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Abstract

This thesis focuses on synthesizing nanomaterials for sensing of glucose and mercury
in blood, and photocatalysis of highly toxic pollutants such as nitrobenzene. My thesis
is divided into four parts. Chapter one introduces the background of nanomaterials as
sensors, the concept of enzyme mimics for colorimetric bio-sensing purposes, as well
as an introduction to semiconductor photocatalysts, unique properties offered by
photocatalytic nanomaterials for environmental remediation. In chapter two, iron
telluride nanorods (FeTe NRs) were prepared from Te nanowires through a galvanic
reaction, that act as enzyme mimics and possesses strong catalytic activity towards the
oxidation of a peroxidase substrate (ABTS) by H20-, enabling the detection of H20-
and glucose with a limit of detection (LOD) of 55 nM (linear range = 0.1-5 uM) and
0.38 uM (linear range = 1-100 pM) respectively, which is better than other iron based
nanomaterials and horse radish peroxidase (HRP). It is also found that the release of
Fe2* ions plays a critical role in the high catalytic activity. The third chapter utilizes the
FeTe NRs based system for the detection of mercury with a limit of detection of 1.31
nM at a signal-to noise ratio of 3 and a linear range of 5 to 100 nM (R? = 0.99), through
a cation exchange reaction between FeTe NRs and Hg?* as a colorimetric biosensor for
total mercury in blood. The sensing system exhibits excellent sensitivity for mercury.
The final chapter deals with the development of graphene-ZnO-Au nanocomposite
(G-ZnO-Au NC) through a simple hydrothermal approach, which acts as a highly
efficient photocatalyst under UV light for the reduction of nitrobenzene to aniline under
140 min with an yield of ca. 98 %. The photocatalytic activities of the nanocomposite
are 3.5 and 4.5 fold higher than that of commercial TiO2 and ZnO nanospheres (NSs)
respectively, it also exhibits excellent durability with a decrease of only 7% in the

conversion efficiency after 5 cycles. A detailed study on the mechanistic path of the

Vil



photocatalytic reduction reveals that reduction of nitrobenzene to aniline is most
efficient in the absence of oxygen, as oxygen tends to compete for the photo-generated
electrons. G-ZnO-Au NC photocatalyst has the potential to find real world applications

in the near future for environmental remediation.

Keywords: iron telluride nanorods, enzyme mimics, colorimetric biosensors,
toxicology, semiconductor photocatalysts, graphene-ZnO-Au nanocomposites

nitrobenzene, environmental remediation.
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1.1 Nanotechnology

Innovation in technology started from the Stone Age, when human beings in
their most primitive form invented the wheel. The fundamentals of technology have
evolved from tasks which were once seen as implausible to common everyday
chores and tools. The last century has seen some of the most important theoretical
and experimental concepts in the field of science and technology with developments
and progress in molecular technology spawning a new form of technology:
Nanotechnology. K. Eric Drexler brought forth the idea of nanotechnology which he
defines as “Technology based on the manipulation of individual atoms and
molecules to build structures to complex atomic specifications”. This technology
defined by Drexler, is of the order of ‘nano’ (100 nanometers, or a billionth of a
meter). Such fine structures are only visible with powerful microscopes such as
scanning tunneling microscope (STM) or tunneling electron microscope (TEM)
which enables scientists to not only peep into the deepest parts of the molecules, but
also pick up, arrange atoms and place them at their will.!

Nanomaterials such as Iron-based chalcogenides (FeTe, Iron Telluride) have
found use in not only superconductors, but also as enzyme mimics.? Graphene, a
wonderful material, has been at the forefront of research and has given its inventors
the Nobel Prize, due to its amazing electron transport, strength and the ability to
make composites that can be used as highly efficient photocatalysts.® At the
cutting-edge of research, nanotechnology has a significant impact on almost all
industries and areas of society. It helps us build a better world with long lasting,
cleaner, safer, and smarter materials in the field of medicine, engineering,
agriculture and for industry in general. As a result of recent improvement in

technologies to see and manipulate these materials, the field has seen a huge increase



in funding from private enterprises and government, and academic researchers within

the field have formed many partnerships.t

1.2 Nanomaterials as Biosensors
1.2.1 The Concept of Enzyme Mimic

“One of the great intellectual challenges presented to Science by Nature is a
proper understanding of how enzymes work. At one level we can ‘explain’ enzyme
catalysis by the ability of an enzyme to bind and thus stabilize selectively the
transition state for a particular reaction. But our current level of understanding fails
the more severe, practical test that of designing and making artificial enzyme systems
with catalytic efficiencies which rival those of natural enzymes.” — An introduction
given by A. J. Kirby was the highlight on which the ideas of artificial enzyme systems
have taken fruition in order to attain catalytic efficiency rivaling that of natural
enzymes.*

The question we ask ourselves is how do these enzymes work? While also
trying to figure out and replicate studies of binding and catalysis in simpler, artificial
systems. Enzymes however are not merely highly evolved catalysts; they are
multifaceted and thus have more than one role to play such as both recognizing and
responding to molecules other than their specific substrate and product, as part of the
control mechanisms of the cell. Natural enzymes though bear some serious
disadvantages, such as the inhibition of its catalytic activity. Moreover, the
preparation, purification and storage of natural enzymes are usually time-consuming
and expensive; this is where the synthesis of artificial enzyme mimics using
nanomaterials have evolved with the objective of efficient combination of binding and

catalysis.®> To begin with, the ability to bind efficiently and determine the mechanism



involved is required, since it is the rate-determining transition state which is the most
important target for the binding process.® Ultimately the two methodologies must
congregate if a genuine enzyme mimic is to transpire. There is great promise in such
nanomaterial based enzyme mimics which may be more robust than proteins, for
unnatural reactions of interest. However, in order to develop a successful enzyme

mimic it is indispensable to use the concepts of a real enzyme.

1.2.2 The Mechanism behind Enzyme Mimics for Colorimetric Biosensing
Bio-sensing technology has taken significant strides with the help of a
multitude of novel materials designed and fabricated for bio-sensing applications. The
key challenge for colorimetric bio-sensing is transforming the detection events into
color changes. To this end, a number of smart materials have been developed,
including gold nanoparticles, magnetic nanoparticles, cerium oxide nanoparticles,
carbon nanotubes, graphene oxide, and conjugatedmers, such as polythiophene
derivatives or polydiacetylene, can change color upon conformational transition or
aggregation have proved to be a valuable platform in a wide range of bio-sensing.’
Nanomaterials, more so functionalized nanomaterials, have received significant
attention in the recent past due to their large surface-to-volume ratio. Magnetic
nanomaterials (such as Fez0s) have been extensively studied and used in magnetic
resonance imaging, drug delivery, biological separation, and even in biological
catalysis. Such nanomaterials are thought to be chemically and biologically inert;
which can then be functionalized with metal catalysts, enzymes, or antibodies.
Surprisingly, Yan and coworkers found that FesOs magnetic nanoparticles (MNPs)
possessed an intrinsic enzyme mimetic activity similar to that of natural peroxidases.®

There are a wide range of practical applications for such peroxidase activity such as



the ability to catalyze the oxidation of organic substrates in order to reduce their
toxicity or bring about a color change which is then in turn used as a detection tool.
The cynosure of such a nanomaterial is the production of Fe?*/Fe3* ions in the
solution (Fenton’s reagent) which subsequently catalyzes the breakdown of H»Ox.
Natural enzymes such as horse radish peroxidase (HRP) have such heme-containing
centers.® These released Fe?* ions are then used to catalyze the oxidation of a
peroxidase substrate such as 2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) or
better known as ABTS as seen in Fig. 1.1. The mechanism proceeds as shown in the

reactions below.
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Fig. 1.1 Colorimetric sensing of glucose using FeTe NRs enzyme mimics.
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These easy and cost effective methods of detection show considerable benefits
in comparison to conventional assays, predominantly in sensitivity, selectivity, and
practicality. Since color changes can be read out by the naked eye, colorimetric
bio-sensing does not require expensive or sophisticated instrumentation and can be

applied to field analysis and point-of-care diagnosis.

1.3 Semiconductor Photocatalysts
1.3.1 A Brief History on Semiconductor Photocatalysts

The word photocatalysis is a combination of two words, the prefix photo,
defined as "light" and catalysis, the process of changing the rate of a chemical
reaction without itself being involved in the reaction, thereby by reducing the
activation energy needed for the reactant to form a product, the catalyst can increase
the rate of the reaction. Semiconductor based photocatalysis under visible and
ultraviolet light irradiation has been comprehensively studied for the quarter of the
last century. Fujishimna and Honda in the year 1972 discovered the photocatalytic
splitting of water on TiO> electrodes. This brought about the dawn of a new era in
heterogeneous photocatalysis. Photocatalytic studies have largely investigated on the
purification of water by the degradation of numerous organic pollutants and toxic
substances. Quantum size effects on photoreactions for semiconductor nanoparticles
have only been recently studied.®

Semiconductor photocatalysts mainly comprise of metal oxides such as TiOg,
Zn0O, MnO> but are not limited to such materials, Au and other noble metals have met
with considerable attention as well,® recently the use of graphene in semiconductor
photcatalysts has been on the rise, with graphene providing exciting electron transport

properties, which negates the drawbacks of traditional photocatalysts,*® these



semiconductor photocatalysts can accelerate chemical reactions upon light absorption,
typically sunlight. By utilizing the energy of absorbed photons, photocatalysts can be
optimized to carry out a wide variety of important chemical processes such as
environmental remediation — the process of purifying air or water by destroying toxic
and other organic pollutants. Semiconductor photocatalysts have also found use in
solar fuel cells, Hz from water or methane/methanol from CO2'? Various hybrid
assemblies have been thought of to improve the performance of semiconductor
photocatalysts by using semiconductor-semiconductor, semiconductor-metal, and
semiconductor-reduced graphene oxide (RGO) nano-assemblies.’® However, it is
imperative for us to understand the intricate interface electron dynamics in all of these

assemblies which will allow us to use these systems in various applications.

1.3.2 Photocatalytic Mechanism

The narrow band gap between the valence and conduction bands of a
semiconductor have made it an ideal material for it to be used as photocatalysts. In
order for photocatalysis to proceed, the semiconductors need to absorb energy equal
to or more than its energy gap. This movement of electrons forms e’/h* or negatively
charged electron/positively charged hole pairs.® The hole can oxidize donor molecules.
The excitation of electrons is accomplished by the absorption of photons of energy
equal to or higher than the band-gap of their host material. This light-induced
generation of electron-hole pairs is a prerequisite step in all semiconductor mediated

photocatalytic processes. For example, when a photocatalyst such as titanium dioxide
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Fig. 1.2 Schematic representation of the photocatalytic mechanism

(TiO2) absorbs ultraviolet (UV) radiation from sunlight or illuminated light source
(fluorescent lamps), it will produce pairs of electrons and holes. The electron of the
valence band of titanium dioxide becomes excited when illuminated by light. The
excess energy of this excited electron promotes the electron to the conduction band of
titanium dioxide therefore creating the negative-electron (e) and positive-hole (h*)
pair as illustrated in Fig. 1.2. This stage is referred to as the semiconductor's
‘photo-excitation' state. The energy difference between the valence band and the
conduction band is known as the 'Band Gap'. Wavelength of the light necessary for
photo-excitation is: 1240 (Planck’s constant, h) / 3.2 eV (band gap energy) = 388 nm.
The positive-hole of titanium dioxide breaks apart the water molecule to form
hydrogen gas and hydroxyl radical. The negative-electron reacts with oxygen

molecule to form super oxide anion. This cycle continues when light is available.®

1.3.3 The Role of Semiconductor Photocatalysts in Environmental Remediation

The use of a photocatalyst is not only restricted to killing bacterial cells, but



also decomposing the cell itself. The titanium dioxide photocatalyst is very effective
as an antibacterial agent, even when there are cells covering the surface and while the
bacteria are actively propagating, where Se/Te-TiO2> NRs were used for photocatalysis
induced actibacterial activity. The photocatalytic action also decomposes the end toxin
produced at the death of cell. Titanium dioxide does not deteriorate and it shows a
long-term anti-bacterial effect. Photocatalysts also act as highly efficient deodorizers.
The hydroxyl radicals produced during the photocatalytic reaction accelerate the
breakdown of many V\olatile Organic Compounds (VOCs) such as formaldehyde,
nitrogen dioxide, urine, fecal odor, gasoline, and many other hydro carbon molecules
in the atmosphere by destroying the molecular bonds. This helps combine the organic
gases to form a single molecule that is not harmful to humans thus enhancing the air
cleaning efficiency.®

The photocatalytic reactivity of titanium oxides finds key use for the reduction
or elimination of polluted compounds in air such as NOx, and cigarette smoke. It also
exhibits high photocatalytic activity in the treatment of atmospheric constituents such
as chlorofluorocarbons (CFCs) and CFC substitutes, greenhouse gases, and
nitrogenous and sulfurous compounds. Photocatalyst coupled with UV lights can
oxidize organic pollutants into nontoxic materials, such as CO, and water and can
disinfect certain bacteria. This technology is very effective at removing further
hazardous total organic compounds (TOCs) and at killing a variety of bacteria and
some viruses in the secondary wastewater treatment. Pilot projects demonstrated that
photocatalytic detoxification systems could effectively kill fecal coli form bacteria in

secondary wastewater treatment.®

1.4 Graphene: How Playing With Sticky Tape Changed The World



Carbon is among the most flexible and robust elements in the whole periodic
table. The fundamentals of organic chemistry are built on it, which makes it
omnipresent in all living organisms on Earth. A plethora of crystalline structures has
been developed around carbon: fullerenes or buckyballs, carbon nanotubes, graphite,
diamond and, more recently, graphene. These materials are characterized by their
dimensionality and the nature of the chemical bonding (sp? or sp®) that keeps the
atoms together. The main motif behind these structures is the hexagonal benzene
ring.1°

Graphene consists of a single layer of carbon atoms arranged in a
two-dimensional (2D) honeycomb lattice. A range of well-known carbon materials
such as three-dimensional (3D) graphite, one-dimensional (1D) carbon nanotubes, and
zero-dimensional (0OD) fullerene are built on the pillars of graphene. The unique
properties of graphene such as its 2.3% absorption in the white light spectrum, high
surface area, high Young’s modulus, and excellent thermal conductivity has piqued
interest from both academia and industry leading to applications in a wide range of
areas, including high-speed electronic and optical devices, energy generation and
storage, hybrid materials, chemical sensors, and even DNA sequencing as seen in Fig.
1.3.1! The discovery of graphene by Konstantin Novoselov and Andre Geim were
awarded the 2010 Nobel Physics Prize, giving rise to a research boom that is

continuing.
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Fig. 1.3 lllustration of the various applications of graphene.

1.4.1 Graphene Based Semiconductor Photocatalysts

A great deal of attention has been paid towards the utilization of carbon based
materials to enhance the photocatalytic activities of semiconductor photocatalysis in
the recent past. There are a variety of advantages to incorporating carbon
nanostructures in photocatalysts, for example they inhibit e/h* recombination (Fig.
1.4), provide greater support for the semiconductor photocatalyst and thus increasing
the density of the photocatalyst itself. They also facilitates greater interaction and thus
more active sites for adsorbing the analyte targeted for reduction or oxidation in its
surface due to n-m conjugation.*Recent studies show the ability of graphitic carbon to
form strong interfaces with TiO. through the formation of Ti—-O-C bonds thereby
extending the range in which it can absorb light.%®

Various methods have been devised to incorporate metallic nanoparticles (e.g. Pt,
Pd, and Au) loaded onto the surface of a carbonaceous material such as graphene or
CNT. Which helps in stopping the recombination of holes and electrons and

promoting an interfacial charge-transfer. On the other hand, doping with metal (e.g.
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Fe¥* Ru*, Mo®", Cr¥*, Sb>* and V**) or nonmetal (e.g. N, F and S) helps in extending
the photoresponse towards lower energy excitation through impurity levels between
the conduction and valence bands of the main photocatalyst. Narrow band gap
semiconductors such as CdS, CdSe, PbS, and Bi>Szthough can harvest visible light.
However, large bandgap photocatalysts (TiO2, ZnO, MnO2) have gained more

attention as they have found to be more efficient photocatalysts.®

Fig. 1.4 Plausible electron transfer mechanism in graphene based semiconductor

photocatalyst.

The incorporation of these photocatalysts on carbon-based materials involves
critical understanding of various synthetic routes in order to achieve uniform
morphology. Various strategies such as sol-gel, hydrothermal, microwave have been
implemented to fine tune the properties of the product, including their electronic
conductivity and storage capacity, hydrophilicity/hydrophobicity of the composites,
morphology and porosity. All these parameters are of importance for many
applications. However, a great number of these carbon based nanocomposites have
been used for photocatalytic organic degradation, water splitting for hydrogen
production, photovoltaic and photoelectrochemical cells, and antibacterial

applications.t’-1°
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1.4.2 Application of Graphene-Based Photocatalysts

Akhavan and co-workers have studied the antimicrobial activities of various graphitic
carbons incorporating TiO> and ZnO. They found that the graphene based
semiconductor photocatalyst showed enhanced photocatalytic activity toward the
killing of Escherichia coli (E. coli) bacteria by a factor of 7.5 in an aqueous solution
under sunlight.?® Zhu and co-workers were able to extended the TiO2’s response into
the visible range by coating thin layers of graphite-like carbon (~1 nm) on TiO>
nanoparticles?! due to electron coupling, resulting from the d—p interaction (d-orbital
from the conduction band of TiO. and p states of graphite-like carbon). Yun’s group
further showed that graphitic carbon can shuttle electrons between two photocatalysts
with complementary band structures to complete an electron cycle for Z-scheme
water splitting.??> A considerable amount of effort has also been put into

photodegradation of organic pollutants and decoloration of organic dyes.!® 2223

1.5. Motives of Research

At the crossroads of my scientific career | found myself wondering about the
importance of pursuing research, more specifically research in chemistry. Think about
it, without chemicals there is no universe, let alone life. We can all agree about the
facts, but how can one convey the all-encompassing nature of chemistry in an exciting
and informative way. My quest was to begin with isolating the fields I felt most
strongly about, ideas that can actually be employed towards real world applications,
this led to the detection of glucose in blood, as diabetes is a life-long disease marked
by elevated levels of sugar (glucose) in the blood. It can be caused by too little insulin
(a chemical produced by the pancreas to regulate blood sugar), resistance to insulin,

or both. Approximately 347 million in the world have diabetes, 3.4 million of them as
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a consequence of high glucose levels; however the average cost of detection of
glucose is as high as USD 20 per test, which is unaffordable for the greater population.
Hence it is imperative to find cheaper alternatives for the detection of glucose by
synthesizing nanomaterials (FeTe NRs) that would enable highly sensitive and
selective detection of glucose in blood. Environmental remediation through the
detection of toxic elements has been another issue that has plagued mankind, as
mercury is a notoriously toxic element that can damage DNA and disrupt the central
nervous and endocrine systems. It is released into the environment through volcanic
activity, coal production and industrial waste. Fish living in polluted water are
particularly susceptible to poisoning, as the mercury can be taken in through the
mouth or skin and becomes deposited in their organs. We went about preparing a
simple colorimetric sensor based on the as-synthesized FeTe NR’s with excellent
sensitivity and selectivity for mercury in blood. However, mercury is not the only
source of toxicity in the environment, chemicals such as nitrobenzene, which is the
mainstay of chemical industries, is a massive problem for scientists to deal with in the
pursuit of environmental remediation. Nitrobenzene is carcinogenic and genotoxic to
human beings, causing diseases such as methaemoglobinaemia. It is therefore crucial
that we found ways to curb this menace by degrading such chemicals. The best way to
do so was to develop graphene based semiconductor photocatalysts such as
G-ZnO-Au NC that allowed us to reduce the toxic nitrobenzene into aniline with close
to 100 % yield and in quick time. In recent years it seems that the importance of
science has declined. However its necessity in growing the economy and finding new
solutions to old problems and dilemmas remain the same. Scientists find themselves
at the crux of the problem or solution whichever way one wants to look at it, the

choice of being able to solve a problem or create one lies squarely on our shoulders.
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Chapter 2

Synthesis of Enzyme Mimics of Iron Telluride Nanorods for

the Detection of Glucose
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2.1 Introduction
Hydrogen peroxide (H202) is involved in many chemical, biological,

pharmaceutical, clinical, and environmental processes.® Detection of H.O, and
glucose by optical (absorption, chemiluminescence, and fluorescence),
electrochemical (amperometry) and bioelectrochemical based sensing approaches are
the most popular analytical techniques.>® Although these methods have practical
advantages, they suffer from serious drawbacks such as lack of sensitivity, rapidity,
and/or specificity, problems such as time-consuming fabrication procedures, the need
for expensive reagents, and/or the presence of serious matrix effects. Thus, rapid,
accurate, reliable, sensitive, and cost-effective approaches for the detection of H20:
are still needed.

Nanomaterials (NMs) such as FesOs,” 8 carbon,® and Au nanoparticles
(NPs)* exhibit catalytic activity similar to that found in natural peroxidases, and have
been successfully employed as enzyme mimics for the detection of H.0," 8
glucose,”® and xanthine,'® respectively. NMs have distinct advantages in comparison
to natural enzymes; including low cost, ease in preparation, stability, and superior
surface to volume ratio.!! 12

The catalytic activity of these NMs comes from the released metal ions (e.g.
Fe?* and Au®" ions) that catalyze the oxidation of the peroxidase substrates such as
2,2’-azino-bis(3-ethylbenzo-thiazoline-6-sulfonic acid) diammonium salt (ABTYS).
Unlike natural enzymes,®® NMs usually lack specificity for analytes of interest. Thus,
it is essential to prepare low-cost, environmentally friendly, specific, and active NMs
as enzyme mimics.

In this work, we used Te nanowires (NWs) to prepare FeTe nanorods (NRs)

through a spontaneous redox reaction between Te atoms and Fe®" ions.!*1" Te NWs
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were synthesized from the reduction of tellurium dioxide (TeO2) with concentrated
hydrazine (N:2H4).1* FeTe has shown distinct properties of semiconductivity,
superconductivity, and magnetism.!® 1° While the physical properties of FeTe have
come under intense scrutiny, biological applications of FeTe has not been studied yet.
We investigated the enzyme mimetic property of the as-prepared FeTe NRs that
catalyze the oxidation of ABTS with H20.. Glucose oxidase (GOx), FeTe NRs, and
ABTS were used to develop a greatly sensitive, robust and selective colorimetric
detection system for the determination of glucose. Practicality was validated by the

determination of glucose in blood samples.

2.2 Experimental Section
2.2.1 Chemicals

Sodium dodecyl sulfate (SDS, 99%), hexadecyltrimethylammonium bromide
(CTAB, 99%), iron (IIl) chloride hexahydrate (99%); acetic acid (99.8%),
L(+)-ascorbic acid (99%), dopamine (99%) and iodine (99.5%) were purchased from
Acros (Geel, Belgium). Tellurium dioxide powder (99.9%), hydrazine monohydrate
(80%), and hydrogen peroxide (35%) were purchased from SHOWA (Tokyo, Japan).
Iron oxide (Fez04) nanoparticles (98%), fluorescein isothiocyanate (FITC, 90%), GOX,
ABTS (99.8%), B-D-glucose (99%), maltose (99%), D-fructose (99%), a-lactose
(99%), epinephrine (95%) and iron (I1) chloride tetrahydrate (99%) were purchased
from Sigma Aldrich (St. Louis, Missouri, USA). Sodium acetate trihydrate (99%) was
purchased from Merck (Madison, Wisconsin, Milwaukee, USA). Monosodium
phosphate monohydrate (99%) and disodium phosphate heptahydrate (99%) were
purchased from J. T. Baker (Phillipsburg, New Jersey, USA) and Janssen Chimica

(Geel, Belgium), respectively. Horse radish peroxidase (HRP) was purchased from
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TCI (Tokyo, Japan). Ultrapure water was obtained using a Milli-Q ultrapure (18.2

MQ-cm) system.

2.2.2 Preparation of Te NWs.

Hydrazine (10 mL) was added slowly to a beaker containing tellurium dioxide
(0.016 g) under constant magnetic stirring at room temperature. The solution changed
color from colorless to blue after 120 min, indicating the formation of Te NWs
(average length: 785 nm; average diameter: 16 nm). To terminate the reaction and

stabilize the Te NWs, the mixture was diluted 10-fold with CTAB (10 mM).

2.2.3 Synthesis of FeTe NRs.

Prior to use in the preparation of FeTe NRs, the as-prepared Te NWs was
subjected to a centrifugation/wash cycle to remove most of the matrix (e.g.,
hydrazine). In a typical process for the synthesis of FeTe NRs, the Te NW pellet was
re-dispersed in 10 mM CTAB. After 10 min, FeClsag) (final concentration: 10 mM)
was added to the mixture, which was then left at 60 °C for 1 h. The solution changed
color from blue to yellow, indicating the formation of FeTe NRs. Then the FeTe NRs
were subjected to three centrifugation/wash cycles to remove most of the matrices.
Centrifugation was conducted at 15000 rpm for 10 min and ultrapure water (100 mL x
3) was used to wash the pellets. The pellets (FeTe NRs) were dried in air at ambient

temperature (25 °C) prior to characterization and catalytic tests.

2.2.4 Characterization.
A double-beam UV-Vis spectrophotometer (Cintra 10e, GBC) was used to

measure the absorption spectra of the Te NWs and FeTe NRs. JEOL JSM-1230 and
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FEI Tecnai-G2-F20 transmission electron microscopes (TEM) were used to measure
the sizes and shapes of the as-prepared Te NWs and FeTe NRs. The re-dispersed Te
NWs and FeTe NRs were separately placed on formvar/carbon film Cu grids (200
mesh; Agar Scientific) and dried at ambient temperature. An energy dispersive X-ray
(EDAX) system (Inca Energy 200, Oxford) was used to determine the composition of
the as-prepared NMs. Raman spectra were recorded using a Raman spectrometer
(Dong Woo 500i, Korea) equipped with a 50x objective and a charge-coupled detector.
The excitation wavelength was 532 nm and the spectral aperture was 50 um. The
signal collection time for each sample was 30 s. Fluorescence spectra were recorded

using Cary Eclipse Spectrophotometer equipped with a Xenon lamp.

2.2.5 H202 Detection through Peroxidase Mimics of FeTe NRs and FezO4 NPs.

To explore the possibility of using FeTe NRs as peroxidase mimics, the
catalytic oxidation of the peroxidase substrate ABTS in the presence of H,O, was
tested. In short, ABTS (60 mM, 24 pL), FeTe NRs and FesO4 NPs (2.17 mg/mL, 10
pL), and different amounts of H2O> (final concentrations 0.1-200 uM) were added
into an acetate buffer solution (0.2 M, pH 4.0, 185 uL). The mixture was incubated at
30 °C for 10 min, and then the FeTe NRs and FezOs NPs were removed through
centrifugation at 15000 rpm for 10 min. The supernatant was diluted by a factor of 10
with water prior to absorption measurement. In order to investigate the influence of
incubation temperature on the catalytic activity of FeTe NRs and FesO4 NPs, reactions
were conducted at various temperatures (20-60 °C). We also studied catalytic
reactions over a pH range 2.0-12.0 in acetate solutions (0.2 M). The activity of HRP
(40 mM, 10 pL) toward ABTS in the presence of H20. at an optimized condition (30

°C, pH 7.0) was investigated.
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2.2.6 Detection of Released Fe?* lons from FeTe NRs and Fe3Os NPs.

A ferrous stock solution (10 mM) was prepared by dissolving iron (I1) chloride
in diluted hydrochloric acid solution (20 mM, 50 ml). The stock solution was used to
prepare diluted standard Fe?* solutions (0.5-100 uM) by appropriate dilution with 20
mM hydrochloric acid solution. FITC solution (0.1 mM) was prepared by dissolving
the necessary weight of FITC in ethanol, which was then diluted with water to 1 uM.
An iodine solution (0.3 pM) in ethanol was freshly prepared every time. To each
1.5-ml vial, FITC solution (1 uM, 100 pL), 600 pL of phosphate buffer solution (10
mM, pH 6.4), and standard Fe?* solution (0.5-100 uM) were added to. To each of the
mixture, iodine solution (0.3 uM, 90 uL) was added before dilution with ultrapure
water (0.690 mL). The fluorescence intensity was then measured against a reagent
blank at 515 nm with excitation at the wavelength 485 nm. The concentrations of the
released Fe?* ions from the FeTe NRs and FesOs NPs were measured in a similar way

to that for the standard Fe?* solutions.

2.2.7 Detection of Glucose.

Phosphate buffered saline (PBS, 220 pL, 10 mM, pH 7.0) solutions containing
glucose (1-500 uM) and GOx (6 uM) were incubated at 37 °C for 30 min. To the
solutions, ABTS (60 mM, 24 pL), FeTe NRs stock solution (10 pL), and acetate
buffer (0.2 M, pH 4.0, 800 pL) were added into. After each of the mixtures was
incubated at 30 °C for 10 min, the FeTe NRs were removed through centrifugation at
15000 rpm for 10 min. Each of the supernatant was diluted 10 times with water prior
to absorption measurement. To investigate the specificity of the present assay, 5-mM
maltose, fructose, lactose, dopamine, epinephrine and ascorbic acid instead of glucose

were used as controls.
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2.2.8 Detection of Glucose in Blood Samples.

20 pL plasma was mixed with 10 pL acetonitrile, which was then diluted a
hundred fold with ultrapure water prior to centrifugation. Aliquots (20 pL) of the
pretreated plasma solution (supernatant) were then spiked with a standard glucose
solution (20 pL; 10 to 90 puM). The spiked samples were then subjected to the
detection of glucose by applying the present assay. This was followed by comparing

the results obtained from conducting a commercial blood glucose electrochemical

approach (Abbott Laboratories, Alameda, CA, USA).

2.3 Results and Discussion

2.3.1 Characterization of FeTe NRs.
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Fig. 2.1 Characterization of the as-synthesized Te NWs and
FeTe NRs. (A) and (B) TEM image of Te NWs and FeTe NRs,

respectively. (C) Raman and (D) EDAX spectra of FeTe NRs.

The lengths of the as-prepared Te NWs and FeTe NRs were estimated from
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their corresponding TEM images (each 100 counts) to be (785 + 170) and (45 + 11)
nm, respectively (Fig. 2.1A). The width of FeTe NRs (Fig. 2.1B) in the middle section
is close to that of Te NWs (13.3 £ 1.8) nm vs. (16.2 £ 3.1) nm). The Raman scattering
spectrum of the as-prepared FeTe NRs (Fig. 2.1C) reveals characteristic FeTe Raman
active modes of Aig (Te) and Big (Fe) at 148 and 168 cm™!, respectively.?’ In
comparison, the Raman peaks of pure Te NWs are known to be at 46, 62 and 182
cm.2! The detection of Te and Fe in the EDAX spectrum (Fig. 2.1D) further
confirms the formation of FeTe NRs. FeTe NRs were formed through a galvanic
reaction between Te and Fe** ions by (equation 1)
7Te + 180H-+4Fe*" - 3TeO3* + 4FeTe +9H.0 (1)

Similar to that in the preparation of Au NRs,* 1> CTAB prefers binding to the {110}
facet, leading to the anisotropic growth of FeTe seeds to form FeTe NRs. In addition,
the CTAB bilayers on the surfaces of the FeTe NRs further stabilize them. The
formation of FeTe NRs became apparent after a reaction time period of 20 min at 60
°C. To evaluate the practical potential of as-prepared FeTe NRs, we determined the
peroxidase-like activity of the as-prepared FeTe NRs; FeTe NRs catalyze the reaction
of H20, with peroxidase substrate ABTS (equation 2). Because the amount of the
colored oxidized product of ABTS (Amax = 418 nm) produced is proportional to the
concentration of H2O> present in the solution, the concentration of H2O. can be
determined by recording the absorbance at 418 nm of the solution according to the
Beer’s law

FeTe NRs .
H>O; + ABTS —  2H,0 + Oxidized ABTS. 2)

The as-prepared FeTe NRs (Fig. 2.2) provided about 9-fold absorbance value at 418

nm of that in the absence of the FeTe NRs.
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Fig. 2.2 Absorption spectra of solutions containing ABTS and H;O> in
the presence of (A) FeTe NRs (B) FesO4 NPs and (C) ABTS solution as a
control. Inset: Photograph (from left to right: FeTe NRs, FesO4 NPs, and
control). Concentrations: ABTS (60 mM), H202 (100 mM), FesOs NPs
(2.17 mg/ml), and FeTe NRs (2.17 mg/ml). Acetate buffer: (0.2 M, pH

4.0).

Under these studied conditions, the catalytic activity of the FeTe NRs was
higher than that of the FesOs NPs.® The catalytic activity of FesOs NPs is dependent
on the solution pH and reaction temperature.” & Thus, the pH- and
temperature-dependent activities of the FeTe NRs and Fe3Os NPs were investigated in
the current study. Fig. 2.3 shows the response curves in acetate buffer solutions (0.2
M) containing 100 uM H20- over a pH range (2.0-12.0) at 30 °C. In the absence of
any NMs, the absorbance decreased gradually from pH values 2.0 to 5.0 and almost
no reaction was observed at pH values higher than 5.0. Decomposition (hydrolysis) of

H>0; tends to occur rapidly at a pH higher than 5.0, leading to loss of its oxidation
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activity toward ABTS.222* Similar trends occurred in the presence of the FeTe NRs

and Fe3sO4 NPs.
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Fig. 2.3 Fluorescence spectra of FITC (0.1 mM) in the presence of (A)
various concentrations of Fe?* ions and (B) FeTe NRs and FesO4 NPs
at 30 °C. (A) FITC concentrations range from 0.5 to 100 uM. Inset is

the linear range from 1 to 100 uM. Concentrations: lodine solution

(0.3 uM), Phosphate buffer: (10 mM, pH 6.4).

In addition to instability of H2O> at high pH values, no sufficient amount of
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Fe?* ions available in the systems also accounts for their low activity.?> % We note
that the solubility product of Fe(OH)s is (2.6 + 0.2) x 10732 Maximum difference in
the absorbance values in the presence and absence of the FeTe NRs and FezOs NPs
occurred at pH 4.0 and 3.0, respectively. Both in the absence and presence of the FeTe
NRs and Fe3Os NPs, the absorbance increased when the reaction temperatures were
raised from 20 to 60 °C. We plotted the differential absorbance (AA) values against
reaction temperature, in which AA = As18nm (FeTe NRs or FesO4 NPS) — Asignm (N0
NMs) (inset). 30 °C and 45 °C, respectively. The maximum values for the FeTe NRs
and Fe3O4 NPs occurred at 30 °C and 45 °C, respectively. This is because the released

Fe2* jons from FeTe NRs reached a maximum value at 30 °C (Fig. 2.3B).

2.3.2 Detection of H20:.

The catalytic activity of FeTe NRs toward ABTS oxidation is proportional to
the amount of released Fe?* ions. However, in the case of FesO4 NPs, the temperature
for the generation of a maximum amount of Fe?* ions occurred at 45 °C. The
difference in temperature reaching maximum amounts of Fe?* ions released is mainly
because the bond strength of Fe with O is stronger in FesO4than that with Te in
FeTe.?8

It has been shown that the Fe?" ions released from FesOs NPs play a
dominant role in the catalytic ABTS oxidation with H20..” 8 To prove it, we
determined the concentration of Fe?* ions released from the FeTe NRs and FesOs NPs
using FITC as a fluorophore (Fig. 2.3).2° The amount of Fe?* ions released from the
FeTe NRs was found to be one order in magnitude higher than that released from the
FesOs NPs. This leads to a plausible explanation of the greater enhancement in the

absorbance observed when using the FeTe NRs than using the FesOs NPs.
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Fig. 2.4 Effects of pH and temperature on the catalytic activity of the

Fe3O4 NPs and FeTe NRs for H.O.-mediated ABTS reaction. (A) pH

and (B) temperature dependent response curves: * for FeTe NRs, m for

FesO4 NPs, and e for the control. Inset to (B) AA against temperature,

where AA = As1gnm (FeTe NRs or FesO4 NPs) — As1g nm (Blank).
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Fig. 2.5 A dose-response curve for H20> detection when using FeTe NRs.
Inset: linearity of absorbance against H>O» concentration ranging over

0.1-5 M.

The optimum pH and temperature are 4.0 (0.2 M acetate buffer) and 30 °C,
respectively (Fig. 2.3). Under these conditions, we determined the effect of H.O2 on
the absorbance of the solutions containing the FeTe NRs and ABTS. The Fig. 2.5
displays the increase in absorbance upon increasing the H.O> concentration. A linear
relationship (inset to Fig. 2.5) between the absorbance and the H2O2 concentration
ranging from 0.1 to 5 uM (R? = 0.99) was obtained, with a limit of detection at a
signal-to-noise ratio of 3 of 55 nM. The LOD provided by using the FeTe NRs is two
orders in magnitude lower than that provided by the Fe3Os NPs.® Relative to HRP,

the FeTe NRs provided at least 150 fold higher sensitivity.

2.3.3 Glucose Detection through Enzyme Mimics of FeTe NRs.
Coupling the catalytic reaction shown in equation 2 with the glucose catalytic

reaction by GOx (equation 3), colorimetric detection of glucose can be readily
28



realized.

02 + Glucose ﬂ) H>0; + Gluconic acid 3)
The two reactions (2 and 3) were carried out separately as the optimal pH values for
the enzyme reaction and the mimetic reaction were at 7.0 and 4.0 respectively.® The
H>0> produced in equation (3) reacted subsequently with ABTS that was catalyzed by
FeTe NRs as shown in equation (2). The increase in absorbance correlates with the

glucose concentration (Fig. 2.6A).
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Fig. 2.6 (A) Sensitivity and (B) selectivity of the assay using GOx and FeTe
NRs for the detection of glucose. Concentrations of solutes are 500 uM for
glucose and 5 mM for the other common interfering species. Inset to (A):

linearity of absorbance against glucose concentration range over 1-100 pM.
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The absorbance against the concentration of glucose is linear (inset to Fig. 2.6A) in
the range of 1-100 uM (R? = 0.99), with an LOD of 0.38 uM. The LOD provided by
FeTe NRs is two orders in magnitude lower than that provided by FesOs NPs.®
Control experiments were carried out to test the specificity of the developed system
by using fructose, lactose, maltose, dopamine, epinephrine and ascorbic acid all at a

concentration of 5 mM instead of glucose (Fig. 2.6B).

2.3.4 Practicality

When compared to electrochemical biosensors,®*3? the FeTe NRs-based
sensing system shows comparable sensitivity and selectivity for glucose. With the
advantages of sensitivity and selectivity, we used the FeTe NRs to determine the
concentration of glucose in plasma. Values higher or lower than the reference (3.6-6.0
mM) are of diagnostic significance.®® We determined the concentration of glucose in
the spiked blood samples, with a linear plot of the absorbance () against the glucose
concentration (X); 0.5120 = 0.0009X + 0.4483. We calculated the glucose
concentration to be (7.07 + 0.16) mM (n = 5) using the above equation and dilution
factor. The concentration of glucose in the blood sample was (7.33 + 0.09) mM when
using a commercial blood glucose electrochemical approach. The F-test and t-test
values were 1.98 and 2.30 respectively for the FeTe NR assay (n = 5) at a 95%

confidence level, revealing that the two methods provided no different results.

2.4 Conclusions
FeTe NRs were synthesized form Te NWs through a galvanic reaction. The
as-prepared FeTe had a higher enzyme activity toward H.O>-mediated ABTS reaction

than those of HRP and FezO4 NPs. We have found that the catalytic activity of FeTe is
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dependent on the amounts of Fe(ll) ions on their surfaces, pH and temperature. When
using GOx and the FeTe NRs, the assay (pH 4.0, 30 °C) provided high sensitivity (55
nM) and selectivity for the detection of glucose. The present assay was validated by
the detection of glucose in plasma, showing advantages of simplicity, accuracy, and
rapidity. This opens up the possibility of using FeTe NRs as enzyme mimics for the
detection of various analytes of interest when suitable enzymes are used to generate

H20,.
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Chapter 3

Iron Telluride Nanorods-Based System for the Detection of

Total Mercury in Blood
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3.1 Introduction

Mercury is a severe pollutant that has a substantial bearing on the ecosystem
because it is non-biodegradable, bio-accumulative and highly mobile.! Mercuric ion
(Hg?") is one of the most stable inorganic forms of mercury, which can damage the
brain, heart, kidney, stomach, and intestines even at very low concentrations.? When
coming from industrial sources it gets converted into its highly toxic organic forms
such as methyl mercury (CH3Hg") and ethyl mercury (C2HsHg"), which may end up
in agricultural and food products. Dental amalgams have been another potential
source of mercury accumulation into the blood stream, but the possible risk associated
with vaccines such as thimerosal is a much newer concern.! The Environmental
Protection Agency (EPA) in the United States sets allowable or safe daily intake of
methyl mercury to be less than 0.1 pg of mercury per kilogram per day.? Normal
concentrations of total whole blood Hg are typically less than 5.0 pug L™ (24.4 nM) in
adults,® but recent data in the non-institutionalized US population show that the
concentrations of whole blood Hg is 7.1 ug L™t for most adult females.*

Atomic spectrometric techniques such as cold vapor atomic absorption
spectroscopy have been primarily used for the detection of mercury in biological
samples.® However, biological, organic residues may cause blockages within the
microwave reaction coil and back pressure within the flow-injection manifold as a
result of exothermic reactions occurring within the microwave cavity.® Inductively
coupled plasma mass spectrometry (ICP-MS) has become more popular for the
detection of mercury in biological samples, mainly because they relative to most
atomic spectrometric techniques provide lower detection limits and wider dynamic
ranges.”® However for point-of-use applications, they are rather complicated and

time-consuming for sample preparation as well as require expensive and sophisticated
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instrumentation and noble gas. Another method that has gained attraction is optical
detection of Hg?* ions using organic ionophores. %15 Nevertheless, instability of the
probe, cross-sensitivity toward other metal ions, matrix interference, and
photobleaching may occur. In addition, the probes usually allow detection of certain
Hg species (not total amount). Gold as well as silver nanoparticles (Au, Ag NPs) and
cadmium sulfide (CdS) quantum dots (QDs) have been used for the detection of
mercury through optical and electrochemical techniques.’®!® Although they are
sensitive, use of expensive Au®* Ag®* ions, and potentially toxic Cd?* ions are
concerns, respectively. The aim of this study is to prepare low-cost FeTe NRs for the
determination of total concentration of mercury species. The FeTe NRs interacted
specifically with Hg?" ions to release Fe?* ions that catalyzed the oxidation of
2,2’-azino-bis(3-ethylbenzo-thiazoline-6-sulfonic acid) diammonium salt (ABTS)
with H2O2. We investigated the effects of pH, temperature, solvent effect and reaction
time on the sensitivity of this approach toward Hg?*. Practicality of the present
detection system was validated by the determination of the concentration of mercury
in blood samples obtained from National Institute of Standards and Technology

(NIST).

3.2 Experimental Section
3.2.1 Materials

SDS (99%) and hexadecyltrimethylammonium bromide (CTAB, C19H42NBr,
99%) were obtained from Acros. Sodium tetrachloroaurate dihydrate (NaAuCls-2H.0)
was obtained from Aldrich. Rhodamine 6G (R6G, C2sH31N203Cl, 99%) was obtained
from Sigma. Tellurium dioxide (99.9%) and hydrazine monohydrate (80%) were

purchased from SHOWA (Tokyo, Japan). Deionized water from a Milli-Q ultrapure
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(18.2 MQ-cm) system was used in this study.

3.2.2 Synthesis of Te NWs

Te NWSs were prepared from the reduction of TeO, with N2Ha. Typically,
tellurium dioxide (16 mg) was added slowly to hydrazine monohydrate (10 mL) in a
beaker at room temperature under constant magnetic stirring. The solution
sequentially changed color from colorless to blue after 1 h. The blue color indicated
the formation of Te MWs. To terminate the reactions, the solutions were diluted

10-fold with SDS solution (10 mM).

3.2.3 Preparation of FeTe NRs

The as-prepared Te NWs were subjected to centrifugation [relative
centrifugation force (RCF): 25,000 g for 10 min] and washed (10 mL of water) to
remove most of the matrix (e.g., hydrazine). In a typical process for the synthesis of
FeTe NRs, the Te NW pellet (ca. 30 mg) was re-dispersed in CTAB (9 mL, 10 mM).
After 10 min, FeCls@q) (1 mL, final concentration: 10 mM) was added to the mixture,
which was then left at 60 °C for 1 h.®® The solution changed color from blue to yellow,
indicating the formation of FeTe NRs. Then the FeTe NRs were subjected to three
centrifugation/wash cycles to remove most of the matrices. Centrifugation was
conducted at RCF 12,000 g for 10 min and ultrapure water (10 mL x 3) was used to
wash the pellet. The pellets (FeTe NRs) were dried in air at ambient temperature (25

°C) prior to characterization and catalytic tests.

3.2.4 Characterization

A double-beam UV-vis spectrophotometer (Cintra 10e, GBC) was used to
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record the absorption spectra of the Te NWs and FeTe NRs. JEOL JSM-1230 and FEI
Tecnai-G2-F20 TEM were used to measure the sizes and shapes of the as-prepared Te
NWs and FeTe NRs. The re-dispersed Te NWs and FeTe NRs were separately placed
on formvar/carbon film Cu grids (200 mesh; Agar Scientific) and dried at room
temperature. An energy dispersive X-ray (EDAX) system (Inca Energy 200, Oxford)
was used to determine the composition of the as-prepared NMs. Raman spectra were
recorded using a Raman spectrometer (Dong Woo 500i, Korea) equipped with a 50x
objective and a charge-coupled detector. The excitation wavelength was 532 nm and
the spectral aperture was 50 um. The signal collection time for each sample was 30 s.
ICP-MS for the determination of the concentrations of Fe?* and Hg?* ions in the HgTe
and FeTe NRs was conducted using an Agilent Series 7700 ICP-MS system (Santa

Clara, CA, USA).

3.2.5 Detection of Hg?* ions using FeTe NRs

Aliquots (100 pL) of HgCl> solutions (final concentrations 5-500 nM) in
phosphate solution (10 mM, pH 6.4) were separately added to FeTe NRs (50 pL, 250
nM) in phosphate solution (10 mM, pH 6.4). The effects of pH, temperature and
reaction time on the detection of Hg?* were investigated over the pH range 2.0-12.0,
temperature range 30-75 °C, and reaction period 15-120 min, respectively. Under
constant stirring at 60 °C for 90 min, the color changed from yellow to dark brown,
indicating the formation of HgTe NRs. After centrifugation at 15,000 g for 10 min, the
supernatants containing the released Fe?*ions were collected and mixed with ABTS
(60 mM, 24 pL), H202 (24 pL, 0.1 uM). The mixtures were subsequently mixed with
acetate buffer solution (0.2 M, pH 4.0, 185 pL), which were incubated at 30 °C for 10

min. Each of the mixtures was diluted by a factor of 10 with water prior to absorption
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measurement. To test the counter ion effect, Hg(NOz). and Hg(CH3COO). were used
to replace HgCl>. In order to evaluate the solvent effect, phosphate solution (10 mM,
pH 6.4) containing 49% of methanol, ethanol, hexane or chloroform were used to

prepare the mixture.

3.2.6 Determination of the concentrations of Hg?*and Fe?* ions using ICP-MS
ICP-MS was used to determine the concentrations of metal ions in the
products obtained upon the reaction of FeTe NRs (50 pL, 0.32 pg mL™?) with Hg?*
ions (10-100 nM). The mixtures were subjected to three centrifugation/wash cycles.
Centrifugation was conducted at RCF 12,000 g for 10 min and ultrapure water (10 mL
x 3) was used to wash the pellets. The pellets were re-dispersed in HNO3 solution (2%,
5mL) for the ICP-MS measurement. Standard solutions of HgCl> (final concentrations

of 10-100 nM) and FeCl> (10-100 nM) were prepared in HNO3 solution (2%, 5mL).

3.2.7 Detection of released Fe?* ions upon formation of HgTe NRs.

The supernatants of the mixtures of FeTe NRs (1.25 pug mL™?) and Hg?* (5 -
500 nM) ions were placed in vials, in which aliquots (600 pL) of phosphate buffers
(10 mM, pH 6.4) and FITC in ethanol solution (final concentration: 1 pM, 100 pL)
were added to. To each of the mixtures, iodine solution (0.3 puM, 90 pL) was added
before dilution with ultrapure water (0.69 mL). The fluorescence intensity was then
measured against a reagent blank at 515 nm with the excitation wavelength of 485

nm.

3.2.8 Detection of Hg?*in blood

The blood sample (SRM 955c¢) was frozen at —20 °C prior to use. Aliquots of
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the 2-fold diluted blood sample (50 pL) were spiked with standard Hg?* solutions (50
uL, 3-18 nM). Acidic digestion of whole blood samples was performed according to a
routine sample-digestion method. Briefly, HNO3 (300 pL, 1 M) was added to 200 uL
of whole blood and then left for 30 min to rupture the red cell membranes and leach
Hg species. The insoluble material was removed through centrifugation twice (RCF:
10,000 g, 10 min). Acetonitrile (10 pL) was added subsequently to the supernatant
and the mixture was centrifuged again (RCF: 10,000 g; 10 min). The supernatant was
then heated at 90 °C for 1 h to evaporate most of the acid and acetonitrile. After
cooling to room temperature, the solution was passed through a filter (cutoff 3 kDa;
nominal pore size ca. 0.3 nm) and diluted to 2 mL with Tris-acetate buffer (5 mM, pH
7.0). FeTe NRs were added to the dilute solutions, which were subjected to heating at
60 °C for 90 min under constant stirring. This was followed by centrifugation at
15,000 g for 10 min. The supernatants containing the released Fe?* ions were collected
and mixed with ABTS (60 mM, 24 pL) and H20; (0.1 pM). The mixtures were
subsequently mixed with acetate buffer solution (0.2 M, pH 4.0, 185 puL) and
incubated at 30 °C for 10 min, afterwards diluted by a factor of 10 with water prior to

absorption measurement.

3.3 Results and Discussion
3.3.1 Sensing mechanism

Scheme 3.1 shows the detection of Hg?*, mainly through the cation exchange
reaction between the Fe?* ions in FeTe NRs and Hg?* ions as shown in Equation (1),
leading to the formation of HgTe nanostructures and consequently the release of Fe?*
ions.

FeTe + Hg** _, HgTe + Fe** (1)
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We note that the FeTe NRs were stable at 4 °C for at least 30 days. Although the
solubility product of FeTe is unavailable from literature, the solubility product of FeTe
is not much smaller than that of FeS (102°),%2 2 which is much larger than that (10°)
of HgTe. The released Fe?" ions present in the supernatant catalyze the reaction of

ABTS with H20> as shown in Equation (2).

2+

F
H>O02+ ABTS —— 2H>O + Oxidized ABTS (2)
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Scheme 3.1 Colorimetric detection of Hg?* ions using FeTe NRs. Fe?* ions released
from the FeTe NRs mainly through the cation exchange reaction with Hg?* ions

catalyze the reaction of ABTS (60 mM) with H202 (0.1 uM).

The amount of ABTS product (formed is proportional to the concentration of
Fe?* ions and thus to that of the Hg?* ions. We note that the oxidized product of ABTS
has an absorption wavelength maximum at 418 nm. Thus, by using a calibration curve
of the absorbance values at Amax = 418 nm against the concentration of the Fe?* ions in
the standard solutions, the concentration of Fe?* displaced and thus that of Hg?* ions

in the sample solution can be determined.
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Fig. 3.1 Characterization of the synthesized FeTe and HgTe NRs. (A) and (B) TEM
image of FeTe and HgTe NRs, respectively. (C) Raman and (D) EDAX spectra of the
as-formed HgTe. The concentrations of FeTe and Hg?* ions are 5 and 0.5 mM,

respectively.

To support the formation of HgTe nanostructures from the reaction of FeTe
NRs and Hg?* ions, we conducted TEM, EDAX, and Raman measurements. The TEM
image of the as-prepared FeTe NRs (Fig. 3.1A) is shown, with average length and
width (the widest part) of (105 + 21) and (19 + 2) nm (100 counts), respectively. On
the other hand, the TEM image of HgTe NRs depicted in Fig. 3.1B displays their
average length and width were (112 + 26) and (23 + 8) nm, respectively. The HgTe
NRs has a marginally larger lattice constant (6.458 A) in comparison to that (6.26 A)
of the FeTe NRs.?* 2 Moreover, the HgTe NRs relative to the FeTe NRs had a
comparatively smoother surface. The Raman scattering spectrum of the HgTe NRs
(Fig. 3.2C) reveals characteristic transverse optical (TO) and longitudinal optical (LO)

peaks at 119 and 139 cm™, which are close to those (118 and 140 cm™, respectively)
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for the bulk HgTe. In comparison, the Raman peaks of the Te NWs are at 46, 62 and
182 cm1,%6 while those for the FeTe NRs are at 148 (A1g) and 168 cm™ (Big).? The
EDAX pattern clearly show the Hg and Te signals (Fig. 3.1D), further confirming the

complete replacement of Fe?* ions by Hg?* and the formation of HgTe NRs.
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Fig. 3.2 EDAX spectrum of HgTe NRs displaying the displacement of Fe?* ions

by Hg?* ions during the course (30 min) of the reaction
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Fig. 3.3 Fluorescence spectra of FITC (1 uM) in the mixtures of FeTe NRs (1.25 ug
mL1) and Hg?"ions (a: 500, b: 250, c: 100, d: 50, e: 25, f: 5 nM). Mixtures were
prepared in phosphate buffer (10 mM, pH 6.4) containing iodine (0.3 uM).

The Fe peak was still apparent in the FeTe NRs in intermediate steps (e.g.

after the reaction for 30 min as depicted in Fig. 3.2). We also detected the
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concentration of Fe?* ions released by using FITC as a fluorophore. The fluorescence
of FITC increased upon increasing the concentration of Fe?* ions (Fig. 3.3),
supporting the formation of Fe?* ions between the reaction of FeTe NRs and Hg?*
ions. In addition, the Fe?* ions released were stable in the acidic solution during the

analysis.

3.3.2 Effect of reaction time, temperature, and pH
It is known that Fe?" ions have the highest catalytic activity toward the

reaction of ABTS with H,0; at pH 4.0 (0.2 M acetate buffer).?
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Fig. 3.4 Absorbance of a mixture of FeTe NRs (1.25 ug mL™?) and Hg?" ions (500 nM)

against reaction time.

Figure 3.4 shows response curve against reaction time, showing that 90 min
was optimal. The absorbance decreased slightly upon further increase in reaction time,
mainly because of the decomposition of ABTS product. When the reaction was
conducted at pH 4.0 and at the temperature range over 3075 °C for 90 min, the

optimal temperature was 60 °C (Fig. 3.5A).
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Fig. 3.5 (A) Temperature dependent response curves for the reaction
between FeTe NRs and Hg?" ions. Inset to (A) AA = Aus (in the presence of
Hg?* ions) — Aa1s (in the absence of Hg?* ions) against temperature. (B) pH

dependent response curves (m for FeTe NRs and A for the control).

The Kkinetic energy increased upon increasing reaction temperature,
accelerating the reaction. At a temperature higher than 60 °C, the oxidation of Fe?* by
oxygen and decomposition of ABTS took place more rapidly. The solvent effect is

negligible since our sensing mechanism is mainly through the reaction between FeTe
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and Hg?" ions, with support of no effect from methanol, ethanol, hexane and
chloroform. We further investigated the pH effect on the reaction of the FeTe NRs
with Hg?* ions over pH values 2.0-12.0, as it might also play a critical role in the
reaction of the FeTe NRs with Hg?" ions. Taking the account of pH having a
significant effect on the formation of iron oxide (at high pH values) and the
dissolution of FeTe NRs (at low pH values).?’

Figure 3.5B shows prominent differences in the absorbance values occurred at
pH 3.0 and 4.0. At the pH values > 4.0, the formation of iron oxide and mercury
hydroxide is a concern. The solubility product values of iron oxide and mercury
hydroxide are 2.6 x 103 and 3.6 x 102, respectively.?® At the pH values < 3.0,

dissolution of FeTe and HgTe NRs occurred.?®

3.3.3 Detection of Hg?* ions

Figure 3.6 shows that the absorbance of ABTS product increases upon
increasing the Hg?* concentration, displaying the dose response curve for the
detection of Hg?" ions, with a linear relationship between the absorbance and the
HgCl. concentration ranging from 5 to 500 nM (R? = 0.99) and a linear range from 5
to 100 nM (Fig. 3.6A inset). This approach provided a limit of detection at a
signal-to-noise ratio of 3 of 1.31 nM for Hg?* ions.

We also conducted ICP-MS measurements to determine the amounts of the Fe
and Hg in the as-formed HgTe NRs (100 nM). The amount of Fe?* ions decreased
upon increasing the amount of Hg?" ion detected in the as-formed HgTe NRs (Fig.

3.7), further supporting the displacement of Fe?* ions in the FeTe NRs by Hg?* ions.
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Fig. 3.6 (A) Absorption spectra of FeTe NRs solutions containing ABTS (60 mM)
with H.02 (0.1 pM) in the presence of Hg?* ions at the concentrations of 5 to 500 nM
(a: 5, b: 25, ¢: 50, d: 100, e: 250, f: 500 nM). Inset to (A): linearity of absorbance
against Hg?* concentration over a range of 5-100 nM. (B) Selectivity of the assay
using FeTe NRs for the detection of Hg?* ions. Concentrations of metal ions are 50

nM for Hg(ll) and 1 uM for the other metal ions.
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Fig. 3.7 The concentrations of Fe?* ions remaining in the FeTe NRs against
those for Hg?* ions added. The concentrations of the two metal ions were
determined by ICP-MS measurements. The reaction conditions are the
same as in Fig. 2A. Hg?* ions at the concentrations 10-100 nM were added
to the FeTe NRs solution (0.32 pg mL™). After the reaction, the FeTe NRs
were subjected to three cycles of centrifugation/wash and the pellets were

dissolved in HNO3 solution (5 mL, 2%).

3.3.4 Sensitivity and selectivity of FeTe NRs towards Hg?* ions

Control experiments were carried out to test the specificity of the developed
system for Hg?* ions (50 nM) under optimal conditions in the presence of various
metal ions and anions such as acetate and nitrate ions (each at a concentration of 1
HMM). The results displayed in Fig. 3.6B reveal that the sensing system is specific to
Hg?* ions. Relative to the solubility product of HgTe (107°), those for the other metal
complexes with Te? are much higher. In other words, the other metal ions relative to

Hg?* ions displaced Fe?* ions from the FeTe NRs with much lower degree.? %
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3.3.5 Analysis of real sample

To examine the practicality of our developed approach, the concentration of
mercury in blood (SRM 955¢) was determined. We determined the concentration of
mercury in the spiked blood samples, with a linear plot (R? = 0.99) of the absorbance

(YY) against the mercury concentration (X) as displayed in Fig. 3.8.
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Fig. 3.8 Detection of Hg?* ions using FeTe NRs in a representative spiked
mercury blood sample (SRM 955c). The final concentrations of spiked
standard Hg?* ions are 3 to 18 nM. Five measurements were conducted for

each sample.

We calculated the mercury concentration using the above equation to be (8.70
+ 0.37) nM (n = 5). The certified concentration of mercury in the blood sample is
(8.90 + 0.80) nM. The t-value of 0.78 at a 95% confidence level was smaller than the
t-value of 2.015 (n = 5), showing the two approaches provided results without
significant difference. Our results reveal that our approach using FeTe NRs holds
great potential for the determination of the concentration of mercury in biological

samples.
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3.4 Conclusions

We have developed a simple, sensitive, and selective sensing system using
FeTe NRs for the detection of mercury through the release of Fe?* ions that catalyzes
the reaction of ABTS with H20.. Because the solubility product of HgTe is relatively
lower than those of other tested MTe (M = Ca?", Co?*, Cu?*, Cd?*, Ag*, K*, Mg?",
Mn?*, Ni?*, Cr¥*, Fe**, Pd?*, Zn?*, Pb?*, Sr?*, Na*), the sensing approach is selective
toward Hg?" ions over other tested metal ions. The sensing approach was validated by
the determination of the concentration of total Hg in a blood sample (SRM 955c),
with a result showing no significant difference from the certified value. Relative to
other optical approaches for detecting Hg?* ions,* this approach provides comparable

sensitivity, with an advantage of no need for masking agents.
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Chapter 4

Synthesis of Graphene-ZnO-Au Nanocomposites for

Efficient Photocatalytic Reduction of Nitrobenzene
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4.1 Introduction

Nitrobenzene (NB) is an attractive chemical in the industry as it can be used
for the manufacture of aniline, soaps, metal polishes, and as a solvent for the
preparation of cellulose ester from cellulose acetate.! It is however carcinogenic and
genotoxic to human beings, causing diseases such as methaemoglobinaemia.l A
permissible limit of 17 ppm (13.8 uM) for NB in lakes and streams has been set by
the U.S. Environmental Protection Agency (EPA). The exposure limit of NB to human
beings is 5 mg m™ for an 8h-work day.! NB has a high Hammet constant (0.71) and is
one of the most difficult aromatic compounds to be oxidized.? This has prompted
many researchers to focus on the reduction of NB using microbial, chemical, and
catalytic methods.>® Anaerobic reduction with microbial cultures often takes an
extremely long time extending to more than a week. In addition, it is difficult to
handle high concentrations of NB. Chemical reduction using inexpensive iron (0) is a
common technique, however inactive ferric oxide forming on its surface due to
corrosion is problematic.!® In addition, its use is limited to neutral conditions.
Catalytic hydrogenation is efficient in the treatment of wastewater, but it is expensive.
Alternatively, electrochemical techniques are efficient in the reduction of NB, but the
production of hazardous byproducts (e.g. phenylhydroxylamine and nitrophenol) is a
concern.’

Nanoparticles (NPs) such as TiO2,*** ZnO*? and CdS*® having great surface
areas and high surface energies have emerged as useful photocatalysts for the
degradation of various hazardous compounds such as NB and phenol.* 1 Surface
modification of photocatalysts such as TiO2 with amino acids or organic acids has

been found effective to provide better electron transfer between TiO2 NPs and NB,
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leading to greater photoreduction**® of NB.

Semiconductor NPs, however provide high activity by generating
electron-hole pairs only under UV light irradiation. In order to improve their
efficiency in the visible region, surface modification of the photocatalysts with metal
or metal oxides such as B-Ni, Fe*", and VOs has also been demonstrated.!®1": 18
However, transition metal doping commonly suffers from the formation of a discrete
level in the forbidden band of the photocatalyst, resulting in low-mobility of electrons
and holes in the dopant level and thus limiting their activity enhancement.'® Recently,
NPs decorated onto the surface of graphene have become interesting catalysts for the
degradation of various compounds and production of hydrogen by taking advantage
of strong absorption in the UV region, high electrical conductivity, and large surface
area of graphene.?>?® In addition, a wide band gap, the presence of large number of
surface states, and availability of valence and conduction band edges from metal NPs
such as Au can be obtained. With the synergetic effect and efficient electron transfer,
graphene-ZnO and graphene-Au have been shown as efficient photocatalysts for the
degradation of nitroaromatic compounds.?®?” When using semiconductor
photocatalysts, excitation of electrons is accomplished by the absorption of photons
with energy equal to or higher than their bandgaps. This light-induced generation of
electron-hole pairs is a prerequisite step in all semiconductor mediated photocatalytic
processes. Although ZnO is an efficient photocatalyst for the reduction of various
pollutants, 3! recombination of the electron-hole pair due to low kinetic barrier
during the reactions is a major problem, leading to poor quantum efficiency. In order
to circumvent this problem, graphene oxide (GO), zinc acetate, catechin, and Au
nanorods (NRs) in the presence of ethylenediamine (EDA) were used to prepare

G-ZnO-Au nanocomposites (NCs). The NCs provided great photocatalytic activity,
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mainly because of efficient electron transfer provided by graphene, strong UV
absorption provided by the ZnO nanospheres (NSs), and efficient charge separation
from Au NRs.? The roles played by graphene, ZnO NSs, and Au NRs®*? in determining
their photocatalytic activity for the reduction of NB were explored separately by
controlling their amounts. The G-ZnO-Au NC allowed rapid reduction of NB under
UV light irradiation. To detect the product and the intermediates, as well as to
understand their extremely high photocatalytic activity toward NB, surface assisted
laser desorption/ionization mass spectrometry (SALDI-MS) and electrochemistry
were conducted. Our results reveal that the cost-effective G-ZnO-Au NC is efficient
for the reduction of NB, showing its potential as a catalyst for removal of NB or for

the production of aniline from NB.

4.2 Experimental Section
4.2.1 Materials

Ascorbic acid, hexadecyltrimethylammonium bromide (CTAB, 99%), sodium
borohydride (98%), and zinc acetate (99%) were purchased from Acros (Geel,
Belgium). Catechin hydrate (98%), EDA (99.5%), hydrogen tetrachloroaurate
(HAUCIls), NB (99%), titanium dioxide NPs (P25), and silver nitrate (AgNQOs, 99%)
were purchased from Sigma Aldrich (St. Louis, MO, USA). Methanol (99.5%),
ethanol (99.5%), and isopropanol (99.5%) were purchased from Shimakyu’s Pure
Chemicals (Osaka, Japan). GO was bought from Graphene Supermarket (Calverton,
NY, U.S.A). Ultrapure water was obtained using a Milli-Q ultrapure (18.2 MQ cm™)

system.

4.2.2 Synthesis of Au NRs
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A seed mediated method was applied for the preparation of Au NRs. The seed
solution was prepared by mixing ultrapure water (475 pL), HAuCls (10 mM, 25 uL),
and CTAB (0.2 M, 500 pL) in a glass bottle, leading to the formation of a brown
solution. Subsequently freshly prepared ice cold aqueous NaBH4 (10 mM, 60 uL) was
injected into the solution and the mixture was vigorously stirred, which was then
diluted 10 times with ultrapure water. This seed solution was kept at ambient
temperature (25 ‘C) for 10 min before use. The growth solution was prepared by
mixing ultrapure water (5 mL), HAuCls (10 mM, 1 mL), and CTAB (0.2 M, 10 mL)
in a glass bottle (20 mL) to form a brown solution. AgNOs (4 mM, 0.2 mL) was
immediately added to the solution, followed by the addition of ascorbic acid (7.88
mM, 1.4 mL), leading to the formation of a colorless solution. Upon adding AgNOs
into aqueous CTAB solution, AgBr was formed on the surfaces of Au nanoparticles to
restrict their growth.3® The underpotential deposition of metallic silver on the different
crystal facets of gold also leads to symmetry breaking, leading to the formation of Au
NRs with a high aspect ratio. The resultant solution was gently stirred, followed by
addition of the seed solution (2.4 mL). The mixture was kept under constant stirring
for about 1 h as the color changed to dark red. The obtained Au NRs were
subsequently centrifuged at relative centrifugation force (RCF) of 12,000 g for 10 min

and washed twice with ultrapure water (2 x 10 mL) prior to use.

4.2.3 Synthesis of G-ZnO-Au NCs

Ultrapure water (4 mL), zinc acetate (0.1575 g), and EDA (0.13 M, 1 mL)
were added sequentially into a glass bottle (10 mL). The solution was then stirred for
5 min at 90 °C. Catechin (20 mg) was next added to the solution, leading to a color

change from colorless to orange. To the orange solution, GO solution (5 mg mL?, 0.5
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mL) and the as-prepared Au NRs (0.25 mL) that had been stirred for 10 min were
mixed, which were then stirred vigorously for 1 h, leading to a color change from
orange to dark brown. This solution was then reacted in an autoclave at a temperature
of 300 °C for 2 h. The obtained G-ZnO-Au NCs were subsequently centrifuged at
RCF 25,000 g for 10 min and washed twice with ultrapure water (2 x 10 mL) prior to

use.

4.2.4 Characterization of G-ZnO-Au NCs

A double-beam UV-vis spectrophotometer (Cintra 10e, GBC) was used to
record the absorption spectra of the Au NRs and G-ZnO-Au NCs. JEOL JSM-1230
and FEI Tecnai-G2-F20 TEMs were used to measure the sizes and shapes of the
as-prepared G-ZnO-Au NCs. The re-dispersed G-ZnO-Au NCs were separately
placed on formvar/carbon film Cu grids (200 mesh; Agar Scientific) and dried at
ambient temperature. XRD patterns of the NCs were measured using a PANalytical
X’Pert PRO diffractometer (PANalytical B.V., EA Almelo, Netherlands) and Cu-Ka
radiation (A = 0.15418 nm); the samples were prepared on Si substrates. An energy
dispersive X-ray (EDAX) system (Inca Energy 200, Oxford) was used to determine
the composition of the as-prepared NCs. Raman spectra were recorded using a Raman
spectrometer (Dong Woo 500i, Korea) equipped with a 50x objective and a
charge-coupled detector. The excitation wavelength was 532 nm and the spectral

aperture was 50 um. The signal collection time for each sample was 30 s.

4.2.5 Photocatalytic Reduction of Nitrobenzene
Experiments were carried out in an apparatus specially designed for the

photocatalytic reaction. A 500-W UV-vis lamp (Newport, Oriel Instrumentation,
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Irvine, California, USA) with a cut off filter used for blocking light with the
wavelength above 420 nm was placed in a well-aerated empty chamber using three
fans to maintain the reactor temperature at 30 ‘C. A wide mouthed glass bottle (100
mL) contained NB (5 mM, 50 mL) and G-ZnO-Au (4 mg mL™) in methanol that had
been subjected to sonication for 10 min. The reaction solutions prior to and during the
course of the reaction were purged with N2 in order to remove any dissolved oxygen.
The pH value of the reaction solution was 10.0. The distance between the light source
and the mouth of the glass bottle was 8 cm. The reaction solution was kept under
illumination for 140 min. At certain intervals of time, aliquots (1 mL) of the solution
were taken out. After being centrifuged at 10000g for 10 min to remove the particles,
the absorbance of each supernatant at Amax = 276 nm was recorded. The
concentrations of NB in the solution at various reaction times were determined (n = 5)

using a calibration curve of absorbance against standard NB solutions (0.01-10 mM).

4.2.6 Electrochemical Reduction of Nitrobenzene

The G-ZnO-Au NCs (4 mg mL™) were loaded onto a clean FTO electrode.
The FTO electrode was then placed in an oven at 60 °C to calcine the G-ZnO-Au NCs.
Cyclic voltammetry measurements were carried out using a CHI 760 electrochemical
workstation (CH Instruments, USA) with a three-electrode system consisting of a
working electrode (G-ZnO-Au NC modified FTO electrode), a platinum wire counter
electrode (0.5 mm diameter), and an Ag/AgCI (saturated KCI) reference electrode. A
phosphate buffer solution (0.1 M, 25 mL, pH 7.0) containing 10 mM KCI and NB (5
mM) was stirred and purged with nitrogen gas before and during electrolysis. The

experiments were carried out at ambient temperature.
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4.2.7 SALDI-MS

SALDI-MS was used to determine the products and intermediates formed
upon the reduction of NB using the G-ZnO-Au photocatalyst. Aliquots (1.0 pL) of
mixtures were pipetted onto a stainless-steel 96 well MALDI target (Bruker
Daltronics) and dried in air at ambient temperature for 1 h prior to SALDI-MS
measurements. SALDI-MS was conducted in a positive-ion mode on a reflectron-type
time-of-flight (TOF) mass spectrometer (Biflex 111, Bruker) equipped with a 1.25-m
flight tube. The samples were irradiated with a nitrogen laser (emission at 337 nm) at
10 Hz (pulse duration 4 ns). lons produced by laser desorption were stabilized
energetically during a delayed extraction period of 200 ns and then accelerated
through a linear TOF reflection before entering the mass analyzer. The accelerating
voltage was set at 20 kV. To obtain good resolution and signal-to-noise (S/N) ratios,
the laser fluence was adjusted to slightly higher than the threshold and each mass

spectrum was generated by averaging 300 laser pulses.

4.2.8 Reusability

The G-ZnO-Au NCs were subjected to multiple cycles (n = 5) of
photocatalytic degradation of NB. After completion of each cycle (140 min), we
collected the photocatalyst through centrifugation at RCF 25,000 g for 20 min,
followed by washing thoroughly with ultrapure water. The procedure was repeated for

the second to fifth consecutive cycles.

4.3 Results and Discussion
4.3.1 Physical and Chemical Properties of G-ZnO-Au NCs

Fig. 4.1A shows the TEM image of the G-ZnO-Au NCs consisting of graphene
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sheets, ZnO NSs (45.3 + 3.7) nm; 100 counts), and Au NRs (the length and width
were (26.2 + 1.5) and (14.1 + 1.3) nm, respectively). The X-ray diffraction (XRD)
pattern of the G-ZnO-Au NCs (Fig. 4.1B) shows the major peaks corresponding to
graphitic carbon (JCPDS No. 75-1621) at 24.9° (0 0 2), hexagonal ZnO (JCPDS No.
36-1451) at 31.5° (1 0 0), 34.35° (0 0 2), 36.13° (1 0 1), 47.40° (1 0 2), 56.33° (1 1 0),
66.35° (2 0 0), 67.60° (1 1 2), and 68.85° (2 0 1), and Au (JCPDS No. 04-0784) at
63.98° (2 2 0).2"-28 The Raman spectrum of G-ZnO-Au NCs is displayed in Fig. 4.1C,
showing two bands at 1340 and 1590 cm™ that correspond to the disordered (D) band
and graphitic (G) band of carbon materials, respectively. The peak at 440 cm™
corresponds to E2 (high) mode and that at 582 cm™ is assigned to E1 (longitudinal
optical, LO) mode associated with the structural defects in Zn0.?° The band at 1200

cm is due to the CTAB that was capped onto the Au NRs.
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Fig. 4.1 (A) TEM image, (B) EDAX spectrum, and (C) Raman spectrum of

G-Zn0O-Au NCs, Inset to C: UV-Vis absorption spectrum of ZnO NS’s.
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The UV-vis spectrum of ZnO NSs (Inset to Fig. 4.1C) shows two
characteristic absorption peaks at 390 and 510 nm,*’ respectively revealing their large
excitonic binding energy. The absorption peak at 510 nm is due to the absorption by
the trap centers present on the surface of the ZnO NSs that are produced due to
oxygen vacancy related surface defects when synthesized at high temperatures (< 300
°C).%.3% The energy dispersive X-ray (EDAX) pattern in Fig. 4.2A displays intense
peaks for the elements Zn and O, which confirms the formation of ZnO NSs.3!
Although two absorption peaks centered at 526 and 712 nm are apparent in the free
Au NRs (Fig. 4.2B Inset), they are almost negligible in the G-ZnO-Au NCs, mainly
because of their small amount that is supported by an Au peak in Fig. 4.1B. The

corresponding EDAX pattern of Au NRs (Fig. 4.2B) reveals existence of a pure gold

phase.?
A B
600+ 1.24 Cu
‘;:1.0 ‘
500+ %w
go.s-
- " 4004 §°-4 ‘
—— -~ 2024
[ — c <
e = 300+ 0.0 ’
o ° 300 400 S00 600 700 800 900
U 0 Wavelength (nm)
2004 ‘
c ]|
Au Au
100+ rﬁUAuAu f |
o ISAMA Ao
e - MR FRAET Ngbamn! FUL NN LS MEL PN DENADN RODLEC! ooyl RO |
012 3456 7 8 91011 1213141516 0o 1 2 3 4 5 6 7 8 9 10

Energy (KeV) Energy (keV)

Fig. 4.2 EDAX spectrum of (A) ZnO NS and (B) Au NR in G-ZnO-Au NC. Insets: (A)

SEM image of the ZnO NS and (B) Absorption spectrum of Au NRs.

4.3.2 Photocatalytic Reduction of Nitrobenzene
The degradation of NB was conducted to evaluate the photocatalytic activity

of the prepared G-ZnO-Au NCs. Fig. 4.3A shows various effects of three solvents on
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the photocatalytic reduction of NB, revealing that methanol is superior to ethanol and
isopropanol. The reductions were completed within 140, 160, and 330 min, when
using methanol, ethanol, and isopropanol, respectively, the photo-catalytic reduction
was initiated by the photo-generated holes (h*) and electrons (e”) when the G-ZnO-Au
NC was illuminated under UV light. The hydroxyl groups (OH) in methanol inhibited
the h*/e” recombination by scavenging and trapping the photo-generated holes,
leading to producing hydroxyl radicals (OH’) that enabled the photo-excited electrons
to reduce NB to aniline.®

A primary alcohol as a solvent has a higher yield in comparison to a secondary
alcohol, which affects the electron transfer kinetics.®® Methanol acts as a hole
scavenger to inhibit the recombination of the photo excited electron-hole pair, mainly
because of its capability for capturing photo-excited holes. In addition, its lower
viscosity, higher polarity, and lower polarizability are taken into account. We also
studied the effect of dissolved oxygen on the reduction of NB by purging with N2
prior to and during the course of the reaction.

Fig. 4.3B shows that the reduction conversion of NB to aniline is more
efficient when there is no oxygen during the photocatalytic reduction process. The
presence of oxygen is undesirable during the photocatalytic reduction as it tends to
compete for the photo-generated electrons.®® Fig. 4.4A shows that the maximum

reduction of NB occurred between 0 to 60 min.
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Fig. 4.3 Effects of (A) solvent and (B) oxygen on the photocatalytic

reduction of nitrobenzene to aniline.
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Fig. 4.4 Effect of (A) amount of graphene, (B) ZnO NS, and (C) Au
NRs on the photocatalytic reduction of nitrobenzene to aniline. (A)
Concentrations of ZnO NS and Au NRs are 18 mM and 0.5 mM,
respectively. (B) Concentrations of graphene and Au NRs are 0.5 mg
mL* and 0.5 mM, respectively. (C) Concentrations of graphene and

ZnO NS are 0.5 mg mL* and 18 mM, respectively.

Figure 4.5B shows the degradation (C/Co) of NB in the absence of various
photocatalytic components and in the presence of one of the following photocatalysts:
graphene, Au NRs, ZnO NS, commercial P25, G-Au NRs, G-ZnO NS, and G-ZnO-Au
NCs. It can be seen that in the absence of a photocatalyst (curve a) and in the presence
of graphene (curve b) reduction of NB was negligible. Au NRs (curve ¢) and ZnO NS
(curve d) did catalyze the reduction of NB, with degradation rates 7- and 4.5-fold
lower than that of the G-ZnO-Au NCs. Commercial P25 (curve e), G-Au NRs (curve

), and G-ZnO NSs (curve g) all catalyzed the reduction of NB, with degradation rates
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3.5-, 3-, and 1.5-fold lower than that of G-ZnO-Au NCs, respectively. Graphene
played a critical role in the efficient photocatalytic reduction of NB due to its n-n
interaction with NB and great surface area.3* Its great electrical conductivity and
highly efficient charge transfer led to more photo-generated electrons. As a result,
these photo-generated electrons from G-ZnO-Au NCs moved easily from within the
inner confines of the photocatalyst to the surface, which resulted in efficient
photocatalytic reduction of NB. The effect of graphene content was also investigated
showing that its concentration at 0.5 mg mL™* was optimal (Fig. 4.4A). When the
concentrations of graphene were lower than 0.5 mg mL?, the photocatalytic activity
of the G-ZnO-Au NCs was lower; longer reduction times of 150 and 180 min were
required at the graphene concentrations of 0.25 and 0.125 mg mL, respectively. On
the other hand, the decrease in the photocatalytic performance at the graphene
concentration greater than 0.5 mg mL™ is mainly attributed to lower density of ZnO
and Au NRs on the graphene surfaces, leading to lower efficiency in absorbing light.
There is also a possibility that too much graphene could act as a recombination center
instead of inhibiting the electron hole pair formation.? 3% 3% Fig. 4.5B shows the
effect of ZnO loading on the conversion efficiency for the degradation of NB (5 mM),
showing increases upon increasing the ZnO loading up to 18 mM, mainly because of
increased number of active sites for adsorption and larger number of electron hole
generation. When ZnO loading was further increased to 36 mM, increases in the
opacity of the solution due to the aggregation of the particles occurred, leading to
decreases in the photon flux penetration and thus decreases in the conversion
efficiency. The optimal concentration of ZnO loading was found to be 18 mM. Au
NRs assisted in maintaining efficient charge separation due to the presence of a

surface charge barrier between ZnO and Au, thereby reducing the odds of h*/e’
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recombination in ZnO.*” Upon increasing the amounts of Au NRs (0.125, 0.25, and
0.5 mM) in the G-ZnO-Au NCs (Fig. 4.5C), the photocatalytic reduction efficiency of

NB to aniline increased.
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Fig. 4.5 (A) UV-vis absorption spectra of nitrobenzene after photoreduction or
various times using G-ZnO-Au NCs. (B) Reduction rate of nitrobenzene in the (a)
absence of any photocatalyst, and in the presence of (b) graphene (c) Au NR (d) ZnO
NS (e) P25 (f) G-Au NR (g) G-ZnO NS, and (h) G-ZnO-Au NC. Co and C are the

initial concentration of nitrobenzene and that at reaction times t, respectively.

The reduction efficiencies were 86%, 91%, and 97.8% in the presence of 0.125, 0.25,

and 0.5 mM Au NRs, respectively. There was only a slight increase in the reduction
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efficiency when Au NRs was increased from 0.5 to 1 mM. The G-ZnO-Au NCs

possess greater photocatalytic activity toward the reduction of NB when compared to

other photocatalysts (Table 1),4®

Method Photocatalyst Degradation Products Yield Reference
Time (h)
Photocatalytic TiO; 6 Aniline (Major) 88.5% 4
Reduction Nitrosobenzene and
N-hydroxylaniline
(By Products)
Photocatalytic TiO, 24 Aniline (Major) N/A 6
Reduction Phenylhydroxylamine
and Nitrosobenzne
(Intermediates)
Chemical Fel 72 Aniline (Major) N/A 10
Reduction Iron Oxide (By
Products)
Electrochemical ~ Fe?*, Cu?* onan 7 ortho, meta and 95% 16
Reduction oxygen diffused para-Nitrophenol
electrode
Anaerobic Microorganisms < 2 weeks Various nitroaromatic ~ 95% 9
degradation compounds
Photocatalytic G-ZnO-Au NC 2h 20 min Aniline 97.8% Our Work
Reduction Nitrosobenzene (By

Products)

Table 4.1 Photocatalytic performance of G-ZnO-Au NCs for the reduction of nitrobenzene

in comparison to other photocatalysts.

This is largely because of their facilitation of inter electron transfer and

electronic interaction as intimate contact between ZnO and graphene was established.

In addition to having lower catalytic activity relative to the G-ZnO-Au NC, TiOz has a

high oxidation potential (2.7 V) and exhibits poor selectivity.®” Based on the data

obtained above, the mechanism of photocatalytic activity of the G-ZnO-Au NC
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toward the reduction of NB was proposed as displayed in Scheme 4.1.
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Scheme 4.1 Schematic diagram showing a plausible mechanism involved in the
transfer of electrons from different energy levels of the G-ZnO-Au NCs for the
photo-degradation of NB. CB and VB correspond to the conduction and valence band

edges of ZnO. The symbol @ corresponds to the work function of graphene and Au.

Under irradiation with UV light, a large number of free electrons in the
conduction band and holes in the valence band are generated. The valence and
conduction bands of ZnO have work functions of -7.25 eV and -4.05 eV (vs. vacuum),
respectively.!? On the other hand, the work functions of graphene and Au NRs are
-4.42 eV and -4.70 eV, respectively.!? 38 3 As a result, the electrons transferred
rapidly from ZnO to graphene, minimizing h*/e” recombination and thus leading to
rapid reduction of NB within the first 60 min. The reusability of the photocatalyst was
also investigated as displayed in Fig. 4.6 The catalytic degradation rates of the
G-ZnO-Au NCs for NB after 5 cycles kept almost constant (less than 5% decrease in
the conversion efficiency), showing great durability. Slight decreases in the rates were
mainly due to loss of the G-ZnO-Au NCs through centrifugation/wash processes. The
results revealed that the low-cost, efficient, and durable G-ZnO-Au NCs hold great

potential for the reduction of NB. Instead of using more expensive metal-based
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catalysts such as palladium and ruthenium,*® 4 the G-ZnO-Au NCs might be a

suitable candidate for the large-scale production of aniline from NB.
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Fig. 4.6 Conversion efficiencies of nitrobenzene to aniline using G-ZnO-Au NC for

the first five cycles.

The G-ZnO-Au NC also has an additional advantage of not producing any

major toxic by-products.
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Fig. 4.7. Consecutive cyclic voltammograms (30 cycles in 30 min; 1 min/each cycle)

recorded at the G-ZnO-Au NC modified FTO electrode.

The Fig. 4.7 shows consecutive cyclic voltammograms (30 cycles in 30 min; 1
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min/each cycle) of the G-ZnO-Au NC modified fluorine doped tin oxide (FTO)
electrode under the same experimental conditions. The reductive current increasing at
-1.05 V with each cycle reveals the formation of aniline. The electrocatalytic activity
of G-ZnO-Au NC was found to be 1.5-fold higher in the presence of light when
compared to that in the dark. These results show that the photocatalytic reaction did

play a role in the enhanced reduction of NB to aniline.

4.3.3 Photoelectrocatalytic Reduction of Nitrobenzene

To gain more insight into the photocatalytic activity of G-ZnO-Au NCs
toward NB, the current-time (I-t) curves were recorded at -0.45 V with and without
illumination under UV light. The Fig. 4.8A displays representative /-t curves (12
cycles), with highly repeated results. The Fig. 4.8B shows the cyclic voltammograms
of NB (§ mM) on an FTO (curve A) and G-ZnO-Au NC modified FTO electrode
(curve B). The reductive current of NB on the G-ZnO-Au NC electrode at -1.2 V was
1.3 pA, while it was negligible when using a bare FTO, supporting great
photocatalytic activity of the G-ZnO-Au NCs toward reduction of NB. As shown in
curve B (Fig. 4.8B), NB started to reduce at —0.40 V (peak a) with an onset potential
of -0.25 V. It is known that NB is primarily reduced to NSB, then PHA, and finally
aniline. A cathodic peak was obtained at —1.05 V (peak b) which is attributed to the
reduction of PHA to aniline. A small anodic hump at 0.2 V (peak c) was observed in
the anodic scan which is paired with a less prominent cathodic peak at 0.25 V (peak
d). The oxidation of PHA to NSB occurred at 0.2 V (peak c), while the reduction of
NSB to PHA occurred at 0.25 V (peak d).” As can be seen in Fig. 4.8B, the peak
related to the PHA reduction to aniline is located at — 1.05 V. It is seen that the current

for peak (c) was higher than that of the peak (d), favoring a more direct reduction
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pathway of NB to NSB to aniline in comparison to the reduction pathway having an

intermediate step of the reduction from NSB to PHA to aniline.
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Fig. 4.8 (A) The photocurrent responses occurred at G-ZnO-Au NCs modified FTO
for 12 repeated on-off cycles at an interval of every 200 s with an applied potential of
-0.45 V. (B) Cyclic voltammograms obtained for the photoelectrocatalytic
degradation of nitrobenzene on (A) bare FTO and (B) G-ZnO-Au NC- modified
electrode. The corresponding peaks are (a) reduction of nitrobenzene, (b) reduction of

PHA to aniline, (c) oxidation of PHA to NSB (d) reduction of NSB to PHA
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To support this argument, we conducted SALDI-MS analyses of the products
and intermediates of NB through photoelectrocatalytic and phototocataytic reactions

using the G-ZnO-Au NCs.
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Fig. 4.9 SALDI-TOF MS spectra of the various products of nitrobenzene after 30 min
of irradiation using G-ZnO-Au NCs through different reduction routes (A) control (B)
photoelectrocatalysis and (C) UV light induced photocatalysis. Inset to (A) is
background MS spectrum. Nitrobenzene (5 mM) in methanol (50 mL) was used as

a control.
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Au nanoparticles as a matrix was used in this SALDI-MS analysis (Fig. 4.9).4*

3 The MS signals at m/z 124.730, 107.883, 110.902, and 94.886 are assigned for NB,
NSB, PHA, and aniline, respectively. The Fig. 4.9A depicts the MS spectra of control
showing only the NB peak in the absence of photocatalyst. In the case of the
photoelectrocatalysis (Fig. 4.9B) there are two additional peaks for NSB and a less
intense PHA peak along with one for aniline, which correlates to the favored product
pathway obtained in the cyclic voltammogram, wherein NB was reduced to NSB and
then to aniline. On the other hand, for the photocatalytic reduction of NB (Fig. 4.9C)
the two peaks of NSB and aniline confirms the favored pathway of direct reduction of
NB to aniline via NSB without the formation of PHA. Upon increasing the reaction
time, the peaks for the NB, NSB, and PHA became smaller, while that for aniline
increased. No peak for NB was observed after a reaction time of 140 min. Based on
the MS results, we proposed that the reduction of NB using the G-ZnO-Au NCs under
UV photocatalytic reduction was proposed to occur through route (1) as shown in Fig.

4.10, 1.e.:

N z <N TH:
f.;/ - ~ /;_’,//,* - __‘] ’:1:;., . (1)
= = |
Nitrobenezene Nitrosobenzene Aniline
HO
O 0 O \
TN I NH NH,
J I |
2 P P e
o o { |1 F ” )
Nitrobenezene Nitrosobenzene Phenylhydroxylamine Aniline

Fig. 4.10 Proposed pathways towards the formation of aniline from nitrobenzene

using the G-ZnO-Au NCs under (1) UV photocatalysis and (2) photoelectrocatalysis.
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NB to aniline via NSB without the formation of PHA could be ascribed to the
fact that the degradation of NSB to PHA occurs at a rapid pace, while the conversion
of PHA to aniline occurs at an even higher speed making it difficult to detect PHA % #*
On the other hand, for UV photoelectrocatalytic reduction it follows route (2) where
NB is reduced to aniline via NSB and PHA, due to PHA being quite stable at neutral
pH which makes it difficult to be readily reduced into aniline at a rapid pace, allowing

it to be more easily detected using SALDI- MS.’

4.4 Conclusions

G-ZnO-Au NCs were used as photocatalysts for the reduction of NB to
aniline, with conversion efficiency of 97.8% within 140 min. The contribution of
graphene and Au NRs towards the photocatalytic activity of ZnO was studied;
graphene acted as an inhibitor towards the h'/e” recombination, along with its
excellent electron transport properties, and the Au NRs assisted in efficient charge
separation. The pathways were studied by conducting SALDI-MS, which showed
aniline as the major product in both photocatalytic and photoelectrocatalytic
reductions of NB. This photocatalyst is green, efficient, and reusable for the reduction
of NB, without producing toxic by-products. Our study opens up a new class of
nanocomposites that can be used effectively to reduce NB and other potential

nitroaromatic compounds used in the industry.
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Chapter 5

Summary and Perspective
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5.1 Summary

Chapter one introduces the role of nanotechnology from its evolution to the
present day and the multifaceted areas of research that has manifested itself. A brief
explanation about the various aspects of research carried out in this thesis was
outlined from bio sensors used for colorimetric sensing to semiconductor
photocatalysts used for environmental remediation. The second chapter focuses on the
synthesis of FeTe NRs prepared from Tellurium nanowires through a galvanic
reaction with the cynosure on colorimetric sensing of glucose in blood at high
sensitivity (55 nM). The enzyme mimicking FeTe NRs having high catalytic activity
for the peroxidase substrate ABTS were synthesized from Te NWs through a galvanic
reaction. FeTe NRs were also found to have a higher enzyme activity in comparison
to those of HRP and FesOs4 NPs due to amount of Fe(ll) ions on their surfaces,
enabling the use of FeTe NRs as enzyme mimics for the detection of various analytes
of interest when suitable enzymes are used to generate H2O2. The third chapter carries
forward this concept of colorimetric bio-sensing using FeTe NRs through detecting
mercury in blood as the FeTe NRs were displaced by Hg?* ions to form HgTe mainly
due to a cation exchange mechanism. The sensing approach was validated by the
determination of the concentration of total Hg in a blood sample (SRM 955c). The
final chapter focusses on the synthesis of semiconductor photocatalyst (G-ZnO-Au
NCs) for the reduction of nitrobenzene to aniline, with conversion efficiency close to
100% within 140 min. This green, efficient and reusable photocatalyst reduced
nitrobenzene, without producing any toxic by-products, showing the effectiveness of
using this new class of nanocomposite materials capable of utilizing solar energy
effectively to reduce nitrobenzene and other potential aromatic compounds used in the

industry.
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5.2 Perspective

Biosensing has taken significant strides over the last few decades due to the
advancement in nanomaterials that have been designed and fabricated for specific
applications. lron based nanomaterials such as FeTe NRs provide a cheaper
alternative to gold and other similar noble nanomaterials and a useful platform for a
wide range of biosensing applications. These newly developed FeTe NRs have shown
great advantages over conventional assays, particularly in sensitivity, selectivity, and
practicality largely due to its low cost, simplicity, and practicality in addition to robust
physical as well as chemical properties of these materials making them promising
candidates for colorimetric biosensing.

The next challenge for FeTe NRs would be to develop simple, rapid, and inexpensive
detection assays for monitoring of food and water contamination by bacteria and other
pathogens, diagnostic applications, and environmental analysis. There is a need to
build glucose sensors that utilize “test strips”, particularly so for the developing world,
which does not have ready access to laboratory facilities. The fact that FeTe NRs have
high thermal stability allows them to be used in geographically hot areas, where
biomolecules might undergo thermal denaturation at elevated temperatures (e.g.,
above 45 °C), leading to loss of sensitivity in traditional bioassays. FeTe NRs can be
implemented as dipsticks or in a chromatographic format, the color change observed
through the naked eye absolves the need for sophisticated instrumentation.

Another immediate challenge to be met is to functionalize the FeTe NRs with unique
optical signatures with different receptors. We foresee that this will enable them to
have a unique optical response to biomolecular binding thus allowing detection of
various analytes. Finally one can incorporate the FeTe NRs into a nano/micro fluidics

channel. The integration of with a lab-on—a-chip bioanalytical devices will enable the
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ultrasensitive detection of a large number of analytes in a single device.

On the other hand, Graphene-based semiconductor photocatalysts have gained
traction due their potential in environmental and energy-related applications.
Although considerable progress has been achieved, the studies in this field are at a
nascent stage and further developments are required. To begin with, the preparation of
graphene is still maturing and there are a variety of issues that requires attention.
There is a need for preparing pure and bulk graphene in cheap and environmentally
friendly manner with tunable sizes of layers, compositions and defects. Next, we
should be able to tune the performance of graphene-based semiconductor composites
by varying the loading of each of the composites. Therefore, there is need for
precisely designed composites by achieving uniform morphology to enhance the
photocatalytic properties. Finally, an aspect of graphene based semiconductor
photocatalysts that has not received great attention is the mechanism and remains to
be discussed further. For instance, the exact role of graphene in enhancing the
mechanism still remains debatable. Furthermore there is a need to determine the exact
mechanistic pathway behind the photocatalytic activity for different semiconductor
photocatalysts such as ZnO or TiOz or noble metal photocatalysts such as gold.

To summarize, we must meet the challenge of fabricating pure carbon and
carbon-based composites for the purpose of photocatalytic reduction or oxidation. The
perspective is to focus on the principle and the development of photocatalysis in
carbon-based nanomaterials synthesis. This needs to be application-driven, but the
challenge to further develop the field rests between a simultaneous study of the

fundamental processes and a better control of the synthetic routes.
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