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Abstract
Environment and healthcare are very closely related to each other, and
human health is greatly influenced by the surrounding environment. The
environment is essential for the survival of the earth planet and its living
organisms that are uniquely positioned to be at the forefront of progress.
Human beings are exposed to various environmental risk factors and toxic
chemicals derived from chlorofluorocarbons, heavy metals, volatile
organic compounds, hydrocarbons, and pesticides that are major causes of
various diseases. Therefore, in the present thesis work, the preparation and
application Se doped ZnO nanorods in biodiesel production, detection of
mercury and optical properties for environmental and healthcare
applications are reported. Se doped ZnO generates multiple zinc (Vz),
oxygen (Vo) vacancies and oxygen interstitials (O;) defects, in the crystal
lattice that are characterized by XRD, XPS, EPR and PL studies. Oxygen
interstitials (O;) play essential role in enhancing basic site reactivity in
transesterifcation reaction and was found to be usage of 1:20 oil to
methanol volume ratio, 5 wt.% catalyst load, 65 °C as reaction temperature
to give a maximum yield of 94.7% FAME in 3 h. Photoluminescent Se
doped ZnO that was coated with 3-mercaptopropionic acid (3MPA), a
chelating ligand to detect mercury ions demonstrate strong affnity for -SH
functionality. In the presence of Hg* ions, 3MPA-Se doped ZnO
nanoprobe show effcient turn-on (restoration) photoluminescence over
dual emission-quenching phenomenon owing to increased zeta potential (—
17.06 mV) and anti-aggregation effect induced by rapidly separated
3MPA surface ligands bound to selenium doped ZnO within 30 s. This
“turn-on” was employed for selective detection of Hg?* ions with the
lowest limit of concentration to 1 pM. Later, multiple defects induced
multicolor emissions by single and two-photon single wavelength

excitations show broad emission with and a large Stokes shift of about 250

Vv



nm due to overlapping of defects in electronic transitions. The EPR signals
also reveal detail information about these defects and show correlation
with optical electronic transition states of blue, green and red emissions in
Se doped ZnO NRs. Two-photon confocal studies of Se doped ZnO NRs
shows multicolor emission at 720, 800 and 860 nm excitations which are
consistent with one photon fluorescence at 360, 400 and 430 nm

excitations.
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Chapter 1

Chapter 1
Introduction

1.1 Environment and Healthcare

Environment and healthcare are closely related to each other, and human
health is greatly influenced by the surrounding environment. Human
beings exposed to various environmental risk factors and toxic chemicals
derived from chlorofluorocarbons, volatile organic compounds (VOCs),
hydrocarbons, and pesticides, are significant causes of multiple diseases
[1]. The polluted environment can significantly affect human health, and a
less commonly known fact is that advancement in human health will also
affect the ecosystem. The energy demand increases with inflation,
structural reforms, and rising population, which will actively add to the
total world energy consumption [2]. The extensive use of energy resources
like fossil fuels, petroleum, coal, and natural gas emits pollutants that
affect the environment and healthcare in a significant manner. In this way,

the environment and healthcare are dependent on each other.
1.1.1 Global energy outlook

The world energy outlook provides critical analysis and insights into
energy demand developments—supply, energy security, environmental
protection, and economic development [3]. World energy developments
have gone through a progression from firewood to coal and further
promoted to oil and gas. Earlier, the world’s primary energy supply was
dominated by fossil fuels for economic growth. The energy consumption
from most non-renewable energy resources includes fossil fuels like crude
oil, natural gas, and coal. The demand for fossil fuel utilization is the
leading cause of global climate change and creates several other
environmental and health problems [4]. Developments in human health,

such as increased energy consumption, advanced disease diagnosis, and
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reduced mortality, can also cause environmental damage, such as
increased fossil fuels consumption, deforestation, global warming, and
pollution [5]. With the rapid growth of world energy consumption,
renewables are the fastest-growing energy source between 2018 and 2050,
surpassing non-renewables to become the most used energy source

(International Energy Outlook, EIA, 2019), as shown in Figure 1.1 [2].

cia
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Figure 1.1 Global energy consumption by energy source [2].

The impact on the environment, loss of biodiversity, excess use of natural
resources for energy demand, and health problems are critically linked to a
sustainable ecosystem. The hydropower, wind, solar, and biomass clean
energy substitutes are being developed and implemented at an increasing
pace to provide upcoming energy demands, thereby playing a major role
in ensuring the total energy supply and promotion of clean energy. The
renewable energy technologies including electrification will lead to
improvement in long term energy efficiency measures [6]. Worldwide coal
and oil demand have already peaked, and there is a significant increase in
electricity use, which is increasingly generated using renewable sources,
as shown in Figure 1.2 [3]. Therefore, the global energy system must
undergo a clean energy transition to address these challenges, whereby
increasingly cleaner sources replace energy sources that emit greenhouse

gases.
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Primary energy demand  Final energy consumption Electricity generation

Thousand Mtoe

2019 2025 2030 2019 2025 2030 2019 2025 2030

B Coal EOil mNaturalgas © Nuclear HRenewables = Bioenergy M Electricity M Heat ' Other
Figure 1.2 Energy sectors transformation in emerging market [3].

1.1.2 Environmental pollution

Our ecosystem has been changing significantly in recent years. Important
issues contributing to the ecological changes include an increasing world
population, global warming, industrial development, technological
advancement, and economic growth. Some other changes are deteriorating
air, water, and soil pollution, intensifying toxic wastes, hazardous
chemicals, acid rain, ozone depletion, and increasing disruptors in the
environment [7]. These changes have a discerning influence on the health

and well-being of all living organisms.

Many pollutants present in indoor and outdoor air include SO2, NOx, CO,
O3, photochemical oxidants, cigarette smoke, heavy metals such as lead,
arsenic, cadmium, mercury, and different kinds of VOCs [8]. Air
pollutions leading causes are burning fossil fuels for electricity generation,
the transportation sector, industrial processes, heating, etc. The primary
water contamination sources include discharging inorganic and organic
effluents, petrochemicals, municipal solid wastes, agricultural wastes, etc.
[9]. In addition to heavy metals, several inorganic and organic chemical
compounds can pollute streams, lakes, canals, and rivers, alarming their
water quality. Another primary concern is the potential harmful effect of

releasing an increasing number of unnatural chemicals into the soil,

3
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causing land pollution [10]. Also, the chemicals release is not restricted to
areas nearby their point sources such as industrial facilities. Instead, the
chemical substances can move to faraway regions where they may cause
harmful effects on humans and the ecosystem, as shown in Figure 1.3
[11]. The air, water, and soil pollution cause multiple diseases from
perinatal disorders, infant mortality, respiratory infections, malignancies,

cardiovascular disorders, and other harmful effects [12].

Air pollution A
chie Water pollution
FSzl te.
\ Bacteria
iratory”
nﬁs - Parasites
% - Chemicals
Nerve Particulate matter L , Soil
damage Ozone 3 contamination
Lead
Volatile N Zn m
organic 5! 3'_
compounds GastroeniefTus SR Voo
¥ e
Cancer rlsk ' RERIEEREE e
Nausea/ 3N =
Skin irr/taW

Y

Figure 1.3 Health effects on humans from air, water, and soil pollution
[11]

Environment contamination by heavy metals (Hg?*, Cd?*, As®*, Pb?*, etc.)
is becoming a serious problem since they tend to accumulate in the
ecological food chain, causing various adverse effects on human
ecosystem health [13]. Mercury is considered as a global pollutant that
affects humans due to its long-range transportation and persistence in the
environment [14]. The natural, anthropogenic, and industrial practices that
release Hg into the atmosphere include volcanic eruptions, geothermal
emissions, gold mining, and coal and power plants combustion [15]. In the
environment, inorganic Hg(ll) form is prevalent in water, soil, and

sediment, whereas methylmercury (MeHg) is predominant in aquatic

4
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organisms and Hg(0) in the atmosphere, as shown in Figure 1.4 [16,17].
Mercury is highly toxic to humans. The harmful effects of occupational
exposure to mercury cause Mad Hatter disease reported from the 18" and
19" centuries related to mercury toxicity [18]. Methylmercury
concentrations are elevated by bioaccumulation and biomagnified through
the food chain. The MeHg toxicity discovered in Minamata City was due
to consumption of fish and shellfish contaminated with methylmercury
from wastewater discharge by Chisso Corporation [19]. Methylmercury
poisoning leads to developmental toxicity in the fetal and neonatal brain
because MeHg can pass the placenta and cross blood-brain barrier.
Prenatal mercury exposure interferes with neuron growth and cause
irreversible damage to the developing central nervous system [20].
Therefore, the main objective of several researches is to protect our
environment and promote human health by monitoring and detecting

mercury compounds.
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Figure 1.4 Mercury occurrence and mobility [16,17]

1.1.3 Global healthcare

Global healthcare understands complications and threats that focus on
diagnosis and treatment of diseases in improving healthcare equity for

worldwide populations [21]. The international healthcare goal needs to
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work toward the future in prevention and early intervention rather than
treatment. Humans interact with different environmental factors and affect

the quality of life, healthy life, and health disparities, causing diseases.

Pandemics are large-scale disease that can significantly increase morbidity
and mortality worldwide. These pandemics include coronavirus, influenza
(H1N1), Ebola, plague, HIV infection, and other viral threats that address
our vulnerability to widespread diseases that the world has encountered
[22]. Growing concerns in the ecosystem change air, water, and soil
pollution and directly affect the human population's health. Environmental
pollutants are also a significant contributor to climate change, impacting
people’s health differently. Climate change health effects include increased
respiratory, cardiovascular, malaria, cholera, viral infection due to extreme
weather conditions, and geographical distribution of air and water-borne
diseases [23]. Despite progress in the medical field, many communities
worldwide still lack access to primary healthcare education, causing heart
disease, stroke, cancer, etc. These diseases can also be attributed due to
physiological and environmental factors. Agricultural practices in the
environment, including irrigation, use of inorganic fertilizers and
pesticides, can affect flora and fauna, making disease transmission a major
concern associated at every stage of the food production and supply chain
[24]. Many deals with preventive and control of diseases while addressing
health threats from environmental health risks and causes of diseases.
Therefore, monitoring and controlling global challenges such as
environmental hazards and human disease diagnosis are essential in the

environment and healthcare sector in advancing global health.

1.2 Conventional methods for monitoring environment and

healthcare

Monitoring the environment and healthcare is essential in protecting

ecosystems from energy crises, pollutants, diseases, and mental health.
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Thus the necessity for understanding between environmental quality and
public health had been a significant challenge [25]. Conventional energy
resources (coal, petroleum, natural gas and nuclear) are finite but still
continue to expand use even though pollution remains inevitable.
However, renewable energy resources (wind, solar, tidal, and biomass) are
clean and abundantly available in nature that are potential future energy
resources to meet the world's energy demand [26]. Wind and biomass
dominate projected growth in renewable energy generation, apart from
hydropower, as reported in Annual Energy Outlook 2012, as shown in
Figure 1.5 [27]. The non-hydro renewable energy contributions to the

total generation in the projection rise from 4% in 2010 to 9% in 2035.
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Figure 1.5 Projected (2010-2035) renewable energy generation [27]

The biomass energy production and use can greatly reduce greenhouse gas
emissions, renewable resources (wind, solar and hydro) limitations, and
finally support local agricultural production, agroforestry and forest-
product sectors [28]. Another advantage of biomass is its ability to convert
into a wide range of valuable biofuels, bioproducts, chemicals, etc. The
advantages of biodiesel over other biofuel come from lower agricultural
inputs and more efficient conversion of feedstocks [29]. Biodiesel is a
renewable energy source derived from oils/fats consisting of long-chain

fatty acid methyl esters (FAMES) as shown in Scheme 1.1. Biodiesel
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produced from biological resources by conventional methods include
direct use and blending, pyrolysis, micro-emulsification, and
transesterification reaction [30]. The transesterification process is the best
choice for increasing conversion efficiency and minimizing the production

cost in biodiesel production [31-33].

H,C—COOR; R{COOCH;,4 H,C—OH
‘ Catalyst ‘
HC—COOR; =4 CH3OH —————> R,COOCH; HC—OH
Methanol
H,C—COOR; R;COOCH, H,C—OH
Triglyceride Fatty Acid Methyl Esters  Glycerol

Scheme 1.1 General reaction of the transesterification reaction

The environment quality was maintained and restored by removing
contaminants from the environment to prevent ecosystem and healthcare
problems. Modern environmental contaminants or pollutants analysis and
detection techniques include spectroscopy (UV-Vis, Fluorescence, IR),
chromatography (GC, GC-MS, HPLC), and electrochemical methods
[17,34,35]. Monitoring of contaminants in the environmental and human
healthcare applications entails various identification and molecular
imaging techniques but limited in their utility due to cost factor [36-38].
The alternate biofuels, monitoring of pollutants, and diagnosis of human
diseases are essential in improving the environment and healthcare.
Therefore, environmental and healthcare problems have driven many
researchers to explore innovative nanotechnology solutions due to their

special physical and chemical properties [39-41].

1.3 Implications of nanotechnology in environment and

healthcare

Nanotechnology is the engineering and fabrication of functional structures

with molecular precision at 100 nm or smaller dimensions. It has been

8
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observed that the physical, chemical, electrical, optical, and electronic
properties of some materials can change at their nanoscales [42].
Nanotechnology evolution represents an ever-increasing demand in the
design, synthesis, modification, and creation of novel nanomaterials
[43,44]. Organic nanomaterials such as liposomes, hybrid nanomaterial,
polymer constructs, nanospheres, and micelles, were employed in the past
for imaging and drug delivery applications. Inorganic nanomaterials have
recently attracted the attention of many researchers in recent decade due to
their unique materials and size-dependent physicochemical characteristics
such as inertness, biocompatibility, chemical stability, and ease of
functionalization as shown in Figure 1.6 [45]. Emerging techniques such
as nanomaterials-based finding are of future interest because of unique
optical, electrical, electronic, magnetic, catalytic, and other emerging
properties at this scale. Nanomaterials surface modifications provide
ligand binding of molecules for specific reactivity to monitor pollutants,
catalysts for energy storage, biofuel energy production, disease diagnosis,
and therapy [46,47]. Therefore, these emergent properties have great
potential applications in the environment, industry and medicine, and
other fields.

I - —
Inorganic Nanomaterials J Metal chalcogenides (TMCs)

g !'Pd ; i TiO; o
™ e ' Fe,0, | BB B BC B

Metal | etc. ! Metal oxide/hydroxides | etc. | TMCs - MoS,, Bi,Se; etc. s )

o II : Ag P o anO I o : o : > o
> ;Au : /_/ --------- g :CIJD bb:bb .ﬁ‘g
5 o

e —

/—[ Organic nanomaterials

Compact polymeric
ats eta W17

- - o . e (TN
1 (] L I
'.'.. ...i. I'---'_".-..- . :
Micelle Liposome Hybrid Dendrimer Manosphere Nanocapsulv

Figure 1.6 Organic and inorganic nanomaterials for environmental and
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Nanocatalyst is a functional material with either external or internal
catalytic properties within nanoscale dimensions. Nanocatalyst has a high
surface-to-volume ratio, which results in enhanced catalytic performance
due to more active surface area and adsorption of the reactants [48].
Nanocatalysis unlocks many doors in a sustainable technology for
numerous applications (Figure 1.7), extending from more established
research areas such as oil refineries, remediation activities, and food
processing to emerging research areas such as bio-refinery processes,
reforming nanosensors, and energy harvestation, conversion, and storage.
Catalysis is necessary in the green chemistry principles, mainly because it
decreases the unit production costs, eliminates the amount of waste, and
minimizes the energy use related to a chemical process. The most
important nanocatalyst based organic transformations for the selective
production of desired products include hydrogenations, oxidations,
reductions, alkylations, coupling reactions, cyclizations, amidations, etc.
[49]. Nanocatalysts have shown significant role in the production of
biofuels from renewable biomass energy resources. Nanocatalysts can also
create new opportunities to improve biodiesel conversion efficiency,

which is considered as one of the most sustainable energies for the future.
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Figure 1.7 Overview of various applications of nanocatalysts [48]
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The detection of trace Hg®" is always a research hotspot in developing
accurate and sensitive nanomaterial-based chemosensors. Several
nanomaterial-based approaches have been designed and developed for the
detection of heavy/toxic metals based on their properties. Among the
developed detection techniques, optical detection based on fluorescence or
colorimetric analysis is the most facile method by its tunable properties,
and low detection limit [50]. Some advanced functional nanosystems
based on nano, polymeric, AlEgens, aptamers and porous materials are
used for selective detection and effective removal of mercury (Il) ions
[51]. The high catalysis and conductivity of noble metals, such as Au, Cu,
Pt, and Ag, strengthen the response signal in biosensing reaction. Carbon
materials have been widely used in the electrochemical biosensor, mainly
due to their superior conductivity, immobilization of biomolecules and
specific surface area [52]. The synergic effects of integrating catalysis and
conductivity in a hybrid nanomaterial through chemical bonds improved
the detection of mercury. Various well-established nanomaterials possess
unique advantages to tackle Hg?* pollution in practical purposes [53,54].
The functional nanomaterials-based mercury detection opens up a new
tool wherein conjugation of specific ligands to nanomaterial was
employed to detect trace amounts of mercury in the environmental,

industrial, and living systems.

The engineering of materials to nanosize offers multiple properties that
can be used for the designing and development of biomedical devices [55].
Nanomaterials providing multimodal detection could demonstrate great
interest in biosensing and imaging applications, selective targeting,
therapy, and diagnostics [56]. The use of nanostructured materials in the
biomedical field offers many innovative technologies to fight against
cancer, cardiovascular and neurodegenerative disorders, and infections.
The nanomaterial platforms that have been widely explored for biomedical

engineering applications include mostly inorganic and organic materials
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[57]. Organic nanomaterials such as nanocrystals, ferritin, liposomes,
dendrimers, polymers, polymer-drug conjugates, and nanogels have been
extensively used as imaging and therapeutic agents. In recent times,
inorganic nanomaterials such as metal, graphene, metal oxides, quantum
dots (QDs), superparamagnetic iron oxide nanoparticles (SPION),
upconversion nanomaterials have also attracted particular attention in

nanomedicine [58,59].
1.4 Semiconductor nanomaterials

Semiconductor nanomaterials have enticed much attention due to their
tunable bandgap, unique quantum size effects, linear and nonlinear optical
properties. Semiconductor nanomaterial physio-chemical properties such
as electrical, absorption, emission, and charge carriers' motion are
explained by quantum mechanical laws obtained from the Schroédinger
equation [60,61]. A detailed explanation of the electronic band structure in
nanoscale dimensional solids signifies that the electron delocalized in the
solid are not bound to individual atoms. Whenever the atomic size
becomes comparable with de Broglie wavelength related to the particles
that interact with it, a free carrier confined in this low dimensional

structure will behave as a particle in a potential box.

The changes in the electronic configurations of the atoms in the
nanomaterials due to size effects result in significant differences in
properties from their bulk materials. When the atomic size is of the order
of de Broglie wavelength, discrete electronic energy levels (Figure 1.8e)
arise as electrons and holes are spatially quantum-confined, giving rise to
the generation of electric dipoles [49,62]. The spacing between the energy
levels and bandgap increases with decreasing particle size, causing
changes in the nanocrystals' spatial electron energy density configurations,
eventually changing the electronic and optical properties [49]. The
quantum size effect for bulk (3D), quantum wells (2D), quantum

wires/rods (1D), and quantum dots (QDs) (OD) in a semiconductor
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material is illustrated in Figure 1.8(a—d). These classes of nanomaterials
exhibit quantum confinement effect in zero, one, two, and three

dimensions, respectively.
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Figure 1.8 Semiconductor material (a-d) Quantum size effect in 3D, 2D,

1D, and 0D, (e) Size effects on the electronic energy levels [49]

Different semiconductor materials differ in their properties and are
tunable. Semiconductors are typically formed from elements in the
periodic table groups such as I11-V, 1I-VI, 1-VII, V-VI and II-V, oxides,
magnetic and inorganic materials, including Si, GaN, InP, TiO2, Fe3Oa,
Zn0O, ZnS, CdSe, AlGaN and ZnSe [63,64]. Semiconductor property of
the material, due to high specific surface area, improves many processes
such as adsorption, catalysis, charge transfer phenomenon thereby opening
avenues for its applications in catalysis, sensing, and optical devices.
Metal oxide shows controllable size, shape, crystallinity, reactivity, and
functionality compared to other semiconductor materials [65,66].
Therefore, metal oxide holds the potential for playing a critical role in

developing materials with new catalytic and optical properties.
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Additionally, they have a high probability of becoming highly competitive
materials due to their morphological, chemical interfacial properties, and
ability to form composite structures. Among metal oxides, TiO2, WOs,
SnOz, and ZnO have attracted great interest due to their electrochemical,
catalytic sensitive properties and energy band alignment suitable for
tunable properties. Transition metal oxides, particularly TiO2 and ZnO, are
widely used in environmental and healthcare applications because of their
unique photophysical and optoelectronic properties [67-69]. Most
preferentially, among different transition metal oxides, ZnO plays an
important role in gas sensors, chemical sensors, bio-sensors, cosmetics,
antibacterial agents, optical and electronic devices, solar cells, catalysts,

bioimaging agents, and in drug delivery products.
1.5 Characteristics of ZnO nanostructures

Zinc oxide (ZnO) is a direct bandgap semiconductor material with
potential applications as light-emitting devices, transparent conductors,
electrodes, and sensors. It typically has the hexagonal wurtzite crystal
structure, with the lattice parameters a = 3.25 A and ¢ = 5.21 A [70]. Its
bandgap is 3.437 eV at low temperatures and 3.37 eV at room
temperature. Notably, the structural (sizes, defects, and doping) and
optical parameters play an essential role in their considerable exciton
binding energy (60 meV), strong luminescence properties, and high
electron mobility [71,72]. Therefore, investigation of the structural
parameters becomes imperative for optimizing the ZnO nanostructure's

performance.

The ZnO bonding in its crystal lattice involves a sp® hybridization forming
four equivalent orbitals, directed to the four corners of tetrahedral
geometry. In the resulting crystal, the bonding sp® states constitute the
valence band (VB), while the conduction band (CB) originates from its
antibonding counterpart [73]. The resulting energy gap is 3.37 eV, i.e., in

the UV region of the spectrum, which has triggered interest in ZnO as a

14



Chapter 1

material for photodetectors, transparent electronics, and spintronics.
Generally, this atomic arrangement of tetrahedrons may result either in a
cubic zinc-blende-type or in a hexagonal wurtzite-type crystal structure,
based on the stacking sequence of bi-layers. The crystal structures
exhibited by ZnO include wurtzite, zinc blende, and rock salt, as shown in
Figure 1.9 [74]. Under ambient conditions, the thermodynamically stable
crystal structure is that of the wurtzite phase. The zinc blende phase can be
stabilized only by growth on cubic substrates, and the rocksalt crystal
structure may be obtained at relatively high pressures, as in the case of
GaN.
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Figure 1.9 ZnO crystal structures representation by stick-and-ball model:
(a) Rocksalt, (b) Zinc blende, and (c) Wurtzite [74].

ZnO is the leading metal oxides due to its tunable physical characteristics
of wide bandgap (~3.37 eV) with typical exciton binding energy of 60
meV. Researchers have received much attention to engineer its bandgap
for various applications in solar cells, sensors, optoelectronics, biomedical
devices, etc. [75-77]. The literature reports that the ZnO bandgap can be
tuned by either controlled crystallite size or by doping. The degree of
bandgap engineering was dependent on the type of doping elements [78].
Therefore, new ZnO based nanomaterials formed by doping elements will

exhibit novel properties useful for future applications [79,80].
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ZnO with a wide bandgap is a suitable host material for defect centers by
intrinsic and extrinsic doping. The intrinsic defects responsible for the
ZnO n-type conductivity, formed during deposition, include Zn; and Vo
[81]. The ZnO's doping effect is determined by dopant formation energy,
ionization energy, and solubility [82]. Impurities and intentional doping
with covalent (differently charged) ions have a remarkable impact on the
defect equilibrium. Dopants forming shallow donors and acceptors
provide the means of controlling the material's electrical conductivity
leading to environmental and healthcare applications [83]. Further, carriers
can be introduced in ZnO with lower valence (introduces holes) or higher
valence (introduces electrons) ions on the Zn sites [84]. Controlled
introduction of doping forms the basis of p-type (acceptor-doped) and n-
type (donor-doped) to control carrier confinement, carrier flow, and

characteristic properties, as shown in Figure 1.10 [85-87].
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Figure 1.10 lllustration of (a) n- and (b) p-type doping in ZnO

nanomaterial [85].

The n-type doping is relatively well established by substituting group 11l
elements (Al, Ga, and In) on the Zn sites, making highly conductive n-
type ZnO. Generally, Al, Ga, and In dopants on the Zn sites and Cl and |
dopants on the O sites can potentially form shallow donors in ZnO [88].
For the n-type dopants, chemical elements of group 111 (B, Al, Ga, and In),

rare earth elements in group Il (Sc, Y, and La), group IV elements (Si,
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Ge, and Sn), and group VII elements (F, CI, and 1) are introduced for
creating defects in the ZnO [86]. These heavily doped ZnO have exhibited
a systematic blueshift in the optical bandgap attributed due to the
Burstein—Moss effect. Difficulties can ascend from a variety of causes to
obtain p-type doping in ZnO. The reliable p-type dopants may remain a
significant challenge because of compensated low-energy native defects,
such as Zn;i or Vo, or residual hydrogen impurities [88,89]. Some
compensation centers are held to the same energy level that depends only
on the position of valence and conduction bands. There have been many p-
type behaviors reports in ZnO, often with very high hole concentrations
but with low mobility. The deep impurity level can also be a cause of the
doping difficulty, leading to major hindrance in shallow acceptor level
formation. Therefore, attainment of intentional n-type doping of ZnO

based nanomaterials is relatively easy compared to p-type doping [90].

The doping can generate defects such as vacancies (Vzn and Vo), self-
interstitials (Zn; and O;), and antisites (Zno and Ozn). Their combination
introduces donor and acceptor levels in the bandgap. Some of these
defective species are introduced during the growth of the material and
others during the process [84,91]. Some defects may also cause self-
compensation in the crystal structure of the material. Doped ZnO has rich
defect chemistry due to low formation energies of various donor defects
(Mo, Zni, and Zno) under normal conditions, whereas acceptor defects (O;,
Vzn, and Ozn) are generated under oxygen-rich conditions (Figure 1.11)
[92,93]. The Zn; and Vo defects form donor level in the forbidden energy
gap, whereas Zn vacancies generate an acceptor level. The Vo makes deep
level donor states whereas the shallow level donor energy states are due to
Zni. In particular, the oxygen vacancy and the Zn interstitial, which act as
donors, have most often been mentioned as sources of n-type conductivity
in ZnO [94]. The luminescence of doped ZnO material in visible region is

attributed due to various defects. Manipulation and control of doping
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generates defect properties used in industrial, environmental, and

biomedical applications.
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Figure 1.11 ZnO defects energy levels [92]

Photoluminescence (PL) spectra of the ZnO based materials with various
nanostructures have been extensively reported. Generally, the PL emission
of ZnO nanomaterials has two spectral components [95]. One is the typical
exciton emission (electron-hole recombination) or near-band-edge
emission (NBE), i.e., photogenerated electron recombination process with
holes in traps near the valence band in the UV-Vis region from 350 to 390
nm. The other component is the visible emission region (deep-level
emission, DLE), which is related to the defects, such as the peaks between
400 to 640 nm emission in the visible region [96]. ZnO has more extrinsic
and intrinsic deep level defects that emit light of different colors ranging
from violet to red in visible light spectrum [97,98]. Since ZnO's optical
properties originated from native intrinsic and intended extrinsic defects,
investigation of various defects has an essential role in tuning different

optical properties for environmental and healthcare applications.

ZnO-based materials' remarkable catalytic properties are associated with
surface  morphology, nanostructure, defects or abilities of electron

transportation [99,100]. The introduction of engineering defects improves
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the activity of catalysts for industrial applications. ZnO based materials
are highly important as components in heterogeneous catalysts, and the
activity depends on the density of the surface's active sites [101-103]. The
large amount of zinc and oxygen vacancy defects in twin brush (TB) ZnO
significantly promote introduction of Au atom into the crystal lattice of
ZnO for remarkably high activity in CO oxidation [104]. The dramatic
enhancement in CO oxidation is attributed due to the vacancy defects in
TB-ZnO. The catalytic applications that involve surface defects include
photodegradation of organic compounds, solar energy conversion,
biomass conversion, optoelectronics, chemosensing and bioimaging agents
[105-108].

Photon (or energy) upconversion is defined as sequential absorption of
photons, which yields anti-Stokes emissions. It involves the absorption of
two- or more low-energy photons that emits a single photon at higher
energy. These processes have been actively explored in recent years due to
their exciting applications in optoelectronics, biophotonics, and multi-
photon imaging [109,110]. The multiphoton imaging provides advantages
of enhanced sensitivity, deep imaging of tissues due to increased
penetration, and reduced phototoxicity of NIR light [111]. Therefore,
exploring upconversion processes facilitated by different defects energy
states with a focus on UV-Vis emissions in ZnO nanomaterials are
essential. The defect-mediated photon upconversion provides different

physical upconversion mechanisms as shown in Figure 1.12 [112].
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Figure 1.12 Illustration of electronic transitions in photon upconversion
() phonon-assisted (TP), (b) auger-mediated upconversion (AM), (c)
second harmonic generation (SHG), (d) two-photon absorption (TPA), and
(e) two-step two-photon absorption (TS-TPA) [112, 115]

Figure 1.12a describe the phonon-assisted upconversion process that
involves absorption of a low-energy photon (labeled 1) into real states
(horizontal dashed lines) followed by a vibrational transition into higher
energy states (marked 2), from which an anti-Stokes emission (labeled 3)
occurs [113]. Auger mediated photon upconversion involves absorption of
several photons (labelled 1), generating many electron-hole pairs located
near to each other to facilitate energy transfer. The recombination of few
of the photoexcited electron-hole pairs (labelled 2) with simultaneous
transfer of the released energy create a highly excited (labelled 2 with
curved solid arrows) carrier [114]. These carriers experience
thermalization and diffusion (labelled 3) process followed by photoexcited
carriers recombinations (labelled 4) at higher energy as shown in Figure

1.12b. The second harmonic and two-photon absorption (TPA) process
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occurs due to the simultaneous absorption of two photons via an
intermediate virtual state. However, the final energy state involved in the
absorption process's is now a real electronic state of a conduction band
(CB) state rather than a virtual state (Figure 1.12c) [115]. Therefore, the
emitted photons in the second harmonic process have less energy than the
two-photon absorption (Figure 1.12d) process because carriers may first
relax to low-lying electronic energy levels and then contribute to radiative
recombination. Defects in nanocrystal structure facilitate second harmonic
upconversion nonlinear optical effects in optoelectronic applications. In
contrast to TPA, TS-TPA (Figure 1.12e) involves real intermediate
electronic energy states in consecutive absorption of two photons to
produce excited carriers, resulting in recombination processes [116].
Therefore, this process offers a useful alternative for the generation of
anti-Stokes emissions as it involves the advantage of relatively high
conversion efficiency. The efficiency depends on the energy band gap,
lifetime of the intermediate emitting state, electronic band states and

defects energy levels.

The most widely utilized two-step TPA up-conversion process allows a
significant gain in the photon energy and has a high energy efficiency via
donor or acceptor defect states [117]. Currently, these defects states are
usually introduced by deliberate doping of ZnO nanomaterials by rare-
earth impurities. Utilizing defect-related TS-TPA levels represents an
alternative approach for achieving defect induced photon upconversion
[118]. The defect mediated photon upconversion process is potentially
advantageous for ZnO-based nanomaterials in optoelectronics, industrial,

and biomedical applications.

21



Chapter 1

1.6 Reported work

Recently, Se doped ZnO and Se/ZnO based materials synthesis and
characterization are reported for photocatalytic, antibacterial, and
cholesterol oxidation applications [119-121]. However, the Se doped ZnO
nanomaterials nature of defects in the nanostructure responsible for
catalytic, optical, and up-conversion properties are not explored and
reported in the literature. Presently, the study of multiple defects with
broad UV-Vis-NIR emission and large Stokes shift for novel catalytic and
optical properties in the development of alternate fuels, optical sensors,
optoelectronic devices, and bio-imaging probes will spectacularly impact

the environmental and healthcare applications.

1.7 Organization of the thesis

The present thesis has been summarized into five chapters to gain deep

insight into the complete research work.

Chapter 1: Describes the introduction of the subject, review of the
existing work, and the thesis's scope.

Chapter 2: Depicts the finding of novel defects induced base catalysis in
Se doped ZnO to produce biodiesel.

Chapter 3: Describes a novel sensing probe's successful development to
detect mercury using Se doped ZnO functionalized 3-
mercaptopropionic acid.

Chapter 4: Deals with the study of multiple defects induced down and up
optical conversion properties in Se doped ZnO nanorods for
optical sensing, optoelectronics, and bioimaging applications.

Chapter 5: Describes the research summary and future scope.
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Chapter 2

Role of oxygen defects in the basicity of Se doped ZnO
nanocatalyst for enhanced triglyceride transesterification in

biodiesel production
2.1 Introduction

Unlike other living organisms, human beings have a desire to improve the
quality of life. This inherent instinct has caused an unimaginable
explosion of life amenities, lifestyle changes, improved living standards,
and life expectancy. Energy resources are required to fulfill the ever-
increasing human needs and to maintain a safe and clean ecosystem.
Understanding the necessity and adapting to current energy changes has

led to maintaining a global energy outlook.

International energy outlook forecasts that the marketed global energy
consumption will rapidly increase through 2050 on an average for all
fuels. Much of the world energy demand increases with economic growth,
structural transformations, and growing populations, which will actively
contribute to total world energy utilization [1]. Due to the depletion of
non-renewable energy resource-based fuels and ever-increasing energy
demand, unconventional renewable energy sources have attracted attention
[2]. Several alternative renewable energy resources such as solar, wind,
geothermal, hydroelectric and biomass are widely used, but still, they are
in the developmental stage due to limiting environmental factors.
Biodiesel production has increased rapidly in recent times, making it one
of the fastest-growing sustainable clean and green renewable energy

sources closer to realization to meet future energy demands [3].

Biodiesel, defined as a mixture of fatty acid methyl esters (FAME),
produced from transesterification, yields high-quality biofuel due to its

facile synthesis, continuous process, and low cost of production that meets
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biodiesel fuel standards [4]. Biodiesel, produced by transesterification, is
becoming an appealing biofuel in many countries across the world due to
its high energy balance and reduced greenhouse gas emissions compared
to other alternative fuels.

Transesterification of oils with methanol produces renewable,
biodegradable, and non-toxic biodiesel in the presence of suitable acid,
base, or enzyme catalysts [5-7]. For commercial biodiesel production,
homogeneous acid (sulfuric, phosphoric, hydrochloric, and organic
sulfonic acids) and base (NaOH, KOH, and sodium methoxide) catalysts
are commonly employed [8]. Despite the higher activity and cost-
effectiveness of homogenous catalyst in industries, the biofuel recovery
remains challenging in biodiesel production due to complicated
saponification and neutralization procedures. Therefore, heterogeneous
catalysts are economically feasible for biodiesel production due to
simplified purification, easy separation, and catalyst reusability in batch
and continuous processes [9,10]. Moreover, the heterogeneous base
catalysts show better catalytic activity than heterogeneous acid catalysts in
transesterification reactions because of the formation of strongly alkaline
alkoxide ion on the solid surface [7,11]. On top of that, nanocatalyst
attracted much attention due to their relatively high surface to volume

ratio, basic strength, and low solubility in methanol.

One of the most important challenges of the 21% century is the use of
engineered nanomaterial properties in the design and development of new
catalysts for sustainable and renewable energy production processes
[12,13]. Nanocatalysts have a high surface to volume ratio and more
reactive sites on the catalyst surface, leading to high catalytic efficiency.
Among the most studied nanocatalysts, metal oxides, pure alkaline earth
metal oxides, and their mixed metal oxide nanomaterials offer interesting
catalytic activity in transesterification, but leaching of Ca*2 and Mg*? ion
limit their catalytic reusability [14-16] Recently, alkali metal (Li, Na, K
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and Cs) doped alkaline earth metal oxides have also been investigated for
transesterification, with their enhanced basicity attributed to the
substitution of lattice M?* ion with M* alkali cation that leads to the
formation of oxygen vacancy defect centers [17,18]. Transition metal
oxides like ZnO, TiO., and other composite materials have low solubility,
and hence their application in transesterification of oils may solve the

problem associated with the leaching of metal ions [19,20].

ZnO is reported as stable, reusable, eco-friendly, and functions as an
active heterogeneous catalyst in various catalytic reactions. Chemically,
ZnO nanocatalyst has higher selectivity toward monoglycerides due to its
amphoteric (Zn?*: acidic sites and O?: basic sites) nature in the
transesterification  reaction.  Therefore, ZnO based materials
(nanoparticles, nanorods, doped ZnO) are used for transesterification
reactions [21-25]. However, its increased basicity may improve its
reactivity towards triglycerides as well [26]. Furthermore, it has been
established that ZnO shows superior catalytic activity in transesterification
reaction when basicity is enhanced either intrinsically or by doping with
appropriate metals [27,28]. In addition to that, Se and Se based materials
tune optoelectronic properties by the genesis of surface defects in the

crystal structure of nanomaterials [29-31].

Therefore, in this chapter, selenium metal doping (Se) into ZnO to fine-
tune surface defects and enhance catalytic activity in the transesterification
reaction are described. The surface defects play an essential role in
generating surface-active base sites involved in the catalytic conversion of
oil to FAME. Se metal, with its natural anti-oxidative properties has also
been used to improve the quality of biodiesel by enhancing its oxidative
stability [32]. Overall, it would be of great interest to develop a new
heterogeneous base catalyst that could be used to improve the economic

production of biodiesel in an industrial process.
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2.2 Results and Discussion

2.2.1 Nanocatalyst characterization

XRD diffraction studies of Se doped ZnO and ZnO NRs were carried out
to investigate the effect of doping on the crystal structure, and these are
well aligned with ZnO hexagonal wurtzite phase, as shown in Figure 2.1a.
The decreased XRD intensity in Se doped ZnO sample in comparison to
ZnO sample without any traces of additional peaks confirms the
incorporation of Se into ZnO crystal lattice. The Se doped ZnO showed
photoluminescence emission compared to undoped ZnO, as shown in
Figure 2.1b. The PL is due to the presence of defects in the Se doped ZnO
nanorods. A detailed characterization of Se doped ZnO sample for Se
incorporation, defects generation, and optical properties by XRD, XPS and
PL are described in chapter 3 and chapter 4 [31,33].
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Figure 2.1 (a) XRD pattern and (b) PL spectrum of Se doped and
undoped ZnO NRs

In brief, during the preparation of Se doped ZnO nanorods by a
mechanothermal method, the selenium (Se) metal dopant, and annealing
temperature plays an essential role in producing oxygen defects (Vo and
Oi). During the preparation and annealing process, the Se incorporation
into the crystal structure facilitates oxygen atom to dissociate from crystal

lattice forming oxygen vacancy (Vo) and diffuse oxygen atom into

42



Chapter 2

interstitial sites generating oxygen interstitial (O;) defects due to the
difference in the atomic size and charge compensation [31].
Simultaneously, during annealing, the oxygen molecule adsorbed on the
surface dissociates and diffuses into interstitial sites of nanomaterial
oxygen interstitial (O;) defects. EPR spectroscopy studies were further
carried out to obtain a better understanding of surface defects such as
oxygen vacancies and oxygen interstitials in Se doped ZnO as shown in
Figure 2.2. EPR spectrum ascertain g-factor values as g = 2.005 and g =
1.962 attributed to the presence of oxygen vacancy (V") and interstitial

(Oi) defects in the crystal structure of the nanomaterial [34].

EPR Intensity (a.u)

3300 3320 3340 3360 3380 3400 3420 3440 3460 3480 3500
Magnetic Field (Gauss)

Figure 2.2 EPR spectrum of Se doped ZnO NRs show Oi and Vo defects

The morphology of Se doped ZnO NRs was analyzed using FE-SEM and
HR-TEM, which confirms that Se doped ZnO nanoparticles self-
assembled into a rod-shaped structure with an average diameter of 50 nm
as shown in Figures 2.3a and 2.3b, respectively [31]. Because of the
formation of nanorods, the aspect ratio of the surface increases.
Consequently, the absolute number of active basic sites increases in the
NRs structure. These active sites in Se doped ZnO were used as a basic
site to check the nanocatalyst activity in transesterification of triglycerides

for biodiesel production.
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Figure 2.3 (a) FE-SEM and (b) HR-TEM images of Se doped ZnO NRs

2.2.2 Plausible mechanism of basicity in Se doped ZnO for biodiesel

production

The impact of selenium doping on biodiesel production and its associated
catalytic activity was estimated through defects enhanced basicity. The
defects associated with V, and O; generate substantial surface basic sites
in Se doped ZnO which are responsible for enhanced base catalytic
activity leading to high FAME vyield [28]. The formation of these basic
sites was proposed to result from an electron transfer from Se metal to
oxygen followed by ionization of Se atom. It is anticipated that the
oxygen around zinc vacancies (Vzn) and oxygen vacancies (Vo) leads to
the formation of low coordination O*  (strongly basic) sites. Moreover,
oxygen interstitials (Oi) attracts considerable additional electron density
from its nearest regular O* ions, which perhaps makes Se doped ZnO
nanomaterial a base catalyst [35]. The delocalization of electrons released
through defects formation induces an increased electronic density on Se
doped ZnO, increasing their basicity [28]. Thus, it can be proposed that an
optimum amount of selenium doping increases oxygen interstitials and
vacancies with an increase in O base sites that can help in proton

abstraction from methanol to generate methoxide ion, which will be
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stabilized by Zn?* counterions. Next, the nucleophilic attack of methoxide
ion at the ester carbonyl group of triglyceride (oil) generates a tetrahedral
intermediate, from which fatty acid methyl ester and the corresponding
oxyanion of the diglyceride are formed. The methoxide ion catalyst is
regenerated by deprotonation of another molecule of methanol by the
diglyceride oxyanion to begin another catalytic cycle. Eventually,
diglycerides and monoglycerides are converted by the same
transesterification mechanism to form respective FAME [36,37]. The
proposed mechanism of transesterification of vegetable oil to fatty acid

methy! esters over Se doped ZnO base catalyst is shown in Scheme 2.1.

(0]

CH30H /\
’ CH3O@ )J\/\/\/\/\/\/\/\
\ H,C—0

D
(ba5c) ((oasi) (bas) ( basic\ HC—0 —

site. site site site.

+ }
Se doped ZnO NRs Hzc—o)k/\/\/\/i — —

Triglycerides in Vegetable Oil

H3CO)J\/\/\/\/\/\/\/\ H,C—OH
i |
+ HC—
H3CO)J\/\/\/\/:\/\/\/\/ HT OH
O
)J\/\/\/\/ HzC—OH
H3;CO I - —
Fatty Acid Methyl Esters (FAME) Glycerol

or Biodiesel

Scheme 2.1 Mechanism for transesterification of vegetable oil to form

fatty acid methyl esters over Se doped ZnO base nanocatalyst

Se doped ZnO NRs were explored experimentally by performing
vegetable oil (Composition is listed in Table 2.1) transesterification as a
useful probe reaction to assess the heterogeneous catalytic performance

towards biodiesel production.

45



Chapter 2

Table 2.1 Fatty acid composition of sunflower oil

Common IUPAC Name Saturated/ Notation
Name Unsaturated

Palmitic Acid Hexadecanoic acid Saturated C16:0
Stearic Acid Octadecanoic acid Saturated C18:0

Oleic Acid Octadec-9-enoic acid  Monounsaturated C18:1

Linoleic Acid  9,12-Octadecadienoic  Polyunsaturated  C18:2

acid

Behenic acid Docosanoic acid Saturated C22:0

2.2.3 Optimization of transesterification reactions
2.2.3.1 Effect of reaction time

The effect of reaction time on the yield of biodiesel production using Se
doped ZnO catalyst was estimated by variation of FAME conversion with
respect to different reaction times (1, 3, 5, 7, and 10 h), keeping all other
reaction parameters constant (reaction temperature, 65 °C; oil to methanol
ratio, 1:20; catalyst load 5 wt.%). From Figure 2.4a (red-colored plot), it
can be deduced that the conversion was very low (40.45%) during the
first hour due to limited surface contact with oil and the presence of fewer
mass transfer systems [38]. The reaction reaches a maximum yield of 94.7
% at 3 h and thereafter conversion of biodiesel reduced slightly for the
reaction time of 5, 7, and 10 h with 80.4, 65.1, and 57.2 % FAME Yyields,
respectively. A longer reaction time is required for better surface contact
and mass transfer. On the contrary, yield decreases after 3 h owing to a
reversible transesterification reaction [39]. According to these

observations, 3 h reaction time was considered high FAME vyielding
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duration for optimization of other reaction parameters in biodiesel

production.
2.2.3.2 Effect of reaction temperature

The influence of temperature on FAME vyield was estimated at different
temperatures (25, 45, 65, 85, and 105 °C) with a constant catalyst (5 wt.%)
loading and oil to methanol (1:20) volume ratio. As indicated in Figure
2.4b (blue colored plot), the FAME vyield of biodiesel had a considerable
increase with increased temperature, resulting in a maximum vyield of
94.7% at 65 °C. The transesterification reaction was partially complete at
25 °C and 45 °C with lower FAME vyields of 33.6% and 43.8%,
respectively. The low solubility and minimal diffusion rate of solvent into
oil at lower temperatures provide a possible explanation for the
experimental observation [40,41]. At 65 °C, the kinetic energy increases
sufficiently to favor equilibrium shift in a forward direction in
transesterification reaction, which eventually results in higher FAME
yield. However, further increase in temperature to 85 °C and 105 °C was
detrimental, resulting in lower FAME vyields of 73.4% and 38.7%,
respectively, mostly due to reduced methanol-oil contact. Hence, 65 °C
was found to be the most favorable temperature for high conversion of
triglycerides to FAME and employed as one of the most vital factors

affecting biodiesel production.
2.2.3.3 Effect of methanol:oil volume ratio

The effect of methanol: oil volume ratio is another significant parameter
that needs to be optimized to improve biodiesel production. The FAME
yield was examined as a function of various methanol: oil volume ratio at
5 wt.% catalysts loading at 65 °C for 3 h as illustrated in Figure 2.4c
(pink-colored plot). It was observed that the FAME yield was merely 28.2
and 43.6% with 5:1 and 10:1 methanol: oil volume ratio, respectively.

According to our mechanistic explanation, methoxy anion at every
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surface center drives the reaction in the forward direction. Higher
methanol to oil ratio produces more reaction centers at the surface of the
catalyst leading to a maximum FAME vyield of 94.7% at 20:1 methanol:
oil ratio [42]. However, further increase in methanol: oil volume (ratio of
30:1 and 40:1) poses a dilution effect resulting in lower yields of 73.87%
and 62.98%, respectively. Hence, methanol to oil volume ratio of 20:1
was selected as optimum for better transesterification yield in further

experiments.
2.2.3.4 Effect of catalyst loading

It was found that Se doped ZnO possesses basic surface sites, which
makes them highly efficient in the catalytic process during
transesterification reaction. The amount of Se doped ZnO catalyst loaded
into the reaction mixture was varied from 0.5 to 10 wt.% by keeping other
optimized parameters constant. It was found that the FAME yield
increases (44.3, 49.9, 77.4, and 94.7%) significantly with an increase in
the amount of catalyst loading (0.5, 1, 3, and 5 wt.%) and found to reach a
maximum Yyield of 94.7% at 5 wt.% load of catalyst as shown in Figure
2.4d (orange-colored plot). This improved yield can be attributed to an
increased number of available basic sites within the reaction system.
However, increasing viscosity poses a challenge beyond this optimal
catalytic load percentage, and the FAME yield decreased to 54.4% when
10 wt.% catalyst was used for the conversion reaction [43]. Therefore, in
further experiments, 5 wt.% of selenium doped ZnO nanocatalyst was
adopted as the optimum catalyst load required for efficient biodiesel

production.
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Figure 2.4 Influence of (a) reaction time, (b) reaction temperature, (c)
methanol:oil volume ratio, and (d) catalyst load in the production of

biodiesel or FAME

2.2.4 Control experiments

After obtaining excellent FAME yields with Se doped ZnO nanocatalyst
under optimized reaction conditions in transesterification reaction, a
series of control experiments were carried out to describe the superiority
of our nanocatalyst. Undoped ZnO produced moderate FAME vyields of
69.9% under optimized transesterification reaction conditions. In another
essential control experiment, where no catalyst was employed, keeping all
other reaction parameters constant, only a marginal FAME vyield of 22%

was observed (Figure 2.5a). The apparent enhancement in FAME vyields
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while using our nano-engineered catalyst can be chiefly attributed to the

presence of defect generated basic sites in Se doped ZnO catalyst.
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Figure 2.5 FAME production in (a) absence, presence of undoped ZnO,
Se doped ZnO nanocatalysts, and (b) reusability of Se doped ZnO

nanocatalyst

2.2.5 Nanocatalyst reusability

Catalyst reusability is one of the most important features of
heterogeneous catalysts that offer advantages in industrial-scale biodiesel
production. After the first cycle, the catalyst was collected and dried for
examination in successive reaction cycles with fresh reactants every time
under standard reaction conditions. The FAME Yyields, shown in Figure
2.5b, demonstrate that the yield was more than 80% in five consecutive
cycles of reusability of the catalyst, suggesting that the reactivated
heterogeneous catalyst's activity tends to remain stable and efficient in

transesterification reactions.
2.2.6 GC-MS analysis of biodiesel

Gas Chromatography (GC) coupled with Mass Spectroscopy (MS) is a
viable analytical method used to study fatty acid methyl esters. The
chromatogram in Figure 2.6 shows fatty acid methyl ester peaks which
are compared and identified with the available NIST mass spectra library

of fatty methyl esters. The FAME compositions obtained during biodiesel
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production from vegetable oil

using engineered Se doped ZnO

nanocatalyst are listed and identified by GC-MS in Table 2.2. The

maximum biodiesel obtained from vegetable oil using our nanocatalyst

was confirmed by the presence of ~94.7% FAME and compared with

those of literature methods, as shown in Table 2.3.
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Figure 2.6 GC-MS chromatogram for FAME formation with optimized

parameters in the presence of Se doped ZnO nanocatalyst

Table 2.2 FAME composition of biodiesel during transesterification of

vegetable oil using Se doped ZnO nanocatalyst

Retention Common Name C:D %
Time (min) FAME
16.136 Palmitic acid methyl ester C16:0 10.89
17.084 Oleic acid methyl ester Cl18:1 77.96
17.182 Stearic acid methyl ester C18:0 4.32
17.516 Linoleic acid methyl ester C18:2 0.19
18.074 Cyclopropaneoctanoic acid, C18:0 0.32
2-hexyl-, methyl ester
18.147 Cyclopentadecanone, 2- C15:0 0.36
hydroxy
18.336 14-Methyl-8-hexadecyn-1-ol C17:1 1.20
18.790 Glyceryl trilinoleate C57:6 0.15
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18.953 Linoleic acid methyl ester C18:2 1.20
19.310 14-Methyl-8-hexadecyn-1-ol C17:1 2.25
19.598 Behenic acid methyl ester C22.0 041

Table 2.3 Comparison of results between different catalytic systems

Catalyst Oil Reaction Conditions FAME
(%)
= 5 & g
S F @ = o
58 § 2 3 5
g8 S § E 12
B = o F
= = &
|_
Sedoped Sunflower 20:1 5 65 3 94.7 This
ZnO work
Ag doped Razma 91 15 64 2 83 [24]
ZnO seeds
Nidoped Castor 8:1 11 55 1 95.2 [22]
Zn0O
ZnO Cocklebur 71 02 60 0.7 93.3 [23]
crop seed
ZnO NRs  Olive 6:1 5 150 4 95 [21]
ZnO-TiOz2 Palm 6:1 2 60 5 92.2 [25]

2.3 Conclusion

The synthesized Se doped ZnO NRs with high surface area and defects
generated basic sites are useful for enhanced heterogeneous nanocatalyst

activity in biodiesel production from vegetable oil. A remarkable

52



Chapter 2

improvement in FAME vyield (94.7%) is attributed to the presence of
oxygen defects induced basic sites in Se doped ZnO nanocatalyst.
Moreover, the base catalyst was reused in five consecutive
transesterification reaction cycles without any significant loss of FAME
yield, which demonstrates that Se doped ZnO nanocatalyst is highly
stable and active. Hence, our Se doped ZnO nanocatalyst has potential

applications as a base nanocatalyst in large-scale biodiesel production.

2.4 Experimental section

2.4.1 Materials and methods

Zinc acetate dihydrate Zn(CH3COO).-2H,0 and oxalic acid (C2H20.)
were purchased from Merck Millipore, India. Selenium metal powder was
procured from Acros Organics, India. Sunflower oil was obtained from
Fortune foods, India. All other chemicals were used without further

purification unless otherwise specified.
2.4.2 Synthesis of Se doped ZnO nanocatalyst

Se doped ZnO nanorods were synthesized by a mechanothermal method.
In a typical synthesis, Zn(CH3COO). 2H.0 (0.685 g, 3.12 mmol) oxalic
acid (0.472 g, 3.74 mmol) and 5 wt.% selenium (0.030 g, 0.39 mmol)
mixture were ground for 20 min and subjected to heat treatment in a
muffle furnace at 450 °C for 30 min. While preparing pure ZnO
nanocatalyst, the same method was used without addition of Se metal into
zinc acetate and oxalic acid mixture. The catalyst was washed with MQ
water and ethanol for 4-5 times and dried in a hot air oven for overnight at
70 °C. Finally, samples were characterized by XRD, EPR, FE-SEM and

PL spectrophotometry techniques.
2.4.3 Characterization of Se doped ZnO nanocatalyst

The morphology of Se doped ZnO was characterized by field emission

scanning electron microscopy (FE-SEM). XRD patterns of Se doped and
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undoped ZnO were recorded on a Rigaku Smart Lab, Automated
Multipurpose X-ray Diffractometer with a Cu K, source (the wavelength
of X-ray was 1.541 A). To further examine the defects in Se doped ZnO
catalyst, X-band (frequency = 9.45 GHz) EPR spectra were analyzed by
electron paramagnetic resonance (EPR) spectroscopy (Bruker) at room
temperature. PL spectrum of ZnO and Se doped ZnO were obtained on a
Fluoromax-4 Spectrofluorimeter (HORIBA Jobin Yvon, Model FM-100)

with an excitation wavelength of 365 nm.
2.4.4 FAME production by using Se doped ZnO nanocatalyst

Transesterification reactions were carried out in a sealed round-bottom
flask with constant stirring using a magnetic pellet. The desired amount of
oil was transferred into a reaction vessel and was preheated to the
required temperature followed by addition of required amount of
nanocatalyst dispersed in dry methanol. The transesterification reaction
was carried out by varying oil:methanol ratio (1:5, 1:10, 1:20, 1:30 and
1:40 v.v), catalyst load (0.5, 1, 3, 5 and 10 wt.%), temperature (25, 45, 65,
85 and 105 °C) and reaction time (1, 3, 5, 7 and 10 h). After the
completion of the reaction, the catalyst was separated by centrifugation at
8000 rpm for 10 min. The solvent methanol was removed under reduced
pressure, and the crude reaction mixture was dissolved in distilled hexane
to quantify the FAME content by GC-MS analysis. The -catalyst
deactivated from each catalytic cycle was washed with hexane and
acetone to remove residues and dried in a hot air oven at 70 °C for 10-12

h prior to use in successive cycles.
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Chapter 3

Efficient “turn-on” nanosensor by dual emission-quenching
mechanism of functionalized Se doped ZnO nanorods for

mercury (11) detection

3.1 Introduction

Environmental contamination is one of the critical concerns that the world
is confronting today, and it is increasing with each passing year, leading to
harmful effects. Heavy metals, particularly mercury is a toxic pollutant in
trace amounts and exist in various forms as elemental, inorganic, and
organic [1]. Mercury released from natural, anthropogenic and industrial
sources has become a critical issue globally due to accumulation and toxic
effects in the ecosystem [2,3]. Natural sources of mercury include volcanic
eruptions, deposits of coal, and hydrothermal vents. Anthropogenic
emissions contain mercury released from mining and fossil fuel
combustion. Industrial sources of mercury include non-ferrous metals,
cement, battery, and fluorescent lamp production [4]. These elevated
levels of mercury are driven, in large part, by the long-range transport of
mercury in the atmosphere. They may have significant adverse effects on
humans and ecosystems. Persistent mercury substances enter into living
organisms either directly or through the ecological food chain via bio-
magnification, which is biologically dangerous even at low concentration
[5,6].

Understanding the transport and effect of mercury in the ecosystem plays
a crucial role in assessing present and future risks for humans and
ecosystems. Exposure and accumulation of mercury and mercury-
containing compounds in human continues to have adverse effects on
nervous, cardiovascular, pulmonary, digestive, renal, and immune

systems, thereby causing memory loss, tremors, impairment,
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cardiomyopathy, visual, anemia, pulmonary fibrosis, abdominal pain,
indigestion, tubular necrosis, allergic disease, and arthritis [7-9]. Hence
there is an ever-growing demand to develop Hg?* sensors that are simple,
cost-effective, and rapid in detection to meet the required environmental
health criteria of detection up to ~2 ppb. Traditional mercury detection
analytical methods, including cold vapor atomic fluorescence
spectrometry (CVAFS) [10], atomic fluorescence spectrometry[11],
inductively coupled plasma mass spectrometry (ICP-MS) [12,13], gas
chromatography (GC) [14] and nuclear magnetic resonance (NMR)
[15,16] are highly expensive and requires multistep pre-treatment of
samples which are labor-intensive for their realistic applications.
Therefore, it is pertinent to develop facile, inexpensive, highly selective,
and sensitive mercury-responsive nanosensors that could be used for

environmental and biological applications.

In recent years, nanotechnology-based strategies have paid more attention
to the development of novel nanosensors to detect Hg?* ions. In general,
fluorescence turn-on and turn-off probes, which exhibit fluorescence
enhancement and quenching in the presence of Hg?* ions, depends on size,
shape, surface charge, electron transfer phenomenon, the interaction of
mercury with functionalized nanomaterials, aggregation, and anti-
aggregation properties. Metals [17,18], quantum dots [19,20],
carbonaceous [21], upconversion [22], composite [23], and metal oxide
[24,25] nanomaterials have been reported for mercury detection based on
analyte induced emission or quenching PL. However, these nanomaterials-
based methods are expensive and toxic to the environment. Therefore,
semiconductor-based ZnO nanomaterials were very useful for detecting
mercury present in the environment due to their ease of synthesis, non-
toxicity, biocompatibility [26], chemical stability and appreciable tunable
optical properties [27,28]. Doping and functionalization of nanomaterial

formation play an important role in tuning optical signals by changing
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surface properties and generating defects [29,30]. Doping is one of the
simple and efficient methods for tuning morphology, band-gap, and
charge carriers that enhance optoelectronic properties in ZnO
nanomaterials for designing optical sensors. Doped ZnO-based
nanomaterials for mercury detection have not been explored, even though
few direct and indirect methods were already employed to detect mercury
[31-33].

In our study, selenium metal is chosen because Se doped ZnO
nanoparticles induce fluorescence emission by forming surface defect
oxygen vacancies [34]. Earlier, selenium and selenium-based materials
were also used for mercury capture and removal from the environment
because of an extremely high binding affinity of selenium for mercury
ions [35-37]. Although a few successful methods have been reported, it
would be of great interest to develop new material for efficient and direct
detection of Hg?* ions in solutions with high sensitivity below the allowed
permissible limit of ~2 ppb, which is practically very challenging in real-
world applications. Therefore, in this chapter, 3-mercaptopropionic acid
(MPA) functionalized Se-doped ZnO nanoprobe is proposed and described
for the first time for detection of mercury by dual turn on-turn off

fluorescence mechanism as shown in Scheme 3.1
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Scheme 3.1 A Schematic illustration of dual ‘turn-on’ and ‘turn-off’
mechanism of MPA functionalized Se doped ZnO nanoprobe for detection

of Hg?" ions
3.2 Results and Discussion

3.2.1 Characterization of Se doped ZnO

Examination of the XRD diffraction pattern of Se doped ZnO
nanomaterials shows that XRD peak positions are similar to typical ZnO
wurtzite structure (JCPDS card No: 5-0664). Also, it was found that the
intensities of XRD peaks of differently doped ZnO with Se decrease
slightly with an increase in % wt. of Se (1, 3, 5, and 10%) without the

formation of any additional peaks, as shown in Figure 3.1.
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Figure 3.1 XRD spectra of undoped and Se (0, 1, 3, 5 or 10%) doped
ZnO. The inset shows a peak shift of the (002) plane

To measure the Se doping effect on the crystalline structure of ZnO, XRD
diffraction peak (002) of pure ZnO with Se doped ZnO nanomaterials
were compared as shown in Figure 3.1 (inset). Figure 3.1 shows a slight
shift of Se doped ZnO XRD reflection peak (002) to lower 20 values
relative to that of undoped ZnO. This is due to the introduction of
selenium into the crystal structure causing distortion in the crystal lattice.
The distortion is proportional to the amount of dopant and increases with
% wt. of Seas shown in the inset of Figure 3.1. The values of lattice
parameters, a and c, for hexagonal crystal lattice were calculated using the

following equation.

1 4 (h? + hk + k? [?

> — JR—

Figure 3.2 shows that the lattice parameters, a and c, also increases with
the increase in %wt. of Se due to the incorporation of Se into ZnO crystal
lattice (Table 3.1).
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Figure 3.2 Variation of lattice parameters, a and ¢, with Se wt.%
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These results suggest that during the annealing process, the oxygen
vacancies (Vo) and oxygen interstitials (Oi) defects are formed by possible
incorporation of selenium into the ZnO crystal structure. Thus, the crystal
lattice expansion occurs due to the formation of more oxygen interstitials
resulting in orange-red fluorescence of the doped nanomaterial. After
adding 5 or 10% wt. of Se to ZnO, the doping has little effect on 20
values, lattice parameters, and strain in the crystal lattice (Figure 3.2). The
average lattice strain (&) along the c-axis oriented in Se doped ZnO is
calculated using the following expression.

_ (C—C())
&= C

where Cy is the lattice of bulk ZnO.

Table 3.1 Variation of lattice parameter c, lattice strain of pure ZnO and
Se doped ZnO nanorods

Sample Name (hk) 20 d ¢(A) Strain
(Degree) Spacing (%)
Pure ZnO 002 34.423 2.6100 5.205 0.093

1wt.% Sedoped ZnO 002  34.415 26106 5.212 0.113
3wt.% Se doped ZnO 002  34.377 2.6133 5.215 0.228
5wt.% Se doped ZnO 002  34.325 26172 5227 0.362

10 wt.% Se doped ZnO 002  34.324 26173 5226 0.381

After Se incorporation, the Se-O bond formation occurs due to the transfer
of an electron from Se to O, suggesting that selenium is an n-type dopant.
The XPS spectra of Se doped ZnO shows peaks at 1044, 1021, 530.24,
59.3, and 54.3 eV’s (shown in Figure 3.3) corresponds to the spin-orbital
binding energies of Zn2pi2, Zn2pspe, Ol1s, Se3ds», and Se3ds. states
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respectively due to the presence of Zn(ll), 0%, SeOx and Se in Se doped
ZnO NRs that confirmed the existence of selenium as a doping element in
ZnO [34].
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— Se3d
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Figure 3.3 A survey XPS spectra of SMPA-Se doped ZnO nanoprobe

The XPS spectra of Se doped ZnO shows a lower BE peak at 54.3 eV and
a higher BE peak at 59.3eV, associated with 3d orbitals of Se and SeOy
[38] present in the crystal structure of doped nanomaterial (Figure 3.4a).
These BE peaks suggest the incorporation of Se into ZnO crystal structure
with the formation of Se-O bond supported by the shift of XRD peaks.
The O1s spectrum shown in Figure 3.4b was Gaussian fitted and shows
peaks at 530.16, 531.26, and 532.48 eV, which are attributed to the
presence of lattice oxygen (Or), oxygen vacancies (Vo), and oxygen
interstitials (O;), respectively, in Se doped ZnO NRs [39]. These oxygen
defects are responsible for the observed fluorescence emission of Se doped

ZnO NRs in agreement with photoluminescence studies.
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Figure 3.4 XPS spectra of (a) Se 3d and (b) O1s in Se doped ZnO

Interestingly, during the preparation of Se doped ZnO nanorods by
mechanothermal method, O adsorbed on the surface of nanomaterial
promotes negative charging of nanostructure up to —2. The adsorbed
oxygen molecule dissociates into interstitial sites of a nanomaterial as
charged species called oxygen interstitial (Oi), leading to defects [40].
Therefore, the split oxygen can be regarded as two interstitial oxygen (Oi)
atoms associated with an overall negative charge in Se doped ZnO crystal
structure [41]. So, Se doped ZnO nanorods possess negative zeta potential
(-17.06 mV), which is due to the presence of negatively charged oxygen
interstitial defects. These defects also promote lattice expansion over the ¢

axis of Se doped ZnO, which supports our XRD data (Figure 3.1).

The morphology of Se doped ZnO NRs was also analyzed using FE-SEM,
which confirms that Se doped ZnO nanomaterial was formed in a rod
shape with an average diameter of nanorods around 50 nm, as shown in
Figure 3.5a. Various factors like lattice mismatch, temperature, annealing
rate, surface energy, and defects also play an essential role in forming
nanorods and their self-assembly [42,43]. Thus, a high heating rate at the
higher temperature (450 °C) produces fewer nucleation sites that are
favorable for crystal growth along one direction of ZnO's hexagonal

structure, resulting in the formation of nanorods [44]. The spherically
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shaped dots present at the end of Se doped ZnO NRs shown within the
dashed circle in Figure 3.5a perhaps provide the required nucleation sites

for nanorod formation [45].

100
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Sel 4.09 1.63

Figure 3.5 Analysis of Se doped ZnO NRs by (a) FE-SEM, (b) EDX, (c)
HRTEM and (d) SAED pattern

Nanorods prepared by our methodology possess well-defined crystalline
nature suggesting that the crystal growth mechanism involves a
terminating zinc atom [46]. The elemental composition of Se doped ZnO
NRs was determined by energy-dispersive X-ray (EDX) spectrum, which
clearly shows that selenium is part of doped ZnO NRs material (Figure
3.5b). Finally, from HR-TEM analysis, it was clearly found that the
nanoparticles are assembled into rod-shaped structures, as shown in
Figure 3.5c. These results suggest that the spherical end of Se doped ZnO
nanorods is due to nanoparticle assembly. Moreover, the selected area
electron diffraction (SAED) pattern obtained from HRTEM analysis of Se
doped ZnO nanomaterial match with the crystal planes expected for

hexagonal wurtzite-structure from XRD analysis (Figure 3.5d).

Previously it was reported that Se doped ZnO nanoparticles show a strong

green fluorescence emission at 565 nm due to the presence of oxygen
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vacancies and zinc interstitial defect centers [34]. Whereas
photoluminescence spectrum of our newly synthesized Se doped ZnO
NRs, annealed in the presence of excess oxygen, show strong orange-red
fluorescence emission at 625 nm, perhaps, due to oxygen interstitials and
oxygen vacancy defects in the crystal lattice [28,47,48]. It was also
observed that during the formation of nanorods, the aspect ratio of the
prepared nanorod surface increases. Consequently, the absolute number of
oxygen interstitials and vacancies present in the Se doped ZnO NRs also
increases, resulting in enhancement of photoluminescence, which is
further supported by the morphological studies of nanorods using FE-SEM
[49].

Quantum yield (QY) of Se doped ZnO nanorods was also calculated from
the PL integrated intensity using DAPI as a standard dye, as shown in
Figure 3.6. The QY of Se doped ZnO (®) was found to be 0.148 from the
following formula.
O =0 I AR n2

TR IR A nd
where @ is the quantum yield, I is the integrated intensity, A is the optical
density, and n is the refractive index of the solvent. The subscript R refers

to the standard reference dye DAPI of known quantum yield (®r= 0.043).
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Figure 3.6 PL spectra of DAPI and Se doped ZnO NRs at 365 nm

excitation

3.2.2 Characterization of 3MPA-Se doped ZnO Nanoprobe

XRD diffraction analysis of MPA-Se doped ZnO NRs was carried out to
study the effect of MPA capping on the crystal structure and compared
with Se doped ZnO NRs as shown in Figure 3.7a. The peak positions of
MPA capped Se doped ZnO NRs are identical to that of Se doped ZnO
NRs. However, the MPA capped Se doped ZnO NRs shows a slight
decrease in the intensity of the diffraction peaks. This is probably due to
the reduction of crystalline nature and surface structure distortion effect,
thereby suggesting that Se doped ZnO NRs are functionalized with MPA
ligand [50]. The absence of significant changes in the XRD pattern of
MPA capped Se doped ZnO NRs reveals that MPA ligand was capped
without affecting the nanoprobe's crystal structure. Moreover, the peak
width of MPA capped and uncapped Se doped ZnO diffraction patterns
remains the same, indicating that both the materials should have a similar

crystallite size [51].
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Figure 3.7 (a) XRD patterns of newly synthesized Se doped ZnO NRs
and 3MPA functionalized Se doped ZnO NRs, (b) FTIR spectra of 3-
MPA, Se doped ZnO NRs, and MPA-Se doped ZnO NRs

The surface nature of Se doped ZnO NRs and their interaction with 3-
mercaptopropionic acid (MPA) was further examined by using FTIR and
ATR techniques. Figure 3.7b shows the presence of thiol stretching
vibration of MPA at 2566 cm™. In contrast, its absence in MPA capped Se
doped ZnO NRs reveal covalent attachment of —SH functional group to Zn
atoms on the surface of nanoprobe [52,53]. However, only a few
carboxylic acid groups in MPA are converted to COO™ ion, whose
presence is confirmed by the appearance of peaks at 1558 and 1395 cm™.

This is due to partial dissociation of the acid group of MPA at pH 5.5 [54].

From XPS studies of MPA capped Se doped ZnO NRs, the S2ps;» peak
shown in Figure 3.8a indexed at 162.6 eV was attributed to the presence
of covalently bound sulfur atoms of MPA to Zn metal ions in Se doped
ZnO NRs. Further, the lack of additional peaks in the binding region
above 164 eV confirms the absence of the unbound —SH group (B.E 165
eV) [55]. The binding energy at 285.3 eV can be ascribed to the carbon
atoms in the COO(H) moiety of mercaptopropionic acid [56]. These
results confirm beyond speculation that MPA ligand is bound to Se doped
ZnO NRs through thiol (SH) group. Interestingly the strong orange-red
fluorescence emission at 625 nm in Se doped ZnO NRs was observed to
be quenched during surface capping with MPA due to passivation of
surface defects present in the nanorods (see Figure 3.8b). This
phenomenon is utilized in our methodology as a basis for mercury

detection by fluorescence “turn on” mechanism.
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Figure 3.8 (a) XPS spectra of S 2pz. transitions in 3SMPA-Se doped ZnO
nanoprobe, (b) PL spectra of Se doped ZnO nanorods, and 3MPA capped
Se doped ZnO NRs

The effect of nanoprobe PL at various pH (2.0-12.0), temperatures (10 °C
to 80 °C), and shelf life (1-day to 6 months) were studied using a
fluorescence spectrometer. Below pH 7.0 (i.e., at pH 5 and 2), the
deprotonated thiol and carboxylate moieties of MPA were protonated, and
the MPA ligands detach from nanoprobe due to dissolution of Se doped
ZnO nanorods in an acidic medium [20]. Also, the residual
photoluminescence intensity of the nanoprobe at pH 7.0 becomes obsolete
as the pH decreases from 7 to 2 (Figure 3.9a), rendering the probe

unsuitable for detection of mercury.
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Figure 3.9 Effect of (a) pH, (b) temperature, and (c) stability of

nanoprobe

Although the relative emission intensity of the nanoprobe solution at pH
10 and 12 increases slightly than at pH 7, the formation of metal

hydroxides under strongly alkaline conditions becomes an undesirable
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chemical transformation for the nanoprobe’s sensing performance (Figure
3.9a). MPA-functionalized Se doped ZnO nanoprobe does not show any
major change in PL intensity between 0 °C and 25 °C. As the temperature
is raised to 40 °C, the nanoprobes PL intensity increases drastically due to
the detachment of MPA ligands from the nanoprobe surface. This effect is
more pronounced at 60 °C and 80 °C, indicating that the nanoprobe is
unfavorable for sensing at higher temperatures (Figure 3.9b). However,
the PL intensity of the nanoprobe solution at the different aging times,
over a period of 6-months, remains the same (Figure 3.9¢c). These results
suggest that the nanoprobe has good stability and usability for a period of

6-months at room temperature and physiological pH.
3.2.3 Mercury sensitivity of nanoprobe in agueous solutions

The newly synthesized nanoprobe was next examined for the detection of
Hg?* ions in an aqueous solution. MPA coated on the nanomaterial acts as
a hydrophilic ligand and enhances the solubility of Se doped ZnO
nanoprobe. The thiol group present in the nanoprobe interacts with Hg?*
ions due to the high affinity of sulfur to Hg?* ions, resulting in a stable
Hg-S bond [57]. As the concentration of Hg?* ions increases from 100-
500 nM (100, 200, 300, 400, and 500 nM), the PL of the quenched
nanoprobe is restored gradually during the first 30 secs followed by a
decrease in PL emission after 30 secs as shown in Figure 3.10a and 3.10b,
respectively. In the initial 30 secs, there is an enhancement in PL emission
intensity due to MPA ligands detachment from Se doped ZnO NRs. These
uncapped Se doped ZnO NRs are only stable for a short period of 30 secs
in the solution, and they further aggregate due to interparticle H-bonding

interactions, leading to PL quenching.
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Figure 3.10 (a) PL emission spectra of MPA-coated Se doped ZnO NRs
in aqueous solution in the presence of different amounts of Hg?" ions
(100-500nM) by excitation at 365 nm in the first 30 sec of measurement.
(b) PL quenching spectra of nanoprobe after 30 (30-60) sec of
measurement. Linear fit analysis for emission and quenching mechanisms

were shown in the inset of 3a and 3D, respectively

The efficiency of the proposed turn-on and turn-off mechanism, PL
spectra of nanoprobe for detecting various concentrations of Hg?* ions
(200, 200, 300, 400, and 500 nM) at 625 nm were analyzed using a linear
regression plot. The linear regression analysis suggests that mercury
detection was highly effective, rapid, and consistent with PL emission
(R?=0.99) rather than quenching (R?=0.888) mechanism in concurrence
with our proposed mechanism as shown in Figure 3.10a (inset) and 3.10b
(inset). FE-SEM images further confirmed the proposed PL emission
(turn-on) and quenching (turn-off) mechanism induced by the anti-
aggregation and aggregation effect. FE-SEM images of nanoprobe
recorded in initial 30 sec of the addition of Hg?* ions show highly
dispersed nanorods (Figure 3.11a), whereas, after a min, the nanorods

aggregate together (Figure 3.11hb).
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Figure 3.11 FE-SEM images of 100 uM nanoprobe solution in initial 30

sec (a), and (b) after 1 min of reaction time with 300 nM Hg?* ions

The samples required for acquiring FE-SEM images were prepared by
spotting a drop of reaction mixture withdrawn during the initial 30
seconds and after a minute of the addition of Hg?* sample to nanoprobe on
two different glass slides. The droplet on the glass slides was further dried
at 90 °C on a preheated hot plate for a few minutes until the vaporization
of water. The proposed mechanism of PL quenching by aggregation effect
is also confirmed by measuring the absorption spectrum of samples after

30 secs of the addition of Hg?* sample (Figure 3.12).
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Figure 3.12 (a) Absorption and (b) Photoluminescence spectra of

dispersed, aggregated and sonicated nanoprobe samples

It is evident from Figure 3.12a that the absorption peak of nanoprobe is

minimum after 30 secs, which is restored to original absorption intensity
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after a brief sonication of the aggregated nanoprobe. In the case of PL
emission studies, PL is maximum during the initial 30 secs of the addition
of Hg?* sample. It reaches a minimum after 30 secs due to aggregation of
MPA uncapped nanoprobe. In contrast, PL restoration is more prominent
on a sonicated sample obtained after 30 secs of the addition of Hg?*
(Figure 3.12b). These results clearly suggest that the PL quenching is due
to the aggregation of the NRs and the phenomenon is described later in
Fig. 3.14.

The proposed mechanism was further probed by measuring
photoluminescence of Se doped ZnO NR’s during the first 30 secs and
after 30 secs of the addition of Hg?* ions. This experiment also shows that
the PL emission of nanoprobe increases during the first 30 secs followed
by a steep decrease during 0.5-5 min (Figure 3.13a). In the initial 30 secs,
the increase in PL emission is due to the detachment of MPA ligand from
nanoprobe surface which is caused by a very strong interaction of Hg?*
ions present in test solutions and the thiol group of MPA ligand coated on
nanoprobe [58]. From 0.5 to 5 min time, the NRs start aggregating due to
a significant increase in the H-bonding interactions between nanorods

resulting in decreased PL intensity.
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Figure 3.13 (a) Photoluminescence studies at various time points from 0

sec to 5 min after the addition of Hg?" ions and (b) Zeta potential of 100
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uM MPA-Se doped ZnO nanoprobe before and after 30 secs in the

presence of 300 nM Hg?* ions

Moreover, zeta potential measurements (Figure 3.13b) show that the NRs
are dispersed before 30 secs with higher (—17.06 mV) charges. In contrast,
after 30 secs (0.5-5 min), the zeta potential decreases to —8.5 mV due to
the aggregation of NRs. This provides unequivocal evidence for the
proposed mechanism of “turn-on” and “turn- off” during the detection of
Hg?* ions. Further, the lowest mercury detection limit in test solutions of
different concentrations (0.001 to 100 nM) of Hg?' ions using our

nanoprobe was found to be 1 pM, as shown in Figure 3.14.
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Figure 3.14 Sensitivity or limit of detection (LOD) of nanoprobe for
detection of Hg?* ions: PL spectra of MPA-coated Se doped ZnO NRs in
aqueous solution in the presence of Hg?* ions (0.001-100 nM) by

excitation at 365 nm

The validity of mercury detection methodology was also verified using
UV-Vis spectroscopy over a range of Hg?* ion concentration (0.001 nM—
100 nM) as shown in Figure 3.15a. Measurement of absorption spectra
shows that the optical density (O.D) of the nanoprobe increases with an

increase in Hg?* concentration due to the detachment of 3MPA ligands,
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and the LOD was found to be 1 pM. Moreover, the detection was linear in
the range of 0.001 nM-1 nM of Hg?* ions with the best correlation of
0.992 as shown in Figure 3.15b.
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Figure 3.15 (a) UV-Vis absorption spectra for detecting Hg?* with
nanoprobe and a plot of O.D versus concentrations of Hg?*(inset). (b)

Linear fit analysis in the detection range from 0.001 nM-1 nM

An AND logic gate (Figure 3.16a) based on Se-doped ZnO NRs using
Hg?* and 3MPA coated Se-doped ZnO NRs as inputs and the
photoluminescence signal as an output was also designed. This logic gate
could be used to detect trace amounts of Hg?* as shown in the truth table.
In the AND logic gate operation, the presence of both inputs (1/1) would
cause a fluorescence enhancement in 625 nm (output = 1). In contrast, the
presence of either input (0/1, 1/0) or the absence of both inputs (0/0), the
detection system would give a low or weak photoluminescence signal
(output = 0) (Figure 3.16b). Accordingly, it was found that the output is
“1” (enhanced PL at 625 nm) only when both nanoprobe and Hg?* ions
were added into the system (input = 1/1), and it is “0” (weak PL) when
only one of them or neither was added (input = 1/0, 0/1, 0/0) (Figure
3.16¢).
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Figure 3.16 Proposed turn-on mechanism for Hg?* detection based on (a)
AND logic gate, (b) truth table and (c) PL emission

3.2.4 Selectivity for Mercury lons

Finally, to investigate the selectivity of our effective turn-on mercury
sensing method, PL emission of Se doped ZnO nanoprobe (50 uM
solution) was examined in the presence of several other heavy metal (M™)
ions, including Hg?*, Ca?*, Zn?*, Na', K*, Fe®*, Mn?*, Co?", Cd?*, Cu?*
and Ag* (25uM). These metal ions, except Hg?*, separately do not show
any significant enhancement in fluorescence due to the presence of any
nonspecific interaction with the nanoprobe thiol group, as shown in
Figure 3.17 (black bar). The binding and interference interactions of other
metal ions (45 uM) were further evaluated by PL spectra of nanoprobe (50
uM) in the presence of Hg?* (5 uM) ions. The relative PL of nanoprobe
shown in Figure 3.17 (red bar) demonstrates a significant increase in
emission intensity when a low concentration (5 uM) of Hg?" ions is added
to the reaction mixture containing a higher concentration of other metal
ions (45uM). These results indicate that MPA-Se doped ZnO nanoprobe is

insensitive to other metal ions and highly selective for detecting Hg?* ions.
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Figure 3.17 Relative PL intensity histogram of 3MPA-Se doped ZnO
nanosensor in selective binding of metal ions (Hg?*, Ca?*, Zn?*, Na*, K*,
Fe*, Mn?*, Co?", Cd?*, Cu?* and Ag") in the absence and presence of

mercury ions (denoted by red bar).

Additionally, to demonstrate the applicability of our method in
environmental samples, different concentrations of Hg?* (0, 100, 200, 300,
400, and 500 nM) were spiked into tap water, and the samples were
analyzed using our nanoprobe. A linear correlation was found to exist
between Hg?* concentrations and PL intensity of standard samples in

Milli-Q water and samples spiked in tap water (Figure 3.18).
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Figure 3.18 A plot of Hg?" concentration vs. PL intensity for standard

Hg?* solutions (black) and spiked tap water samples (red)

After analysis, spiked percentage recovery for samples of various
concentrations is calculated and found to be within the acceptable range of
93-99%, as shown in Table 3.2. These results demonstrate that the

nanoprobe is applicable for the practical analysis of Hg?* in real samples.

Table 3.2 Determination of Hg?* ions in spiked tap water samples using
MPA-Se doped ZnO nanoprobe

Sample Spiked Hg?* Detected Hg?*  Recovery (%)
(nM) (nM)

Tap Water 0 ND

Tap Water 100 98.7 98.7

Tap Water 200 192.2 96.1

Tap Water 300 293.1 97.7

Tap Water 400 397.5 99.3

Tap Water 500 483.9 96.7

3.3 Conclusion

In this study, defects (oxygen interstitials and zinc vacancy) induced
orange-red photoluminescence emission of Se doped ZnO nanomaterial
was functionalized by MPA and used as a nanoprobe for detection of Hg?*
ions in aqueous solutions. In the presence of Hg?* ions, this nanoprobe

exhibit consistent PL “turn-on” emission a direct phenomenon achieved
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by the detachment of MPA from Se doped ZnO surface over indirect “turn
off” mechanism, which may be attributed due to the aggregation of
nanorods. The turn-on emission is more effective and takes place within
30 seconds because of the strong binding affinity of Hg?* ions towards the
bound MPA thiol group. The sensitivity of chemosensor for selective
detection of Hg?" ions is demonstrated to be very effective up to a
detection limit of 1 pM concentration of Hg?" ions. Moreover, nanoprobe
selectivity is also very high to detect Hg?* ions in the presence of other
heavy metal ions. Thus, our chemosensor based on Se doped ZnO
nanomaterial eliminates the need to use complex conventional instruments
(ICP-MS, GC, NMR, etc.), expensive noble metals, and toxic quantum
dots for the detection of mercury. The proposed approach will offer a great
potential to fabricate a direct and efficient mercury sensor that can be

employed for environmental and health applications.

3.4 Experimental section

3.4.1 Chemicals

Zinc acetate dihydrate and oxalic acid were purchased from Merck
Millipore, India. Selenium metal powder and 3-mercaptopropionic acid
(3MPA) were procured from Acros Organics, India. Mercury chloride
was obtained from Sigma Aldrich, India. Other metal (Hg?*, Ca%*, Zn**,
Na*, K*, Fe¥*, Mn?*, Co?*, Cd?*, Cu?" and Ag") ion stock solutions were
prepared from their respective salts in Millipore water. All other
chemicals were used without further purification unless and otherwise

specified.
3.4.2 Preparation of Se doped ZnO nanorods

Se doped ZnO nanorods were synthesized by modification of the
previously reported method.3* In a typical synthesis, Zn(CHsCOO),-2H,0
(0.685 g, 3.12 mmol) oxalic acid (0.472 g, 3.74 mmol) and selenium (%

wt. =0, 1, 3, 5 or 10) mixture were ground for 20 min and subjected to
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heat treatment in a muffle furnace at 450 °C for 30 min. The product was
washed with Milli-Q water and ethanol 4-5 times and dried in a hot air
oven overnight at 70 °C. Finally, the Se doped ZnO NRs sample was
characterized by powder XRD, FE-SEM, HRTEM, photoluminescence
spectrophotometry, and further surface functionalization of nanorods
were carried out using 3-mercaptopropionic acid (MPA) as described

below.
3.4.3 Preparation of 3MPA functionalized Se doped ZnO nanosensor

Se doped ZnO nanorods (50 mg, 0.615 mmol based on ZnO) were
dispersed in the aqueous medium (5 mL, pH 7) by sonication in an
ultrasonic bath for 20 min. 3MPA (9.5 pl, 0.11 mmol) was added to the
above mixture, and the final pH of the solution is measured to be 5.5. The
mixture was continuously stirred using a magnetic stirrer for 10-15 h at
room temperature. The resultant product was collected and repeatedly
washed with water (5 mL x 3) and acetone (5 mL x 3). Finally, the
sample was dried at 40 °C in a hot air oven for 4-5 h and used further for

surface characterization and mercury detection.

3.4.4 Characterization of Se doped ZnO and 3MPA-Se doped ZnO

nanosensor

The morphology of Se doped ZnO was characterized by Field Emission
Scanning Electron Microscopy (Carl Zeiss Supra 55) and Field Emission
Gun-Transmission Electron Microscopy 300 kV (Tecnai G2, F30).
Powder XRD patterns of 3MPA capped and uncapped Se doped ZnO
were determined on a Rigaku SmartLab, Automated Multipurpose X-ray
Diffractometer with a Cu K, source (the wavelength of X-ray is 1.541 A).
FT-IR spectra of samples were recorded in KBr using Fourier Transform
Infrared-Attenuated Total Reflection (FTIR-ATR) Spectrometer, Bruker
(Tensor-27) over a range of 500-4000 cm!. X-ray photoelectron
spectroscopy (XPS) data was collected on Multilab 2000 Photoelectron
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Spectrometer (Thermo VG Scientific MultiLab) chemical analysis probe
using Al K, X-ray (1486.6 eV, 75 W) as an exciting source for the
identification of bound 3MPA to Se doped ZnO samples.
Photoluminescence spectrum of Se doped ZnO and 3MPA-Se doped ZnO
were recorded using Fluoromax-4 Spectrofluorimeter (HORIBA Jobin
Yvon, model FM-100) at an excitation wavelength of 365 nm. The zeta
potential measurements of nanoprobe in the presence of Hg?" ions were
performed using a NanoPlus (Micromeritics Instrument Corporation,
USA).

3.4.5 Examination of mercury sensitivity of nanoprobe in aqueous

solutions

For detection of mercury, stock solutions of 3MPA-Se doped ZnO
nanoprobe (10 mM, 100 uM) and Hg?" ions solution (10 mM and 100 uM
from HgCl, salt) were prepared in Milli—Q water and dilutions (1 mM, 10
UM, 1 puM, 0.01 puM, and 0.001 puM) of various concentrations of Hg?*
ions were prepared from stock solutions as per requirement. The dual
emission-quenching efficiency of nanoprobe (100 uM solution) in the
presence of various concentrations of Hg?* ions (100, 200, 300, 400, and
500 nM) were recorded at 625 nm in PL spectrophotometer by using an
excitation wavelength of 365 nm. The sensitivity and limit of detection
(LOD) of nanoprobe (50 pM) were measured by recording the
fluorescence emission spectra at 625 nm as well as UV-Vis absorption
spectra for various concentrations of Hg?* ions in the range 0.001-100
nM (0.001, 0.01, 0.1, 1, 10, 50 and 100 nM).

3.4.6 Investigation of the feasibility of the logic gates

To investigate the detection mechanism by Boolean logic gates principle,
stock solutions of 3MPA-Se doped ZnO nanoprobe (10 mM, 100 uM and
10 uM) and Hg?* ions solution (10 mM) were prepared in Milli—-Q water.
The final concentration of nanoprobe (100 uM) and Hg?* (300 nM) were
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prepared from stock solutions as per requirement. PL spectra of the
nanoprobe at 625 nm was measured by using an excitation wavelength of
365 nm with AND logic table combinations.

3.4.7 Selectivity of Hg?" sensing studies

The selectivity of Hg?* detection using 3MPA-Se doped ZnO nanorods
was studied by performing the PL studies of 3MPA-Se doped ZnO
nanosensor in the presence of other metal ions including Hg?*, Ca?*, Zn?*,
Na*, K*, Fe3*, Mn?*, Co?*, Cd?*, Cu?" and Ag*. The potential interference
of other metal ions (25 puM) during the detection of Hg?* ions with
nanoprobe (50 puM) was examined by performing the experiment in the
absence of Hg?* ions. In a similar way, the selectivity of Hg?* ions to
nanoprobe (50 uM) solution was also determined by the addition of other
metal ions (45 uM) in the presence of Hg?* ions (5 uM). Interference and
selective affinity studies for nanoprobe were analyzed by recording
fluorescence emission spectra at 625 nm on blank, other metal ions, and

in the presence of mercury ions with different metal ions.
3.4.8 Spiked recovery

Stock solutions of MPA-Se doped ZnO nanoprobe (10 mM) and Hg*
ions solution (1 uM) were prepared in tap water. The final concentration
of nanoprobe (100 pM) and Hg?* (100-500 nM) were prepared from
stock solutions as per the requirements. Then Hg?* recovery was
evaluated by measuring PL at 625 nm for different concentrations (100—
500 nM) of spiked Hg?* ions.
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Chapter 4

Defects induced multicolor down- and up-conversion
fluorescence in Se doped ZnO nanorods by single

wavelength excitation

4.1 Introduction

Photoluminescence is the emission of light that involves the conduction
band, valence band, and various defects after absorption of one or more
photons. The photon cascade phenomenon involves the absorption of
photons of either high or low energy with subsequent emission of lower or
higher energy photons through one- and two-photon processes. In down-
conversion, single-photon excitation under UV-Vis light gives
photoluminescence emission peaks in the visible-NIR region. Whereas in
the up-conversion process, multi-photons of NIR was involved with UV-
visible emission due to anti-stokes effects [1]. Indeed energy upconversion
recently attracted significant advances in photonics [2], and biomedical
engineering [3] due to low excitation energy and visible emission with
unique nonlinear optical properties [4]. Down-and up-conversion
nanomaterials with single [5,6] color emissions have been explored to a
large extent, whereas multicolor [7,8] emissions are limited. Single or
multicolor emissions are induced mostly due to defect or defects
generation during the nanostructure formation. Therefore, understanding
the defect's role and their electronic transition in controlling multicolor
emissions in nanomaterials by one and two-photon dependent processes
leads to the discovery of interesting optoelectronic and biomedical

applications.

Introducing defects into nanomaterials has been widely explored because
of the generation of unique properties like charge carrier modifications

[9], broad emissions, large Stokes shifts [10], and down- and up-
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conversion [11] processes. The defects influence the optical properties of
materials, and understanding the defects, induced luminescence behavior
is essential for optimum use of single and two-photon processes. Defects
found in nanostructures are closely related to photon excited electronic
transitions between different energy levels [12], which will subsequently
influence UV-Vis-NIR emissions. With the rise of multicolor properties in
optoelectronic [13], and biomedical [14,15], up-conversion nanomaterials
[16] have received intensive attention to develop nanomaterials with new
defects. Multicolor emission from nanostructures is possible by overlap
[17] of defect transitions based on the combination of defects in the
nanostructure. Reports suggest that doping [18,19] is an efficient and
straightforward method for defects generation. Understanding the origin of
defects, which introduces intermediate state and multicolor emissions in
nanomaterials, has great scope for optoelectronic and biomedical
applications. Therefore, semiconductors such as ZnO, exhibiting excellent
stability and biocompatibility with broad UV-Vis-NIR absorption, could

be ideal for one and two-photon processes.

Enormous efforts have been exerted to prepare ZnO based nanomaterials
for tuning optoelectronic properties with remarkable inter-band
recombination of charge carriers. Additionally, recent reports on the effect
of defect centers in ZnO, leading to single color emission, highlights the
benefits of using single- and multi-photon sources at room temperature.
The defect induced up-conversion luminescence in lanthanide ions (Yb3*,
Erd*, and Tm*") doped ZnO [20,21] nanostructure was explained to intra-
4f electronic transitions. Due to their long-lived electronic transitions,
rare-earth ions doped ZnO are considered essential nanomaterials not only
for photon up-conversion but also for the down-conversion process. Single
and two-photon single color emissions in the visible region due to various
defect centers in doped and undoped ZnO nanomaterials are extensively

studied for different applications. Only limited research has been carried
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out on multicolor emissions [22] induced by defects in transition metal-
doped ZnO nanomaterials through one and two-photon processes.
Therefore, it is essential to understand and fully characterize defects
induced down and up-conversion multicolor emission processes in doped

ZnO for better optoelectronic and biomedical applications.

In the present chapter, selenium metal is chosen because Se incorporation
in ZnO nanostructure induces fluorescence emission by forming various
zinc and oxygen defect centers [23] Specific identification of defects for
luminescence in the visible region is well studied in Se doped ZnO NRs.
However, the origin of luminescence in Se doped ZnO through a two-
photon process is not yet reported. Moreover, the mechanism of selenium
doped ZnO defects generation and subsequent photoluminescence
emission by down- and up-conversion was not explored thoroughly and
herein, the mechanism of multicolor emission is explained. In this chapter,
the role of defects in Se doped ZnO nanostructure to mediate large Stokes
shift, broad emission, photon down-conversion, and up-conversion

phenomenon has been investigated.
4.2 Results and Discussion

Se doped ZnO nanorods samples were characterized by XRD, FE-SEM,
XPS, and HR-TEM, as reported by our research group very recently [23].
The defects generation in the nanorods under a controlled rate of
nucleation and growth during the annealing process was studied from
photoluminescence emissions. The possible defects formed if the
nucleation rate is faster than crystal growth [24] in Se doped ZnO
annealed at 450 °C. This leads to a remarkable increase in the adequate
number of defects since annealing at 450 °C induces coalescence and self-
assembled ZnO nanoparticles into an NR structure. These Se doped ZnO
NRs would provide better insight to understand radiative and non-

radiative processes with defect centers. Therefore the role of defects in
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optical properties of newly synthesized Se doped ZnO NRs by single and
two-photon absorption and emission studies has been investigated in this

chapter.
4.2.1 One photo down-conversion optical properties

In a one-photon optical response study, the absorption and emission
maxima of Se doped ZnO nanorods were Aaps = 368 nm and Aem = 625 nm
with large Stokes shifts of about 250 nm as shown in Figure 4.1. The
photoluminescence (PL) emission spectrum exhibits a weak ultraviolet
emission at 388 nm and a strong, broad visible emission in the region
(~500—800 nm) around 625 nm. The ultraviolet (UV) emission
corresponds to free exciton recombination, and a broad visible emission is
associated with the generation of extrinsic defects by Se doping. The
energy transfer from ZnO defect levels and overlapping [17] of various
defects trapped energy states (degenerated states) are responsible for
broadband emission in the visible region. Large Stokes shifts and broad
PL have originated due to charge transfer and fast relaxation [25] of
defect-related trapping sites in the self-assembled [26] nanoparticles. One-
photon down-conversion is a predominant mechanism to produce single
color emission that has been explored to a large extent with limited
defects. Therefore, knowledge about the origin of multiple defects and
their corresponding broad visible emission is essential in ZnO NRs for

multicolor optical and bioimaging applications.
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Figure 4.1 UV-Vis absorption and fluorescence spectra of ZnO NRs

Se doped ZnO NRs showed a broad photoluminescence emission peak at
380-720 nm which is due to various energy states [27]. These energy
states contain different shallow and deep level defects generated by
incorporating Se metal into the ZnO matrix. These defects are generated
either due to lattice mismatch creating zinc and oxygen vacancies or due

to the Zn and O atoms charge imbalance in the ZnO nanostructure [28].
4.2.2 Multiple defects induced multicolor emissions

The emission peak in Figure 4.2a shows a deconvoluted PL spectrum
with different emission colors attributed to various kinds of defects in the
Se doped ZnO. A maximum of orange-red emission around 625 nm in Se
doped ZnO NRs was found to coexist with red, green, and blue emissions.
Thus, our results indicate that blue, green, and orange-red emissions are
likely to originate from different defect-related [29-31] transitions in
agreement with reported literature, as shown in Figure 4.2b. These
emission colors are consistent with de-convoluted PL emission obtained
from PL data showing visible blue (465 nm), green (555 nm), orange-red
(625 nm), and red (700 nm) emissions, as shown in Figure 4.2a. The
mechanism of various (blue, green, orange-red, and red) emissions

associated with different defects are related to their transition levels that
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are explained based on the full-potential linear muffin-tin orbital method
as shown in Figure 4.2b. To explore photon excitation conditions in Se
doped ZnO, it is likely to create a strong re-absorption effect in the self-
assembled nanoparticles that depends on defects that should be

illuminated.
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Figure 4.2 (a) Deconvoluted PL spectrum (b) Energy levels of defect
states in Se doped ZnO NRs bandgap.

The near band, UV-violet emission at 388 nm from Se doped ZnO NRs is
due to excitonic state transitions that lie below conduction band (CB)
minima. The PL spectrum at 410 nm (violet emission) corresponds to
transitions from the CB to shallow zinc vacancy (Vzn) [32] acceptor levels
(i.e., CB— Vzp). The blue emission from 450-495 nm is associated with
different electronic transitions from various defects present in the Se
doped ZnO NRs. A transition from singly ionized Zn interstitial (Zni")
defects at 0.22 eV below the CB to Vz, levels (i.e., Zni*—Vzn) [33] would
lead to emission centered at 450 nm. PL emission at 468 nm is due to an
electronic transition from CB to singly ionized zinc vacancy (Vzn') defects
[34] (i.e., CB—>Vzy). The emission band at 482 nm is due to a radiative
transition of an electron from Zn; donor level to Vz, acceptor level [35].
The PL emission peak at 493 nm is attributed to arise from the defects
associated with singly charged oxygen vacancy (Vo*) [33]. It has also
been suggested that green emission from 495-550 nm is generally

associated with transition levels of oxygen-related defects (Vo and Oj),
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i.e., CB—Vo [36], CB—Vo"™ [37], and CB—O; [38] transitions. Orange
emission around 590-610 nm has been suggested to originate from
radiative de-excitation from deep level doubly ionized Vo™ and O; states
(i.e., CB—0j and Zni—Vo™™) transitions [39,40]. Interestingly, orange-red
[30] emission centered at 625 nm because of deep level oxygen
interstitials (Oi) induced transitions was also observed. Red emission [41]
from 620-720 nm arises from radiative de-excitation from Zn; states to

Vo' and O; states that participate as in orange emission.
4.2.3 Characterization of defects by EPR

The EPR X-band measurement studies of Se doped ZnO NRs provide
detailed information regarding various defects associated with different
fluorescence as explained above. The EPR spectrum shown in Figure 2.2
(Chapter 2) exhibiting resonance signals ranging from g~2.061 to 2.032
has been assigned to zinc vacancy (Vzn) [42] in the lattice. The resonance
signal at g~2.005 has been attributed to oxygen vacancy (Vo) defects [43].
The narrow resonance signal observed at g~1.962 had been assigned to
oxygen interstitial (O;) defects [42]. Thus, EPR studies reveal different
types of defects generated in Se doped ZnO nanostructure and correlates
well with observed blue, green, orange, and red PL emissions. The
intensity of emissions depends on the concentration of defect sites
generated in the crystal lattice. It has been observed that oxygen interstitial
and vacancy defects are maximum in the newly synthesized Se doped ZnO

NRs responsible for intense red emission, as discussed above.
4.2.4 Electroluminescence studies

The Commission Internationale de I’Eclairage (CIE) chromaticity diagram
was calculated using color calculator software for Se doped ZnO NRs
emission spectrum with an excitation wavelength at 365 nm. The data
obtained were plotted in the Gaussian spectrum with a peak center at 625
nm and FWHM of 170 nm, as shown in Figure 4.3a. The PL CIE
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coordinates (x, y) were found to be (0.52, 0.49), which lies in the orange-
red region shown in Figure 4.3b. The CIE chromaticity confirmed that
emissions were observed in blue, green, and orange-red regions. This
behavior is probably due to a change in the concentration of different
defects (Vzn, Vo, and O;) present in Se doped ZnO NRs.
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Figure 4.3 (a) Electroluminescence spectra (EL) spectra and (b) CIE

chromaticity coordinates of in Se-doped ZnO.
4.2.5 One- and two-photo optical studies

PL emission studies were performed with one and two-photon single
excitation wavelengths to further confirm the intensity of
photoluminescence emission colors of the newly synthesized Se doped
ZnO NRs. Se doped ZnO sample having superior optical quality is evident
from the contribution of defect-related emissions in PL spectrum within
the visible region. In the one-photon excitation study at 360 nm, Figure
4.4a shows a broad emission peak with blue, green, and orange-red areas
of the spectrum due to different defect-related transitions. In the two-
photon excitation study at 720 nm, Figure 4.4b shows blue, green, and red
emissions in different channels. A possible explanation for observing these
multiple emissions is due to the presence of various transitions [29] caused
by defects (Vzn, Vo, and O;) generated in the Se doped ZnO NRs.
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Figure 4.4 Se doped ZnO nanorods emission from (a) One-photon (360

nm) and (b) Two-photon (720 nm) excitation

Additionally, it is also interesting to study Se doped ZnO NRs with two-
photon laser scanning microscopy for examining multicolor emission
properties at various single wavelength excitations that can be used for
multicolor imaging applications. In continuation of this, next the nonlinear
[44] optical responses of Se doped ZnO NRs were examined using laser
scanning microscopy with two-photon femtosecond (fs) laser pulses at
different excitation wavelengths (Aex), i.e., at 720, 800, and 860 nm. The
color changes from red to blue with increasing two-photon excitation
wavelengths from 720-860 nm, implying that the emission is significantly
blue-shifted during the two-photon excitation study. The luminescence
intensities of blue, green, and red emissions were obtained on separate
channels with a single [45] excitation wavelength, as shown in Figure
4.5b. For kex = 720 nm, the luminescence was dominated by blue, green,
and red emissions and is associated with Vzn, Vo, and O; defects. At 800

nm excitation, nearly dominant green and red luminescence were observed
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due to oxygen vacancies (Vo). When excited at 860 nm, the luminescence
peak was dominated by blue color due to zinc vacancy (Vzn) defects. An
intense red emission was also observed than green and blue emissions
during two-photon 720 nm excitation, which is in line with one photon

(Aex= 360 nm) PL emission study as shown in Figure 4.5a.
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Figure 4.5 (a) Down-conversion (under UV excitation of 360 nm, 400
nm, and 430 nm) and (b) Up-conversion (under the excitation of 720 nm,

800 nm, and 860 nm under femtosecond laser pulses) in Se doped ZnO.

Defects in the crystal lattice (Vzn, Vo, and O;) lead to major intermediate
states during the Se doped ZnO nanorods' energy transfer process. These
defects, present in high quantity in Se doped ZnO NRs, lead to strong red,
green and blue upconversion luminescence emissions. In all these cases,
low-intensity colors also appear along with dominant colors in the
luminescence emissions, implying selective electronic excitation of
defects [46] at a specific wavelength. The multicolor emission in all three
channels is mainly due to defects induced broad emission and overlap of

defect energy states in the newly synthesized Se doped ZnO NRs.
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4.3 Conclusion

In summary, Se doped ZnO nanorods with various defects induced
multicolor emission properties were successfully prepared by a
mechanothermal method. The material also displayed exceptional one and
two-photon multicolor emissions governed by a mechanism of multiple
transitions from defect centers generated in the assembled Se doped ZnO
NRs. Moreover, a new type of Se doped ZnO NRs material with large
Stokes shift and broad visible photoluminescence has been prepared and
studied for the first time. At room temperature, the newly synthesized Se
doped ZnO NRs excited at 360 nm show broadband visible emission
ranging from 400-800 nm due to the presence of multiple deep level
defects. Additionally, two-photon excitation at 720 nm shows significant
multicolor up-conversion in blue, green, and red channels consistent with
one photon measurements of broad visible emission range. The present
defect engineering study in Se doped ZnO nanorods thus confers
multicolor emissions to the nanomaterial that have great potential
applications in bioimaging, optoelectronic and multicolor emission display

devices.
4.4 Experimental section

4.4.1 Materials and methods

Se doped ZnO NRs investigated in this chapter were prepared by a
mechano-thermal method by heating Se and ZnO at 450 °C as reported
earlier in chapters 2 and 3. Single-photon absorption in Se doped ZnO
NRs was measured using Fluoromax-4 Spectrofluorimeter (HORIBA
Jobin Yvon, model FM-100). PL emission spectrum of Se doped ZnO of
3.68 mM concentration was obtained on a Fluoromax-4
Spectrofluorimeter at 365 nm excitation wavelength. To further examine
the defects in Se doped ZnO, X-band (Frequency = 9.45 GHz) EPR

spectra were analyzed using electron paramagnetic resonance (EPR)
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spectrometer (Bruker) at room temperature. Se doped ZnO NRs sample
was two-photon excited using tunable mode-locked Ti:sapphire solid-state
laser with a femtosecond pulse in the range 700-900 nm with
simultaneous separation of blue, green, and red channels in a Multi-Photon
Laser Scanning Microscope (FV1200MPE, 1X83 Model, Olympus). Two-
photon up-conversion emission of Se doped ZnO nanorods sample was
recorded at different excitation wavelengths of 720, 800, and 860 nm and
compared with one-photon emission spectra recorded at different
excitation wavelengths of 360, 400, and 430 nm.
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Chapter 5

Conclusions and Scope for Future Work

5.1 Conclusion

This chapter aims to review Se doped ZnO NR's current and significant
future applications in monitoring the environment and health. This thesis
focuses on the synthesis of Se doped ZnO nanorods with multiple defects.
These defects induce catalytic properties in Se doped ZnO for biodiesel
production, mercury detection, optical down-upconversion by one and
two-photon fluorescence studies that has environmental and healthcare

applications.

Chapter 1 provides a general introduction of the environmental
contaminants, healthcare dependence, its global status and conventional
monitoring techniques. The emerging environmental and healthcare issues
employ nanotechnology-based materials for energy production, mercury
detection, and disease detection. The chapter details n-type and p-type
doping and their importance in tuning different properties. It concludes
with a review of ZnO defects induced properties in catalysis, sensing, and
two-photon optical diagnostic material for environmental and healthcare

applications.

Chapter 2 describes the synthesis of a new heterogeneous Se doped ZnO
base catalyst for transesterification of vegetable oil to fatty methyl esters
(FAME) or biodiesel. Surface area defects, mainly oxygen interstitials
and oxygen vacancies, formed in Se doped ZnO's crystal lattice are
characterized by PL, XRD, and EPR studies. These surface area defects
play a vital role in improving base site reactivity, which was demonstrated
by a transesterification reaction. The optimum reaction condition reveals
the usage of 1:20 oil to methanol volume ratio, 5 wt.% catalyst load, 65

°C as reaction temperature to give a maximum yield of 94.7% FAME in 3
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h. The nanocatalyst was recyclable without loss of FAME yield and can be

used for industrial-scale biodiesel production.

Chapter 3 describes the preparation and application of orange-red
luminescent Se doped ZnO nanorods coated with 3-mercaptopropionic
acid (MPA), a chelating ligand to detect mercury ions because of the
strong affinity of —SH functionality. In the presence of Hg?* ions, MPA-
Se doped ZnO nanoprobe show an efficient turn-on mechanism over dual
emission-quenching phenomenon. Also, a linear fit of photoluminescence
(PL) spectrum for various concentrations of Hg?* ions provides
compelling evidence for emission (R?=0.990) over quenching (R?=0.888)
pathways, which is in support of our proposed mechanism. Therefore this
“turn-on” MPA coated Se doped ZnO nanosensor was employed for
selective detection of Hg?" ions with the lowest limit of detection
concentration to 1 pM. The studies demonstrate that our direct, rapid, and
practical approach for mercury detection using this nanoprobe will offer
great potential for monitoring Hg?* ions from the environment and

healthcare products.

Chapter 4 explores the generation of multiple zinc (Vzn), oxygen (Vo)
vacancies, and oxygen interstitials (Oi) defects for inducing multicolor
emissions by single and two-photon single wavelength excitations. The
photoluminescence studies reveal that single-photon excitation exhibits a
broad multicolor emission peak from 400-800 nm with Amax at ~625 nm
and a large Stokes shift of about 250 nm. The de-convolution peaks within
the superposition of defects (Vzn, Vo, and Oi) induce multicolor broadband
emission to show blue, green, and red emissions consistent with their
corresponding defects. The EPR signals also reveal detailed information
about these defects and correlate with optical-electronic transition states in
Se doped ZnO NRs. Moreover, the two-photon up-conversion

luminescence of Se doped ZnO NRs also shows multicolor (blue, green,
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and red) emissions from the channel at 720 nm excitation. Two-photon
confocal studies of Se doped ZnO NRs show multicolor emission at 720,
800, and 860 nm excitations consistent with one photon fluorescence at
360, 400, 430 nm excitations. Therefore, these defects induced multicolor
emissions by one, and two-photon excitation wavelengths have potential

optoelectronic and biomedical applications.
5.2 Scope for future work

This thesis deals with the generation of multiple defects induced catalytic
and optical properties in the nanomaterial for environmental and
healthcare applications. Se doping in ZnO introduce defects and change
bandgaps leading to significant tuning of the photophysical,
electrochemical, catalytic, and optical properties. Selenium-based
materials can tune the bandgap directly leading to charge carrier collection
that impact opto-electronic properties of solar cells [1,2]. Se doped ZnO
two-photon upconversion process can be employed for targeted optical
imaging by surface conjugation of monoclonal antibodies, peptides,
receptor antagonists, and aptamers. ZnO NRs can also exhibit
simultaneous imaging and therapy with optical drug cargo conjugates
[3,4]. The dual-modality ZnO NRs are readily applicable for bioimaging

and therapeutic applications.
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