionized water for several times. The substrates were allowed to dry at room

temperature and atmospheric pressure before characterization.

Figure 2.12 shows SEM images of the synthesized ZnO nanostructures at
different magnifications. A high magnification SEM image reveals that their
structure looks like bundles of nanowires. Results could be explained by the fact
that in case of no seed layer, a nucleation site must be formed before the growth
process. Consumption of Zn?* ions is very high in the areas where crystal starts
to build. Therefore, the availability of Zn®* ions near the nucleation site is low
which leads to the formation of branches in the crystal (as seen in Figure 2.12).
Overall, non-availability of the seed has caused the growth rate to slow down

and bulk crystal formation with less density.

To reduce the bulk crystal formation and improve the density, the seed layer has
to be deposited first. Therefore, using a drop casting approach, a seed layer was
formed as follows: 10 mM zinc acetate was drop casted on the glass substrates
and annealed on hotplate for 1 min at 100 °C for better adhesion. The process
was repeated 5 times to get the uniform thick seed layer. Thereafter, substrates
were immersed in the growth solution and allowed to grow for 5 hours at 95 °C.
Thereafter, substrates were removed from the growth solution and rinsed with
deionized water for several times. The substrates were allowed to dry at room

temperature and atmospheric pressure before characterization.
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Figure 2.12 SEM images of the synthesized ZnO nanowires at (a) 800x (b) 3Kx and (c)

6Kx magnification.

Figure 2.13 shows the SEM images of synthesized ZnO nanowires at different
magnifications. Dense and c-axis oriented growths with hexagonal facets of the
ZnO nanowires can be observed in the images. Most of the nanowires were
randomly oriented and seems to be uniform in diameter (~950 nm). The
availability of nucleation sites, lead to the immediate growth of a crystal in c-axis
direction [63]. Growth of ZnO nanowires over the thick seed layer was highly

dense, uniform in diameter with random orientation.

Figure 2.13 SEM images of synthesized ZnO nanowires at (a) 1Kx, (b) 7Kx and (c) 12Kx

magnification.

To understand the effect of seed layer and concentration of Zn?* ions on the
shape and size of ZnO nanowires, experiments were carried out with different
concentrations. The seed layer was formed with increased concentration of zinc
acetate (20 mM) and same growth process was repeated. Figure 2.14 shows the
SEM images of the synthesized ZnO nanowires at different magnifications. It was
observed that grown nanowires have a random orientation with preferential c-
axis growth and hexagonal facets. It was also observed that the diameter of the
nanowires was reduced and the density increased, which can be attributed to the

increased concentration of zinc acetate in the formation of the seed layer. The
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observed effect can be explained as follows: the increase in the concentration of
zinc acetate resulted in an increase in the nucleation sites. As the concentration
of species in the growth solution was kept same, the increased nucleation sites

and the limited concentration of zinc ions in the growth solution led to the

increased density and reduced nanowire diameter [53,63].

Figure 2.14 SEM images of synthesized ZnO nanowires at (a) 700x, (b) 4Kx and (c) 7KX

magnification.

A second experiment was carried out with increased concentration of zinc nitrate
(50 mM) in the growth solution. Figure 2.15 shows the SEM images of the
synthesized ZnO nanowires at different magnifications. Results indicate that the
nanowires were randomly oriented towards the c-axis with hexagonal facets. But
instead of the flat tip end, pointed tip were observed. ZnO has preferential
growth along the [0001] direction and also higher growth rate. Increased
concentration of zinc nitrate in the growth solution has increased the availability
of Zn?* ions at the nucleation sites. This led to the increased growth rate along
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Figure 2.15 SEM images of synthesized ZnO nanowires at (a) 2Kx, (b) 6Kx and (c) 25Kx

magnification.

the [0001] direction compared to the other directions which caused the

nanowires tip to be pointed [49].
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EDX spectrum was measured of the synthesized ZnO nanowires as shown in
Figure 2.16. A strong characteristic peak of zinc and oxygen and a weak peak of

silicon and calcium indicate the presence of ZnO on the glass slide.

Uil Seale 9746 cts Cursor: 0.000

Figure 2.16 EDX spectrum of the synthesized ZnO nanowires grown on a glass substrate.

Synthesis of ZnO nanostructures has been carried out and the effect of various
parameters affecting the synthesized ZnO nanostructures have been analysed
and discussed. Developed ZnO nanostructures will be used to modify the sensor

surface.

2.6 Dithizone

Dithizone has been used for many years as an extractor or pre-concentration
sorbent prior to the atomic absorption spectrometry [64,65], GC-MS [66] and
ICP-OES [67] for metal ion detection. Dithizone has also been used in
potentiometric [68], optodes [69] and spectrophotometric [70] determination of
metal ions. Dithizone produces distinct absorption spectra in the presence of
metal ions in aqueous solutions [71]. Therefore, dithizone has been selected and

investigated for heavy metal sensing in this work.

Chemical structure of the dithizone (diphenylthiocarbazone) is shown in Figure
2.17. As seen in the structure, it consists of many donor groups such as -NH and
-SH which are specific for metal ions. Typically, S-C-N-N group usually forms the
complex with metal ions by the removal of hydrogen atom [72]. Dithizone is
insoluble in water, but dissolves in solvents such as ethanol, methanol,
acetonitrile, toluene, carbon tetrachloride, chloroform and acetone [73]. But, it

has been reported that dithizone is not stable in most solvents and exists in two
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tautomeric forms [74]. Therefore, prior test were conducted on the stability of
the dithizone in different solvents over a month. It was found that dithizone is
stable in isopropanol even after 30 days. Isopropanol (IPA) and dithizone are
both hydrogen donor molecules and therefore, intermolecular charge transfer
possibility was forbidden amongst them [75]. This could be the reason behind
the observed stability of dithizone in IPA. Therefore, for the characterization and
other analysis, isopropanol has been used as a solvent to dissolve the dithizone.
Normalized absorption spectra of the dithizone in different solvents have been

shown in appendix - I.
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Figure 2.17 Chemical structure of dithizone.

Figure 2.18(a) shows the UV/Vis absorption spectra of the dithizone at various
concentrations in isopropanol. Two absorption peaks observed in the visible
spectrum at 445 nm and 598 nm were ascribed to the n-n’ and n-n’ transition
[73,76]. Also, there is a blue shift of An.x Observed in the shorter visible
absorption band at higher concentrations. A calibration spectrum of the dithizone

is plotted at 598 nm as shown in Figure 2.18(b).
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Figure 2.18 Dithizone UV/Vis absorbance spectra (a) and calibration curve plotted at 598

nm (b). The red line shows the linear fit to the data.
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2.6.1 Dithizone-Metal ions Interaction Study

Metal ions were adsorbed on the binding site formed by apex S and N atoms of
the dithizone as shown in Figure 2.19(a). Dithizone forms the complex with the
mercury ions by the removal of hydrogen atom [72] and is called mercury
dithizonate. Figure 2.19(b) shows the absorption spectra of the dithizone and
mercury dithizonate. The spectra show that due to this metal ion complexation
process, the absorption band of the dithizone at longer wavelengths diminishes
and absorption band at shorter wavelengths undergoes a red shift. These two

phenomena is further explored in the following paragraph.

When the metal ions chelate with dithizone, due to the electrostatic interaction
among them, electrons in the S-C-N-N group of dithizone move towards the
metal ion [77]. This movement causes the deformation in the highest occupied
molecular orbital (HOMO) of the dithizone [78]. The deformation in HOMO causes
the alteration in the electron energy levels and consequently, is responsible for
the shift in shorter wavelength absorption band of dithizone. While, as stated
earlier, the binding of metal ions cause the removal of a hydrogen atom and
therefore, is the reason for the disappearance of longer absorption wavelength
band [73].
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Figure 2.19 (a) Chemical structure of mercury dithizonate and (b) the absorbance

spectrum of dithizone and mercury dithizonate.

As discussed, to understand the event of binding and adsorption, different metal
ions (50 ppm each) were mixed with dithizone (78 uM) solution. Solutions were
mixed by shaking and absorption spectra were collected after allowing 30 s of

settling time, as shown in Figure 2.20. Mercury and copper ions have absorption
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peaks at 488 and 433 nm respectively. Shorter wavelength absorption band of
cadmium, zinc and nickel ions were observed at 478, 525 and 442 nm

respectively while the longer wavelength absorption band was around 592 nm.
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Figure 2.20 Absorbance spectra of dithizone with different metal ions (50 ppm).

Absorbance spectra indicate that the absorption band at longer wavelengths
diminishes in the case of mercury and copper ions only, which indicates that
mercury and copper bind to the dithizone by the removal of hydrogen [73].
Adsorption of the cadmium, zinc and nickel ions cause the alteration in electron
energy levels of dithizone resulting in the observed shift in shorter wavelength
absorption band, and therefore, the colour difference in the solutions. This
investigation reveals the possibility of selectively detecting the metal ions and
also, the possible interference from other metal ions. This possibility is further
explored in the final design of the sensor for selective determination of metal

ions using electrochemical sensing as a complementary technique.

2.6.2 Dithizone-GNP Interaction Study

A combination of GNPs with dithizone further enhances the selectivity and
sensitivity in the detection of heavy metal ions [79]. Possible reasons for that
enhancement include, electronic transitions, formation of different bonds, metal
ion complexation assisted aggregation of GNPs and n - interactions which led to
broadening or shifting of plasmon peak or appearance of new absorption peaks.
It has been reported that dithizone improves the sensitivity in electrochemical

sensing by using dithizone modified gold electrode to detect copper ions [68].
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A strong affinity between gold and thiol is well known. Therefore, dithizone is
likely to bind the GNP with thiol bond. To investigate this binding effect on the
optical spectrum, absorption spectra of GNP (0.01 w/v), dithizone (78 uM) and a
mixture of them were collected. Figure 2.21 shows the normalized absorption
spectra of dithizone, GNPs and GNPs with dithizone. Characteristic plasmon peak
of GNPs appears at 530 nm and the absorption peaks of dithizone appear at 435
and 590 nm respectively. Mixing the gold NP with dithizone results in broadening
of the plasmon peak due to the binding of dithizone on the gold NP surface and a

new peak appears around 700 nm due to the dithizone-gold interaction [79].
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Figure 2.21 Normalized absorption spectra of dithizone, GNPs and GNPs + dithizone.

To further investigate the effect of dithizone modified GNPs for metal ion sensing,
copper ions were used as model metal ions. Figure 2.22 shows the absorption
spectra of dithizone modified gold nanoparticles with and without copper ions (50
ppm). In order to avoid direct contact between copper ions and dithizone, high
concentration of dithizone (250 pM) was used and also, the concentration of
GNPs was reduced from 0.01 to 0.005% w/v. The solution was kept overnight to
allow the binding of maximum dithizone on GNPs surface and the same solution
was used to check the copper ion binding effect. Therefore, there is a possibility
that leftover dithizone may contribute to the observed absorption spectrum. This
results in the integration of the shorter and longer wavelength absorption bands
of dithizone with the GNPs spectrum. The addition of copper ions, results in the
blue shift of the plasmon peak which was evaluated based on slope change
(0.0142 to 0.0214) of the leading edge of plasmon peak. The integrated effect
leads to a shift of peak wavelength from 590 to 561 nm.
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Figure 2.22 Normalized absorption spectra of dithizone + GNPs with and without copper

ions.

2.6.3 Dithizone-ZnO Interaction Study

ZnO is a wide bandgap (~3.37 eV) semi-conducting biocompatible material.
Dithizone and ZnO interaction has been investigated in order to design a sensor,
where ZnO works as an electrode or immobilizing agent for dithizone and their
integrated effect will be exploited to detect heavy metal ions using
complementary optical and electrochemical methods. Effect on the optical
spectrum has been studied using ZnO nanoparticles and dithizone absorbance
spectrum as shown in Figure 2.23 (a). ZnO NP excitonic absorption peak was
observed at 360 nm while the dithizone absorption peaks at 460 and 596 nm
respectively. ZnO NPs were suspended in the ethanol and dithizone was
dissolved into ethanol. Both solutions were mixed by handshaking and absorption

spectra were measured over 30 min period.
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Figure 2.23 (a) Absorbance spectrum of ZnO NP (0.04% w/v) and dithizone (78 uM) in

ethanol and (b) time lapse absorbance spectra of dithizone-ZnO NP over 30 min.
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The absorbance spectrum of dithizone-ZnO NP in Figure 2.23 (b) at 0 min shows
the ZnO excitonic absorption peak at 360 nm and only shorter wavelength
absorption band shifted to 484 nm. The disappearance of the longer wavelength
band of the dithizone clearly indicates their binding on the ZnO NP surface [73].
Over a period of 30 min, more and more dithizone molecules bind to the surface
of ZnO NP which led to the red shift in absorption band peak wavelength from
484 to 515 nm and an increase in absorption. Binding process of dithizone on the
ZnO NPs surface is further studied in isopropanol to avoid instability issues of
dithizone. The process was characterized over a period of 3 hours using
absorption spectroscopy (results shown in appendix - II) and the same results

have been found as in the case of ethanol.

2.6.4 Dithizone-Zn0O-Metal ions Interaction Study

A study has been carried out to understand the capability of dithizone to detect
metal ions after binding/immobilizing on ZnO NP surface. Figure 2.24 shows the
normalized absorption spectra of dithizone immobilized ZnO particles (0.04%
w/v) with different metal ions (5 ppm each). Exciton peak of ZnO and dithizone
peak after immobilization on ZnO were observed at 365 and 515 nm in the
absorption spectrum. The second absorption band of dithizone at a higher
wavelength (~600 nm) disappears because of the immobilization. It was
observed that the short wavelength absorption peak of dithizone shifts 5 nm
(shifted to 510 nm) for Hg, Cd, Zn, Ni and Cu each. This effect can be attributed
to the electrostatic interactions between metal ions and dithizone [77]. On the
other side, ZnO absorption peak did not show any change to Hg, Cd, and Cu, but
absorption reduced in the case of Zn and Ni. The observed effect on ZnO

absorption peak requires further investigations.
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Figure 2.24 Normalized absorption spectra of dithizone-ZnO NP with different heavy

metal ions.

2.7 Rhodamine B

Rhodamine and its derivatives are widely used in a variety of fields such as
environmental sensing, biological sensing, laser dyes etc [80,81]. Rhodamine
derivatives have been used as chemosensors/optical probes/fluorophores to
detect heavy metal ions such as mercury, copper, iron, chromium etc [82-86].
As discussed, in chapter 1, FRET-based sensors using rhodamine derivatives and
gold nanoparticles are becoming popular over the last decade. Recently, sensors
have been developed based on GNP-RhB FRET mechanism for the detection of
melamine in milk [87], detection of drug like clenbuterol widely used for the
asthma patients [88] and detection of antioxidant like glutathione [89]. There
are reports on FRET mechanism based fluorescence sensors to detect Hg?* using
rhodamine derivatives and gold nanoparticles [20-22]. Also, the sensor has been
developed to detect Zn?* in water using RhB and GNPs FRET mechanism [90].
But, so far to my knowledge, there has been no study carried out to detect
copper ions using GNP-RhB FRET mechanism. Therefore, initial investigations
have been carried out to study various interactions among RhB, GNP and copper

ions using absorption and fluorescence spectroscopy.

Figure 2.25 shows the chemical structure of Rhodamine B (RhB). A structure
indicates the zwitterion structure, therefore, can exist in a different form under
different pH and solvent conditions [91]. Also, two alkyl substituents attached

with each nitrogen atom indicate that the fluorescence lifetime and quantum
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yield can vary with temperature due to the activation of internal conversion

process [80]. Therefore, RhB can be used in temperature sensing applications.

Figure 2.25 Chemical structure of RhodamineB.

Absorbance study of RhB in water was carried out by collecting absorption
spectra at different concentrations as shown in Figure 2.26(a). It has been
observed that RhB has strong absorption at 554 nm and weak absorption bands
at 520, 400 and 354 nm corresponding to different molecular transitions. A curve
of concentration vs peak absorption measured at 554 nm is shown in Figure
2.26(b).
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Figure 2.26 (a) Absorbance spectra of RhB at various concentrations and (b) the peak

absorbance vs concentrations curve.

It was observed that the rate of increase in the intensity reduces at high
concentration of RhB which might be related to the fact that at high
concentration, RhB molecules starts to arrange themselves in the form of dimers

or large aggregates [92,93].

Fluorescence spectra of different RhB concentrations have been recorded as

shown in Figure 2.27(a). Self-quenching of fluorescence occurs at high
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concentrations of RhB, which can be seen as a decrease in the slope of intensity
vs concentration trend (shown in Figure 2.27(b)). This self-quenching
fluorescence effect can be attributed to the dipole-dipole interactions of RhB
where excited monomer transfers the energy to the aggregates [93]. With
lowering concentration, RhB molecules start to isolate completely from each
other and results in the blue shift in the emission peak. The observed effect can

be attributed to the molecule orientation and intermolecular interactions [92,94].
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Figure 2.27 (a) Fluorescence spectra of RhB at various concentrations excited at 570 nm

and (b) the plot of peak intensity vs concentration.

2.7.1 RhB-GNP Interactions Study

Absorbance spectra of RhB (12.5 pM) with various concentrations of GNPs have
been collected as shown in Figure 2.28(a). The spectrum indicates a reduction in
absorption after the addition of GNP solution into RhB solution due to the
dilution. Also, addition of GNPs in RhB solution results in the appearance of other
absorption band near 750 nm. Increased absorption and the red shift have been
observed in this absorption band with increased GNPs concentration. An increase
in the GNPs concentration has caused the increase in the baseline of the
spectrum. Plasmon peak of GNPs has been integrated into the RhB peak,
therefore, no clear change can be observed. To understand the adsorption
process of RhB on GNP, a time-lapse study was carried out over a period of 10
mins and corresponding absorption spectra were recorded (as shown in Figure
2.28(b)). Reduction in the absorption was observed in both the peaks. Also, the
shorter wavelength absorption band starts blue shifting (from 554 to 549 nm),

while the longer wavelength absorption band starts red shifting (from 733 to 755

47 | Page



nm). The observed effect can be attributed to the adsorption of RhB on GNPs
surface [95].
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Figure 2.28 Absorbance spectra of 12.5 uM RhB (a) with various concentrations of GNPs

and (b) with 0.01% w/v GNP over a period of 10 mins.

Effect of GNPs on the RhB fluorescence is evaluated in Figure 2.29 for 25 uM RhB
with and without GNPs with varying concentrations of GNPs. The excitation
wavelength used was 570 nm. It was observed that the addition of 0.00125%
w/v GNPs in RhB solution enhances the fluorescence of RhB. The observed RhB
fluorescence enhancement can be attributed to the coupling of RhB fluorescence
with the local field enhancement of GNPs surface plasmon [96]. The observed
coupling effect (fluorescence enhancement) strongly depends on the distance
between RhB and GNPs surface. Also, it is notable that the RhB emission
spectrum overlaps with the GNPs absorption spectrum, a primary required
condition for efficient fluorescence resonance energy transfer (FRET), provided
that the RhB molecules are sufficiently in close proximity to GNP surface. Further
increase in the GNPs concentration forces the RhB molecules closer to the GNPs
surface. This reduced distance allows the non-radiative energy transfer from RhB

molecules to GNPs which leads to the observed fluorescence quenching [96].
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Figure 2.29 Fluorescence spectra of RhB-GNPs with varying concentrations of GNPs at

570 nm excitation wavelength.
2.7.2 RhB-GNP-Copper ions Interaction Study

A study was carried out using GNP-RhB in order to detect the copper ions based
on the FRET effect. Two excitation wavelengths were used 570 and 500 nm as

shown in Figure 2.30.
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Figure 2.30 Fluorescence spectra of RhB+GNPs with and without Copper (Cu) ions at the
excitation wavelength of (a) 570 and (b) 500 nm.

As discussed earlier, 0.01% w/v GNPs in 25 pM RhB solution quenches the RhB
fluorescence as shown in Figure 2.30(a) and (b). An addition of 50 ppm copper
ions increases the intensity of RhB fluorescence signal. The effect has been
observed at both excitation wavelengths. Copper ions penetrate through the shell
of RhB and reach the GNPs surface. The process led to an increase in GNP to RhB

molecules distance. The increased distance reduces the non-radiative energy
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transfer from RhB to GNPs surface, but still in a close proximity to allow the
coupling with local field enhancement. Therefore, addition of 50 ppm copper ions
converts fluorescence quenching effect of RhB into fluorescence enhancement
effect. When the RhB+GNPs solution was excited at 500 nm (as shown in Figure
2.30(b)), apart from the strong main fluorescence peak at 515 nm, second broad
and weak fluorescence peak was observed at 585 nm. The observed weak
fluorescence signal was due to the reabsorption and emission of strong emission
observed at 515 nm by the RhB molecules which are beyond the distance of
localized GNPs surface field effect. In order to confirm that there is no influence
of copper ions in the above sensing mechanism, copper ions, and RhB

fluorescence interaction study was carried out.

2.7.3 RhB-Copper ions Interaction Study

Effect of copper ions on RhB fluorescence was studied as shown in Figure 2.31. A
solution of 25 yM RhB was excited at 570 nm and corresponding fluorescence
spectra were recorded at various copper ions concentrations. Fluorescence
results indicate that copper ions do not cause an enhancement or quenching in
the RhB fluorescence. This result supports the investigated FRET based copper

ion sensing mechanism using RhB-GNPs.
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Figure 2.31 Fluorescence spectra of RhB with various concentrations of copper ions.
2.8 Summary

Materials such as Gold and ZnO have been identified for the development of
proposed hybrid sensor surface. Gold nanoparticles have been synthesized and

the gold thin film has been developed on the glass in order to develop sensor
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surface for optical and electrochemical sensing. Synthesis of ZnO nanoparticles
and ZnO nanowires has been carried out in order to modify the sensor surface to
enhance the surface area of the electrode and increase the sensitivity. Dithizone
has been identified as suitable chromophore and its interactions with metal ions
have been studied using absorption spectroscopy. Results have indicated that it
can be used for sensitive and selective detection of heavy metal ions.
RhodamineB has been identified as the fluorophore for copper ion detection and
its fluorescence study have been carried out using fluorescence spectroscopy.
FRET mechanism based copper ions detection has been investigated. Obtained
results indicated that copper ions can be detected using RhB-GNP based FRET
mechanism. Further investigations will be required to optimize the parameters
such as particle size and concentration range in order to develop the sensor

based on GNP-RhB FRET based copper ion detection study.

Heavy metal ions detection using dithizone will be exploited in the chapter 3 for
the development of an optical fibre based heavy metal ions sensor. RhB
fluorescence is temperature dependent. Recently, micro temperature sensor has
been reported using RhB [97], nano-thermometer have been reported using RhB
derivative [98]. Therefore, RhB can be integrated along with the proposed hybrid
sensor in order to incorporate the temperature effects on the measurements.

Heavy metal ions sensing using RhB will be exploited in the future work.
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3 Investigations on Optical Sensor Development

3.1 Introduction

Several novel approaches have been reported for the field detection of heavy
metal ions such as label-free colorimetric detection [1], fluorescent probe [2],
fluorescent resonance energy transfer based ratiometric sensor [3],
electrochemical [4], surface plasmon resonance [5], chronocoulometry [6],
protein-directed fluorescent Ag cluster [7], magnetic oligonucleotide probes [8]
and fibre optic biosensor [9]. Among these novel detection approaches, in
particular, fibre optic sensors are of interest for this research. Optical fibre
sensors offer a number of distinct and unique advantages such as they are
immune to electromagnetic interference, small in size, usually made from
chemically inert materials, allows real-time, remote, continuous and multi-point
detection, and are suitable do deploy in harsh environments. These inherent

properties make them suitable for environmental monitoring applications.

Recent developments on fibre optic sensors to detect heavy metal ions include
modal interferometer [10], surface plasmon resonance [11,12], calix(4)rene-
based [13], fluorescence based [9,14], DNA-based [15], Al,0s nanoparticles
based [16] and enzyme based [17] sensors. Most of these sensors have been
reported to detect sub-micromolar concentrations with fast response times but
lack in procedural simplicity and selectivity. Among these sensors, use of a single
wavelength for detecting multiple metal ions, especially, based on absorption are
known to be highly susceptible to interference and lacks selectivity [13]. Fibre
optic sensors based on refractive index changes also lacks in specificity with
metal ions [10-13].

One of the optical fibre sensing methods is based on evanescent waves, where
light propagating along the fibre generates the evanescent waves at the near
surface region of the fibre core [18]. These waves are highly susceptible to the
changes in the surrounding medium [13]. This chapter reports investigations on
the development of an evanescent wave based optical fibre sensor using
dithizone to detect heavy metal ions in the aqueous environment. First part of
the chapter discusses the basic theory of an optical fibre and the study of various

fibre optic parameters relevant to the evanescent wave based sensor
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development, suitability of dithizone as a sensitive and selective reagent for
evanescent wave based heavy metal ion detection, investigations on
environmental parameters such as pH and concentrations and their effects on
the detection, dithizone immobilization on the fibre surface and sensor
development. Second part reports various investigations on sensitivity
enhancement using new geometric design through simulation and experimental

work.

3.2 Theoretical Background

Optical fibre is a physical medium through which light can propagate, analogous
to the current flowing through a conductor (electrical wire). Figure 3.1 illustrates
the light propagation through an optical fibre via total internal reflections. The

refractive index of core and cladding are n; and n, respectively, where n;>n..

/ Core

Cladding

é
>
=

n2

Figure 3.1 Schematic of light propagation through an optical fibre.

The refraction and reflection phenomena of the light at a core-cladding interface
in an optical fibre are illustrated in Figure 3.2. When the angle of incidence of
light at the core-cladding interface is greater than the critical angle (defined by
the Snell’s law), light is reflected else refracted. Snell’s law relating the refractive
indices of core and cladding (n; and n, respectively) with critical angle (6.) is
defined as (eq. (3.1)) [19]:

sinf, = =2 ...eq. (3.1)

ny

The critical angle is the required minimum angle of incidence for the total
internal reflection (TIR) to occur and hence, to guide the light in the core. Light
propagates in the fibre through TIR and undergoes many reflections before

arriving at the other end.
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Cladding

Core

Figure 3.2 Light refraction and total internal reflection at the core-cladding interface.

An EM planar wave travelling in a medium with refractive index n can be

expressed as (eq. (3.2)) [20],
E = Eyexp(jwt — jk - 1) = Egexp(jwt — jkyx —jkyy — jk,z) .. eq. (3.2)

where, E, is the magnitude of EM field, w is the angular frequency, j is the

complex number; k and r, are wave and position vector, respectively.

The wave vector k can be expressed as (eq. (3.3)) [20],

k=\/kx2+ky2+k22=2%"=’z—°’ .. €qg. (3.3)

Where, A and c are the wavelength and velocity of propagating light in the
vacuum, n is the refractive index and k,, k, and k, are the wave vectors in the x,

y and z directions respectively.

Now, consider the case, where this travelling wave approaches the interface of
two materials with refractive index n; and n, as shown in Figure 3.3, where the
angle of incidence and refraction are a and S respectively. Applying the Snell’s
law, we have (eq. (3.4)) [20]:

n, sina = n, sin B ... eq. (3.4)

Here, considering the 2D interface, where, k, = 0 and ki, = kox = ki

67 | Page



Figure 3.3 Light refraction at the interface of two materials.
Substituting and equating equation (3.2) and (3.3), the k,, component of the
propagation vector can be given by (eq. (3.5)) [20],

kyy® = ny? (27”)2 (Z—zz— sinza) ... €q. (3.5)

1

Assume that n; > n,, k;, becomes imaginary when sina > n,/n;. This indicates
that the EM field becomes evanescent. Substituting these conditions into the
equation (3.2), the EM field in the medium 2 can be expressed as (eq. (3.6))
[20],

E, = Ege " 2vYexp(jwt — jk,x) ... €q. (3.6)

The expression means that electric field decays exponentially in the medium 2
perpendicular to the interface but a travelling wave exists in x direction bound to
the interface. The magnitude of decaying electric field is given by 1/k», = 1/jk>,

and is referred to as an evanescent field.

The penetration depth dp, (=1/jk,,) of the evanescent field is defined as the
distance at which the strength of electric field decays to its “1/e” value and is
given by (eq. (3.7)) [18],

dp = ——2— .. eq. (3.7)

2
. n

2mn, }smza—i2
ny

where, n; and n, are the refractive indices of the core and cladding, a is the
internal incidence angle normal to the core-cladding interface and A is the

wavelength of light. Figure 3.4 shows the variation of evanescent field
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penetration depth (dp) calculated at 485 nm for n; = 1.46, n, =1.33 for a range
of incidence angles. Calculated critical angle was 65.64 degree. Penetration
depth obtained with the above parameters was about 2 um near the critical
angle. It was observed that the dp increases sharply in less than a degree
change of incidence angle just above the critical angle. This result suggests that
in a single mode fibre, higher sensitivity can be achieved by carefully launching
the light at an incidence angle close to the critical angle. The calculated results
were based on the assumption that refractive indices of the materials are

constant in the visible range, but the fact that it varies with the wavelength.
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Figure 3.4 shows the evanescent field penetration depth (dp) with incidence angle.

To understand the effect of a change in refractive index of the fibre material with
wavelength, the same calculation was extended for different visible wavelengths
for a PMMA fibre. Figure 3.5 shows the refractive index and critical angle
variation over a visible wavelength range for PMMA fibre calculated using
Sellmeier equation [21]. Reduction in refractive index with increasing wavelength
causes the increase in the critical angle due to the constant value of refractive
index of water considered for the calculations. The refractive index of PMMA
decreases with increasing wavelength. Reduction in refractive index causes an
increase in penetration depth of the evanescent wave (eq.3.7). Therefore, to
study the effect of wavelength on the penetration depth, dp was calculated for a
range of incidence angles and at A = 400, 500, 600 and 700 nm as shown in

Figure 3.6.
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Figure 3.5 Refractive index and critical angle variation of PMMA fibre with wavelength
over 400-700 nm.

It is observed that the dp increases from 0.20 to 1.70 um as the wavelength
increases from 400 to 700 nm. These results suggest that the sensitivity depends
on the wavelength of incident light, refractive index of an optical fibre, refractive
index of an aqueous medium and also, on the physical geometry such as the

fibre diameter and interaction length.
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Figure 3.6 Evanescent wave penetration depth (dp) variation with wavelength for a

range of incidence angles.

When a light of intensity I, incident on a cell of path length /, comprising
absorption medium with molar absorption coefficient a,,, the output intensity I

can be expressed using the Beer-Lambert law (as shown in Figure 3.7) [22]:
I =Iyexp(—a,,lC) ... eq. (3.8)

where, C is the concentration of the absorbing species.
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Figure 3.7 Light absorption through a cell using Beer-Lambert law.

As discussed, light propagating through the fibre generates an evanescent field
in the cladding. This exponentially decaying evanescent field in the cladding
region can be exposed to the surrounding environment by removal of the
cladding. Thus, the evanescent field in the uncladded region of the fibre changes
with the surroundings. If the evanescent wave penetrates into the absorbing
medium surrounding the fibre core, the energy carried by the evanescent wave
will be absorbed. Referring back to the previous absorption cell (Figure 3.7)
which describes the direct absorption, a similar equation (eq. (3.9)) can be
expressed for the evanescent wave based absorption medium for a fibre optic

waveguide, with a term referred to as effective attenuation coefficient y [22],
I =Iyexp(—ylC) = I, exp(—(amrf)lC) ... €q. (3.9)

where, y = anry and ry refers the reduction factor (rr < 1) in the attenuation

coefficient. Reduction factor rrcan be expressed as (eq. (3.10)) [22]:
T = :—:n ... eq. (3.10)

where, n, is the real part of the refractive index of absorbing species, n. is the
effective refractive index of the guided wave (n. = n;sin@), and n is the fraction
of the total power launched into the fibre that interacts with the absorbing

environment.

Based on above expressions, it can be concluded that, in the case of evanescent
wave absorption based sensors, sensitivity depends on the fibre geometry such
as diameter, interaction length and other parameters such as incidence angle,
critical angle, wavelength of light, refractive index of core and cladding and

molar absorption coefficient of analyte.
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3.3 Feasibility Study on Evanescent Wave based Sensing

3.3.1 Background

Interactions between dithizone and metal ions have been already discussed in
chapter 2. Briefly, metal ions adsorb on the binding sites formed by apex S and
N atoms of the dithizone and by removal of hydrogen atom dithizone forms the
metal dithizonates [23]. This binding process leads to a change in the absorption
spectrum of dithizone, explained in chapter 2. This change in the absorption
spectrum of dithizone can be monitored using uncladded fibre based on the
evanescent wave absorption phenomenon as discussed in theory. Therefore, a
very simple strategy has been adopted to develop the fibre optic heavy metal ion
sensor. As mentioned earlier, light propagating along the fibre generates the
evanescent waves at the near surface region of the fibre core [18]. Upon
removal of the cladding, they can be exposed to the aqueous environment. Any
change in the absorption property of the aqueous medium surrounding the
uncladded fibre can lead to a change in transmitted signal. Therefore, a polymer
multimode fibre with the uncladded sensing region has been used as a sensor to
detect the heavy metal ions in aqueous solutions. This evanescent wave
spectroscopy based detection strategy using dithizone offers increased specificity
from other contaminants in the aqueous environment compared to the single

wavelength detection approaches.

3.3.2 Detection Principle

The detection principle is the same as stated for the metal ions in chapter 2. The
chemical structure of a dithizone is shown in Figure 3.8(a). Copper ion forms
copper dithizonate by complexing with dithizone as shown in Figure 3.8(b) which
causes the change in the absorption spectrum of dithizone, as shown in Figure
3.8(c). This change leads to the change in evanescent field absorption of the

light propagating through the fibre leading to change in transmitted signal.
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Figure 3.8 (a) Chemical structure of dithizone and (b) copper dithizonate. (c) Normalized

absorption spectra of dithizone and copper dithizonate.
3.3.3 Chemicals

Analytical grade dithizone, 2-propanol, mercury, copper and chromium ion
standard solutions were purchased from Sigma-Aldrich, UK and used without any

further purification.

3.3.4 Experimental Setup

A simple experimental setup of the fibre optic sensor is shown in Figure 3.9(a). A
white light LED (400-700 nm) from Electrospell Ltd was used as light source and
the light was coupled to the fibre through an LED-Fibre coupler. For easier light
coupling and detection, a multimode polymer fibre of 1 mm core diameter was
used. Commercial optical fibre stripper and cutter were used to remove the
cladding (6 cm in length) of an optical fibre. This unclad fibre was fixed inside the
custom made sample cell and exposed to the aqueous solutions throughout the
experiment. Concentrations of the metal ions were made from the metal ion
standards and added to the dithizone solution to form the metal dithizonates.
The optical signal transmitted through the fibre has been detected using a
Stellarnet (EPP2000C) spectrometer at an integration time of 400 ms at room
temperature. For each sample three spectra (each averaged over three) were
collected which allows averaging possible intensity fluctuations from the LED
source. Interaction of dithizone with metal ions was characterised using UV/Vis
absorption spectroscopy. A Perkin Elmer (Lambda 900) UV/Vis absorption
spectrometer was used for characterization and comparison/calibration of the

aqueous samples. A custom made sample cell (as shown in Figure 3.9(b)) was
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used for holding the samples during measurements and was cleaned after each

measurement using deionised water.

Spectrometer

(a) LED-Fibre coupler In Cel
el

Power
Source

Figure 3.9 A schematic view of the experimental setup (a) and a picture of the custom

made sample cell (b).
3.4 Results and Discussions

Absorption study of mercury dithizonates at various mercury ions concentration
were carried out using UV-Vis absorption spectrometer by keeping the mercury
dithizonate solution in a standard quartz cuvette (1 cm path-length). Figure
3.10(a) shows the mercury dithizonate absorbance trend for various
concentrations of mercury ions measured at peak wavelength 490 nm.
Absorption increases linearly with the concentration of mercury ions following the
Beer-Lambert's Law. A similar experiment was carried out with the developed
fibre optic sensor, where a mercury dithizonate solution was entered into the
sample cell and a change in output signal from the spectrometer was recorded at
the peak wavelength of mercury dithizonates (490 nm). Figure 3.10(b) shows
the trend of the output signal (I) over the reference signal (I,.r) with mercury
ions concentration where the signal from water was considered as a reference
signal. The measured output signal in the spectrometer decreases exponentially
with an increase in mercury ion concentration. The observed decrease in output
signal can be attributed to the evanescent absorption, as discussed in the theory
(section 3.2). Briefly, an increase in the mercury ion concentration causes an
increase in the bulk absorption of the mercury dithizonates which leads to an
increase in the evanescent absorption and as a result of that transmitted signal

decreases.

74 | Page



0.9+

0.8+

0.7

0.6

Absorbance

0.5

0.4

0.3

0.880

08754

0.870 4

0.865

1/1

0.860

0.855 4

0.850

r . T . 0845

T T T T T

5 ' 10 ' 15 ' 20 25 5 ) 10 15 20 25
(a) [Hg™1/ uM (b) [Hg™1/ M

Figure 3.10 (a) Mercury dithizonate absorbance trend and (b) output signal trend from

fibre optic sensor with mercury ions concentration.

3.4.1 Metalions Selectivity

The spectral response of copper, chromium and mercury ions with dithizone (78
MM) was evaluated with 1 pg/ml concentration of each and the corresponding
normalized absorption spectra are shown in the Figure 3.11. The absorption peak
observed for chromium, copper and mercury dithizonate were at 530, 438 and
490 nm respectively. The peak absorption wavelength of mercury ions was 40
and 52 nm away from the peak absorption wavelength of chromium and copper
ions respectively. The wide spectral shift (AAnax) for copper and chromium ions
evades the spectral overlap issues and enables the selective detection of each

using principle component analysis (PCA) [24,25].
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Figure 3.11 Normalized absorption spectra of 1 pg/ml mercury, copper and chromium

dithizonate in an aqueous solution.

As discussed, the deformation in HOMO of the dithizone, due to the chelation
with metal ions, strongly depends on the electrostatic interaction of metal ions

with dithizone. The electrostatic force exerted by the metal ions on the electron
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cloud in HOMO depends on the electronegativity of metal ions. The
electronegativity of mercury, copper and chromium is 2.00, 1.90 and 1.66
respectively. Therefore, the electrostatic force exerted by these metal ions on
electron cloud in HOMO is different, henceforth; the change in electron energy
levels of dithizone is different. Further, because of this effect, we observe the
shift in the absorption band for the mercury, copper and chromium dithizonates.
If we follow the influence of electronegativity of atoms on the peak wavelength
shift, chromium should give a higher peak wavelength shift compared to copper,
but that is not the case. There are other parameters which affect the electron
energy levels, the first and most important one is the dithizone structure, which
modifies it to lower its energy, and also the enthalpy and entropy of the system
[26] and activity of the water/solvent [27]. Therefore, the whole effect is
responsible for the different wavelength shift and binding affinity shown by metal

ions to the dithizone.

In the same way, copper and chromium ion detection were carried out using the
fibre optic sensor. Trends of I/l for copper and chromium dithizonates
measured at 438 and 530 nm respectively for various concentrations are shown
in Figure 3.12 (a) and (b). The trends were similar to the trend observed with
mercury ions. The difference observed in the slope of the trends can be
attributed to the difference in binding affinity of the mercury, copper and

chromium ions with dithizone.
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Figure 3.12 Output signal trend from the fibre optic sensor measured for (a) copper and

(b) chromium ions with their respective concentrations.
3.4.2 Multi-ion Detection

Simultaneous detection of copper and chromium ions along with mercury ions

was evaluated by mixing the copper and chromium ions with mercury ions prior
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to adding the chelating agent dithizone. Absorbance spectra of dithizone (78 pM)
in the presence of mercury, mercury and copper, mercury and chromium ions
are shown in Figure 3.13. As discussed, due to the stronger binding affinity of
mercury, even in the presence of other metal ions, a strong mercury dithizonate

peak can be seen. Table 3.1 shows the analysis of each peak.

—— 25uM Hg + dithizone
- - - 25uM Hg + 79uM Cu + dithizone
---- 25uM Hg + 96uM Cr + dithizone

Absorbance

T v T v T v T v T v T v T v 1
350 400 450 500 550 600 650 700

Wavelength (nm)

Figure 3.13 Absorbance spectra of metal dithizonates in an aqueous solution.

In the presence of copper ions, the mercury dithizonate absorption peak shifted
to 478 nm, while in the presence of chromium ions, the absorption peak shifts to
498 nm. The full-width half maximum data indicates the peak broadening in the
presence of copper and chromium ions. The larger value of the area under the
peak (b) and (c) indicates that even after 25 uM of mercury ions are consumed
in chelating with dithizone, there are still some binding sites available. As the
copper ions have the next higher binding affinity after mercury ions, the few
binding sites which are left are then used by the copper ions in chelation.
Therefore, the reduction in available binding sites for the mercury ions cause the
reduction in absorption peak height and introduction of copper dithizones cause
the peak broadening. A similar effect can be seen for the chromium ion. The
difference observed in the peak height was due to the lower binding affinity of
chromium ions. Observed full width half maximum (FWHM) for peak (b) is higher
than the peak (c) because the wavelength shift (AAmax) Of copper dithizonate is
higher than the chromium dithizonate with respect to the peak wavelength of
mercury dithizonate. The higher FWHM value observed for peak (b) and peak (c)
compared to peak (a) and shift of the central wavelength both support the

detection of copper and chromium ions along with mercury ions simultaneously.
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Table 3.1 Absorption peak analysis of metal dithizonate.

Peak Area FWHM Central Height
(a) Hg 103.21 85.28 490.00 1.08
(b) Cu + Hg 127.28 119.46 478.00 0.54
(c) Cr + Hg 114.13 97.87 498.00 0.75

These results indicate that a lower concentration of interfering metal ions may
not affect the mercury ion detection due to the strong binding affinity of
mercury. In a similar way, detection of copper and chromium ions may not be
affected if a very low concentration of mercury ions are present. Also, the
analysis based on the area under the peak indicates the probability of
simultaneous detection of other metal ions by increasing the binding sites. Effect
of other interfering metal ions such as cadmium, nickel, arsenic, zinc and lead on
the detection of mercury has been studied using absorption spectra (results
shown in Figure 3.14) and found that mercury has the highest binding affinity

with the dithizone amongst all other interfering metal ions.
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Figure 3.14 Change in peak absorption of various metal dithizonates (1 ppm each) over
dithizone absorption spectrum.

3.4.3 Extension of Dynamic Detection Range

To extend the dynamic range of the sensor, intensity variation of mercury
dithizonate absorbance peak, for 25 nM-100 uM mercury ions, was studied.
Figure 3.15(a) shows the corresponding intensity variations. To better
understand the observed nonlinear trend, the effect of dithizone to mercury ions

concentration was studied. Absorbance spectra were recorded for a range of
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ratios of dithizone to mercury ions concentrations ([Claithizone:[ClHg) @s shown in
Figure 3.15(b). Results indicate that ratios in the range of 1:2 to 1:5 provide the

optimum value for mercury ion detection.
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Figure 3.15 (a) Absorbance trend of mercury dithizonates at 490 nm with varying
concentration of mercury ions and (b) absorption spectra of 2.5 pM mercury ions with

different dithizone concentrations.

Further, the effect of pH on the peak absorbance of mercury dithizonate was
studied by varying the pH from 4 to 9 of a solution using nitric acid and
ammonium hydroxide. Figure 3.16 shows the effect of pH on the mercury
dithizonate peak absorbance measured at 490 nm. The higher absorption
observed at pH 6 can be attributed to the availability of maximum binding sites
for chelation. A similar effect was observed by Benounis et al. [13] for the
calix(4)arene molecule. The adsorption site formed by S-C-N-N atoms was
protonated by H* ions in highly acidic solutions while in the case of pH > 6, the

formation of mercury hydroxide occurs which may result in a lower absorption.
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Figure 3.16 Mercury dithizonate absorbance trend measured at the peak absorption

wavelength with pH varying from 4 to 9.

79 | Page



These results indicate that the two major contributors to the observed nonlinear
absorbance trend are pH and the dithizone:mercury ion concentration ratio. The
effect of pH can be overcome by simultaneously measuring the pH of the solution
and considering the respective pH based absorption trend. By keeping the
dithizone:mercury ion concentration ratio at an optimum value and using
multiple sensors with different dithizone concentrations, henceforth, different
detection range, dynamic detection range can be extended. Also, the pH based
investigations were exploited to recover the dithizone and the effect of changing
the pH of the mercury dithizone solution can be seen in appendix — III. Results
have shown that lowering the pH (pH<3) using HCI, dithizone and mercury ions
can be separated [23] which will be used further to regenerate the sensor

surface for the next measurement.

3.5 Sensor Development

In the feasibility study, it was established that using evanescent wave absorption
spectroscopy, heavy metal ions can be detected using dithizone. This section
reports the immobilization of dithizone on the surface of an optical fibre and a
novel inverted trench design based fibre optic sensor development to enhance

the sensitivity by increasing the evanescent field interaction with the analyte.

3.5.1 Sensor Fabrication

A standard multimode step index silica fibre with core and cladding diameter 200
and 230 um respectively has been used to develop the sensor. The polymer
coating (jacket) of the fibre has been removed mechanically using a
commercially available optical fibre stripper for a length of about 5 cm. Cladding
(3 cm in length) of the fibre has been removed using acetone. An uncladded fibre
has been coated with a layer of PMMA (1 mg/ml) by dip coating with the help of
a dip coater unit, at a pulling rate of 37.5 mm/min. After the fibre was fully
immersed in the PMMA solution 1 min settling time was allowed and thereafter, it
was removed from the solution at the same speed. The coated fibre was allowed
to dry at room temperature for 2 hours. Thereafter, the same process was
repeated by replacing the PMMA solution with dithizone (1mM). The coated fibre
was kept inside the dithizone solution for 2 hours to allow the binding process,

thereafter; it was removed from the solution and dried at room temperature.
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Figure 3.17(a) and (b) show the SEM images of the coating on the fibre at
different magnifications. SEM images indicate that the coating is uniform and the

surface is smooth. An overall thickness of the fibre with the coating was about

220 pm which leads to the coating thickness of approximately 10 um.

Figure 3.17 SEM images of the coated optical fibre at (a) 700x and (b) 1000x
magnification.

3.5.2 Results and Discussions

A similar experiment was performed with the same setup by replacing the
previous polymer fibre with the new silica fibre coated with dithizone. Prior to
each sample of copper ions, a reference spectrum was collected in water. After
the measurement, sensor surface was recovered using pH 3 solution followed by
a wash in water. Figure 3.18 shows the plot of I/I.. with copper ion
concentrations. It was observed that with an increase in copper ion

concentrations, I/I..rdecreases exponentially as depicted in theory.
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Figure 3.18 Output signal trend with copper ion concentrations.
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3.6 U-bend Probe Design using ITF Configuration

3.6.1 Background and Introduction

A light ray launched selectively at an angle close to the critical angle propagating
through the fibre, when encounters the aqueous medium (water, n,=1.330),
observes a lower critical angle. Therefore, the penetration depth of the light ray
into the water becomes very low. Fibre optic sensors which work on the
evanescent wave based sensing principle, especially with a straight or uniform
geometry, have their sensitivity limited by the very weak evanescent field
absorption due to the small penetration depth. In order to increase the
sensitivity, approaches such as selective launching of the specific light modes
into the fibre [28], tapering the sensing probe [29] or U-bent probe were
reported [30]. Bending the fibre transfers the power from the guided modes to
the leaky modes which results in more power to interact with the analyte and

therefore, higher sensitivity [30,31].

Demand for trench-assisted multi-core optical fibres has been increasing in the
recent years [32-35] due to their advantages such as low bending loss
[32,33,36] (insensitive to bending), low crosstalk, high-density space-division
multiplexing and wavelength division multiplexing [34,35]. Trench assisted
designs in slab waveguides for various integrated optic applications are also
becoming popular among researchers [37-39]. The special properties offered by
various novel trench-assisted designs in slab waveguides and optical fibres have
created a huge potential in various applications. A novel inverted trench design
has been developed in order to confine the propagating light at the interface

region in the sensing area.

Further work is carried out by developing an inverted trench design (ITF) based
U-bend probe to enhance the sensitivity, where the propagating light confines to
the trench area. An inverted trench based fibre optic evanescent wave sensor
has been developed to estimate the copper ions in aqueous environments. This
section reports the computational and experimental investigations on the effect
of bending on the sensitivity of fibre optic sensor in estimating the copper ion
concentration. COMSOL Multiphysics software has been used to carry out the

computational work.
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3.6.2 Theory and Computations

In fibre optic evanescent wave absorption based sensors, sensitivity depends on
the interaction of evanescent field with the absorbing species. As discussed in the
theory of an optical fibre sensors (section 3.2), reduction factor rris the major
contributor to the sensitivity. Refractive indices n, and n. cannot be changed as
are the property of the respective materials, but n can be increased by modifying
the geometry of the fibre. Therefore, the work carried out here only focuses on

the n.

Computational work was carried out for three different fibres, hard clad silica
fibre (HCF), bare silica fibre (BF) and inverted trench silica fibre (ITF) for
straight and bend geometrical configurations. The full vectorial finite element
software COMSOL Multiphysics version 4.4 was used to analyse the design. The
effect of bending curvature of the fibre can be represented by proper coordinate
transformation (conformal mapping) as described by Heiblum & Harris [40].
Modelling of the sensor design in an aqueous environment was implemented in
2D-axisymmetry in order to compensate for the additional path length introduced
by bending. The transverse plane of fibre cross-section is in the r-z plane and the
fibre bent is in the w-r plane making g as the propagation direction of the wave.

Evanescent power fraction n in g direction is expressed as (eq. (3.11)) [41]:

same mode same mode

n=[ o (ExHy, —HyE))dxdy/ [, " (ExHy — HyEy)dxdy ..eq. (3.11)

Figure 3.19(a) shows the E-field distribution in HCF, BF and ITF in a straight
configuration and a refractive index profile of inverted trench design. A red
colour indicates very strong electric field and dark blue colour represents no
electric field. In HCF, E-field is confined in the centre of the fibre core, while, in
BF, fibre modes goes under transition to whispering gallery modes and confine
towards the surface [42]. In the case of ITF, due to the inverted trench design,
all the E-field confines in the trench area. Figure 3.19(b) shows the comparison
of the power fraction n for the HCF, BF and ITF in a straight and bend
configuration, where n has been normalized with respect to the bend radius 1.5
cm. Observed higher value of n for the inverted trench based design makes this

design a suitable candidate for evanescent wave based sensing applications.
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To understand the bending effect on the ITF design for sensing applications,
bend analysis was carried out by bending the HCF, BF and ITF at radii R = 2.5,
2.0 and 1.5 cm. Calculated results show that value of n nearly doubles in a
straight configuration for an ITF over BF, while about 10 fold increase was
observed in a bend configuration at radius of 1.5 cm. This increase was due to
the increased effective area of the fibre while maintaining low loss [36]. Also,
bending the fibre has caused the E-field loss which led to a slight decrease in n
observed in BF [43]. The sensitivity of the evanescent field based sensors
directly depends on the n and therefore, observed 10 fold enhancement in n is

very significant.
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Figure 3.19 (a) Computational images of electric field distribution in cross-sections of
HCF, BF and ITF, and a refractive index profile of ITF. (b) Normalized power fraction n of
HCF, BF and ITF for straight and different bend radii R.

Further, as the light confines and propagates in the trench region, width of the
trench plays a crucial role. Therefore, effect of trench width on the power fraction
n has been analysed by calculating n with varying trench width. Figure 3.20 (a)
shows the plot of normalized n with trench width varying from 5-100 pm in a
straight configuration. Results show that maximum n can be achieved at 20 pm
trench width. Further to understand the effect of trench width on n under bend
configuration of ITF, calculations were carried out for 10 and 20 um trench width.
Figure 3.20 (b) shows the plot of normalized n in straight and bend
configurations for 10 and 20 pm trench widths. Results follow the same trend as
observed in the straight ITF configuration, allowing maximum n at 20 ym trench
width.

84 | Page



1.0 L 10-4 M Trench W = 10pm
d | W Trench W = 20um
0.8
/I
= 06+
B [
N
®
E 044
S
= -
02 / \ /-
v \
-
0.0+ \/l
T T T T T T -
0 20 40 60 80 100 Straight R=25cm R=20¢cm R=15cm
(@) Trench Width (um) (b)

Figure 3.20 (a) Normalized evanescent power fraction in ITF for a straight configuration
with varying trench width and (b) for a straight and and different bend radii, R at 10 and
20 pm trench width.

3.6.3 Experimental

3.6.4 Chemicals

Analytical grade copper sulphate, poly(methyl methacrylate), dithizone, anisole
and isopropanol were purchased from Sigma-Aldrich, UK and used without any

further purification.

3.6.5 Inverted Trench Fibre Optic Sensor Development

An uncladded fibre was coated with a layer of PMMA (1 mg/ml) by dip coating
with the help of a dip coater unit, at a pulling rate of 37.5 mm/min. After the
fibre was fully immersed in the PMMA solution 1 min settling time was allowed
and thereafter removed from the solution at the same speed. The coated fibre
was allowed to dry at room temperature for 2 hours. Dip coating process was
repeated again with PMMA solution. Thereafter, the same process was repeated
by replacing the PMMA solution with dithizone (1 mM). The coated fibre was kept
inside the dithizone solution for 2 hours to allow the binding process and

thereafter removed from the solution and dried at room temperature.

3.6.6 Experimental Setup

A pictorial view of the simple experimental setup is shown in Figure 3.21. A white
light LED from Electrospell Ltd was used as broadband light source and the light
was coupled to the fibre through a plano-convex lens. Commercially available
optical fibre stripper and cutter have been used to remove the jacket (3 cm in

length) of an optical fibre. Cladding has been removed using acetone and coated
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with dithizone using a dip coating unit. This coated fibre has been mounted using
a custom made fibre U-bend holder and exposed to the aqueous copper ion

solutions throughout the experiment.

LED Light
Source / Coupler
Assembly

Optical Fibre

Figure 3.21 A pictorial view of the experimental setup.

U-bend radii of 1.5, 2.0 and 2.5 cm can be adjusted with the movable holder.
The optical signal transmitted through the fibre has been detected using a

Stellarnet (EPP2000C) spectrometer with an integration time of 250 ms.

3.6.7 Results and Discussions

For a range of copper ion concentrations output signals have been collected from
the developed inverted trench fibre optic sensor. Figure 3.22(a) shows the
output signal trend I/I,. with increasing copper ion concentration at 460 nm
which decreases with increasing concentrations. This decrease in signal was due

to the increased absorption of the evanescent field by the samples.

In order to analyse the bending effect on sensitivity experimentally, we have
carried out experiments with the same radius used in theoretical calculations.
Figure 3.22(b) shows the change in copper ion signal with increasing
concentrations for the bend radius R = 2.5, 2.0 and 1.5 cm of the sensor
measured at 460 nm. Results show that the smallest bend radius (1.5 cm) has
the highest sensitivity, in agreement with the computational results. Copper ions
were detected at very high concentrations in the case of bend radii of 2.0 and
2.5 cm, but the negligible effect for concentrations lower than 10 ppm. The

observed higher sensitivity with the bend radius of 1.5 cm can be attributed to
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the higher power fraction n available to interact with the analyte. As discussed in
theory of the evanescent wave absorption based waveguide sensors (section 3.2,
equation 3.9 and 3.10) increase in the n cause the increase in reduction factor r¢

leads to higher sensitivity.
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Figure 3.22 (a) A trend of the output signal with copper ion concentrations from the
developed inverted trench based fibre optic sensor and (b) intensity change of copper

ion signal with different bending radii, R.

Further to verify the effect of trench width W, on the sensitivity, trench of 10 and
20 um have been developed on the optical fibre using the same coating
technique as described earlier in the sensor fabrication section. Figure 3.23(a)
and (b) show the SEM images of 10 and 20 pm trench widths developed on the
optical fibre. Two similar experiments were performed with 10 and 20 pm trench
width for the U-bend radius of 1.5 cm. Figure 3.23 (c) shows the gradient of
intensity change at different copper ions concentrations for trench width of 10
and 20 ym. The 20 ym trench width has shown a rapid change in copper ion
signal for lower concentrations due to the increased power fraction n. For 10 um
trench, the optical field is more confined and shrinks to the centre of the trench.
While, in the case of 20 pm trench, effect of trench assisted optical field
confinement reduces which allows propagation of some of the leaky modes and
thereby, increasing the effective area and hence, the sensitivity [19]. Sensitivity
can be further enhanced by tailoring the fibre parameters as discussed in the

theory section.
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Figure 3.23 SEM images of an optical fiber with (a) 10 pm and (b) 20 pm trench. (c)
Change in measured intensity with copper ion concentrations for 10 pm and 20 pm
trench.

3.7 Summary

Development of an optical fibre based heavy metal ions sensor has been carried
out. Dithizone has been used as a sensitive and selective reagent to detect heavy
metal ions. For the first time, dithizone has been used to detect heavy metal ions
using an evanescent wave absorption spectroscopy based approach. Effects of
environmental parameters such as pH and concentration ratio of dithizone and
metal ions have been investigated to achieve optimum conditions and improve
the sensitivity. A possibility of multi-ion detection has been investigated for
chromium, copper and mercury. In this work, using the developed evanescent
wave sensor detection of chromium, copper and mercury ions has been carried
out. Detected mercury and copper ion concentrations using the developed sensor
were found to be lower than the safe thresholds suggested by the World Health
Organization (WHO) in drinking water [44].

For the first time, novel U-bend probe based on an inverted trench based design
has been developed in order to enhance the sensitivity of the evanescent
absorption based approach. Higher sensitivity has obtained through developed
ITF based sensor in U-bend configuration and verified by computational
simulations accompanied by experimental work. Also, results have shown that
the trench width and U-bend radius are the significant geometrical design

parameters to obtain the higher sensitivity.

As discussed in chapter 1 and 2, about the unique surface properties of the
nanomaterials, surface modifications of the sensor will be carried out using

nanomaterials to utilize their properties in further enhancing the sensitivity. Next

88| Page



chapter discusses various investigations on the sensor surface modifications

using nanomaterials.
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Chapter 4

Investigations on Surface Modifications
using Nanomaterials

95| Page



96 | Page



4 Investigations on Surface Modifications using Nanomaterials

4.1 Introduction

An inverted trench design provides higher sensitivity as concluded in the chapter
3 based on theoretical and experimental investigations. From the literature, it is
known that nanostructures provide a very high surface to volume ratio.
Therefore, sensor surface modified with nanomaterials can provide enhanced
surface interactions leading to further increased sensitivity. This chapter reports
investigations on the surface modifications using nanomaterials to enhance the

sensitivity.

Materials identified for the surface modification includes: (i) optical material
(transparent/semi-transparent) and electrically active (conductive/
semiconductive) (ii) their refractive index greater than the waveguide material
(specifically in visible wavelength range) (iii) and suitable to coat/synthesize on
waveguide material. ZnO is a wide bandgap semiconducting material and has a
refractive index greater than the waveguide material (BK6/SF10/SF11
glass/fused silica). Synthesis of various ZnO nanostructures, and their
interactions with heavy metal ions and dithizone have already been discussed in
chapter 2. Other suitable candidates for this application are gold thin film and its

nanostructures and graphene and have been characterized and discussed.

For simplicity, glass slide has been used to study the interaction of aqueous
solution with the surface modified with ZnO nanostructures. Thereafter,
synthesis of ZnO nanostructures on the surface of an optical fibre is carried out.
Similarly, rectangular glass waveguide coated with thin film of gold (~50 nm)
has been used to develop ZnO nanostructures on the surface and investigated.
At last, graphene, another suitable material for the hybrid sensor development,
has been investigated. Dispersions of graphene flakes have been used to modify

the surface of the gold coated glass slide.

4.2 Surface Modification by ZnO Nanowires

The surface properties (hydrophilic or hydrophobic nature) of ZnO play a crucial
role in aqueous environments, especially in sensing applications such as

biosensing, biomedical and microfluidic applications [1]. Adsorption/adhesion of
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species on the surface and their interaction depends on the surface energy and it
closely relates to the wetting nature of the surface [2]. Therefore, control over
the wettability is highly required in all such applications. Broadly, there are two
distinct approaches, contact and non-contact type, for changing the wettability of
the surface. In a contact type, the surface is being chemically modified using
low/high energy material which is not desirable [3]. Non-contact type
approaches include high-temperature annealing [4], plasma treatment [5], ion
sputtering [4] and light illumination [6]. Recently, light-induced wettability
tuning is becoming popular [7-9].

However, the major problem arises in the control over surface wettability which
is crucial for improving the interaction between surface and surrounding aqueous
medium. Therefore, it is important to have a well-defined control over the
surface wettability of ZnO nanowires. Several papers have reported on the
tunable wettability shown by ZnO nanowires exposed to UV lamps [8-10].
However, these lamps are relatively slow to switch on, stabilize and also,
generate a considerable amount of heat. Further, they are not eco-friendly, they
are a potential health hazard due to the UV exposure and Ilimit the
miniaturization of the devices. A UV lamp imposes the problem of destroying the
biomolecules/cells on the surface because of deep UV light (UV-C) irradiation
[11]. Therefore, use of UV lamps to tune the surface wettability of ZnO
nanowires is not a convenient approach. Also, UV lamps cannot provide well-
defined control over the surface wettability. This is the first study on LED based
control of ZnO nanowires’ wettability and its wavelength dependency. LEDs are
smaller in size, inexpensive, energy efficient, have a narrow emission spectrum
and offer better tunability of various control parameters. Therefore, LEDs can
offer advanced and dynamic control over the tuning of surface wettability. Also,

LEDs can be integrated on the sensor chip.

The role of light wavelength in controlling the surface wettability of ZnO
nanowires is unclear. Therefore, the role of LED emission wavelength in
controlling the wettability of ZnO nanowires have been investigated and
discussed in this chapter. Initial investigations on the spectral effects of light
irradiation, using LEDs (A, = 365 nm, 385 nm, 454 nm and 519 nm), on the
hydrophobicity of ZnO nanowire films have been carried out. Also, the effects of

light wavelength and irradiation time over the hydrophobic-hydrophilic transition

98 | Page



rate and relative change in contact angle have been studied. Results show that
spectral overlap between LED emission spectra and ZnO nanowire absorption
spectra defines the rate of change in wetting angle of ZnO nanowires. LED with
A, = 365 nm has shown very high transition rate compared to other
wavelengths. Also, LEDs with emission wavelengths of 454 nm and 519 nm did
not show change to the hydrophobic state of the ZnO nanowires even after 30

min of irradiation.

4.2.1 Materials and Methods

4.2.1.1 Materials

All the materials used in the experiment were analytical grade. Zinc acetate, zinc
nitrate hexahydrate and ammonium hydroxide were purchased from the Sigma-
Aldrich, UK. AIl glassware was cleaned in deionized water prior to the

experiment.

4.2.1.2 Synthesis of ZnO Nanowire Films

ZnO nanowires were grown on glass substrates using hydrothermal synthesis
method [12]. 10 mM zinc acetate was drop casted on the glass substrates and
annealed on a hotplate for one min at 100°C for better adhesion. The process
was repeated 5 times to get a uniform thick seed layer. ZnO nanowires were
grown by immersing the seeded substrates into the mixture of 125 ml 20 mM
zinc nitrate and 7 ml 28-30% ammonium hydroxide and annealed on a hotplate
at 95° C for 5 hours. Thereafter, substrates were removed from the growth
solution and rinsed with de-ionized water several times. The substrates were
allowed to dry at room temperature and atmospheric pressure before

characterization.

Surface analysis of the synthesized ZnO nanowire films was carried out using a
Scanning Electron Microscope from ZEISS (EVO LS10). Surface wettability was
characterized using contact angle measurement system from the First Ten
Angstrom (FTA200) at room temperature (RH - 8%). The absorption spectrum of
the ZnO nanowires was collected using Lambda 950 UV/Vis Spectrometer from

Perkin Elmer.
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4.2.2 Experiments

A schematic view of the experimental setup for irradiating the samples with LEDs
is shown in Figure 4.1. LEDs (A, = 365 nm and 385 nm) were purchased from
Nichia Corporation and LEDs (A, = 454 nm and 519 nm) were purchased from
Avago Technologies. Full spectral width at the half maximum of the LEDs (A, =
365 nm, 385 nm, 454 nm and 519 nm) were 15 nm, 15 nm, 25 nm and 30 nm
respectively. LED emission was coupled through a bi-convex lens and irradiated
over the sample placed on a sample stage. A neutral density filter and aperture
were used to control the optical power density. A dichroic mirror was used in the
path to tap a fraction of the light for monitoring the power level with a Coherent
(FieldMaster GS) power meter and/or LED spectra with StellerNet (EPP2000C)
spectrometer. Surface wettability of the developed ZnO nanowires was studied
using the contact angle measurement system, by measuring the water contact
angle before and after the light irradiation for different time durations. All light
irradiation experiments were performed at constant optical power. All contact

angle measurements were carried out using 2 pl water drop under ambient

conditions.
ND Filter
1 I Dichroic Sample Stage
LED _ —~ 1 —1— >
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Figure 4.1 A schematic view of the experimental setup.
4.2.3 Results and Discussions

Figure 4.2 shows the SEM image of ZnO nanowires at different magnifications.
From the SEM image, it can be seen that the synthesized ZnO nanowires are
preferentially oriented towards the c-axis perpendicular to the glass substrate.
The hexagonal structure of the ZnO nanowires can be seen in the magnified SEM

image. Also, the magnified view of the nanowire tip reveals the growth of layered
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hexagonal nanostructures on the tip. This nanoscale roughness on the tip
reduces the contact area between solid and the droplet which allows the
entrapping of a large amount of air below the droplet, and therefore, enhances
the hydrophobicity of the surface [9,13]. Length and diameter of the synthesized

Zn0O nanowires were about 11-12 um and 400-500 nm respectively.
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; 1=75-§3a.“:~»

“ A

Figure 4.2 SEM images of the synthesized ZnO nanowires on glass at different

magnifications.

The water contact angle was measured immediately after the synthesis of ZnO
nanowires and found to be about 0°. This super hydrophilic nature shown by the
as-synthesized ZnO nanowires using hydrothermal method can be attributed to
the hydroxyl groups on the surface. Thereafter, substrates were left to dry under
ambient conditions for 72 hours. During this process adsorbed hydroxyl groups
on the surface were replaced by atmospheric oxygen leading to the hydrophobic
surface. Therefore, measured water contact angle of ZnO nanowires after drying

the substrate was around 125°.

Surface wettability of the synthesized ZnO nanowires was analysed by measuring
the static contact angle. ZnO nanowires surface wettability can be considered

conferring to the Cassie-Baxter [14] or Wenzel [15] models.

A Young contact angle, 8,, on the smooth surface can be defined in terms of

surface energy as [16]:
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cosBy = (Ysv - Ys1) / Y

where, Ys, Ys @nd y, are surface tension of solid-vapour, solid-liquid and liquid-
vapour, respectively. Considering the surface roughness, the Wenzel model

defines the apparent contact angle, 6, as:
cosf = r cos6,

where, r is a surface roughness factor. This suggests the effect of a change in
surface roughness on the hydrophobicity (contact angle). But, the Wenzel model
assumes that the liquid penetrates the rough surface which is the case after
irradiation of UV light.

Under the unexposed condition, ZnO nanowires tend to show a hydrophobic
surface where liquid does not penetrate the rough surface (nanowire groves).

Therefore, this condition refers to the Cassie-Baxter state [14].
cosB = f (cosf,+ 1) - 1

where, f is the area fraction of actual solid surface area to the projected solid
surface area. Therefore, upon UV light exposure, ZnO nanowires follow the

wettability transition from Cassie-Baxter state to the Wenzel state.

A static water contact angle (WCA) has been measured on the ZnO nanowire
sample before and after the light irradiation using UV LED (emission wavelength,
Ap = 365 nm). Figure 4.3 shows the measured WCA for the 0-30 minutes light
illumination period and the inset pictures show the captured images of a water
droplet on the sample before (hydrophobic) and after (hydrophilic) light
irradiation. Within 5 minutes, ZnO nanowire surface undergoes hydrophobic-
hydrophilic transition. This rapid transition rate can be attributed to the
nanoscale structures on the tip [9]. A gradual change in WCA continues for
further 5 minutes and thereafter, it slows down. The reason behind this observed
change in wettability by light irradiation on the ZnO nanowires can be explained

as follows:
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Figure 4.3 Measured WCA change over a time on ZnO nanowires irradiated with 365 nm
LED. Inset pictures are captured images of a water droplet on the ZnO nanowire sample,
before (hydrophobic) and after (hydrophilic) the light illumination. The trend line is the

exponential curve fit to the measured WCA data.

As we know that ZnO is a large bandgap semiconducting material. Therefore,
light with energy higher than the bandgap energy is absorbed by the ZnO. This
absorption of light (photons) generates electron-hole pairs in the ZnO surface.
These electron-hole pairs will further create the surface defects/composition
change leading to different surface energy and hence, the surface wettability.

The process which leads to the surface composition change can be expressed as

[9]:
ZnO + 2hv — 2e'+ 2h™
Zn*"+ e — Zn," (surface trapped electron)
0% + h* — O (surface trapped hole)
O + h*— 1/20, + V, (oxygen vacancy)

The surface trapped electrons (Zns*) tend to react with oxygen molecules

adsorbed on the surface:
Znt + 0,— ZnsT + 0Oy

At the same time, water molecules may adsorb at the oxygen vacancy (V,) site.
These defect sites are kinetically more favourable for hydroxyl groups (OH")
adsorption than oxygen adsorption, hence promotes increased water adsorption

at the UV light irradiated areas. However, the adsorption of OH™ on the defective
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sites creates distortion in the electronic structure of the surface and makes it
energetically unfavourable. Therefore, after the UV illumination stops, surface try
to recover to its original hydrophobic state by replacing the adsorbed OH™ with
the atmospheric oxygen. During this process, OH  and atmospheric oxygen
compete to dissociatively adsorb on the defect sites. Therefore, oxygen rich

environment can promote the recovery rate [17].

Further to understand the effect of wavelength, light irradiation was carried out
on the ZnO nanowires using LEDs with a peak emission wavelength A, = 365,
385, 454 and 519 nm. WCA was measured on each sample before and after the
light irradiation and referred as WCA, and WCA respectively. Figure 4.4 shows
the relative change in water contact angle (WCA/WCA;) measured with
irradiation time for different illumination wavelengths. Rapid change in wetting
angle was observed for the LED with A, = 365 nm, as discussed earlier. Trend
lines in the graph indicate that the change in wetting angle slows down gradually
with increasing wavelength. In addition, results for the illumination wavelengths
of 454 nm and 519 nm reveal that there was no clear hydrophobic-hydrophilic

transition observed within 30 minutes of irradiation.
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Figure 4.4 Measured relative contact angle change with irradiation time for different LED
emissions at Ap = 365, 385, 454 and 519 nm. Trend line indicates the respective

exponential fit to the data.

As discussed earlier, the whole process of change in wettability depends on the
absorption of light by ZnO nanowires. Therefore, to understand the observed
spectral effect on the wettability, the absorption spectrum of the synthesized

ZnO nanowires was collected. A normalized absorption spectrum of ZnO
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nanowires along with the LEDs normalized emission spectra are shown in Fig. 5.
Better spectral overlap indicates that ZnO nanowires absorb more light at 365
nm than other wavelengths. Therefore, the rate of change in surface energy, and
therefore, the wetting angle is very high for 365 nm than the other wavelengths.
This indicates that the wettability of the ZnO nanowires can be controlled by
tuning the wavelength of irradiating light. A small change observed in the
wetting angle under 454 nm and 519 nm illuminations can be attributed to the
small fraction of light absorbed by ZnO nanowires due to the native defects.
Although, the spectral width of LEDs emitting at 454 nm and 519 nm is slightly
higher than the other LEDs used in the experiment, a negligible effect was
anticipated due to very low absorption by ZnO nanowires in that range (as seen

in Figure 4.5).
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Figure 4.5 LEDs normalized emission spectra (Ap = 365, 385, 454, 519 nm) along with

Zn0O nanowire normalized absorption spectrum in green.
4.3 Surface Modification by Different ZnO Structures

Investigations on the wettability of different ZnO nanostructures were carried out
using contact angle measurements as discussed in the previous section. Figure
4.6(a) and (b) shows SEM images of ZnO nanowires synthesized on a glass slide
using the hydrothermal method as described in chapter 2. The pilot window
shows the corresponding SEM images at lower magnification and images of a
water droplet on the surface. Measured contact angles on the ZnO nanowires and
Zn0O nanowire bundles were 119° and 94°C respectively. ZnO nanowire bundles
have shown lower hydrophobicity than the nanowires because it has large porous

structures on the surface which allow the water molecules to penetrate up to a
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certain distance, hence the measure WCA was lower. Figure 4.6 (c) and (d) show
SEM images of developed ZnO thin films coated on glass slides from the ZnO
nanoparticle and commercial powder dispersions. A thin coated ZnO nanoparticle
film has shown a hydrophilic nature (measured WCA = 28°). A large amount of
porosity and structural non-uniformities have been observed on the thin films

made from commercial ZnO powder and therefore, water penetrates into the

material.

Figure 4.6 SEM images of ZnO (a) nanowires, (b) nanowire bundles, (c) nanoparticle thin
film and (d) commercial ZnO powder film. Pilot windows show respective SEM images at

a lower magnification and the image of a water drop showing the contact angle.

Wettability tuning of the ZnO nanowires and nanoparticle coated thin films using
UV LED was also investigated and found similar results. Figure 4.7 shows the
trend of measured water contact angle vs UV light irradiation time for ZnO
nanowires and thin film. ZnO nanowires have shown the hydrophobic/hydrophilic
state transition upon UV light irradiation within 35 min. ZnO thin film was turned

into superhydrophilic from the initial hydrophilic state.
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Figure 4.7 Measured water contact angle over a time on ZnO nanowires and thin film
irradiated with 365 nm LED.

4.4 Surface Modification of an Optical Fibre by ZnO Nanostructure

4.4.1 Synthesis Method

ZnO nanostructures were grown on polyclad multimode silica optical fibre
(200/230 pm) using hydrothermal synthesis method [12]. The materials used
during the synthesis process were same as mentioned in section 4.2.1.1. Briefly,
ZnO nanostructures were grown by immersing the cleaned optical fibre into the
mixture of 125 ml 20 mM zinc nitrate and 7 ml 28-30% ammonium hydroxide
and annealed on a hotplate at 95° C for 5 hours. Thereafter, optical fibres were
removed from the growth solution and rinsed with de-ionized water several
times. The optical fibres were allowed to dry at room temperature and
atmospheric pressure before characterization. Surface analysis of the
synthesized ZnO nanostructures was carried out using a Scanning Electron
Microscope from ZEISS (EVO MA10).

4.4.2 Results and Discussions

Figure 4.8(a) shows the SEM image of the synthesized ZnO nanowires on the
optical fibre. A high magnification image reveals the growth of bunched ZnO
nanowires. The density of the synthesized ZnO nanowires is very low. The
observed results of low dense bunched growth of ZnO nanowires can be
attributed to the absence of the seed layer, as discussed in chapter 2. Briefly, in
case of no seed layer, a nucleation site must be formed before the growth

process. Consumption of Zn?* ions is very high in the areas where crystal starts
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to build. Therefore, the availability of Zn®* ions near the nucleation site is low
which leads to the formation of branches in the crystal (as seen in Figure 4.8(b)).

Overall, non-availability of the seed has caused the growth rate to slow down

and bulk crystal formation with less density.

Figure 4.8 SEM images of ZnO nanostructures synthesized on an optical fibre at (a) 500x

and (b) 5Kx magnification

4.5 Surface Modification of Gold Thin Film by ZnO Nanostructure

4.5.1 Synthesis Method

ZnO nanowires were synthesized on the gold coated glass substrate using
hydrothermal method [12]. The materials used during the synthesis process
were same as mentioned in section 4.2.1.1. Briefly, gold thin film coated
substrates were immersed into the mixture of 125 ml 20 mM zinc nitrate and 7
ml 28-30% ammonium hydroxide and annealed on a hotplate at 95° C for 5
hours. Thereafter, substrates were removed from the growth solution and rinsed
with de-ionized water several times. The substrates were allowed to dry at room
temperature and atmospheric pressure before characterization. Surface analysis
of the synthesized ZnO nanostructures was carried out using a Scanning Electron
Microscope from ZEISS (EVO MA10).
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Figure 4.9 SEM images of ZnO nanosheets synthesized on gold thin film coated on glass

substrate at (a) 1Kx and (b) 10Kx magnification
4.5.2 Results and Discussions

Figure 4.9 shows the SEM images of the synthesized ZnO nanosheets on the gold
thin film coated on the glass substrate. Although, the same process and
parameters were used, instead of ZnO nanowires, nanosheets were observed
under SEM. The observed change in structure can be attributed to the change in
material from glass to gold. The observed results can be explained as follows.
Hexagonal close-packed Zn and O atoms form the ZnO crystal structure. The
wurtzite crystal structure of ZnO has six non-polar side facets and two polar top
and bottom facets [18,19]. Each crystallographic plane has different polarity and,
therefore, interacts quite differently with the organic adsorbate or surfactants
[18,20]. ZnO crystal has preferential growth along the [0001] direction (c-axis),
which led to forming the rod-like structure [19]. The gold thin film acts as a
catalyst which not only lowers the surface energy of the developing nuclei but
also, directs the crystallization by stabilizing specific crystal plane [21,22]. In this
case, gold thin film stabilizes the polar planes of ZnO crystal, and thereby,
suppresses the growth along the [0001] direction which led to the formation of
ZnO nanosheets.
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The composition of the ZnO nanosheets has been investigated using energy
dispersive X-ray spectroscopy (EDX). The spectrum of collected EDX data, as
shown in Figure 4.10, show almost the same peaks of ZnO nanosheets observed
with ZnO nanowires with additional gold peaks. The data indicates that the ZnO
nanosheets are composed of Zn and O, since the Au, Ca, Si, K peaks corresponds

to the substrate.

Spectrum 1

Figure 4.10 EDX spectrum of synthesized ZnO nanosheets on a gold coated glass slide.
4.6 Graphene

Graphene, a single atomic layer material, has tremendous application potential in
the field of electronics, sensors, photonics and energy storage [23-25]. Chemical
modification on graphene and graphene based hybrid materials is being
extensively researched in order to explore their properties in various fields such
as nanoelectronics, biosensors, drug delivery, supercapacitors, fuel cells,

hydrogen storage, transistors, and polymer nanocomposites [26,27].

Graphene is considered as semi-metal or zero bandgap semiconducting material.
A monolayer of graphene absorbs only 2.3% of white light [24]. Graphene has
remarkably very high electron mobility 200,000 cm?V!S™ [28]. Few layers of
graphene have very good adsorption property, easy to functionalize by various
covalent and non-covalent modifications and has large surface-to-volume ratio
[23]. Several methods have been reported for the synthesis of graphene includes
exfoliating graphite, chemical vapour deposition, unzipping of carbon nanotubes,
epitaxial growth on silicon carbide or metal substrates [23].
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A very high electron mobility of graphene has shown fast electron transfer rate of
several orders of magnitude higher over the conventional glassy carbon
electrode. Therefore, graphene and its composites have been used in the
development of many electrochemical sensors for biosensing and environmental

sensing applications [29].

Graphene and graphene oxide (GO) are known fluorescence quenchers. Based on
the GO quenching effect Zhang and team have developed Hg?* ion sensor using
DNA duplexes of poly(dT) and GO. Developed sensor has achieved 0.5 nM Hg**
detection limit [30]. Tang et al. have developed an electrochemical sensor to
detect cadmium and lead using graphene coated platinum electrode [31]. Pb*",
Cu®* and Hg?" ion sensor have been developed by Gong et al. [32] by
functionalization of graphene oxide on the gold electrode and achieved two

orders of improvement in the detection limit relative to the control electrode.

Wu et al. [33] have reported that graphene layers can increase the sensitivity of
the SPR sensor. Verma et al. [34] have developed SPR based biosensor using
silicon and graphene layers coated over conventional SPR film which has twice
the sensitivity reported. SPR based fibre optic sensor has been developed coated
with multi-layers of graphene by Kim and co-workers. The sensor has been used
to analyse the interaction between structured DNA biotin and Streptavidin and
reported excellent sensitivity [35]. Therefore, graphene has been selected as
another material suitable for the development of hybrid sensor with excellent

electrochemical and optical properties.

4.7 Surface Modification of Gold Thin Film by Graphene

Pristine graphene monolayer flakes (average lateral size ~550nm) suspended in
ethanol (1mg/l) was purchased from Graphene Laboratories, Inc. Figure 4.11 shows
the optical microscope images of the gold film with and without graphene flakes
captured at 100x magnification. Graphene flakes can be seen on gold thin film as

randomly distributed and shaped, light brown colour patches.
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Figure 4.11 Optical images of the gold film with and without graphene monolayer flakes

at 100x magnification.

A TEM image of the graphene flakes (shown in Figure 4.12) reveals that the
graphene flakes have random shape and about 0.8-2 um in size. There are three
graphene flakes that can be seen in the image with some impurities. From the
image contrast observations, two in the centre seems to be overlapped and are
monolayers while one in the top left-hand corner seems to be multi-layered
graphene (3-4 layers).

Figure 4.12 TEM image of graphene monolayer flakes

4.8 Wettability Effect on Sensitivity

In order to study the effect of this wettability on the sensitivity, a simple
reflectance study of the white light was carried out under different wetting
conditions of ZnO nanowires. Figure 4.13(a) shows the experimental setup for
the reflectance measurement from the ZnO nanowire coated glass slide. The
reflectance of around 93% has been observed from a water drop placed on the
glass slide, which decreases to 24% for a ZnO nanowire coated glass slide (as

shown in Figure 4.13(b)). The observed decrease in the reflectance can be
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attributed to the high refractive index of the ZnO. Also, it was observed that
most of the light was confined to the ZnO layer (~ 10-12 um). Thereafter, ZnO
nanowires were exposed to the UV LED (365 nm) for 20 min which makes the
ZnO nanowires hydrophilic. Measured reflectance on this hydrophilic ZnO NW
coated glass slide was 20%. Observed further reduction in the reflectance can be
attributed to change in wettability of the ZnO nanowires. The hydrophilic surface
has enabled more surface area of interaction between ZnO NWs and water and
therefore, more light was able to escape from the ZnO layer to the water droplet
placed on it. Thereafter, ZnO nanowires were irradiated for further 2 hours which
turns their surface into the super hydrophilic state. The reflectance measured on
the super hydrophilic surface was close to the measured on a glass slide (91%)
which indicates that water has totally penetrated into the groves of ZnO NWs.
Therefore, it can be deduced that tuning the wettability of the ZnO nanowires
allows more light to interact with the water through ZnO nanowire interface,

which in turn enhances the sensitivity of the sensor surface.
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Figure 4.13 (a) A schematic of the experimental setup for the reflectance measurement
and (b) plot of measured reflectance under different surface wetting conditions of ZnO

nanowires.
4.9 Summary

Surface modifications of optical fibre and flat glass substrates coated with gold
thin film have been carried out using ZnO nanostructures. Synthesized ZnO
nanostructures are hydrophobic in nature and therefore, presumably decelerate
the surface interactions in the aqueous environments. Modification in the wetting
nature (hydrophobicity) shown by the ZnO nanowires can lead to improved

surface interactions and hence, improved sensitivity for the developed sensor.
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Hence, for the first time, work has been carried out on controlling the wetting
nature of the ZnO nanostructure based surface using LEDs. The effect of
irradiation wavelength and time on tuning the wettability of ZnO nanowires has
been studied using different LEDs. Results show that the spectral overlap
between ZnO absorption spectra and LED emission wavelength controls the
hydrophobic-hydrophilic transition rate. Various controllable parameters of LEDs
can provide advanced control in tuning the desired surface wettability of the ZnO

nanowires and hence the high sensitivity.

Surface modification of the developed gold thin film has been presented. Results
show a structural change of the nanostructures from nanowires to nanosheets.
The surface of an optical fibre has been modified to enhance the sensitivity of the
sensor using ZnO nanostructures. Graphene, a 2D material, has been proposed
as another suitable material for the surface modifications. The surface of the gold
thin film has been modified with graphene monolayer flakes and will be used in

chapter 5 and in the development of electrochemical and optical sensors.
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Chapter 5

Investigations on Electrochemical Sensor
Development
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5 Investigations on Electrochemical Sensor Development

5.1 Introduction

Electrochemical sensors measure the electric charge transfer occurring due to
the redox process of species on the surface of an electrode. During the redox
process, deposition and removal of redox species occur on the surface of an
electrode. Therefore, the physiochemical properties of the electrode surface play
very crucial role in electrochemical sensors. In the development of hybrid sensor,
the same electrode was used to detect the optical signal. Therefore, changes in
physiochemical properties on the surface of an electrode not only influence the
electrochemical signal but also the optical signal. Therefore, in order to develop
the hybrid sensor, an electrochemical sensor developed and various

investigations carried out are discussed in this chapter.

Heavy metal ions can be identified based on their specific redox potentials.
Several papers have been reported on heavy metal ions detection using
electrochemical sensors [1-5]. The redox process occurs on the surface of an
electrode, therefore, parameters such as electrode material, their surface area,
conductivity, and buffer solution which carries the analyte, their pH value,
concentration and conductivity, and the electrode-solution interface plays very
important roles in defining the sensitivity of the electrochemical sensors. In order
to improve the sensitivity of an electrochemical sensor, nhanomaterials such as
carbon nanotubes, metal/metal oxide nanoparticles, graphene/graphene oxide
were used to modify the surface of an electrode [6,7]. Nanomaterial modified
electrode gives enhanced surface area and fast electron transfer rate and higher
signal to noise ratio compared to the bulk electrode materials. Therefore,
electrodes modified with nanomaterials have shown increased sensitivity and

lower detection limits for the heavy metal ions [8].

Recently, graphene based electrochemical sensors have attracted significant
interest due to its unique electronic properties [9-11]. Graphene has a wide
potential window of 2.5 V in PBS buffer (pH 7) [10]. Graphene modified electrode
exhibits a linear redox current variation with scanning rate in cyclic voltammetry
(CV) and a higher electron transfer rate compared to glassy carbon (GC)

electrode [11]. In the last decade, several papers have reported on graphene
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composites for electrochemical sensing applications [12-14]. Few papers have
reported graphene composite based voltammetric detection of heavy metal ions
such as zinc, lead, cadmium, copper, mercury [15-17]. Electrochemical detection
of Cd(II), Pb(II), Cu(II) and Hg(II) have been carried out using SnO,/reduced
graphene oxide nanocomposite modified GC electrode [15]. Nafion-graphene
nanocomposite modified GC electrode has been used to detect heavy metal ions
[16]. Carboxyl functionalized graphene oxide film modified carbon paste
electrode has been used to estimate the copper ions by Yuan and co-workers
[18]. Graphene oxide terminated p-aminophenyl modified GC electrode [19] and
graphene oxide functionalized with polyallylamine hydrochloride modified GC
electrode [20] have been used to detect copper ions. But so far graphene flakes
modified gold electrode is not investigated for copper ions detection. In this
work, the effect of graphene flakes modified gold electrode was investigated in

estimating the copper ion concentrations in phosphate buffer solution.

In this chapter, investigations on the development of an electrochemical sensor
were carried out. To understand the dynamic behaviour of electrolyte molecules
and metal ions in the near surface region of an electrode, redox process of
copper ions has been studied. Effects of various parameters such as electrode
material, surface area, concentrations, buffer conductivity, scan frequency and
deposition time were investigated. Obtained results are used to understand the
influence of the electric field on the dynamics of electrolyte molecules and metal
ions near the surface of an electrode in optical detection. Graphene monolayer
flakes modified gold electrode was investigated to estimate the copper ions

concentrations in phosphate buffer and corresponding sensitivity enhancement.

5.2 Theory

A cyclic voltammetry (CV) is an important tool for the analysis of electrochemical
processes associated with the analyte of interest in the aqueous solution. The
characteristic peak location in forward and reverse scan, respective currents and
their ratio and scanning rate give important information about the
electrochemical processes. Experimentally, the cell potential is measured with
respect to the reference electrode. Measured potential can be calculated by using

the Nernst equation (eq. (5.1)) at room temperature [21]:
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RT, [0
E=E° +Elog% ...eq. (5.1)

Where, E and E° are the cell and standard electrode potentials, n is the number
of electrons exchanged in process, [O] and [R] are the concentration of oxidized
and reduced species respectively, R and T are the universal gas constant and
temperature respectively. In order to understand the occurrence of these
processes on the metal electrode, a schematic presentation of redox process is
shown in Figure 5.1. The energy level of electrons of the metal electrode can be
raised by driving the electrode at more negative potentials Figure 5.1(a). At a
certain level, the energy becomes high enough that electrons can transfer into
the lowest unoccupied molecular orbital (LUMQO) electronic states of the analytes
in the solution. This flow of electrons from the electrode to the analyte/solution
represents the reduction currents and the corresponding potential called
standard reduction potential of that analyte. Similarly, driving the potential to
more positive level leads to the condition where the electrons of the analyte find
more favourable condition and transfer to the electrode, as shown in Figure
5.1(b). This specific potential and corresponding current are referred to as
oxidation potential and oxidation current of the analyte respectively and the

process is called oxidation process.
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Figure 5.1 (a) Reduction and (b) oxidation process representation of analyte on the

surface of a metal electrode.

Electrode-solution interface behaves like a capacitor, an element consisting of

two metal plates separated by dielectric material. When the voltages are applied
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across the capacitor, charges get accumulated on the plates of the capacitor. The
charge on electrode and charge in solution stays equal at all times at the
electrode-solution interface. Capacitor behaviour is governed by the expression,
C=q/E, where, C is the capacitance, q is the charge stored, and E is the applied
potential. The solution also imposes the resistance on the movement of charges.
Consider the resistance of the solution is Rs and the capacitance of the solution is

C,, the equivalent circuit [22] can be represented as shown in Figure 5.2.

R, C,
s |
Ml
||

Potential

+ 4|+ +

Figure 5.2 Equivalent circuit of a metal electrode-solution interface.

When the potential E is applied to the electrode, charge starts to accumulate on
the capacitor which results into the flow of current referred to as charging
current. This charging current, i. with time can be expressed as (eq. (5.2)),

i.(t) = S e t/RsCs ... q. (5.2)

Rs

This equation predicts the fundamental behaviour of the currents upon applied

potential and the effects of various physical parameters on it.

Electrostatic interaction among the molecules of electrolyte/solution and metal
ions creates the shell of adsorbed species around the metal ions in solution. At
the electrode-solution interface, based on the electrode potential, counter
ions/species in the solution forms a very thin layer at the interface, as shown in
Figure 5.3. This layer acts as a blockage in the charge transfer process and
hence, in most cases charge transfer occurs through tunnelling. Therefore, the
strength of electrolyte, pH of the solution, dielectric constant of the solution, and
the viscosity of the solution have effects on the movement of metal ions and
hence on the redox potential and currents [21,22]. The movement of metal ions
towards the electrode or the mass transfer process occurs through following
modes: (a) migration, movement of metal ions under the influence of electric

field, (b) diffusion, movement of metal ions due to concentration gradient in
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order to establish the equilibrium and (c) convection, movement due to the
external forces such as stirring [22]. If the mass transfer processes are slower,
then the redox currents become dependent on these processes, and therefore

these redox currents are referred as mass transfer limited currents.

O
O®O
OO

ion

QOO

O

Electrode Electrolyte

Figure 5.3 Schematic representation of metal electrode-solution interface with metal

ions in solution.

Mass transfer limited currents can be given by the following expression (eq.
(5.3)) [22]:

i =nFAmC ... eq. (5.3)

where, n is the number of electrons transferred in the oxidation/reduction
process, A is the surface area of the electrode, m is the mass transfer coefficient
and C is the amount of species oxidized/reduced at the electrode. A standard
gold disc electrode of 1.6 mm is widely used in voltammetry experiments, but for
the SPR experiments 17 mm gold coated disc is used. Therefore, to estimate the
range of currents when using SPR substrate as an electrode, currents were
calculated for both the electrodes. Consider that 0-50mM copper ions get
reduced on the surface of gold electrode having diameter 1.6 and 17 mm, n = 2
and m = 0.01 cm/s. Mass transfer limited currents calculated using eq.(5.3) are
shown in Figure 5.4. In a millimolar range of concentrations, currents in the
standard electrode will be less than 10 pA, while in the case of SPR substrate;

currents may approach up to 200 pA.
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Figure 5.4 Copper ion reduction currents on gold disc standard (a) 1.6 and (b) 17 mm

electrodes.

Anodic stripping voltammetry (ASV) is the most widely used method to detect
heavy metal ions [21]. ASV involves two steps: (a) deposition of metal ions onto
the electrode surface and (b) stripping of the deposited metal ions from the
electrode surface. This simple method was used to detect the copper ions and

various parameters were exploited in the experimental section.

5.3 Experimental

5.3.1 Chemicals

Analytical grade potassium chloride, copper (II) sulfate, mercury (II) sulfate,
lead (II) nitrate, sodium phosphate dibasic dihydrate, sodium phosphate
monobasic monohydrate and mercury and copper ion standard solutions in nitric
acid were purchased from Sigma-Aldrich, UK and used without any further
purification. All glassware was cleaned in deionized water prior to the
experiment. All experiments were performed using Electrochemical Trace
Analyser (Model- 394) from EG&G Instruments. All the experiments were carried
out using Ag/AgCl/3M KCI reference electrode and a platinum wire as the counter

electrode.

5.3.2 Cyclic Voltammetry

In order to first understand the redox behaviour of copper ions, cyclic
voltammetry on the range of copper ions concentrations in PBS (pH 6.0) was

carried out using GC electrode. Figure 5.5(a) shows the cyclic voltammogram of
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copper ions in PBS. It has been observed that the oxidation and reduction
potentials shift with the concentration. This shift in oxidation and reduction
potential was considered while developing the hybrid sensor which incorporates
optical detection. Further, the trend of oxidation and reduction currents (as
shown in Figure 5.5(b)) are similar indicating reversible oxidation and reduction
process of copper ions. The oxidation currents are slightly higher than the
reduction currents which can be attributed to the pre-deposited metal ions on the
electrode. The trend line is the exponential fit to the obtained peak current data.
The behaviour of currents were further analysed by calculating Ip./Ipre with
concentration as shown in Figure 5.5(c). The exponential trend of oxidation and
reduction currents and the exponential trend of their ratio indicate that the redox
process is limited by the mass transfer of copper ions. Therefore, the observed
exponential trend of redox currents can be attributed to the mass transfer limited

diffusion currents as discussed in the theory (section 5.2).
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Figure 5.5 (a) Cyclic voltammogram of various copper ion concentrations in PBS and
corresponding (b) trend of oxidation and reduction currents with concentrations. (c) The

trend of Ip,/Ip.. with copper ion concentrations.
5.3.3 Square Wave Anodic Stripping Voltammetry

Copper ion concentrations were detected using the square wave stripping
voltammetry in PBS (pH 5.8) as shown in Figure 5.6(a). The gold electrode was
used to oxidise the deposited (for 30 s) Cu®* ions on the electrode surface. It
was observed that decreasing the concentration cause the increase in peak
potentials and peak width. These effects can be attributed to the slower mass
diffusion of copper ions. Figure 5.6(b) shows the trend of oxidation currents of
Cu®* ion concentrations. The trend line shown is the exponential fit to the
obtained data. The exponential increase in currents can be attributed to the

diffusion controlled process as discussed earlier [22].
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Figure 5.6 (a) SV scan of Cu?* ion concentrations in PBS and corresponding (b) plot of

stripping currents vs concentrations.

To detect the lower concentrations and overcome the lower current issue,
deposition time was increased to 60 s. Increased deposition time has allowed
more ions to be deposited on the electrode surface. Therefore, sweeping the
voltage induces higher oxidation currents. With an increase in the deposition
time, sub-nanomolar Cu?* ion concentrations were detected as shown in Figure
5.7(a). It has been observed that lowering the Cu®* ion concentrations cause the
increase in oxidation potential and peak width. Figure 5.7(b) shows the plot of
oxidation currents with Cu?* ion concentrations. The trend line is the exponential
fit to the obtained data. Observed effects were the same as seen with the higher
concentration range, except the higher oxidation currents which was due to the

longer deposition time [23].
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Figure 5.7 (a) SV scan of Cu?* ion concentrations in PBS buffer at 60s deposition time

and corresponding (b) trend of oxidation currents vs concentrations

128 | Page



5.3.3.1 Effect of deposition time

Further, to understand the effect of deposition time on the 0.1mM Cu?* ion
detection, a set of experiments were carried out in PBS (pH 5.8) for different
deposition time using square wave stripping voltammetry as shown in Figure
5.8(a). A scan was carried out at 25 Hz with potential incremental steps of 10
mV. The Cu®* ion oxidation peak observed at 0.33 V increases linearly with the
deposition time from 10 to 90s, as shown in Figure 5.8(b). The observed
increment in currents was due to the increased deposition time which allows

more and more ions to be deposited on the electrode surface [23].

3.5+
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(a) E/V (b) Deposition time (s)

Figure 5.8 (a) SV scan of Cu?* ion concentrations at different deposition time in PBS and
corresponding (b) trend of oxidation currents with deposition time. Red line indicates

linear fit to the data.
5.3.3.2 Effect of scan frequency

Effect of scanning frequency on the detection of copper ions was studied by
changing the scanning frequency of applied square wave signal from 10 to 100
Hz. Figure 5.9 shows the square wave stripping signal of 3.13 mM copper ions in
PBS (pH 6.0) using GC electrode. Prior to stripping, copper ions were allowed to
deposit on the electrode for 30 s. Results indicate that an increase in the
frequency leads to increased currents [23]. The observed shift in the oxidation
potential can be attributed to the slower diffusion of copper ions. The
concentrations ratio [Cu®]/[Cu®*] near the electrode surface (oxidized and non-
oxidized ions) starts unbalancing because of the difference in diffusion rate of

incoming and outgoing species near the surface. This effect and rapidly
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increasing voltage forces the occurrence of secondary process where Cu -> Cu®*

transition undergoes to Cu -> Cu* -> Cu?* and is given by [21,24]:
(a) Cu**(aq) + 2€ -> Cug) (+0.34 V)
(b) Cu®* () + € -> CU*(aqy (+0.16 V)
(c) Cu*aqy + € -> Cuy  (+0.52 V)

Three copper oxidation peaks have been observed at 0.04, 0.22 and -0.23 V
corresponding to the processes (a), (c) and (b) for a 10 Hz frequency. Results
indicate that the increase in frequency increased the occurrence of processes of
(c) and (b). Therefore, in order to avoid the secondary species formation due to

the detection process, careful selection of scanning frequency should be required.

304 ——100Hz
—— 50Hz
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Figure 5.9 SV scan of 3.13mM Cu?* ions in PBS at different scan frequency.

5.3.3.3 Effect of working electrode material

To analyse the effect of working electrode and its surface area, 3.13 mM copper
ions in PBS (pH 6.0) were detected using gold and GC electrode. The diameters
of the gold and GC electrode used were 1.6 and 3.0 mm respectively. Figure
5.10 shows the square wave (3.13 mM) Cu?* stripping signal in PBS for gold and
glassy carbon electrode. The result clearly indicates the change in current and
shift in the reduction peak. Increase in current (1 pA to 17 pA) by replacing gold
electrode with GC electrode was due to the increase in electrode surface area
from 2.01x107°% to 7.07x107°2 cm?. The observed shift (from 0.24 to 0.05 V) of
~0.2 V in Cu®' reduction peak was ascribed to the work function difference of

gold and glass carbon [21].
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Figure 5.10 SV scan of 3.125mM Cu?* ions using GC and Au electrodes in PBS.
5.3.3.4 Effect of buffer solution

It was observed that reference electrode starts oxidizing while detecting very low
concentrations of the copper ions. The process of observed oxidation is

expressed as [21]:
Age) + Cliaq) + € -> AgClsy (~ - 0.22V)

Figure 5.11 shows an anodic stripping scan signal of PBS (pH 6.0) with and
without 10 mM KCI using GC electrode. Oxidation peak of aqueous chloride ions
in the Ag/AgCl reference electrode was observed at -0.19 V. To avoid the
interference and oxidation of reference electrode while detecting the lower
concentration of the copper ions, 10 mM KCI was added which increases the ionic
conductivity of the buffer and therefore, prevents the oxidation of AgCI(s).

22+

—PBS

297 ——PBS + 10mM KClI

i/l uA

Figure 5.11 Effect of buffer solution in square wave voltammetry.
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5.4 Multi-ion detection

In order to detect multiple heavy metal ions, 15.74 uM copper sulphate, 4.98
MM mercury (II) sulphate and 4.83 uM lead (II) nitrate were dissolved in PBS (pH
5.8). Figure 5.12 shows the anodic stripping signal of lead, copper and mercury
ions in buffer solution using gold electrode. Prior to stripping the metal ions, they
were deposited on the gold electrode for 30 seconds at -0.5 V potential. Result
shows five oxidation current peaks at -0.068, 0.096, 0.408, 0.496 and 0.90 V
correspond to different oxidation process of different metal ions. The oxidation
current peak of lead and mercury ions were observed at -0.068 V and 0.90 V
respectively [25]. Remaining three peaks correspond to the different oxidation

process of copper ions as discussed in section (5.3.3.2).
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Figure 5.12 Lead, copper and mercury ion stripping signal in buffer solution using square
wave anodic stripping voltammetry

5.5 Graphene Modified Electrode

The gold electrode was modified by drop casting pristine graphene monolayer
flakes. The modified electrode was used to detect the copper ions. Effect of
graphene on the copper ion detection was analysed. Figure 5.13(a) shows the
plot of stripping current vs copper ion concentrations using bare and graphene
modified gold electrode in PBS. Graphene flakes modified gold electrode shows
higher detection currents for the copper ions concentrations in the range of 0.3-
6.5 mM. The observed increase in the currents can be ascribed to the increased

electron transfer rate by the graphene flakes [11,26].
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Figure 5.13 (a) Copper ion detection currents and (b) ratio of currents with a range of
copper ion concentrations on a bare and graphene modified gold electrode. Pilot window

shows expanded view of the currents ratio for copper ion concentrations.

Enhancements in the current Ip were analysed by taking the ratio of peak
currents, IPpgraphene/IPrare, Measured on bare and graphene modified gold
electrodes for a range of copper ion concentrations, as shown in Figure 5.13(b).
The current measured with graphene modified electrode was almost twice over
the bare electrode in a buffer solution. However, lower enhancement was
observed in the case of copper ion concentrations as shown in Figure 5.13(b)
pilot window. Owing to the fact that graphene flakes do not cover the full surface
of the gold electrode, the redox process occurs on both the areas, with and
without graphene. With increase in copper ion concentration from 0.3 to 1.5 mM,
currents produced by the copper oxidation on the graphene is larger than the
remaining bare surface, thereby, causing the enhancement in the total observed
currents. Further, increase in concentration causes more oxidation process to
occur on the bare surface of an electrode, which leads to a small decrease in
enhancement. Results suggest that an electrode fully covered with graphene can
provide enhancement in redox currents and, therefore, improves the sensitivity

of the electrochemical sensor.

5.6 Summary

An electrochemical sensor has been developed to detect the heavy metal ions.
Effect of various parameters such as scanning speed, electrode materials, buffer
solution, working electrode surface area and deposition time on the detection

currents were investigated. Selectivity of multiple heavy metal ions was
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investigated by simultaneous detection of copper, mercury and lead ions.
Graphene monolayer flakes modified gold electrode has been used to detect
copper ions. Results have shown that graphene monolayer coated electrode
improves the sensitivity of the copper ion sensor. Results from various
investigations have provided a better understanding of near surface interactions
of metal ions, solvent and electrode under the influence of applied electric field.
Developed electrochemical sensor and investigations on the various parameters

is used to further investigate their effects on optical detection in chapter 6.
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Chapter 6

Investigations on Development of Hybrid
Sensor
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6 Investigations on Development of Hybrid Sensor

6.1 Introduction

Development of electrochemical sensor to detect heavy metal ions has been
investigated in chapter 5 and sensitivity has been improved using surface
modification by graphene. Further, in order to develop the novel hybrid sensor,
optical detection needs to be integrated with the same electrochemical sensor. In
chapter 3, an evanescent field based optical sensing approach was already
discussed using an optical fibre. The same evanescent field based effects is

further exploited in this chapter.

Surface plasmon is the collective oscillation of free electrons on the metal surface
or in other words, it's a propagating electron density waves at the metal-
dielectric interface. These waves are bound to the interface and are highly
sensitive to the changes in the refractive index of the surrounding environment.
Under optimum thickness condition of the gold electrode used in the
electrochemical sensor, evanescent field can be coupled to the surface plasmons
of the gold thin film. This phenomenon has been used to develop the surface

plasmon resonance (SPR) based sensor [1].

Investigations on developing surface plasmon based optical sensor on a planar
substrate has been carried out and discussed in this chapter. Effect of graphene
on the SPR sensitivity has been studied. Effect of wavelength and number of
graphene layers on the sensitivity of SPR were analysed by theoretical
calculations. Investigations on the development of an integrated hybrid sensor
by combining electrochemical sensing with SPR have been carried out. Effect of
PBS solution in hybrid sensing has been investigated. Effects of background
currents, oxidation of gold and charged ions on the hybrid sensor have been
investigated. Effect of ZnO coating on the sensitivity of the SPR sensor has also

been studied computationally.

6.2 Surface Plasmon Resonance (SPR) Theory

An investigation on the evanescent field and approaches of enhancing their
interaction with analyte towards the development of an optical fibre based sensor

was discussed in chapter 3. In this chapter, the same effect has been extended
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to the surface plasmons, by replacing the second medium with a thin layer of

metal, as follows.

An EM planar wave travelling in a medium with refractive index n can be

expressed as (eq. (6.1)) [1],
E = Eyexp(jwt — jk-r) = Eoexp(jwt — jkxx — jkyy —jkzz) ... €q. (6.1)

where, E, is the magnitude of EM field, w is the angular frequency, j is the

complex number; k and r, are wave and position vector, respectively.

The wave vector k can be expressed as (eq. (6.2)) [1],

k=ka2+ky2+kzz =Zn = .. €q. (6.2)

Where, A and c are the wavelength and velocity of the propagating light in
vacuum and k., k, and k, are the wave vectors in x, y and z directions

respectively.

Now, consider the case, where this travelling wave approaches an interface of
two materials with refractive index n; and n, as shown in Figure 6.1, where the
angle of incidence and refraction are a and pB respectively. Applying the Snell’s
law (eq. (6.3)), we have [1]:

n, sina = n, sin B ... €q. (6.3)

Here, considering the 2D interface, where, k, = 0 and ki, = kox = ki

Figure 6.1 Light refraction at the interface of two materials.
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Substituting and equating equation (6.1) and (6.2), the k,, component of the
propagation vector can be given by (eq. (6.4)) [1],

kzyz =n,? (27”)2 (Z—jz— sinza) ... €q. (6.4)

Assume that n; > n,, k,, becomes imaginary when sina > n,/n;. This indicates
that the EM field becomes evanescent. Substituting these conditions in the

equation (6.1), the EM field in the medium 2 can be expressed as (eq. (6.5)) [1],
E, = Eqge "2V exp(jwt — jk,x) ... €q. (6.5)

The expression means that electric field decays exponentially in the medium 2
perpendicular to the interface but a travelling wave exists in x direction bound to
the interface. The magnitude of decaying electric field is given by 1/k», = 1/jk>,

and is referred as an evanescent field.

Figure 6.2 Light refraction at the metal-dielectric interface

To derive the dispersion relationship for a surface plasmon, we replace the

second dielectric medium with a metal as shown in Figure 6.2.

The wave vector k can be expressed as (eq. (6.6)):

ki = kxiz + kziz = Cﬁ\/é'—l eq. (6.6)

where, i can be replaced with d and m for the respective dielectric or metal wave
vector. From the theory of dielectric interface, we know that under the TIR

condition, k,, becomes evanescent while k,, is a propagating wave. Surface
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plasmon can be excited when ks = ki = ksp. Therefore, using equation (6.6) ks,

can be expressed as (eq. (6.7)):

w

2
kgp = kJ%l = (z) & — kziz eq. (67)

Substituting the boundary conditions where, k,s/€4 = k.n/€m and using equation
(6.6) and (6.7), ks, can be deduced to (eq. (6.8)),

_ w EdE€m
ksp = = /m ... eq. (6.8)

Dielectric constant of a metal €, can be defined as a function of angular
frequency w as (eq. (6.9)) [1]:

(1.)2

Emw)=1—-——=L ... 9. (6.9)

14
(1.)2
where, w,is the plasma frequency given by (eq. (6.10)),

wy, = \/4mn.e?/m, ... 9. (6.10)

where, n. is the density of free electrons, e is the electric charge and m. is the

mass of an electron.

6.2.1 SPR Angle Calculation

Figure 6.3 shows the surface plasmon resonance sensor configuration [2], where
the first layer is SF11 glass prism with refractive index n;. The second layer is
gold followed by a sensing aqueous medium. An incident light beam propagating
through the prism undergoes total internal reflection at the prism-gold layer
interface, generating an evanescent wave. The generated evanescent wave

penetrates through the gold layer and propagates in the x direction.
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Layer 2 Gold
Layer 1 Prism

Incident light Reflected light
Figure 6.3 Surface plasmon resonance sensor configuration.

The magnitude of propagating wave vector in the x-direction can be expressed
as (eq. (6.11)) [3],

ky, = sin ... eq. (6.11)

Propagation vector of surface plasmon involves the refractive index of gold, n;
and the sensing medium, n; because the wave propagation at the metal-
surrounding medium interface occurs partly in both the material. Therefore, the
surface plasmon propagation vector, ks, can be defined as (eq. (6.12)) [3],

ko = 2m nin?
P A | nZ+n2

.. €qg. (6.12)

The surface plasmon polariton (SPP) can be excited by adjusting the incident
angle 6, so that the propagation vector of the evanescent field, k., matches with
the ks,. Therefore, when this condition satisfies kx, = ks, reflected light intensity
drops sharply. The reflectivity curve at this resonance condition referred to as
SPR curve and the angle corresponding to the reflectivity minimum referred to as
SPR angle 8s,-and is given by (eq. (6.13)),

Oypr = sin™! [ni ﬂ] .. eq. (6.13)

2 2
n; +n3

6.2.2 Reflectance of N-layer Model

The reflectance of the p-polarized incident light was calculated using the N-layer
model for the most common Kretschmann configuration [2] as shown in Figure
6.4.
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Figure 6.4 N-layer model for reflectance calculation.

Using a transfer matrix method, the reflectivity calculation was carried out for N-
layered structure, where the m" layer of thickness d,, has a complex refractive

index Ng,c = N - ik, The interference matrix of m™ layer can be expressed as
(eq. (6.14)) [4],

= Ly el = Liing ~ cost - &9, (6.14)

where,
G = % .. eq. (6.15)
Bm =dm (27”) (&m — n12sin?0)1/? ... eg. (6.16)

The total interference matrix of the whole N-layered system can be obtained by
[4]/ M = H%:l M,

Reflectance, R, of the N-layer stack can be obtained by (eq. (6.17)) [4],

(My1+M12qn) g1 —(Mp1 +Mapqn) |2
R = ...eq. (6.17
(M11+M12qn)q1+(Ma1+Ma2qN) g. ( )

In order to find the optimum thickness of the gold layer for the design of the
sensor, range of reflectivity calculations were carried out for different thickness
of gold layer (30-100 nm) for an incident wavelength in the range of 600-1000

nm. Results show that optimum thickness of the gold layer in the calculated
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wavelength range is in a range of 43-53 nm. Calculated results can be seen in

appendix - IV.

6.3 Graphene and SPR Sensors

SPR is a well-known rapid and sensitive technique used for probing biomolecular
interactions in real time. Several new approaches have been suggested to
improve the sensitivity of SPR sensors over the last two decades [5,6]. Most of
them are based on creating nanoparticles [7], nanowires [8], nanorings [9]
nanoholes [5] and nanoslits [10] on the metal surface to enhance the localized
E-field and therefore, it is quite challenging to have control over their optical
properties [11].

Graphene, a single layer of carbon atoms arranged in a honeycomb structure, is
emerging as the most popular material of the decade which is under intense
research [12-15]. Graphene has a very high surface to volume ratio and strong
binding/adsorption affinity towards biomolecules due to its carbon ring structure
from n-n stacking interactions [13,16,17]. Recently, there have been few reports
on using a graphene on the thin metal film based SPR sensor in order to improve
the sensitivity [18]. But, so far to my knowledge, the role of wavelength on the
sensitivity of the graphene based SPR sensors has not been investigated. In this
work, investigations on wavelength effect on the sensitivity of graphene surface
plasmon resonance sensor and relative sensitivity enhancement with an increase
in graphene layers have been carried out using theoretical computations. The
work was carried out by first understanding the surface plasmon resonance effect
through theory and modelling work and thereafter, extending to graphene based

SPR sensors.

6.4 Effect of Graphene on the Sensitivity of the SPR Sensor

Figure 6.5 shows graphene surface plasmon resonance sensor configuration. A
propagating light through SF11 prism undergoes total internal reflection at the
prism-gold layer interface, generating an evanescent wave. This generated
evanescent wave penetrates through the 50 nm gold and graphene layers and
propagates in the x direction. The reflectance of the p-polarized incident light has
been calculated using the N-layer model for a most common Kretschmann

configuration as described in theory [2].
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Figure 6.5 Schematic diagram graphene based SPR sensor

Sensitivity analysis has been carried out for a change in refractive index unit
(RIU = 0.005) using 50 nm gold film coated on SF11 prism at 633 nm. Refractive
index of SF11 prism and gold were 1.77858 [19] and 0.18344 + i3.4332 [20]
respectively. Complex refractive index, ns, of graphene can be expressed as (eq.
(6.18)) [21]:

nz = 3.0 +i§k ... eqg. (6.18)

where, C = 5.446 ym™ is the opacity constant [22], and A is the wavelength in
Mm. A single layer of graphene has a thickness of 0.34 nm and hence, the

thickness of L layers of graphene can be given by d; = 0.34*L [21].

Figure 6.6 shows the effect of monolayer graphene on the reflectivity curve of
SPR. The addition of monolayer graphene on gold film has caused the shift in the
SPR angle (46, = 0.22 deg) and an increase in the minimum reflectance by
1.54%. Sensitivity can be measured by change in 6, for the given change in
refractive index. Sensitivity has been analysed by considering the change in
refractive index (4An = 0.005) of the aqueous solution which causes a shift in the
SPR angle (A68° = 0.352 deg) and therefore, sensitivity can be expressed as Sgy/’
= AB%An = 70.4 for a conventional SPR sensor. A shift of A8’ = 0.355 has been
observed for a monolayer graphene coated SPR sensor leading to the sensitivity
Sri’ = AB*/An = 71. The SPR angle shift and sensitivity results indicate that the

graphene coated SPR sensor has a higher sensitivity.
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Figure 6.6 Reflectivity curve of the SPR sensor with and without monolayer graphene.
6.4.1 Sensitivity Enhancement using Multi-layered Graphene

To analyse the effect of multi-layers of graphene on the sensitivity, reflectivity
calculations were carried out for a number of graphene layers, L = 1 to 10. A
single layer of graphene absorbs 2.3% of light and each additional layer absorbs
the same amount of light [22]. Therefore, the increase in the number of
graphene layers cause the increase in thickness and absorption led to a shift to
the higher plasmonic angles and broadening of the SPR curve, as shown in Figure
6.7(a). In order to analyse the sensitivity enhancement over a conventional SPR
sensor, ASgy" = Srut - Sri® was calculated as a function of the number of
graphene layers. Sensitivity enhancement is plotted as a function of graphene
layers, L = 1 to 10, as ASr'/Sri® as shown in Figure 6.7(b). Results indicate
that increasing the graphene layers increases the sensitivity. However,
increasing the graphene layers will broaden the SPR curve and may create
difficulties in the detection; therefore, calculations were restricted to the 10
layers of graphene. The observed sensitivity enhancement can be attributed to
the optical properties of graphene. The refractive index of graphene at 633 nm is
n3 = 3 + i1.1491. Therefore, the dielectric constant of graphene is €; = 7.6796 +
i6.8946. An increase in the number of graphene layers modifies the SPP in such
a way that change in the SPR angle led to enhanced sensitivity.
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Figure 6.7 Reflectivity curve of the graphene based SPR sensor with increasing number
of graphene layers L at A = 633 nm. (b) Sensitivity enhancement ASg;,"/Sgr1® with

graphene layers over a conventional SPR.
6.4.2 Wavelength Effect on the Sensitivity Enhancements using Multi-layered Graphene

Further, to analyse the effect of wavelength on graphene based SPR sensors,
reflectivity calculations were carried out for conventional and monolayer
graphene coated SPR sensor. Various parameters used for the calculation are
listed in Table 6.1.

Table 6.1 List of parameters used to calculate the reflectance of the SPR sensor

Wavelength | SF11 Prism [19] Gold [20] Graphene [21,22]

A(nm) Ny ns K> d>(nm) | ns3 ks ds(nm)
633 1.7786 0.1834 | 3.4332 50 3 1.1491 0.34
700 1.7718 0.1310 | 4.0624 50 3 1.2707 0.34
800 1.7646 0.1535 | 4.9077 50 3 1.4523 0.34
900 1.7596 0.1744 | 5.7227 50 3 1.6338 0.34
1000 1.7559 0.2277 | 6.4731 50 3 1.8153 0.34
1550 1.7434 0.5241 | 10.742 50 3 2.8138 0.34

Figure 6.8(a) shows the SPR curve with graphene monolayer at different
wavelengths. It has been observed that increasing the wavelength reduces the
FWHM of the SPR peak and also, lowers the SPR angle. Observed shift in the SPR
angle can be attributed to the reduction in the refractive index of the prism.
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Sensitivity analysis was carried out in order to analyse the effect of wavelength
on the SPR sensor, as shown in Figure 6.8(b). Higher sensitivity has been
observed for all the wavelengths (600-1600 nm) for the graphene based SPR
over a conventional SPR sensor. A sensitivity of the graphene based SPR
decreases with increasing wavelength and follows the same trend as for

conventional SPR sensors.
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Figure 6.8 (a) Graphene SPR reflectance curve at various wavelengths and (b)

corresponding sensitivity trend with and without monolayer graphene.

Further to see the effect of increasing the number of graphene layers and the
relative enhancement over the conventional SPR, referred as AS}/S, reflectivity
calculations were carried out for multi-layers of graphene at different
wavelengths as shown in Figure 6.9. Results show that with an increase in a
number of graphene layers sensitivity increases linearly for 10 layers of
graphene while the increase in the wavelength causes a reduction in sensitivity.
The observed increase in sensitivity with graphene layers can be attributed to the
dielectric properties of the graphene while the decrease in sensitivity with

wavelength can be attributed to the dielectric properties of the gold.
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6.5 Experiments
6.5.1 Experimental Setup

Experimental investigations were carried out based on widely used Kretschmann
and Raether [2] configuration (as shown in Figure 6.10). SF11 glass slides were
purchased from HV Skan Limited, UK and were coated with (48 nm Au + 2 nm
Ti) gold thin film by Ssens, Netherlands. SF11 prism was purchased from
Edmund Optics, UK. Index matching fluid was purchased from Cargille
Laboratories, USA. BK7 glass substrates and index matching fluid were
purchased from Fisher Scientific, UK. A custom made sample cell and a holder
assembly were used. (Drawings of the sample cell and holder assembly can be
seen in appendix -V).

Prism Holder Light Source
Assembly Assembly

Sensing medium
Gold
Prism

Incident Reflected
light light

Figure 6.10 Experimental setup of the surface plasmon resonance sensor for an angular

interrogated configuration.
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Graphene monolayer flakes were deposited on the 50 nm gold thin film coated
on BK7 glass substrate and refractive index matching fluid was used between the
prism and glass substrate. A white light LED, polarizer and 633 nm narrowband
filter were used to produce suitable light and a plano-convex lens was used to
focus the light on the gold coated substrate through a right angled prism.
Reflected light was collected on the high-resolution line camera (LC1-USB) from

Thorlabs which works as a detector.

6.6 Results and Discussions

6.6.1 Effect of Multi-layered Graphene on SPR

Figure 6.11(a) and (b) show the calculated and measured reflectivity spectrum of
the gold thin film with and without graphene. Measured reflectivity curve shows
an increase in the reflectance minimum R, and 8, upon deposition of graphene
flakes on the gold film, which can be attributed to the optical properties of the
graphene as discussed in the theory (section 6.2). Measured shift in the SPR
angle was about 0.59 degree which corresponds to about 6 layers of graphene
(Calculated SPR angle with graphene layers plot shown in the appendix - VI).
Therefore, reflectance has been calculated and shown in Figure 6.11(a) with 6
layers on graphene. The observed difference can be attributed to the integrated
effect of coated multiple multi-layered graphene flakes, as discussed in chapter
4. Also, during calculation, a uniform sheet of graphene was considered, but in
the experiments graphene flakes were not uniform and randomly distributed,

leaving some areas uncoated.
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Figure 6.11 (a) Measured and (b) calculated SPR reflectance with and without graphene

coating in air.
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Therefore, these factors must have contributed to the observed difference in SPR
angle. It has been also observed that the FWHM of the SPR peak has increased
which can be attributed to the integrated effect of multi-wavelengths used
(narrow band pass filter - 20 nm) as light source instead single wavelength used
in calculation.

6.6.2 Effect of Phosphate Buffer Solution (PBS) on the SPR Reflectance

As discussed in the theory (section 6.2), SPR resonance angle depends on the
complex dielectric constant of the gold thin film and the dielectric properties of
the medium adjacent to the gold surface. When a medium contains charged ions,
i.e. phosphate ions in the case of PBS, these charged ions form the Helmholtz
double layer near the gold surface as discussed in the previous chapter. The
formation of a double layer influences the response of SPR significantly.
Therefore, SPR reflectance was measured in water and in PBS as shown in Figure
6.12. It was observed that the PBS provides an additional SPR angular shift, ABgp,
= 0.46 degree towards higher angles. The observed angular shift and reflectivity
change can be related to the change in dielectric constant and formation of

charged double layer of phosphate ions on the gold surface [23].

90

Reflectance / %

52 53 54 55 56 57
Angle /

Figure 6.12 SPR reflectivity curve measured in water and PBS at 633 nm.
6.7 Investigations on Hybrid Sensing

Hybrid sensing has been realized by applying electrical signal to the developed
optical system (SPR sensor). Labview based user interface was developed, as
shown in appendix - VII, in order to provide electric potential and collect the

optical signal through CCD array. Electrical signal interface was developed using
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the National Instruments USB 6009 data acquisition (DAQ) device. In order to
study the effect of applied potential on the SPR reflectance curve, +2 V was
applied to the gold electrode and the SPR reflectance collected. Figure 6.13 (a)
shows the change in SPR reflectance over a period of 8 seconds. Results show
that application of +2 V causes a shift in the SPR angle towards higher angles.
While decreasing the potential back to 0 V, a reverse shift in the SPR angle
towards the original position was observed (as shown in Figure 6.13 (b)). During
this voltage cycling, several other processes must have taken place, such as
change in electron density at the interface, adsorption and desorption of
phosphate ions and oxidation of gold electrode. The observed shift can be
primarily attributed to the local dielectric changes at the interfacial region below
the gold oxidation potential (1.4 V) as reported by other groups [24-26].
Application of positive voltage attracts the additional ions and/or change in ionic
cluster adsorbed on the surface which leads to the change of electron density in
the vicinity of the gold surface and results in the observed shift in the SPR angle
[24,27].
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Figure 6.13 Time lapse of SPR curve measured upon the applied bias of (a) 0 to 2 V and
(b) 2 to 0 V on the gold electrode in PBS.

The process of reduction occurs at some retarded potential than oxidation and
henceforth, the observed trend of the SPR angle shift from 0-2 V and 2-0 V was
different. Also, after completion of cycle 0-2-0 V, a shift in the SPR angle was
observed which can be attributed to the thickness/roughness change upon the
oxidation of gold coating [24,28].

In order to understand the effect on the SPR angle further, the potential was

applied in the steps of 0.1 V from 0-2 V and corresponding SPR angles were
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measured, as shown in Figure 6.14. It was observed that SPR angle remains
unchanged (nearly) below 1.4 V which indicates that SPR sensing is insensitive to
the background currents as the background reactions below 1.4 V do not leave
any solid products on the electrode surface [28,29]. Gold has an oxidation
potential of 1.4 V, therefore, increasing the potential above 1.4 V must have led
to the oxidation of gold coating causing the SPR angle to shift towards higher
angles immediately, as seen in the Figure 6.14. Thereafter, potential was
switched to 0 V from 2 V which stops the oxidation process and lowering the SPR
angle immediately where ions starts to achieve equilibrium condition near the
interface. Increasing the voltage from 0 to 0.1 V, ions in the PBS solution start to
move towards the electrode and deposit on the electrode causing the shift in the
SPR angle. Further, increase in potential cause the more ions to be deposited on
the gold surface and thereby increasing the SPR angle. Further, recent study
carried out by Beata and Daniel [30] has shown that an applied electric field
perpendicular to the graphene pushes the positively charged ions closer to the
graphene and increases the charge transfer which was observed in terms of
sensitivity improvement in chapter 5. Graphene enhances the sensitivity of the
SPR as investigated in this chapter and with the application of electric field, the
ability to attract positively charged ions on the surface, further enhances the SPR

sensitivity.
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Figure 6.14 Trend of SPR angle movement with the applied voltage in PBS.
6.8 Sensitivity Enhancement of the SPR Sensor using ZnO Coating

Effect of ZnO coating on the SPR was evaluated by calculating the SPR

reflectance for different thicknesses of ZnO coatings. Figure 6.15(a) shows the
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calculated SPR curves with thickness of ZnO coating (dz,0) varying from 0-35 nm
for an incident light wavelength of 633 nm. The refractive index of the ZnO used
for the calculation was 1.9888 at 633 nm [31,32]. Sensitivity Sgy = 46 /An has
been calculated for different thicknesses of ZnO, as shown in Figure 6.15(b),
(exponential fit was shown by red trend line). Sensitivity results indicate that
ZnO coating provides higher sensitivity compared to the conventional and
graphene SPR sensor and it increases exponentially in the range of 0-30 nm.
However, increasing the ZnO coating thickness beyond 30 nm will broaden the
SPR curve and may create difficulties in the detection, therefore, work have been
restricted to a maximum of 35 nm. The enhanced sensitivity shown by the ZnO

thin film coated SPR sensor can be attributed to the optical properties of the
ZnO.
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Figure 6.15 (a) Reflectance curve of ZnO coated SPR sensor with increasing thickness of

ZnO layer and (b) corresponding sensitivity curve.

6.9 Summary

Hybrid sensor has been developed and preliminary investigations on hybrid
sensing have been carried out and discussed. Sensitivity analysis of graphene
coated SPR biosensor has been carried out using angular interrogated method.
Computational results have shown that the graphene layer increases the
sensitivity of the conventional SPR sensor for an incidence light wavelength in
the range of 600-1600 nm. Relative sensitivity enhancement was carried out
over a conventional SPR sensor with increasing number of graphene layers and
results have shown an increase in sensitivity with the number of graphene

layers. Also, ZnO coating based SPR sensor have been analysed through
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modelling work and was found that ZnO coating of thicknesses in the range of
20-30 nm show higher sensitivity compared to the graphene based sensors.
Although, ZnO coating shows higher sensitivity through computation work, it
assumes a flat and smooth surface which is not possible in reality. Therefore, to
understand the effect of nanostructured surface of ZnO on the SPR sensor will be
exploited in future work through experimental work. Preliminary results on the
hybrid sensing have shown that the SPR signal was not affected by the
background currents. Applied electrical signal improves the sensitivity by
attracting more ions on the electrode surface. These investigations have opened
up new possibilities for the real-time monitoring of highly sensitive molecular

interactions studies using hybrid approach.
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7 Conclusions, Contribution and Recommendation

7.1 Conclusions

A novel evanescent wave based fibre optic sensor was developed using dithizone
to detect heavy metal ions. Effects of various environmental variables such as
pH, reagent to analyte concentration ratio and simultaneous detection of multi-

ions were investigated.

A U-bent sensor geometry was investigated to enhance the optical sensitivity of
the sensor through higher evanescent field near the surface. Further, optical field
confinement to the surface was investigated through thin film coating to improve
the sensitivity. A new inverted trench design based sensor was developed. The
sensitivity enhancement was achieved through this novel design and confirmed
using modelling work accompanied by experimental results. Bend radius and
trench width were found to be the most significant geometric parameters
affecting the sensitivity in this novel sensor design, and therefore, optimum

parameters were calculated and verified through experimental work.

A very high surface to volume ratio of the nanomaterials, such as ZnO
nanowires, can provide enhanced surface interactions leading to higher
sensitivity. Wettability of the material plays a crucial role in aqueous
environments and therefore, wetting nature of the developed sensor surface
modified with nanomaterials was investigated. Surface modified with ZnO
nanostructures was found to be hydrophobic and hence, their wettability needs
to be tuned to achieve higher sensitivity. A new remote and non-contact method
to tune the wettability of the ZnO nanostructures using LEDs was developed.
Vital parameters in controlling the wettability transition of the ZnO
nanostructures were identified as the spectral overlap between LED emission
spectrum and ZnO absorption spectrum which are previously unexploited. Higher
sensitivity was achieved by tuning the wettability of ZnO nanowires using the

developed method.

Electrochemical sensor was developed in order to understand the potential
effects of the electric field on the near surface molecular dynamics and thereby,

effects on the optical detection. Effects of parameters such as deposition time,
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scan frequency, concentration, electrode materials and their surface area were
investigated to improve the sensitivity and selectivity. Multi-ions selectivity was
achieved by simultaneous detection of copper, mercury and lead ions in buffer
solution. Higher sensitivity was obtained by modifying the gold electrode using

graphene flakes.

Furthermore, to integrate the optical field with this sensor, in order to develop
the hybrid sensor, thickness of the gold electrode has been optimised to allow
the penetration of evanescent field into the electrode. Under optimised conditions
evanescent field resonantly couples to the surface plasmon of the gold electrode.
Investigations have been carried out using computational work on a developed
surface plasmon resonance (SPR) based optical sensor (integrated with the
electrochemical sensor) to improve their sensitivity using nanomaterials.
Sensitivity enhancement of the SPR has been studied using graphene and found
that sensitivity of the SPR sensor can be enhanced with increasing the number of
graphene layer up to ten. Computational results show that graphene increases
the sensitivity of the conventional SPR sensor for an incidence light wavelength
in the range of 600-1600 nm. Computational results have also shown that ZnO
coating improves the sensitivity of the SPR sensor. Preliminary investigations on
the developed hybrid sensor have shown that the electric field complements the
optical detection. Investigations have shown that the application of electric field
enhances the sensitivity in optical detection by attracting more ions on the
electrode and also, provides the multi-ion selectivity. These investigations have
opened up new possibilities for the real-time monitoring of highly sensitive and
selective molecular interactions and have a lot more potential for a range of

applications in the areas of environmental sensing, biosensing and agriculture.

7.2 Contribution to Knowledge

The research work reported in this thesis has made a number of significant
contributions in the sensor development. The first contribution is the novel use of
dithizone, a well-known chromogenic ligand, in the detection of mercury ions
using an evanescent field. Initial results from the work have been published in
Fifth Scottish Postgraduate Symposium on Environmental Analytical Chemistry
and won the best poster award for the contribution. The second contribution is

the extension of the same work for other heavy metal ions detection and
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development of optical fibre based heavy metal ion sensor using dithizone.

Results have been published in the Sensors and their Applications XVII [1].

A novel inverted trench design based sensor was developed to achieve higher
sensitivity. Initial results of the research work carried out were presented in 4th
EOS Topical Meeting on Blue Photonics - Optics in the Sea (Blue Photonics 4).

For the first time graphene monolayer flakes modified gold electrode has been
used to detect copper ions and effects of graphene monolayer flakes on the

detection currents has been reported.

A computational study on the effect of wavelength and graphene layers on
sensitivity of an angularly interrogated surface plasmon resonance (SPR) sensor
has been reported. Results have been presented in Optical wave and Waveguide
Theory and Numerical modelling Workshop (OWTNM-2015).

A new remote and non-contact method to tune the wettability of the ZnO
nanostructures using LEDs has been developed. Results have been presented in
the International Conference on Structural Nano Composites (Nanostruc2014)
[2] and published in Nano Reviews [3].

7.3 Future Work

The investigations carried out in the development of novel hybrid sensor have
largely been met the primary objectives, but looking forward, there are several
recommendations necessary for the future work in the development of integrated

hybrid sensor system for environmental monitoring applications.

Although, the modelling work on SPR coated with graphene layers and ZnO has
shown the sensitivity enhancements, the work does not include the effect of the
non-linearity in the graphene and ZnO surface, practical coating problems and,
therefore, needs to be investigated. Also, the use of a combination of graphene
and ZnO coatings may enhance the sensitivity further. Also, in the ZnO coated
SPR sensor for the sensitivity enhancement assumes a uniform thin layer of ZnO,

but, the role of nanostructures instead flat coating requires investigations.

Further work needs to be carried out on developing the uniform and dense ZnO
nanowire coating on an optical fibre. Detection of heavy metal ions using

dithizone immobilized ZnO nanowire coated fibre needs to be investigated. Also,
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the wettability tuning of the ZnO nanowire coated on an optical fibre needs to be

investigated upon UV light interaction which propagates through the fibre core.

Fluorescence based detection eliminates the need for reference light beam and is
more sensitive. Therefore, in order to incorporate the fluorescence based optical
sensing along with the developed hybrid approach, FRET based mechanism for
copper ion detection have been investigated and results have been discussed in
chapter 2. The work carried out can be explored for the hybrid sensing which will

improve the sensitivity of the developed hybrid sensor further.
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Appendix

Normalized UV /Vis Absorption spectra of dithizone in different

solvents
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I11. Recovery of dithizone from the mercury dithizonate solution by
varying the pH of a solution.
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SPR fluidic cell design drawings
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VL SPR Angle with graphene layers calculated for a BK7 glass at 633 nm in
air.
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