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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 (VZn), 

oxygen (VO) vacancies and oxygen interstitials (Oi) defects, in the crystal 

lattice that are characterized by XRD, XPS, EPR and PL studies. Oxygen 

interstitials (Oi) 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 
o
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
2+

 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
2+

 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 
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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 

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]. 

 

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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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, 



     

Chapter 1  

  

4 
 

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]. 

 

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

[11]  

Environment contamination by heavy metals (Hg2+, Cd2+, As3+, Pb2+, 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(II) form is prevalent in water, soil, and 

sediment, whereas methylmercury (MeHg) is predominant in aquatic 
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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 18th and 

19th 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. 

 

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. 

 

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].  

 

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 
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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.  

 

Figure 1.6 Organic and inorganic nanomaterials for environmental and 

healthcare applications [45] 
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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.  

 

Figure 1.7 Overview of various applications of nanocatalysts [48] 
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The detection of trace Hg2+ 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, AIEgens, aptamers and porous materials are 

used for selective detection and effective removal of mercury (II) 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 Hg2+ 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 Schrödinger 

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) (0D) 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. 

 

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 III–V, II-VI, I–VII, V–VI and II–V, oxides, 

magnetic and inorganic materials, including Si, GaN, InP, TiO2, Fe3O4, 

ZnO, 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, WO3, 

SnO2, 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 Å and c = 5.21 Å [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 sp3 hybridization forming 

four equivalent orbitals, directed to the four corners of tetrahedral 

geometry. In the resulting crystal, the bonding sp3 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 
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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. 

 

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 Zni 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].  

 

Figure 1.10 Illustration of (a) n- and (b) p-type doping in ZnO 

nanomaterial [85]. 

The n-type doping is relatively well established by substituting group III 

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 I 

dopants on the O sites can potentially form shallow donors in ZnO [88]. 

For the n-type dopants, chemical elements of group III (B, Al, Ga, and In), 

rare earth elements in group III (Sc, Y, and La), group IV elements (Si, 



     

Chapter 1  

  

17 
 

Ge, and Sn), and group VII elements (F, Cl, and I) 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 Zni 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 (Zni and Oi), 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 

(VO, Zni, and ZnO) under normal conditions, whereas acceptor defects (Oi, 

VZn, and OZn) are generated under oxygen-rich conditions (Figure 1.11) 

[92,93]. The Zni 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. 

 

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 

(a) 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.  
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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. 

 

 



     

Chapter 1  

  

23 
 

1.8 References 

1.  Vermeulen R., Schymanski E. L., Barabási A.-L., Miller G. W., 

(2020), The exposome and health: Where chemistry meets biology. 

Science, 367, 392–396 (DOI: 10.1126/science.aay3164) 

2.  EIA, International energy outlook, (2019), 

(www.iea.org/reports/world-energy-outlook-2019) 

3.  EIA, World energy outlook, (2020) (www.iea.org/reports/world-

energy-outlook-2020)  

4.  Perera F., (2017), Pollution from fossil-fuel combustion is the 

leading environmental threat to global pediatric health and equity: 

Solutions exist, Int J Environ Res Public Health, 15, 16 (DOI: 

10.3390/ijerph15010016) 

5.  Manisalidis I., Stavropoulou E., Stavropoulos A., Bezirtzoglou E., 

(2020), Environmental and health impacts of air pollution: A 

review, Front public Heal, 8, 14 (DOI: 10.3389/fpubh.2020.00014) 

6.  Gielen D., Boshell F., Saygin D., Bazilian M. D., Wagner N., et al., 

(2019), The role of renewable energy in the global energy 

transformation, Energy Strateg Rev, 24, 38–50 (DOI: 

https://doi.org/10.1016/j.esr.2019.01.006) 

7.  Barinova G. M., Gaeva D. V, Krasnov E. V., (2020), Hazardous 

chemicals and air, water, and soil pollution and contamination - 

Good health and well-being, Springer International Publishing, 

2020, 255–266 (DOI: 10.1007/978-3-319-95681-7_48) 

8.  Tran V. Van, Park D., Lee Y.-C., (2020), Indoor air pollution, 

related human diseases, and recent trends in the control and 

improvement of indoor air quality, Int J Environ Res Public Health, 

17, 2927 (DOI: 10.3390/ijerph17082927) 



     

Chapter 1  

  

24 
 

9.  Schwarzenbach R. P., Egli T., Hofstetter T. B., von Gunten U., 

Wehrli B., (2010), Global water pollution and human health. Annu 

Rev Environ Resour, 35, 109–136 (DOI: 10.1146/annurev-environ-

100809–125342) 

10.  Balseiro-Romero M., Baveye P. C., (2018), Soil pollution: A 

hidden danger beneath our feet. Front Environ Sci, 6, 130 

(https://www.frontiersin.org/article/10.3389/fenvs.2018.00130) 

11.  Häggström M., (2014), WikiJournal of Medicine (DOI: 

10.15347/wjm/2014.008) 

12.  Prüss-Ustün A., Wolf J., Corvalán C., Neville T., Bos R., et al., 

(2017), Diseases due to unhealthy environments: an updated 

estimate of the global burden of disease attributable to 

environmental determinants of health, J Public Health, 39, 464–475 

(DOI: 10.1093/pubmed/fdw085) 

13.  Tchounwou P. B., Yedjou C. G., Patlolla A. K., Sutton D. J., 

(2012), Heavy metal toxicity and the environment, Exp Suppl, 101, 

133–164 (DOI: 10.1007/978-3-7643-8340-4_6) 

14.  Driscoll C. T., Mason R. P., Chan H. M., Jacob D. J., Pirrone N., 

(2013), Mercury as a global pollutant: sources, pathways, and 

effects, Environ Sci Technol, 10, 4967–4983 (DOI: 

10.1021/es305071v) 

15.  Streets D. G., Horowitz H. M., Jacob D. J., Lu Z., Levin L., et al., 

(2017), Total mercury released to the environment by human 

activities, Environ Sci Technol, 51, 5969–5977 (DOI: 

10.1021/acs.est.7b00451) 

16.  Siddiqi Z. M., (2018), Transport and fate of mercury (Hg) in the 

environment: Need for continuous monitoring, Springer 

International Publishing, 20 (DOI: 10.1007/978-3-319-58538-3_56-



     

Chapter 1  

  

25 
 

1) 

17.  Nurfatini B., Amir S., (2018), Recent advances in mercury 

detection; towards enabling a sensitive and rapid point-of-check 

measurement, J Toxicol Risk Assess, 4, 1–10 (DOI: 

10.23937/2572-4061.1510010) 

18.  Rice K. M., Walker  Jr E. M., Wu M., Gillette C., Blough E. R., 

(2014), Environmental mercury and its toxic effects, J Prev Med 

Public Health, 47, 74–83 (DOI: 10.3961/jpmph.2014.47.2.74) 

19.  Harada M., (1995), Minamata disease: Methylmercury poisoning in 

japan caused by environmental pollution. Crit Rev Toxicol, 25, 1–

24 (DOI: 10.3109/10408449509089885) 

20.  Grandjean P., Weihe P., White R. F., Debes F., Araki S., et al., 

(1997), Cognitive deficit in 7-year-old children with prenatal 

exposure to methylmercury, Neurotoxicol Teratol, 19, 417–428 

(DOI: https://doi.org/10.1016/S0892-0362(97)00097-4) 

21.  Braithwaite J., Mannion R., Matsuyama Y., Shekelle P. G., 

Whittaker S., et al., (2018), The future of health systems to 2030: A 

roadmap for global progress and sustainability, Int J Qual Heal 

Care, 30, 823–831 (DOI: 10.1093/intqhc/mzy242) 

22.  Jamison D. T., Laxminarayan R. (2017), Disease control priorities: 

improving health and reducing poverty, World bank Publications, 

(DOI: 10.1596/978-1-4648-0527-1)  

23.  Hathaway J., Maibach E. W., (2018), Health implications of climate 

change: A review of the literature about the perception of the public 

and health professionals, Curr Environ Heal, 5, 197–204 (DOI: 

10.1007/s40572-018-0190-3) 

24.  Rohr J. R., Barrett C. B., Civitello D. J., Craft M. E., Delius B., et 

al., (2019), Emerging human infectious diseases and the links to 



     

Chapter 1  

  

26 
 

global food production, Nat Sustain, 2, 445–456 (DOI: 

10.1038/s41893-019-0293-3) 

25.  Seymour V., (2016), The Human–nature relationship and its impact 

on health: A critical review, Front Public Heal, 4, 260 (DOI: 

10.3389/fpubh.2016.00260) 

26.  Popp J., Lakner Z., Harangi-Rákos M., Fári M., (2014), The effect 

of bioenergy expansion: Food, energy, and environment. Renew 

Sustain Energy Rev, 32, 559–578 (DOI: 

10.1016/j.rser.2014.01.056) 

27.  IEA, Annual energy outlook, (2012), (www.iea.org/reports/world-

energy-outlook-2012) 

28.  Owusu P. A., Asumadu-Sarkodie S., (2016), A review of renewable 

energy sources, sustainability issues and climate change mitigation, 

Cogent Eng, 3, 1167990 (DOI: 10.1080/23311916.2016.1167990) 

29.  Hill J., Nelson E., Tilman D., Polasky S., Tiffany D., (2006), 

Environmental, economic, and energetic costs and benefits of 

biodiesel and ethanol biofuels, Proc Natl Acad Sci, 103, 11206 LP– 

11210 (DOI: 10.1073/pnas.0604600103) 

30.  Knothe G., Krahl J., Van Gerpen J. B. T.-T. B. H., (2010), 

Biodiesel production, Second eds, IAOCS Press, 31–96 (DOI: 

10.1016/B978-1-893997-62-2.50009-7) 

31.  Leung D. Y. C., Wu X., Leung M. K. H., (2010), A review on 

biodiesel production using catalyzed transesterification, Appl 

Energy, 87, 1083–1095 (DOI: 10.1016/j.apenergy.2009.10.006) 

32.  Encinar J. M., González J. F., Rodríguez J. J., Tejedor A., (2002), 

Biodiesel fuels from vegetable oils:  Transesterification of cynara 

cardunculus L. oils with ethanol, Energy & Fuels, 16, 443–450 

(DOI: 10.1021/ef010174h) 



     

Chapter 1  

  

27 
 

33.  Meher L. C., Sagar D. V., Naik S. N., (2006), Technical aspects of 

biodiesel production by transesterification — a review, Renew & 

Sust Ener Revie 10, 248–268 (DOI: 10.1016/j.rser.2004.09.002) 

34.  Paterson B., Cowie C. E., Jackson P. E., (1996), Determination of 

phenols in environmental waters using liquid chromatography with 

electrochemical detection, J Chromatogr A, 731, 95–102 (DOI: 

10.1016/0021-9673(95)01192-7) 

35.  Hussain C. M., Keçili R., (2020), Spectroscopic Techniques for 

Environmental Analysis, Elsevier, 6, 133–161 (DOI: 

10.1016/B978-0-12-816934-6.00006-0) 

36.  Hussain C. M., Keçili R. (2020), Quality assurance and control for 

environmental analysis, Elsevier, 12, 323–341. (DOI: 

10.1016/B978-0-12-816934-6.00012-6) 

37.  Cedillo-Pozos A., Ternovoy S. K., Roldan-Valadez E., (2020), 

Imaging methods used in the assessment of environmental disease 

networks: A brief review for clinicians, Insights Imaging, 11, 18 

(DOI: 10.1186/s13244-019-0814-7) 

38.  Prado Bert P., Mercader E. M. H., Pujol J., Sunyer J., Mortamais 

M., (2018), The effects of air pollution on the brain: A review of 

studies interfacing environmental epidemiology and neuroimaging, 

Curr Environ Heal reports, 5, 351–364 (DOI: 10.1007/s40572-018-

0209-9) 

39.  Roco M. C., Mirkin C. A., Hersam M. C., (2011), Nanotechnology 

research directions for societal needs in 2020: Summary of 

international study, J Nanoparticle Res, 13, 897–919 (DOI: 

10.1007/s11051-011-0275-5) 

40.  Kanwar R., Rathee J., Salunke D. B., Mehta S. K., (2019), Green 

nanotechnology-driven drug delivery assemblies, ACS Omega, 4, 



     

Chapter 1  

  

28 
 

8804–8815 (DOI: 10.1021/acsomega.9b00304) 

41.  Mady M. F., Kelland M. A., (2020), Review of nanotechnology 

impacts on oilfield scale management, ACS Appl Nano Mater, 3, 

7343–7364 (DOI: 10.1021/acsanm.0c01391) 

42.  Shevchenko D. V. T. and E. V., (2016), Introduction: Nanoparticle 

chemistry, Chem Rev, 116, 10343–10345 (DOI: 

10.1021/acs.chemrev.6b00566) 

43.  Kagan C. R., Fernandez L. E., Gogotsi Y., Hammond P. T., Hersam 

M. C., et al., (2016), Nano day: Celebrating the next decade of 

nanoscience and nanotechnology, ACS Nano, 10, 9093–9103 (DOI: 

10.1021/acsnano.6b06655) 

44.  Bayda S., Adeel M., Tuccinardi T., Cordani M., Rizzolio F., (2019), 

The history of nanoscience and nanotechnology: From chemical-

physical applications to nanomedicine, Molecules, 25, 112 (DOI: 

10.3390/molecules25010112) 

45.  Kumar N., Sinha Ray S., (2007), Synthesis and functionalization of 

nanomaterials processing of polymer-based nanocomposites, 

Springer International Publishing, 15–55. (DOI: 10.1007/978-3-

319-97779-9_2) 

46.  Moku G., Gopalsamuthiram V. R., Hoye T. R., Panyam J., (2019), 

Surface modification of nanoparticles: Methods and applications, 

Surf Modif Polym, 31, 317–346 (DOI: 

10.1002/9783527819249.ch11) 

47.  Lowry G. V, Gregory K. B., Apte S. C., Lead J. R., (2012), 

Transformations of nanomaterials in the environment, Environ Sci 

Technol, 46, 6893-6899 (DOI: 10.1021/es300839e) 

48.  Gao Z., Qin Y., (2017), Design and properties of confined 

nanocatalysts by atomic layer deposition. Acc Chem Res, 50, 2309–



     

Chapter 1  

  

29 
 

2316 (DOI: 10.1021/acs.accounts.7b00266) 

49.  Prinsen P., Luque R., (2019), Nanoparticle design and 

characterization for catalytic applications in sustainable chemistry. 

RSC, 1, 1–36. (DOI: 10.1039/9781788016292-00001) 

50.  El-Safty S. A., Shenashen M. A., El-Safty S. A., (2012), Mercury-

ion optical sensors, TrAC Trends Anal Chem, 38, 98–115 (DOI: 

10.1016/j.trac.2012.05.002) 

51.  Dai D., Yang J., Wang Y., Yang Y.-W., (2020), Recent progress in 

functional materials for selective detection and removal of 

mercury(II) ions, Adv Funct Mater, 31, 2006168 (DOI: 

10.1002/adfm.202006168) 

52.  Liu T., Chu Z., Jin W., (2019), Electrochemical mercury biosensors 

based on advanced nanomaterials, J Mater Chem B, 7, 3620–3632 

(DOI: 10.1039/C9TB00418A) 

53.  Yang J., Hou B., Wang J., Tian B., Bi J., et al., (2019), 

Nanomaterials for the removal of heavy metals from wastewater. 

Nanomater , 9, 1–12, (DOI: 10.3390/nano9030424) 

54.  Willner M. R., Vikesland P. J., (2018), Nanomaterial enabled 

sensors for environmental contaminants, J Nanobiotechnology, 16, 

95 (DOI: 10.1186/s12951-018-0419-1) 

55.  De Crozals G., Bonnet R., Farre C., Chaix C., (2016), Nanoparticles 

with multiple properties for biomedical applications: A strategic 

guide, Nano Today, 11, 435–463 (DOI: 

10.1016/j.nantod.2016.07.002) 

56.  Gagner J. E., Shrivastava S., Qian X., Dordick J. S., Siegel R. W., 

(2012), Engineering nanomaterials for biomedical applications 

requires understanding the nano-bio interface: A perspective, J Phys 

Chem Lett, 3, 3149–3158 (DOI: 10.1021/jz301253s) 



     

Chapter 1  

  

30 
 

57.  Ramos A. P., Cruz M. A. E., Tovani C. B., Ciancaglini P., (2017), 

Biomedical applications of nanotechnology, Biophys Rev, 9, 79–89 

(DOI: 10.1007/s12551-016-0246-2) 

58.  Kim D., Kim J., Park Y. Il, Lee N., Hyeon T., (2018), Recent 

development of inorganic nanoparticles for biomedical imaging, 

ACS Cent Sci, 4, 324–336 (DOI: 10.1021/acscentsci.7b00574) 

59.  Duan C., Liang L., Li L., Zhang R., Xu Z. P., (2018), Recent 

progress in upconversion luminescence nanomaterials for 

biomedical applications, J Mater Chem B, 6, 192–209 (DOI: 

10.1039/C7TB02527K) 

60.  Parak W. J., Manna L., Nann T., (2010), Fundamental principles of 

quantum dots, Nanotechnology, 2010, 73–96 (DOI: 

10.1002/9783527628155.nanotech004) 

61.  Nanda K. K., Kruis F. E., Fissan H., (2001), Energy levels in 

embedded semiconductor nanoparticles and nanowires, Nano Lett, 

1, 605–611 (DOI: 10.1021/nl0100318) 

62.  Rabouw F. T., de Mello Donega C., (2016), Excited-state dynamics 

in colloidal semiconductor nanocrystals, Top Curr Chem, 374, 58 

(DOI: 10.1007/s41061-016-0060-0) 

63.  Kumar C. S. S. R., (2010), Semiconductor nanomaterials, Wiley, 6, 

(ISBN: 978-3-527-32166-7) 

64.  Qi K., Selvaraj R., Wang L., (2020), Functionalized inorganic 

semiconductor nanomaterials: Characterization, properties, and 

applications, Front Chem, 8, 1085 (DOI: 

10.3389/fchem.2020.616728) 

65.  Jolivet J.-P., Cassaignon S., Chanéac C., Chiche D., Durupthy O., et 

al., (2010), Design of metal oxide nanoparticles: Control of size, 

shape, crystalline structure and functionalization by aqueous 



     

Chapter 1  

  

31 
 

chemistry, Comptes Rendus Chim, 13, 40–51 (DOI: 

10.1016/j.crci.2009.09.012) 

66.  Jun Y., Choi J., Cheon J., (2006), Shape control of semiconductor 

and metal oxide nanocrystals through nonhydrolytic colloidal 

routes, Angew Chemie Int Ed, 45, 3414–3439 (DOI: 

10.1002/anie.200503821) 

67.  Lewicka Z. A., Yu W. W., Oliva B. L., Contreras E. Q., Colvin V. 

L., (2013), Photochemical behavior of nanoscale TiO2 and zno 

sunscreen ingredients, J Photochem Photobiol A Chem, 263, 24–33 

(DOI: 10.1016/j.jphotochem.2013.04.019) 

68.  Collins T. C., Hauenstein R. J., (2011), Fundamental properties of 

ZnO mater electron optoelectron device applications, Wiley, 25, 1–

28 (DOI: 10.1002/9781119991038.ch1) 

69.  Zhang Y., Nayak T. R., Hong H., Cai W., (2013), Biomedical 

applications of zinc oxide nanomaterials, Curr Mol Med, 13, 1633–

1645 (DOI: 10.2174/1566524013666131111130058) 

70.  Zhou H., Wu L., Wang H.-Q., Zheng J.-C., Zhang L., et al., (2017), 

Interfaces between hexagonal and cubic oxides and their structure 

alternatives, Nat Commun, 8, 1474 (DOI: 10.1038/s41467-017-

01655-5) 

71.  Wang Z. L., (2004), Zinc oxide nanostructures: Growth, properties 

and applications, J Phys Condens Matter, 16, R829–R858 (DOI: 

10.1088/0953-8984/16/25/r01) 

72.  Look D. C., (2001), Recent advances in ZnO materials and devices, 

Mater Sci Eng B, 80, 383–387 (DOI: 10.1016/S0921-

5107(00)00604-8) 

73.  Geurts J., (2010), Crystal structure, chemical binding, and lattice 

properties of zinc oxide, Springer Berlin Heidelberg, 7–37 (DOI: 



     

Chapter 1  

  

32 
 

10.1007/978-3-642-10577-7_2) 

74.  Özgür Ü., Avrutin V., Morkoç H., (2018), Zinc oxide materials and 

devices grown by molecular beam epitaxy, Elsevier, 16, 343–375 

(DOI: 10.1016/B978-0-12-812136-8.00016-5) 

75.  Srikant V., Clarke D. R., (1998), On the optical band gap of zinc 

oxide, J Appl Phys, 83, 5447–5451 (DOI: 10.1063/1.367375) 

76.  Djurišić A. B., Ng A. M. C., Chen X. Y., (2010), ZnO 

nanostructures for optoelectronics: Material properties and device 

applications, Prog Quantum Electron, 34, 191–259 (DOI: 

10.1016/j.pquantelec.2010.04.001) 

77.  Zhu P., Weng Z., Li X., Liu X., Wu S., et al., (2016), Biomedical 

applications of functionalized ZnO nanomaterials: From biosensors 

to bioimaging, Adv Mater Interfaces, 3, 1500494 (DOI: 

10.1002/admi.201500494) 

78.  Kamarulzaman N., Kasim M. F., Rusdi R., (2015), Band gap 

narrowing and widening of ZnO nanostructures and doped 

materials, Nanoscale Res Lett, 10, 346 (DOI: 10.1186/s11671-015-

1034-9) 

79.  Lee J., Sorescu D. C., Deng X., (2016), Tunable lattice constant and 

band gap of single- and few-layer ZnO, J Phys Chem Lett, 7, 1335–

1340 (DOI: 10.1021/acs.jpclett.6b00432) 

80.  Pawar V., Jha P. K., Panda S. K., Jha P. A., Singh P., (2018), Band-

gap engineering in zno thin films: A combined experimental and 

theoretical study, Phys Rev Appl, 9, 54001 (DOI: 

10.1103/PhysRevApplied.9.054001) 

81.  Liu L., Mei Z., Tang A., Azarov A., Kuznetsov A., et al., (2016), 

Oxygen vacancies: The origin of n-type conductivity in ZnO, Phys 

Rev B, 93, 235305 (DOI: 10.1103/PhysRevB.93.235305) 



     

Chapter 1  

  

33 
 

82.  Gai Y., Tang G., (2014), Effects of hydrostatic pressures on the 

ionization and formation energies of dopants in ZnO and ZnTe, 

Phys Lett A, 378, 82–85 (DOI: 10.1016/j.physleta.2013.10.041) 

83.  Kennedy J., Markwitz A., Li Z., Gao W., Kendrick C., et al., 

(2006), Modification of electrical conductivity in RF magnetron 

sputtered zno films by low-energy hydrogen ion implantation, Curr 

Appl Phys, 6, 495–498 (DOI: 10.1016/j.cap.2005.11.046) 

84.  Schmidt-Mende L., MacManus-Driscoll J. L., (2007), ZnO– 

nanostructures, defects, and devices, Mater Today, 10, 40–48 (DOI: 

10.1016/S1369-7021(07)70078-0) 

85.  Sahal M., Mollar M., Marí B. (2016), p- and n-Type Doping of zinc 

oxide through electrochemical methods, IRSEC conference, 2016, 

11–15. (DOI: 10.1109/IRSEC.2016.7984057) 

86.  Ellmer K., Bikowski A., (2016), Intrinsic and extrinsic doping of 

ZnO and ZnO alloys, J Phys D Appl Phys, 49, 413002 (DOI: 

10.1088/0022-3727/49/41/413002) 

87.  Norton D. P., Heo Y. W., Ivill M. P., Ip K., Pearton S. J., et al., 

(2004), ZnO: Growth, doping & processing, Mater Today, 7, 34–40 

(DOI: 10.1016/S1369-7021(04)00287-1) 

88.  Morkoç H., Özgür H. M. Ü., (2009), Doping of ZnO, Zinc oxide: 

fundamentals, materials and device technology, Wiley, 14, 245–275 

(DOI: 10.1002/9783527623945.ch4) 

89.  Thomas M. A., Cui J. B., (2010), Electrochemical route to p-type 

doping of ZnO nanowires, J Phys Chem Lett, 1, 1090–1094 (DOI: 

10.1021/jz100246e) 

90.  Monfort O., Plesch G., (2018), Bismuth vanadate-based 

semiconductor photocatalysts: A short critical review on the 

efficiency and the mechanism of photodegradation of organic 



     

Chapter 1  

  

34 
 

pollutants, Environ Sci Pollut Res, 25, 19362–19379 (DOI: 

10.1007/s11356-018-2437-9) 

91.  McCluskey M. D., Jokela S. J., (2009), Defects in ZnO, J Appl 

Phys, 106, 71101 (DOI: 10.1063/1.3216464) 

92.  Przezdziecka E., Guziewicz E., Jarosz D., Snigurenko D., Sulich 

A., et al., (2020), Influence of oxygen-rich and zinc-rich conditions 

on donor and acceptor states and conductivity mechanism of ZnO 

films grown by ald—experimental studies, J Appl Phys, 127, 75104 

(DOI: 10.1063/1.5120355) 

93.  Al-Hilli S., Willander M., (2009), The pH response and sensing 

mechanism of n-type ZnO/electrolyte interfaces, Sensors, 9, 7445–

7480 (DOI: 10.3390/s90907445) 

94.  Janotti A., Van de Walle C. G., (2011), Native point defects and 

doping in ZnO, Zinc oxide materials electron optoelectron device 

applications, Wiley, 2011, 113–134 (DOI: 

10.1002/9781119991038.ch5) 

95.  He H., Yang Q., Liu C., Sun L., Ye Z., (2011), Size-dependent 

surface effects on the photoluminescence in ZnO nanorods, J Phys 

Chem C, 115, 58–64 (DOI: 10.1021/jp106990a) 

96.  Samavati A., Samavati Z., Ismail A. F., Othman M. H. D., Rahman 

M. A., et al., (2017), Structural, optical and electrical evolution of al 

and Ga co-doped ZnO/SiO2/glass thin film: Role of laser power 

density, RSC Adv, 7, 35858–35868 (DOI: 10.1039/C7RA04963C) 

97.  Alvi N. H., ul Hasan K., Nur O., Willander M., (2011), The origin 

of the red emission in n-ZnO nanotubes/p-GaN white light emitting 

diodes, Nanoscale Res Lett, 6, 1–7 (DOI: 10.1186/1556-276X-6-

130) 

98.  Vempati S., Mitra J., Dawson P., (2012), One-step synthesis of ZnO 



     

Chapter 1  

  

35 
 

nanosheets: A blue-white fluorophore, Nanoscale Res Lett, 7, 1–10 

(DOI: 10.1186/1556-276X-7-470) 

99.  Kumar S. G., Rao K. S. R. K., (2015), Zinc oxide based 

photocatalysis: Tailoring surface-bulk structure and related 

interfacial charge carrier dynamics for better environmental 

applications, RSC Adv, 5, 3306–3351 (DOI: 

10.1039/C4RA13299H) 

100.  Sun Y., Chen L., Bao Y., Zhang Y., Wang J., et al., (2016), The 

applications of morphology controlled ZnO in catalysis, Catalyst, 5, 

3306–3351 (DOI: 10.3390/catal6120188) 

101.  Habibi D., Nasrollahzadeh M., (2012), ZnO as an effective and 

reusable heterogeneous catalyst for the synthesis of 

arylaminotetrazoles, Synth Commun, 42, 2023–2032 (DOI: 

10.1080/00397911.2010.548620) 

102.  Toulhoat H., (2010), Heterogeneous catalysis: Use of density 

functional theory, Elsevier, 2010, 1–7. (DOI: 10.1016/B978-

008043152-9.02243-0) 

103.  Semwal S., Arora A. K., Badoni R. P., Tuli D. K., (2011), Biodiesel 

production using heterogeneous catalysts, Bioresour Technol, 102, 

2151–2161 (DOI: 10.1016/j.biortech.2010.10.080) 

104.  Liu M.-H., Chen Y.-W., Liu X., Kuo J.-L., Chu M.-W., et al., 

(2016), Defect-mediated gold substitution doping in ZnO 

mesocrystals and catalysis in CO oxidation, ACS Catal, 6, 115–122 

(DOI: 10.1021/acscatal.5b02093) 

105.  Eixenberger J. E., Anders C. B., Wada K., Reddy K. M., Brown R. 

J., et al., (2019), Defect engineering of ZnO nanoparticles for 

bioimaging applications, ACS Appl Mater Interfaces, 11, 24933–

24944 (DOI: 10.1021/acsami.9b01582) 



     

Chapter 1  

  

36 
 

106.  Liu D., Lv Y., Zhang M., Liu Y., Zhu Y., et al., (2014), Defect-

related photoluminescence and photocatalytic properties of porous 

zno nanosheets, J Mater Chem A, 2, 15377–15388 (DOI: 

10.1039/C4TA02678K) 

107.  Xie W., Yang Z., Chun H., (2007), Catalytic properties of lithium-

doped ZnO catalysts used for biodiesel preparations, Ind Eng Chem 

Res, 46, 7942–7949 (DOI: 10.1021/ie070597s) 

108.  Tulus, Olthof S., Marszalek M., Peukert A., Muscarella L. A., et al., 

(2019), Control of surface defects in ZnO nanorod arrays with 

thermally deposited au nanoparticles for perovskite photovoltaics, 

ACS Appl Energy Mater, 2, 3736–3748 (DOI: 

10.1021/acsaem.9b00452) 

109.  Catellani A., Ruini A., Calzolari A., (2015), Optoelectronic 

properties and color chemistry of native point defects in Al:ZnO 

transparent conductive oxide. J Mater Chem C, 3, 8419–8424 (DOI: 

10.1039/C5TC01699A) 

110.  Raghavendra A. J., Gregory W. E., Slonecki T. J., Dong Y., 

Persaud I., et al., (2018), Three-photon imaging using defect-

induced photoluminescence in biocompatible ZnO nanoparticles, 

Int J Nanomedicine, 13, 4283–4290 (DOI: 10.2147/IJN.S165201) 

111.  Centonze V. E., White J. G., (1998), Multiphoton excitation 

provides optical sections from deeper within scattering specimens 

than confocal imaging, Biophys J, 75, 2015–2024 (DOI: 

10.1016/S0006-3495(98)77643-X) 

112.  Buyanova I. A., Chen W. M., (2018), Photon upconversion 

promoted by defects, Low-dimensional semiconductor 

nanostructures, Woodhead Publishing, 7, 189–210. (DOI: 

10.1016/B978-0-08-102053-1.00007-7) 



     

Chapter 1  

  

37 
 

113.  Suyver J. F., Grimm J., van Veen M. K., Biner D., Krämer K. W., 

et al., (2006), Upconversion spectroscopy and properties of NaYF4 

doped with Er3+, Tm3+ and/or Yb3+, J Lumin, 117, 1–12 (DOI: 

10.1016/j.jlumin.2005.03.011) 

114.  Makarov N. S., Lin Q., Pietryga J. M., Robel I., Klimov V. I., 

(2016), Auger up-conversion of low-intensity infrared light in 

engineered quantum dots, ACS Nano, 10, 10829–10841 (DOI: 

10.1021/acsnano.6b04928) 

115.  Chen S. L., Stehr J., Reddy N. K., Tu C. W., Chen W. M., et al., 

(2012), Efficient upconversion of photoluminescence via two-

photon absorption in bulk and nanorod ZnO, Appl Phys B Lasers 

Opt, 108, 919–924 (DOI: 10.1007/s00340-012-5138-y) 

116.  Asahi S., Teranishi H., Kusaki K., Kaizu T., Kita T., (2017), Two-

step photon up-conversion solar cells. Nat Commun, 8, 14962 

(DOI: 10.1038/ncomms14962) 

117.  Ye C., Zhou L., Wang X., Liang Z., (2016), Photon upconversion: 

from two-photon absorption (TPA) to triplet–triplet annihilation 

(TTA), Phys Chem Chem Phys, 18, 10818–10835 (DOI: 

10.1039/C5CP07296D) 

118.  Layek A., Banerjee S., Manna B., Chowdhury A., (2016), Synthesis 

of rare-earth doped ZnO nanorods and their defect-dopant 

correlated enhanced visible-orange luminescence, RSC Adv, 6, 

35892–35900 (DOI: 10.1039/c6ra02278b) 

119.  Majeed A., Javed F., Akhtar S., Saleem U., Anwar F., et al. (2020), 

Green synthesized selenium doped zinc oxide nano-antibiotic: 

Synthesis, characterization and evaluation of antimicrobial, 

nanotoxicity and teratogenicity potential, J Mater Chem B, 8, 8444–

8458 (DOI: 10.1039/D0TB01553A) 



     

Chapter 1  

  

38 
 

120.  Nenavathu B. P., Krishna Rao A. V. R., Goyal A., Kapoor A., Dutta 

R. K., (2013), Synthesis, characterization and enhanced 

photocatalytic degradation efficiency of Se doped ZnO 

nanoparticles using trypan blue as a model dye, Appl Catal A Gen, 

459, 106–113 (DOI: 10.1016/j.apcata.2013.04.001) 

121.  Nenavathu B. P., Sharma A., Dutta R. K., (2018), Se doped ZnO 

nanoparticles with improved catalytic activity in degradation of 

cholesterol, 3, 289–300 (DOI: 10.22090/jwent.2018.04.002) 

 

 

 

 

 

 

 

 

 



     

Chapter 2  

  

39 
 

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 21st 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+2 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 M2+ ion with M+ alkali cation that leads to the 

formation of oxygen vacancy defect centers [17,18]. Transition metal 

oxides like ZnO, TiO2,
 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 (Zn2+: acidic sites and O2-: 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 
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interstitial sites generating oxygen interstitial (Oi) 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 (Oi) 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 (Vo
+) and interstitial 

(Oi
-) defects in the crystal structure of the nanomaterial [34]. 
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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 Vo and Oi generate substantial surface basic sites 

in Se doped ZnO which are responsible for enhanced base catalytic 

activity leading to high FAME yield [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 O2− (strongly basic) sites. Moreover, 

oxygen interstitials (Oi) attracts considerable additional electron density 

from its nearest regular O2− 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 O2− base sites that can help in proton 

abstraction from methanol to generate methoxide ion, which will be 
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stabilized by Zn2+ 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 

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

 

 

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. 
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Table 2.1 Fatty acid composition of sunflower oil 

 

Common 

Name 

IUPAC Name Saturated/ 

Unsaturated 

Notation 

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 

acid 

Polyunsaturated C18:2 

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 yields, 

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 yielding 
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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 yield 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 yield of biodiesel had a considerable 

increase with increased temperature, resulting in a maximum yield of 

94.7% at 65 °C. The transesterification reaction was partially complete at 

25 °C and 45 °C with lower FAME yields 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 yields 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 yield 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 yield 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 yields 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 yield of 22% 

was observed (Figure 2.5a). The apparent enhancement in FAME yields 
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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 yields, 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. 

 

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 

Time (min) 

Common Name C:D % 

FAME 

16.136 Palmitic acid methyl ester C16:0 10.89 

17.084 Oleic acid methyl ester C18:1 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, 

2-hexyl-, methyl ester 

C18:0 0.32 

18.147 Cyclopentadecanone, 2-

hydroxy 

C15:0 0.36 

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 0.41 

 

Table 2.3 Comparison of results between different catalytic systems 

Catalyst 

 

Oil Reaction Conditions FAME 
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Se doped 

ZnO 

Sunflower 20:1 5 65 3 94.7 This 

work 

Ag doped 

ZnO 

Razma 

seeds 

9:1 1.5 64 2 83 [24] 

Ni doped 

ZnO 

Castor 8:1 11 55 1 95.2 [22] 

ZnO Cocklebur 

crop seed 

7:1 0.2 60 0.7 93.3 [23] 

ZnO NRs Olive 6:1 5 150 4 95 [21] 

ZnO-TiO2 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 
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improvement in FAME yield (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)2·2H2O and oxalic acid (C2H2O4) 

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)2 2H2O (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 Kα source (the wavelength 

of X-ray was 1.541 Å). 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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Schematic diagram showing mechanism of transesterification reaction by 

Se doped ZnO base nanocatalyst  
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Chapter 3 

Efficient “turn-on” nanosensor by dual emission-quenching 

mechanism of functionalized Se doped ZnO nanorods for 

mercury (II) 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 Hg2+ 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 Hg2+ ions. In general, 

fluorescence turn-on and turn-off probes, which exhibit fluorescence 

enhancement and quenching in the presence of Hg2+ 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 Hg2+ 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 Hg2+ 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 2θ 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

𝑑(ℎ𝑘𝑙 )
2 =

4

3
 
ℎ2 + ℎ𝑘 + 𝑘2

𝑎2
 +

𝑙2

𝑐2
 

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 c, 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 2θ 

values, lattice parameters, and strain in the crystal lattice (Figure 3.2). The 

average lattice strain (ε) along the c-axis oriented in Se doped ZnO is 

calculated using the following expression.  

𝜀 =  
𝐶 − 𝐶0

𝐶0
  

where C0 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 (hkl) 2θ 

(Degree) 

d 

Spacing 

c (Ǻ) Strain 

(%) 

Pure ZnO 002 34.423 2.6100 5.205 0.093 

1 wt.% Se doped ZnO 002 34.415 2.6106 5.212 0.113 

3 wt.% Se doped ZnO 002 34.377 2.6133 5.215 0.228 

5 wt.% Se doped ZnO 002 34.325 2.6172 5.227 0.362 

10 wt.% Se doped ZnO 002 34.324 2.6173 5.226 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 Zn2p1/2, Zn2p3/2, O1s, Se3d3/2, and Se3d5/2 states 
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respectively due to the presence of Zn(II), O2–, 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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Figure 3.3 A survey XPS spectra of 3MPA-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 SeOx 

[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 (OL), oxygen vacancies (Vo), and oxygen 

interstitials (Oi), 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, O2 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 c 

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].  
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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 (Ф) was found to be 0.148 from the 

following formula. 

 = R  
I

  IR
 
  AR

A
 
 n2

 nR
2  

where Ф 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 (ФR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−1. 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−1. 

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 S2p3/2 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 2p3/2 transitions in 3MPA-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 ℃), 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 3.9c). 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 aqueous solutions 

The newly synthesized nanoprobe was next examined for the detection of 

Hg2+ 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 Hg2+ 

ions due to the high affinity of sulfur to Hg2+ ions, resulting in a stable 

Hg–S bond [57]. As the concentration of Hg2+ 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 Hg2+ 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 3b, respectively 

The efficiency of the proposed turn-on and turn-off mechanism, PL 

spectra of nanoprobe for detecting various concentrations of Hg2+ ions 

(100, 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 

(R2=0.99) rather than quenching (R2=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 Hg2+ ions show highly 

dispersed nanorods (Figure 3.11a), whereas, after a min, the nanorods 

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

sec (a), and (b) after 1 min of reaction time with 300 nM Hg2+ 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 Hg2+ 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 Hg2+ 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 Hg2+ 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 Hg2+ 

(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 Hg2+ 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 Hg2+ 

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 Hg2+ ions and (b) Zeta potential of 100 
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μM MPA-Se doped ZnO nanoprobe before and after 30 secs in the 

presence of 300 nM Hg2+ 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 

Hg2+ ions. Further, the lowest mercury detection limit in test solutions of 

different concentrations (0.001 to 100 nM) of Hg2+ 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 Hg2+ ions: PL spectra of MPA-coated Se doped ZnO NRs in 

aqueous solution in the presence of Hg2+ 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 Hg2+ 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 Hg2+ 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 Hg2+ 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 Hg2+ with 

nanoprobe and a plot of O.D versus concentrations of Hg2+(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 

Hg2+, 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 Hg2+, 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 Hg2+ 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 

3.16c). 
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Figure 3.16  Proposed turn-on mechanism for Hg2+ detection based on (a) 

AND logic gate, (b) truth table and (c) PL emission  

 

3.2.4 Selectivity for Mercury Ions 

Finally, to investigate the selectivity of our effective turn-on mercury 

sensing method, PL emission of Se doped ZnO nanoprobe (50 μM 

solution) was examined in the presence of several other heavy metal (Mn+) 

ions, including Hg2+, Ca2+, Zn2+, Na+, K+, Fe3+, Mn2+, Co2+, Cd2+, Cu2+ 

and Ag+ (25μM). These metal ions, except Hg2+, 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 μM) were further evaluated by PL spectra of nanoprobe (50 

μM) in the presence of Hg2+ (5 μM) 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 μM) of Hg2+ ions is added 

to the reaction mixture containing a higher concentration of other metal 

ions (45μM). These results indicate that MPA-Se doped ZnO nanoprobe is 

insensitive to other metal ions and highly selective for detecting Hg2+ ions.  
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Figure 3.17 Relative PL intensity histogram of 3MPA–Se doped ZnO 

nanosensor in selective binding of metal ions (Hg2+, Ca2+, Zn2+, Na+, K+, 

Fe3+, Mn2+, Co2+, Cd2+, Cu2+ 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 Hg2+ (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 Hg2+ 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 Hg2+ concentration vs. PL intensity for standard 

Hg2+ 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 Hg2+ in real samples. 

 

Table 3.2 Determination of Hg2+ ions in spiked tap water samples using 

MPA–Se doped ZnO nanoprobe 

Sample Spiked Hg2+ 

(nM) 

Detected Hg2+ 

(nM) 

Recovery (%) 

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 Hg2+ 

ions in aqueous solutions. In the presence of Hg2+ 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 Hg2+ ions towards the 

bound MPA thiol group. The sensitivity of chemosensor for selective 

detection of Hg2+ ions is demonstrated to be very effective up to a 

detection limit of 1 pM concentration of Hg2+ ions. Moreover, nanoprobe 

selectivity is also very high to detect Hg2+ 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 (Hg2+, Ca2+, Zn2+, 

Na+, K+, Fe3+, Mn2+, Co2+, Cd2+, Cu2+, 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.34 In a typical synthesis, Zn(CH3COO)2·2H2O 

(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 oC. 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 µl, 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 × 3) and acetone (5 mL × 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 Kα source (the wavelength of X-ray is 1.541 Å). 

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−1. X-ray photoelectron 

spectroscopy (XPS) data was collected on Multilab 2000 Photoelectron 



     

Chapter 3  

  

87 
 

Spectrometer (Thermo VG Scientific MultiLab) chemical analysis probe 

using Al Kα 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 Hg2+ 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 µM) and Hg2+ ions solution (10 mM and 100 µM 

from HgCl2 salt) were prepared in Milli–Q water and dilutions (1 mM, 10 

µM, 1 µM, 0.01 µM, and 0.001 µM) of various concentrations of Hg2+ 

ions were prepared from stock solutions as per requirement. The dual 

emission-quenching efficiency of nanoprobe (100 µM solution) in the 

presence of various concentrations of Hg2+ 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 µM) were measured by recording the 

fluorescence emission spectra at 625 nm as well as UV-Vis absorption 

spectra for various concentrations of Hg2+ 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 µM and 

10 µM) and Hg2+ ions solution (10 mM) were prepared in Milli–Q water. 

The final concentration of nanoprobe (100 µM) and Hg2+ (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 Hg2+ sensing studies 

The selectivity of Hg2+ 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 Hg2+, Ca2+, Zn2+, 

Na+, K+, Fe3+, Mn2+, Co2+, Cd2+, Cu2+, and Ag+. The potential interference 

of other metal ions (25 µM) during the detection of Hg2+ ions with 

nanoprobe (50 µM) was examined by performing the experiment in the 

absence of Hg2+ ions. In a similar way, the selectivity of Hg2+ ions to 

nanoprobe (50 µM) solution was also determined by the addition of other 

metal ions (45 µM) in the presence of Hg2+ ions (5 µM). 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 Hg2+ 

ions solution (1 µM) were prepared in tap water. The final concentration 

of nanoprobe (100 µM) and Hg2+ (100–500 nM) were prepared from 

stock solutions as per the requirements. Then Hg2+ recovery was 

evaluated by measuring PL at 625 nm for different concentrations (100–

500 nM) of spiked Hg2+ 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+, 

Er3+, and Tm3+) 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 abs = 368 nm and em = 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→ VZn). 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 VZn 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→VZn
−). The emission band at 482 nm is due to a radiative 

transition of an electron from Zni donor level to VZn 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 Oi), 
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i.e., CB→VO [36], CB→VO
++ [37], and CB→Oi [38] transitions. Orange 

emission around 590–610 nm has been suggested to originate from 

radiative de-excitation from deep level doubly ionized VO
++, and Oi states 

(i.e., CB→Oi 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 Zni states to 

VO
++ and Oi 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 (Oi) 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 l’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 Oi) present in Se doped ZnO NRs.  

 

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 Oi) 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 (λex), 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 λex = 720 nm, the luminescence was dominated by blue, green, 

and red emissions and is associated with VZn, Vo, and Oi 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 

(λex = 360 nm) PL emission study as shown in Figure 4.5a. 

 

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 Oi) 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, IX83 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 Hg2+ 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 Hg2+ ions provides 

compelling evidence for emission (R2=0.990) over quenching (R2=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 Hg2+ 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 Hg2+ 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 max 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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