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Abstract 

Development of novel nanomaterials through facile and hassle-free synthesis 

routes have been an intriguing genre of material research. This thesis primarily 

focuses on the synthesis and characterizations of selenium (Se) nanocrystallites 

in two different hosts-silica and polyaniline. Additionally, the ability of Se to 

form variety of allotropic phases is investigated and their morphological, 

crystalline, microstructural and spectroscopic properties are studied in detail. 

Cubic and amorphous forms of Se are synthesized in silica matrix via sol-gel 

route followed by thermal annealing. On the other hand, trigonal and 

monoclinic Se nanocrystallites are synthesized in silica matrix via a 

combination of sol-gel assisted solvothermal route. Se was incorporated into 

cellulose-polyaniline nanocomposite via a one-pot room temperature mediated 

polymerization technique. The trigonal Se-SiO2 nanocomposite is used for the 

inner filter effect based optical sensing of curcumin. The 

Se/cellulose/polyaniline ternary nanocomposite was studied for electrochemical 

energy storage application.  

  

Key words: Selenium, quantum dots, fluorescence sensing, inner filter effect, 

polyaniline, nanocomposite, electrochemical energy storage, pseudocapacitor.  
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രൂരാന്തരങ്ങൾ നസാൾ ടെലിടനാപ്പും നസാൾനവാ ടതർമൽ 
പ്െീട്ടമന്െിലൂടെയാണു സിലിക്ക മാപ്െിക്സിനലയ്‌ക്ക് 
സുംനയാെിപ്പിച്ചിട്ടുള്ളത്. ഇതുരൂൊടത ടസലലുനലാസ് നരാളി 
എനിലീൻ വൈപ്ബിഡ് മാപ്െിക്സിനലയ്‌ക്കുും ടസലിനിയും 
സുംനയാെടപ്പെുത്തിയിട്ടുണ്ട്. വപ്െഗണൽ ടസലിനിയുും സിലിക്ക 
നരാനപാസിറ്റ ഒരു ഒപ്റ്റ്റിക്കൽ ടസൻസൊയുും വപ്െഗണൽ 
ടസലിനിയും ടസലലുനലാസ് നരാളി എനിലീൻ നരാനപാസിറ്റ ഒരു 
പ്രബലമായ സൂപ്പർ രപ്പാസിറ്റർ ഇടലക്നപ്ൊഡ് ആയുും ഈ 
പ്രബന്ധത്തിൽ അവതരിപ്പിച്ചിട്ടുണ്ട്. 

 



 
 

 
 

Preface 

 Quantum dots or “artificial atoms” with reduced dimensionality opened 

vast avenues to most of the mature technologies in our life today. Their size 

dependent properties especially tunable photoluminescence, high quantum 

yields, photostability etc have been instrumental in many device applications. 

However, in-depth knowledge of their morphology, functionalization 

capabilities and detailed understanding on correlation of their structure to its 

properties is vital for any device application. Selenium, one of the earliest 

known photovoltaic and photoconducting material is noteworthy due to its 

ability to form different allotropes. Our objective is to explore less studied 

phases of nanostructured selenium. The thesis aims to understand the optical and 

electrochemical features of selenium in two different host matrices-silica and 

polyaniline (PANI). The thesis is divided into seven chapters and a brief 

summary of each chapter is given below. 

 Chapter 1 - General introduction deals with nanomaterials, synthetic 

techniques and their optical and electrochemical properties. A comprehensive 

introduction to Se nanostructures and conducting polymer -polyaniline based 

nanocomposites is also presented. The optical properties of nanomaterials and 

various fluorescence sensing mechanisms are discussed in detail. The 

electrochemical analysis of various energy storage systems, especially 

supercapacitors are also presented. The organization of the thesis and the 

objectives of the research are also given towards the end of the chapter. 



 
 

 
 

Chapter 2- Synthesis and characterization of selenium allotropes in 

silica matrix discusses the synthesis and structural characterization of various 

Se allotropes in silica matrix. The chapter deals with detailed understanding of 

the synthetic route and structural properties of the four different allotropes of 

Se-cubic, amorphous, trigonal and monoclinic. The nanocomposites are also 

studied using preliminary in-vitro cytotoxicity assays by trypan blue exclusion 

method to assess the biocompatibility of the as synthesized QDs.  
Chapter 3- Trigonal selenium quantum dots for fluorescence sensing 

applications discuss the characteristic optical absorption and photoluminescence 

observed for trigonal Se (t-Se) QDs. Detailed understanding of the structure of t-

Se QDs is done through microscopical studies. The crystal growth mechanism is 

explained in detail and the various defects observed in the microstructural 

studies are identified. The material is used as a solid-state fluorescent sensor for 

the inner filter effect (IFE) based detection of curcumin.  

Chapter 4- Synthesis of selenium/cellulose/polyaniline composites, 

discusses the synthesis route and structural properties of Se doped polyaniline 

and cellulose polyaniline polymer hybrid matrix. The composite is fabricated 

via a facile, room temperature cured one pot polymerization followed by freeze 

drying route. The effect of drying technique and the addition of Se into the 

polymer is considered as an astute move for surface-oriented performance of the 

material.  

Chapter 5- Selenium/ cellulose/ polyaniline nanocomposites for 

energy storage applications, discusses the electrochemical characterization of 

Se/Cellulose/PANI composites for energy storage application. Detailed analysis 



 
 

 
 

of the structure and synergistic behavior of the components is made in the 

chapter. The function of each component of the ternary nanocomposite is 

understood in detail with respect to the improved capacitance and cyclic 

stability of the electrode.  

Chapter 6 – Conclusion gives a comprehensive summary of the key 

highlights of the work and Chapter 7 - Recommendations discusses the 

recommendations and the future outlook of the present thesis particularly in the 

field of fluorescent sensors and energy storage devices.  
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Chapter-1 

General Introduction 

Nanomaterials have always attracted scientific minds as new and efficient 

candidates for various applications in day-to–day life. Studies focused on 

various facile, robust and cost-effective fabrication techniques to explore new 

candidates with improved application potential. Here, optical and 

electrochemical potential of nanostructured selenium-based composites are 

investigated in detail. The brief introduction on nanomaterials and their 

classification are listed here. A detailed description on their synthesis 

techniques is also given. The optical properties of nanomaterials, including a 

brief understanding on application of fluorescence is presented. Additionally, 

the chapter discuss about selenium nanostructures, conducting polymer and 

their nanocomposites. Furthermore, the chapter discusses in detail the 

electrochemical studies of nanomaterials and their application in energy 

storage devices. The organisation of the thesis including the objectives of the 

research is given in detail towards the end of the chapter. 
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1.1. INTRODUCTION 

 Richard Feynman in 1959, at the American Physical Society’s annual 

meeting, presented a revolutionary lecture titled ‘There is plenty of room at the 

bottom’. This is termed as the first academic talk on nanotechnology which 

opened avenues and vast horizon of research in this field. “Nano” “technology” 

soon began to be understood as the science and engineering of particles with 

dimensions of tolerances <100 nm at least in one of the three dimensions. These 

materials were experimentally found to possess improved physical, chemical, 

biological, optical and electrical properties compared to its bulk counterparts. As 

a result, these nano structures have now replaced most of the existing bulk 

materials in all realms of science and technology. Agriculture, medicine, 

electronics, energy, pollution abatement, cosmetics, telecommunication, 

mechanical engineering, information technology etc have immensely benefitted 

with the advent of this field. Research efforts are nowadays driven towards 

scientific/technological advancement in the field, their synthesis and feasible 

applications of these nanostructures.  

1.1.1. Classification of nanomaterials 

 Nanomaterials can be classified based on their origin, dimensionality and 

even pore size. Classification of these materials on the basis of their 

dimensionality is discussed below. 

(a) Zero-dimensional nanomaterials (0D): Materials wherein all the three 

dimensions of the particles are confined in the nano (10-9) range are called zero 
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dimensional materials. Uniform materials with nano-dimensions like 

nanoclusters, grains, spheres, fullerenes and Quantum Dots (QDs) fall into this 

category. 

 Semiconductor nanocrystals with size ranging about 1-10 nm are termed 

as Quantum Dots (QDs). As a result, the exciton (electron-hole pair) is confined 

to a domain within the Bohr radius of the material. Or in other words, the 

electron is restricted from moving above and beyond the de-Broglie wavelength. 

QDs typically consist of a semiconductor shell and a semiconducting core. The 

quantum confinement experienced by the dots has several effects on the final 

material properties which differ from those of larger particles. Squashing of the 

exciton into this confined space increases its energy and hence quantum dots are 

always associated with size dependent energy gaps- smaller the dots, greater is 

the energy of exciton produced. Also, the band gap in QDs changes from 

continuous as in bulk, to discrete levels similar to that in molecular energy 

states. These class of materials has a decidedly bright future in various fields 

like medical bio-imaging[1], solar cells[2], LEDs[3], lasers[4], quantum 

information technology[5], sensors[6] etc. Moungi G. Bawendi, Louis E. Brus 

and Alexei I. Ekimov received the 2023 Nobel Prize in Chemistry for the 

development of these highly functional class of materials[7]. 
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Figure 1.1. Scheme showing the influence of particle size on the band gap and 

photoluminescence wavelength due to quantum confinement in QDs 

(b) One dimensional nanomaterials (1D): In these materials, the size is confined 

in the nanometer range for two of the three dimensions, while the third 

dimension is usually > 100 nm. Such materials tend to take needle or rod-like 

shapes. Nanowires, nanorods, nanotubes, nanobelts and nanoribbons fall into 

this category. Eg. carbon nanotubes (CNTs). Synthetic nanowires/nanorods are 

fabricated via various techniques like template approaches, spontaneous 

oriented attachments, electrospinning etc. The size, size dispersion, quality and 

composition of these 1D structures largely depend on the synthetic strategies 
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and conditions adopted during fabrication. These materials have a high length-

to-diameter ratio that could effectively modulate their innate properties. They 

possess large specific surface area, high electron-hole separation efficiency, 

strong photoabsorption capabilities and efficient electron transport pathway that 

aid in photovoltaic, photoconducting and electrochemical applications. 

(c) Two dimensional nanomaterials (2D): Materials who have confined size in 

one out of the three dimensions are termed as two-dimensional materials. These 

materials exhibit plate-like morphology where the thickness of the material is 

usually < 100 nm and other two dimensions are > 100 nm. 2D nanomaterials 

came to the forefront of research after the isolation of atomically thin layer of 

graphene from graphite in 2004[8].  The single atom thickness and confinement 

of electron in the 2D sheet structure without interlayer interaction offers 

exceptional electronic properties to the material. The enhanced specific surface 

areas and number of surface atoms associated with these materials also make 

them ideal for many surface-active applications like energy storage and 

catalysis[9]. 

(d) Three dimensional nanomaterials (3D): In these materials, the dimensions 

are not confined in the nanometer range. However, these bulk structures are 

comprised of various individual units, each within the nanometer dimensions. In 

this sense, 3D nanomaterials can be a bundle of nanowires, multiple nanolayers 

and even nanoparticle dispersions.  
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1.1.2. Effect of dimensions on the properties of nanomaterials 

 Nanomaterials have properties different from that of the bulk and these 

are tunable and size–dependent features of the materials. The elemental gold is a 

common example. Bulk solution of Au appears yellow in color while it is red or 

sometime purple in nanoscale[10]. The following set of properties have shown 

size dependent quantum confinement effects. 

• Physical properties-Most of the nanomaterials have exceptionally good 

crystallinity. Due to restricted size, inter atomic spacing decreases. There 

exist a short-range repulsive force and a long-range electrostatic force. 

Hence, physical properties like melting point decreases with size. 

• Mechanical properties- Nature of interfaces primarily dictate the 

mechanical attributes of the particles. Literature suggests that with 

reduction in size, mechanical properties such as hardness and toughness 

in metals/alloys, ductility and super plasticity in ceramics were 

increased[11,12]. 

• Chemical properties- Nanomaterials have larger surface to volume ratios 

in comparison with the bulk and therefore, most of the atoms are located 

on its surface. This result in improved reactivity and catalytic 

activity[13]. 

• Optical properties- The absorption and emission of semiconductor 

nanoparticles can be modulated by altering the size of the nanomaterial. 

For example, when the size of colloidal CdSe-CdS core-shell 

nanoparticles changes from 1.7 to 6 nm in diameter, the emission 
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wavelength of these particles shifts from blue to red end of the 

spectrum[10]. 

• Magnetic properties- Reports of non-magnetic elements like Au and Pt 

attaining magnetic properties in the nano regime are present in 

literature[14,15]. Also, the multi-domains in magnetic particles are 

reduced to single domains upon size restriction into the nano scale[16]. 

• Electrical properties- The band structure and charge carrier density of 

nanoparticles are completely different from the bulk. This further alters 

the electronic properties of the material[17]. 

1.2. SELENIUM NANOSTRUCTURES  

1.2.1 Selenium 

Jöns Jacob Berzelius, the ‘father of Swedish chemistry’ discovered 

element number 34 in 1818 while preparing sulfuric acid. The residue formed in 

the process was first mistook for the element Tellurium and it was later realized 

to have similar yet, different properties from Te. This new element was then 

named selenium, after the Greek word for moon ‘selѐnѐ’.  

Selenium (Se) is a semi-metallic element belonging to period 4 and 

group 16 i.e., the chalcogen family. Placed between sulfur and tellurium, Se has 

properties intermediate to that of its family members. Se does not occur in its 

elemental form readily in nature. These are often found in ores like pyrite (i.e., 

metal sulfide ores) where Se partially replaces S. Naturally occurring selenium 

exist in inorganic (selenate and selenite) and organic composite forms like 
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selenomethionine and selenocysteine. Willoughby Smith discovered the 

photoconductivity of selenium (Se) in 1873 and Se solar cells devised in 1883 

by Charles Fritts was the first solid-state photovoltaic construct. The 

semiconducting nature of grey selenium soon found various applications 

especially in rectifiers due to the enhanced efficiencies in comparison with 

copper oxide rectifiers. However, they were later replaced by much efficient and 

cheap silicon rectifiers by the 1970s. Nevertheless, contrary to semiconducting 

materials like Si and Ge that employs advanced micro and nanofabrication 

techniques, Se can be easily processed to perform multifaceted applications. 

Selenium is also an essential trace element for cellular functions in most 

mammals. Though selenium element itself is non-toxic, many of its compounds 

(like hydrogen selenide) can have adverse effects on living systems; with 

excessive exposure to Se causing selenosis i.e., selenium poisoning[18]. 

1.2.2. Selenium nanoparticles 

Se nanoparticles (Se NPs) are spherical entities with diameter ranging in 

the order of nanometers. The application potential of Se NPs greatly depends on 

its crystal structure, dimensions and surface chemistry. Se NPs of amorphous, 

trigonal and monoclinic structures are studied experimentally. Out of these, 

amorphous Se NPs are highly stable structures and are widely reported due to its 

ease of formation. Se NPs absorb light mostly in the UV-visible range. The 

absorption spectrum as well as the emission wavelength can be tuned by 

controlling the size of these NPs due to quantum confinement effects. For 
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instance, Se NP with smaller diameters have an optical bandgap of 

approximately 2.5 eV or greater in comparison with ~2 eV observed for bulk Se. 

1.2.3. Selenium quantum dots 

Selenium quantum dots (Se QDs) are zero-dimensional spherical 

nanostructures with dimensions less than 10 nm. These materials exhibit 

remarkable optical, electrical, and structural properties due to quantum 

confinement and surface effects. Se QDs can exist in various crystal structure-

cubic, amorphous, trigonal etc. depending on the synthesis route. Due to its 

smaller dimension, these materials have higher surface-to-volume ratio and the 

surface defects and/or chemistry in these materials dictates its properties. The 

optical bandgap of some of the smallest Se QDs may be greater than 3 eV, in 

comparison with 1.7- 2 eV reported for bulk, due to quantum confinement 

effects. As a result, Se QDs absorb light from the UV-visible region of the 

spectrum with band edge shifting with change in particle size. Size-tunable 

photoluminescence is also observed in some crystalline class of these materials.  

1.2.4. Selenium nanowires/nanorods 

Selenium nanowires and selenium nanorods are 1D and quasi-1D 

nanostructures, widely exploited for their optoelectronic properties. While Se 

nanowires are long, flexible thread-like structures with high aspect ratios with 

diameters in the order of nanometers, nanorods have smaller length-to-diameter 

ratio, making them rigid with a cylindrical appearance. These 1D nanostructures 

are typically comprised of trigonal phase of Se. The anisotropic nature of the 
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trigonal phase of Se favours growth in the [001] direction resulting in 1D 

structures. The optical bandgap of Se nanowires/nanorods, can be slightly higher 

due to quantum confinement, particularly for smaller diameters. These 

nanostructures absorb light in the visible and near-IR, with a significant 

absorption edge near 600–700 nm for bulk selenium and also exhibit 

photoluminescence. This absorption edge and PL emission wavelength can be 

fine-tuned with change in the diameter of the Se structures due to quantum 

confinement effects. These 1D Se structures with easy and efficient charge 

transport are ideal materials for photoconducting and photosensitive 

applications. A detailed review on various Se nanostructures including their 

synthesis and application is given in chapter-2. 

1.3. CONDUCTING POLYMERS 

 Polymers were generally deemed as electrical insulators until the advent 

of conducting polymers or conjugate polymers. The Nobel Prize in Chemistry in 

2000 awarded to Shirakawa, MacDiarmid and Heeger for their revolutionizing 

work in doped polyacetylene, triggered the interests of researchers in the area 

with numerous studies being published every year[19]. Intrinsically Conducting 

Polymer (CP) materials were identified to possess electrical conductivities 

optical properties similar to that of inorganic semiconductor materials or metals. 

CPs are widely exploited for their high processability, low cost, low density, 

better chemical functionalization capabilities and flexibility[20]. Typical 

examples of CPs include polyacetylene (PA), polyaniline (PANI), polypyrrole 

(PPy), poly (p-phenylenevinylene) (PPv), poly (p-phenylene) (PPp), 
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polythiophenes (PTh) and their derivatives. These polymers have a sequence of 

alternating single and double bonds (sp2 hybridized structure) in their backbone, 

which results in delocalization of π-electrons along the entire polymer chain 

which imparts electrical conductivity to these materials. 

1.3.1. Polyaniline  

Originally known as ‘aniline black’, polyaniline refers to the oxidation 

product of aniline monomer. They are among the oldest yet most profound and 

most explored class of intrinsically conducting polymers. The exceptional 

environment and thermal stability, processibility, inexpensive precursors, unique 

doping/de-doping chemistry and good conductivity make them attractive 

candidates for multifunctional applications[21]. In contrast to other polymers 

like polythiophene or polypyrrole which have just two major oxidation states, 

polyaniline is known to have three states. The different states arise from the fact 

that polymer backbone is made of benzoid and quinoid ring structure that can 

exist in different proportions. The various states can be the fully reduced 

leucoemeraldine form (quinoid state), the fully oxidized pernigraniline (benzoid 

state) and the moderately oxidised emeraldine form (has an equal ratio of both 

benzoid and quinoid rings)[22]. The emeraldine form becomes conductive 

emeraldine salt when doped with an acid. The conductivity also depends on the 

concentration of the dopant and pH of the system (pH must be less than 3)[23]. 

The dopant however, does not form any bonds with the main chain of the 

polymer. In reality, under controlled reactions, polyaniline can attain oxidation 

to any degree. It can also be in intermediate half oxidation states, 
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protoemeraldine, which lies between leucoemeraldine and emeraldine, and 

nigraniline which lies between emeraldine and pernigraniline[20]. The various 

oxidation states can also be identified visually with their characteristic color. 

Leucoemeraldine is transparent/white; emeraldine state is green for the doped 

emeraldine salt, blue for the undoped emeraldine base; and pernigraniline 

appears deep violet.  

Polyaniline is generally synthesized by chemical oxidation or 

electrochemical polymerization of aniline[24]. In chemical oxidation technique 

the monomer is oxidized in the presence of a suitable oxidizing agent like 

ammonium persulfate, ammonium peroxy disulfate, ceric sulfate etc. in the 

presence of dopant acids like HCl or H2SO4 under ambient conditions. The 

pitch-dark green precipitate obtained as the end product indicate the formation 

of polyaniline. In electrochemical polymerization, the monomers and 

electrolytes dissolved in a suitable solvent is electrodeposited upon oxidation 

(not using any chemical agents) on the surface of the electrode. Other popular 

synthesis procedures adopted include interfacial polymerization[25] or 

microemulsion methods[26] in which polymerization occurs at the interface of 

two immiscible liquids.  

PANI is a versatile conducting polymer with multifaceted functions; the 

polymer and its hybrid composite find immense application in especially in 

chemical sensors[27], photovoltaic cells[28], energy storage devices[29], 

electromagnetic shielding systems[30], electrochromic[31] and even in anti-

corrosion devices[32]. 



Chapter-1 

 

14 
 

1.3.2. Conducting mechanism in polyaniline 

The multiple redox states in PANI are instrumental in the conducting 

mechanism of the polymer and is responsible for the high conductivity and 

energy capacity in these materials. The states can be leucoemeraldine (LB) 

(completely reduced form), emeraldine (EB) (half-oxidised form), and 

pernigraniline (PB) (completely oxidized form) (Figure.1.2). The LB and PB 

forms are insulators while EB form of PANI becomes conducting once it is 

protonated to emeraldine salt (ES) form. Protonation simply means ‘protonic 

acid doping’ i.e., doping the species with any Lewis acid like HCl, HNO3, 

H2SO4, H3PO4 etc. While protonation induce conductivity in EB by protonating 

the imine nitrogen, PB and LB forms of PANI remain insulating even after acid 

doping. The lone pair in the nitrogen atom in the quinonoid structure of PANI or 

the polaron (quasiparticle formed by the coupling of electron with phonon) 

plays a crucial role in the conductivity of the polymer. Upon complete 

protonation, bipolarons are generated which ultimately forms delocalized 

polaron lattice, termed as polysemiquinone radical cation site or two polarons. 

The conductivity of the material consequently increases even up to the order of 

1010 S/cm[33]. Being conventionally semiconducting in nature, PANI often 

requires doping with some protic molecules to achieve high conductivity. 

However, it is to be noted that the nature and scale of dopant, presence of 

substitution groups in the chains and dryness of the sample has a direct 

consequence on the conductivity of the material[22]. In energy storage 

applications, during charging process, the polycation attract the negative ions 
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from the electrolyte and gets oxidized and p-doped while during discharge, 

polymers are reduced, n-doped with cations. Since these redox reactions occurs 

in the entirety of the polymer, energy is stored in the bulk of the PANI 

polymer[33].  

 

Figure 1.2. Different oxidation states of polyaniline and their interconversion. 

 

1.4. NANOCOMPOSITES 

1.4.1. Glass nanocomposites 

Nanocomposite glasses can be termed as a hybrid material with two or 

more phases such that glass is the continuous host matrix and the dispersed 

phase/phases has dimensions less than 100 nm[34]. The embedded nanoparticles 

could be crystalline or amorphous. Solid glass matrix prevents the surface 

oxidation of the material providing chemical, thermal and mechanical stability 

to the nanostructures[35]. Also, doping the silica glasses with nanomaterials 
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retain the transparency of the matrix as nanometer sized particles scatter 

minimal light[36,37]. Conventionally, glass matrices are synthesized via melt 

quench technique which involves mixing of the precursor solution, melting them 

at very high temperatures and then rapidly cooling the melt to form glass. 

However, studies have evidenced that nanoparticles embedded silica are best 

fabricated via sol-gel route. The size of the pores of the silica xerogels play a 

vital role in the properties of the dispersed phase as the dimension of the pore 

dictates the size, growth and composition of the nanomaterial[38]. This fine 

tuning of pore dimensions is attained by altering the drying techniques and 

drying parameters during the synthesis of glass monoliths. Semiconductor 

nanomaterial in transparent silica host is popular among the research community 

as these materials exhibit multitude of applications in optical fibers, light 

emitting devices, passive laser elements, and even in non-linear optics[35].  

1.4.2. Polymer nanocomposites 

The polymeric backbone of conducting polymers is often criticized for 

their poor stability with various cycles of doping/de-doping. This short life 

would hinder the device application of these materials. One way to get around 

this problem is with composite formation. Conducting polymer nanocomposite 

consists of conjugated polymer as the primary component while an organic, 

inorganic or even biological entity acts as the secondary component. The 

secondary component or filler is generally in the nano dimension and hence the 

name nanocomposite. Fabrication of such materials combines the properties of 

both the constituents thereby resulting in enhance features of the end material. 
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Conducting polymer composites could be synthesized by any one of the three 

routes- ex-situ (the individual components are synthesized separately and then 

blended together to form composite), in-situ (at least one component of the 

composite is formed in presence of the other) or one-pot (the composite is 

formed in a single enclosure with monomers able to interact with the fillers). 

Ternary composites are also widely reported in literature that displays improved 

features than binary polymer composites.  

1.4.2.1. Polyaniline nanocomposites 

Polyaniline nanocomposites are an interesting class of intrinsically 

conducting polymers that exhibit improved properties in comparison with its 

individual components. The secondary component in the composite added to 

PANI could be metallic NPs, carbon entities like graphene, carbon nanotubes, 

metal oxide NPs, or even other polymers itself. The symbiotic relationship 

between such fillers and the polymer chain causes electronic interactions, charge 

transfers and even morphological modifications to the composite material[39]. 

The addition of the secondary component into the matrix can therefore not only 

enhance the existing properties but also render novel features to the material. 

For example, Qiu et.al, developed PANI/Fe3O4 composite via ultrasonic 

irradiation assisted chemical oxidative polymerization where the end composite 

showed magnetic properties in addition to the conductivity expected from 

PANI[40]. PANI nanocomposites are widely reported for electrochemical 

energy storage, biomedical applications, electromagnetic interference shielding, 
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catalytic applications etc. A detailed review of composites of PANI with 

selenium & cellulose, which is of interest in this work is given in the chapter 4.   

1.5. SYNTHESIS OF NANOCOMPOSITES 

 There are various procedures that are widely opted for the synthesis of 

nanomaterials. High-throughput with sustained good quality is essential criteria 

for any synthesis technique. Generally, they are categorized into two- 

• Top-Down method 

• Bottom-up method 

1.5.1. Top-down methods 

In these methods the bulk material is leached out systematically and 

eventually results in the formation of smaller nanoparticles. The method 

includes mechanical milling/ grinding, physical vapor deposition, laser ablation, 

sputtering, anodization etc. These are generally termed ‘destructive’ in nature. 

1.5.2. Bottom-up methods 

Bottom-up approaches involve coalescence or assembling of the 

nanoparticles, atom by atom or molecule by molecule to generate the desired 

nanomaterial. In that sense, the method is ‘constructive’ in nature. Examples of 

bottom-up methods are chemical vapor deposition, sol–gel processing, 

solvothermal synthesis, pyrolysis and biogenic synthesis.  

As the present thesis work involves materials synthesized via bottom-up 

methods like sol gel and solvothermal routes, these are discussed in detail. 
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1.5.2.1. Sol-gel method 

 Sol-gel is a wet chemical, bottom-up route that is widely used for the 

fabrication of nanomaterials. They are mostly adopted for the synthesis of metal 

oxide nanomaterials. The liquid precursor solution is transformed into a ‘sol’ 

which is a colloidal suspension of solid particles in the liquid. The suspension 

proceeds to forms an inorganic network in the continuous liquid phase which is 

termed as ‘gel’. The sol-gel synthesis procedure is generally a two-step reaction 

– hydrolysis followed by condensation. Firstly, water or alcohol disintegrates 

the bonds in the metal oxide precursor solution (such as Tetraethyl Orthosilicate 

or TEOS) and forms sol. After this, condensation and polycondensation of the 

sol particles takes place due to which a network structure is formed increasing 

the solvent viscosity. The gel so formed is allowed to age during which 

polycondensation continues altering the structure, porosity and viscosity of the 

gel. Excess water and other volatile liquids are removed via drying. The product 

is also calcined to achieve nanoparticles. The sol can also be coated to form 

films, spun to obtain fibers or precipitated to get uniform powders so as to get 

the desired end structure of the material. The chemical reactions that progress 

during sol gel synthesis from metal alkoxides (≡M-OR) can be formally 

described by the following reactions  

≡ 𝑀 − 𝑂𝑅 + 𝐻2𝑂 →≡ 𝑀 − 𝑂𝐻 + 𝑅𝑂𝐻   Hydrolysis 

≡ 𝑀 − 𝑂𝐻+≡ 𝑀 − 𝑂𝑅 →≡ 𝑀 − 𝑂 − 𝑀 ≡ +𝑅𝑂𝐻  Condensation 

≡ 𝑀 − 𝑂𝐻+≡ 𝑀 − 𝑂𝐻 →≡ 𝑀 − 𝑂 − 𝑀 ≡ +𝐻2𝑂  Condensation 
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Various parameters like water percentage, precursor to solvent ratio, reflux time, 

drying/calcinations temperature etc. also affects the final structure of the 

material. The drying process in sol-gel synthesis also play a vital role in the 

structure, porosity and properties of the end material. The removal of solvent 

from the mixture can be achieved by various drying techniques like evaporation 

drying, supercritical drying, freeze drying or aging assisted drying etc. In 

evaporation drying/ambient drying, the solvent is removed under ambient 

temperature and pressure, which results in a dense, non-porous xerogel. The 

capillary forces exerted by the liquid as it gets removed from the xerogel often 

causes shrinking and cracking of the matrix. The extend of this shrinkage can be 

reduced by adopting a slow rate of drying or by using drying control agents. 

Supercritical drying involves removal of the solvent from the medium by 

replacing it with a gas isolate at supercritical conditions resulting in the 

formation of an aerogel. The method prevents the shrinkage/cracking of the 

medium and retains the porosity, low density of the material. Freeze 

drying/lyophilization involves freezing of the sol-gel mixture followed by 

subliming the solvent under vacuum. This cryogel hence attains a highly porous 

structure with minimal shrinkage. 

The sol gel method offers a facile route to synthesize homogeneous 

nanoparticles and even complex nanostructures even at low temperatures. A 

schematic diagram explaining the formation of various materials and its stages 

through sol-gel has been described in Figure.1.3.   
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Figure 1.3. Schematic diagram showing the various stages of sol-gel synthesis. 

 

1.5.2.2. Solvothermal method 

 It is a wet chemical method in which nanomaterials are synthesized via a 

heterogenous chemical reaction carried out in a sealed container under elevated 

levels of pressure and temperature ranging from 100°C to 250°C. The crystal 

growth typically takes place inside a steel pressure vessel termed as autoclave. 

The aqueous mixture of the precursors is heated above the boiling point of water 

increasing the pressure in the container. The synergistic effect of temperature 

and the autogenous pressure generated in the vessel results in the formation of 

nanomaterials with exceptional crystallinity even without any calcination[41]. It 
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also depends on the other factors like the presence of dissolved salts in the 

medium and the percentage of fill of the solvent in the vessel. Solvothermal 

synthesis is similar to the hydrothermal route with difference lying only in the 

wetting liquid used. While hydrothermal method proceeds through an aqueous 

medium, the wetting liquid is usually an organic solvent in solvothermal 

synthesis. Both these methods offer a one-step, scalable and inexpensive 

synthetic route that allows accurate control over crystallite size, dopants and 

nano-geometries of the material.  

1.6. OPTICAL PROPERTIES OF NANOCOMPOSITES 

 Nanomaterials have a fascinating set of optical properties. Typically, 

these properties vary with size, shape, surface features, doping and even the 

interaction of the material with its surrounding environment. 

1.6.1. UV-visible absorption studies 

 In semiconductor nanomaterials, when a light of photon energy greater 

or equal to the bandgap of the material (hν ≥ Eg) is incident upon it, the photon 

gets absorbed. The electron in the valence band gets excited to the conduction 

band leaving behind a hole in the valence band. In case of incident photons with 

energies much greater than the band gap, the electron gets excited to higher 

levels of the conduction band away from the band edge. These electrons 

undergo non-radiative transitions to reach the tip of the conduction band and 

further annihilates the hole through radiative transition. The absorption in the 

material is governed by the Beer’s law,  
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𝐴 = log ( 
𝐼0

𝐼
) =  𝜀𝑙𝑐 =  𝛼                                              (1.1)  

where A is the absorbance, Io and I are the intensity of incident and transmitted 

light, c is the concentration of a solution and l is the path length of the sample, α 

is the absorption coefficient and ε is the molar absorptivity.  

For solid samples, the above equation is derived for thickness of the sample. 

For semiconductors, the optical bandgap of the material is evaluated from the 

Tauc plot after assessing the absorption edge from the UV-visible absorption 

spectrum. The Tauc relation is given as 

(𝛼ℎ𝜗)𝑛 = 𝐴(ℎ𝜗 − 𝐸𝑔)     (1.2) 

where h𝜗 is the photon energy, Eg is the bandgap energy, n depends on the 

nature of the electronic transition (e.g., for direct allowed transition n=2, for 

indirect allowed transition n=0.5). Here, 𝛼 is the absorption co-efficient given 

by the relation 

𝛼 =
2.303 ∗ 𝐴

𝑑
                                                              (1.3) 

where A is the absorbance observed and d is the sample thickness. 

Due to the discrete nature of the energy band QDs have very broad absorption in 

comparison with other organic fluorophores meaning that the material gets 

excited upon illumination with any source with energy greater than the emission 

band. This property becomes highly convenient for device applications as a 

single source can excite various QDs. The quantum confinement effects of QDs 

are also better understood from UV-Visible spectroscopy. Blue shift in the 
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energy band gap with increasing particle size is evidently observed in QDs. In 

case of non-semiconducting entities like carbon dots, the optical properties of 

the dots are dictated by the surface states and defects in contrast to band gap 

effect in QDs. 

1.6.2. Photoluminescence 

Photoluminescence concerns with emission of light by any substance 

due to electronic energy state transitions. Typically, the material absorbs light of 

a lower wavelength, moves to the excited state and emit light of a higher 

wavelength when it returns to the ground state. Photoluminescence can be 

classified as fluorescence or phosphorescence depending upon the mechanism 

involved. Fluorescence refers to the de-excitation of electron from an excited 

singlet state. The singlet-singlet transition is allowed by quantum mechanical 

considerations and the electron rapidly falls to the ground state with an excited 

state lifetime in the order of nanoseconds. On the contrary, phosphorescence is 

the emission of photons from triplet excited states. Electrons excited to the 

singlet excited state may transit to a triplet state via inter-system crossing. Here 

the excited electron has the same spin as the ground-state electron due to which 

transitions to the ground states are forbidden. Hence, de-excitation to the ground 

state is typically slower with excited state lifetimes in the order of milliseconds 

or seconds. Due to this, the fluorescence from a material stops immediately 

upon the removal of excitation source while light emission from phosphorescent 

materials continue to persist for some more time even after the excited light is 

switched off. Jablonski diagrams are typically used to understand the absorption, 
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excitation and emission in luminescent systems. Figure 1.4 describes one such 

typical Jablonski diagram.   

 

Figure 1.4. Jablonski diagram 

1.6.3. Fluorescence  

 It is often noted that bulk materials are not luminescent while their nano 

versions show exceptional fluorescence properties. Fluorescence of 

nanomaterials have proven its utility in an array of applications like bio-

imaging, in fluorescent sensors and light emitting devices. Depending on the 

nature of the nanomaterial, the origin of fluorescence can be different. In 

semiconductor nanomaterials like quantum dots, after absorption of incident 

light, the excited electron-hole pair recombines, crossing the band gap via a 

radiative or non-radiative transition. During radiative relaxation, a photon is 
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released whose energy matches with the band gap of the material. Upon non-

radiative recombination, the fluorescence gets quenched in these materials.  

 Direct band gap semiconductors are considered the perfect candidates 

for photoluminescent applications. In such materials, the valence band 

maximum and conduction band minimum have the same k value or momentum. 

As a result, the radiative relaxation itself conserves momentum and do not 

require any phonons. However, in case of indirect band gap semiconductors, the 

valence band maxima and conduction band minima are not aligned in same 

momentum value and hence electron-hole recombination takes place in the 

mediation of a phonon to conserve momentum. Due to this, the band gap energy 

is taken away by the phonon as a result of which such transitions become non-

radiative. Contrary to direct band gap semiconductors, indirect band gap 

materials have slow radiative and/or mostly non radiative recombination routes. 

They also have lower internal quantum yield. The fluorescence observed in 

semiconductor nanoparticles is size dependent. As a result, the optical properties 

of these materials can be tuned to desire by altering the shape or size of the 

fluorophore. With increasing size of the nanomaterial, the band gap decreases 

resulting in emission of photons towards longer wavelengths. A schematic 

representation of the band gap in semiconductors is given in Figure.1.5. In case 

of non-semiconducting nanomaterials like carbon dots, fluorescence has been 

thought to arise as a result of surface states, defects and passivation effects. 
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Figure 1.5. (a) Direct and (b) indirect band-gap in semiconductor materials 

Fluorescence Quantum Yield (QY) is the ratio of number of photons 

absorbed to that emitted through fluorescence. It is a measure of how efficiently 

the material creates fluorescence from an excited photon. Both absolute and 

relative measurements of QY are possible. Generally, QY of a fluorophore is 

measured by comparing its photoluminescence with that of a reference sample 

of known QY. It is estimated by the following equation    

𝑄 = 𝑄𝑅

𝐼

𝐼𝑅

𝐴𝑅

𝐴
                                                            (1.4) 

where I and IR are the integrated fluorescent intensities of the unknown and 

reference sample respectively, A and AR are the corresponding absorbance value 

and QR is the quantum yield of the reference sample.  

Prior studies indicate that QDs shows remarkable fluorescent quantum yields 

and stable luminescence in comparison with other organic fluorophores. Surface 



Chapter-1 

 

28 
 

defects like unsaturated dangling bonds and other disorders on the QDs have 

considerable effect on the fluorescent QY of the material. Increasing defects and 

disorders in the material reduces the efficiency of fluorescence and hampers 

with the stability by reducing the lifetime[42]. Research efforts have been 

focused on engineering these surface defects so as to improve the QY and 

fluorescence lifetime in these materials[43,44]. 

1.6.3.1. Fluorophores 

Fluorophores are photoreactive molecules or molecular fragments that 

absorb light at a particular wavelength and re-emit at a higher wavelength. 

These could be intrinsic (naturally occurring eg.flavins, aromatic amino acids 

etc.) or extrinsic (added externally to generate fluorescence in the material 

eg.fluorescein, rhodamine etc.). Fluorophores can also be classified based on the 

type of source and structure of the material. These can be classified as organic 

fluorophores that contain some carbon-based compounds (eg.coumarins, 

cyanins), fluorescent proteins (eg.DsRed), quantum dots (eg.CdSe QDs), 

nanoparticle-based fluorophores (eg.gold, silica NPs) and synthetic/modified 

fluorophores (eg.Boron-dipyrromethene (BODIPY)). Absorption, excitation, 

emission of the fluorophore, luminescence quantum yield, excited state lifetime 

and photostability are key factors that govern the properties and application of a 

fluorophore. These fluorophores with unique fluorescent properties find 

immense application as labels and trackers in imaging, diagnostics and sensing 

applications. 
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1.6.3.2. Application of fluorescence 

The fluorescence observed in fluorophores are widely exploited in the 

following areas. 

• They are widely used as a diagnostic biomedical tool to detect damaged 

or affected tissue/cell through a non-invasive real-time imaging and can 

also track foreign entities like bacteria in the body helping to understand 

disease progression. Fluorescent guided surgeries are gaining pace in the 

medical front with surgeons using such markers to identify vital 

structures or cancerous tissues during surgery. 

• The sensitivity, selectivity and rapid response of a fluorescer is often put 

into practical use in a fluorescent sensor which responds to minute 

changes in its environment in the presence of an analyte. Fluorophores 

are widely used in biosensors (eg. for detection of glucose, certain 

pathogens, DNA/RNA), chemical sensors which are sensitive to pH, 

presence of gas vapors like that of oxygen, ammonia, carbon dioxide 

even the presence of metal ions. The fluorescence-based sensing is also 

widely employed to asses for water quality monitoring (eg. oxygen 

levels, heavy metals, toxins), food quality control (for detecting 

adulterants) and detection of pollutants (eg. heavy metals, pesticides, 

organic contaminants) in soil and air.  

• Fluorescence based techniques are also widely used to understand 

material structure, optimize synthesis and in the fabrication of advanced 

materials for optoelectronic applications. For instance, fluorescent 
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semiconductor QDs are widely employed to enhance the solar cell 

efficiency and enhancing display technologies. 

• In the industrial sectors, fluorescence from materials is employed to 

ensure industrial efficiency, quality control and monitoring during 

manufacturing and other processes. They are used in surface defect 

detection and to check weld/solder joint in automotive or aerospace 

parts, leak detection in fluid systems or refrigeration/air conditioning 

units. In textile and paper industry, fluorophores called optical 

brightening agents and dyes are added to fabrics and paper to enhance 

the appearance and vibrancy of the material. 

• Fluorescent inks are also used as security tags for counterfeit detection 

or invisible markers for identification of important documents/products. 

These inks are incorporated into currencies, documents and products and 

fluoresce only under UV illumination thereby ensuring authenticity.  

1.7. ELECTROCHEMICAL PROPERTIES OF NANOMATERIALS  

The growing energy demands and the simultaneous depletion of fossil 

fuel resources is undoubtedly one of the pressing concerns of the current 

century. Electrochemical energy storage system has been viewed as one of the 

promising solutions to the energy needs due to its high theoretical conversion 

efficiency of chemical energy to electrical energy. These devices also exhibited 

exceptional values of energy and power densities i.e, they can hold on to large 

amount of energy and even charge and discharge rapidly. Typically, all 

electrochemical devices consist of a pair of electrodes that shuttles and stores 
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ions between them and coupled with an external circuit. The electrode material 

used in the system tries to proves its mettle by providing sufficient amounts of 

electrons to the external circuit and ions to the electrode.  

 Batteries and capacitors are the conventionally used electrochemical 

energy storage devices. However, these have their own limitations. The redox 

reaction that occurs in the batteries takes place within the active material of the 

electrode and hence energy is itself stored in the bulk volume of the electrode. 

As a result, batteries can often afford energy densities even up to 100 Whkg-1. 

Nevertheless, the poor solid-state ion-kinetics and low conductivity of the 

materials hinders easy charge-discharge in the material, lowering the power 

densities in batteries. Capacitors on the other hand have low energy densities 

and are generally suited for applications requiring high power delivery. 

Supercapacitors, which are also a type of electrochemical energy storage device 

attempts to achieve the best of both these categories and addresses energy 

storage as well as harvesting issues. Ideal supercapacitors are characterized by 

the long lifecycles, excellent power densities, high specific capacitance values 

thereby bridging the energy-power gap between conventional dielectric 

capacitors and fuel cells/batteries. This fact is illustrated in the Ragone plot 

(specific energy vs specific power graph) given in Figure 1.6.  
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Figure 1.6. Ragone plot showing different energy storage devices 

 

1.7.1 Classification of supercapacitors 

The morphology of the active component of the electrode, the synthesis 

procedure opted, the nature of the electrolyte, separator and the design of the 

energy storage and harvest system plays a fundamental role in tuning the 

performance metrics of the supercapacitor. Regardless of the electrode material, 

the supercapacitance performance in a device can be understood to follow any 

one of the following three types. 

1.7.1.1 Electrochemical double-layer capacitors (EDLCs) 

Electrochemical double-layer capacitors or EDLCs store energy 

electrostatically or via a non-faradaic process. During the charging process, 

electrons move from negative to positive electrode through the circuit and the 
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excess or deficit of charges are accumulated at the electrode surface. 

Simultaneously, in the electrolyte, the cations travel towards the negative 

electrode and anions travel towards the positive electrode. The ions with enough 

magnitude to counterbalance the electron accumulation at the electrode gets 

collected in the electrolyte side thereby ensuring charge neutrality. These ions 

can layer into the pores of the electrode which possess opposite charge. 

Eventually, a double layer of capacitance is formed at the electrode-electrolyte 

interfaces where the charge is stored (Figure 1.7 (a)). The ions/electrons do not 

cross or exchange the interface at any point of charge/discharge thereby 

ensuring constant electrolyte concentration. During the discharge process, the 

ions are repelled and the reverse mechanism takes place. The fundamental 

equation governing the capacitance of a capacitor is  

𝐶 =
𝐴𝜀0𝜀𝑟

𝑑
                                                        (1.5) 

where the capacitance C is inversely proportional to the effective thickness of 

the electrical double layer d and directly proportional to the surface area A of the 

electrode, ε0, εr being the permittivity of free space and relative permittivity of 

the dielectric material respectively. The specific capacitance in EDLCs similarly 

depend on the electrochemically active surface area of the material which is 

different from the specific area of the electrode. Hence materials with sufficient 

porosity with pore comparable to ion size that can provide accessible 

electrochemical active sites to the ions are generally preferred as electrodes. 

Literature has seen a spurge of efforts in this regard with most studies 

concentrated on carbonaceous electrode materials like graphene, carbon 
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aerogels, carbon nanotubes, carbon foams, activated carbon etc. Typically, 

aqueous and organic solvents are used as electrolytes in EDLCs.  

 EDLCs allows fast charge-discharge process that is stable and reversible 

even after 106 cycles as it do not involve any faradaic process. Consequently, the 

swelling of electrodes that is usually seen in batteries upon cycles of charge-

discharge is eliminated. However, the major disadvantage of EDLCs is that they 

exhibit limited energy density with limited options for the choice of functional 

electrodes.  

1.7.1.2. Pseudocapacitors 

Pseudocapacitors store charge through faradaic process-i.e., the material 

undergoes rapid and reversible redox reaction at the interface. On application of 

a potential redox reaction occurs at the electrode and as a result charge transfers 

across the double layer. The faradaic current hence flows through the cell. The 

phenomenon is named ‘pseudocapacitance’ because the electrodes exhibit 

capacitive behaviour but the charge storage in these materials are a result of 

various reaction mechanisms (Figure 1.7 (b)). The charge (Q) stored in the 

system as a function of potential (V) is given by the equation  

𝑄 = 𝐶𝑉                                                       (1.6) 

where C is called the specific capacitance measured in Fg-1 or Fcm-2. 

Differentiating the equation with respect to time on both sides, we get, 

𝐼 = 𝐶
𝑑𝑉

𝑑𝑡
                                                   (1.7) 
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where I is the current. In addition to redox charge transfer, pseudocapacitance 

can also arise from underpotential deposition and intercalation 

pseudocapacitance. While the former is caused by the monolayer deposition of a 

foreign metal on the electrode, the latter involves rapid insertion of ions into the 

electrode. Conducting polymers like polyaniline (PANI), polypyrrol (PPy), 

polythiophene (PTh), their composites or derivatives and electroactive metal 

oxides like RuO2 and MnO2 are extensively used as electrodes in 

pseudocapacitors. These materials are endowed high value of specific 

capacitance and consequently high energy densities than EDLCs. However, due 

to repeated redox reaction at the interface, swelling and shrinkage of electrode 

takes place similar to batteries and hence these materials often suffer from poor 

mechanical stability shorter lifetime and lower power densities in comparison 

with EDLCs. 

1.7.1.3. Hybrid capacitors 

Hybrid supercapacitors exploit the advantages of EDLCs as wells as 

pseudocapacitor. With carefully chosen electrode combinations, these 

supercapacitors can exhibit exceptionally good energy and power densities. 

(Figure 1.7(c)). Depending upon the nature of the electrodes, these capacitors 

can be – asymmetric, battery type hybrid or composite hybrid supercapacitors.  

• Asymmetric hybrid supercapacitors – It combines a EDLC electrode 

and a pseudocapacitor type electrode thereby coupling both faradaic 

and non-faradaic process in the system. i.e., one stores the charge by 

faradaic redox intercalation, while the other facilitates charge storage 
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by charge accumulation at the electrode-electrolyte interface. Such a 

configuration meets both power and energy density requirements of a 

supercapacitor. Generally, carbon-based materials like activated 

carbon (AC) are used as negative electrodes while metal-oxides or 

conducting polymer can be used as positive electrodes. Some 

examples of hybrid supercapacitors include AC//PbO2, AC//Ni(OH)2, 

AC//polyaniline etc. 

• Battery-type hybrid super capacitors – It involves a battery-type 

electrode and a supercapacitor type electrode combined to give the 

benefits of both battery and supercapacitors. An example in this class 

is the lithium-ion capacitors, where one electrode is carbon-based and 

the other is lithium intercalated material. 

• Composite hybrid supercapacitors – In these type of hybrid 

supercapacitors, both pseudocapacitor and EDLC materials are 

incorporated into a single electrode because of which the single 

electrode has physical and chemical mechanisms of energy storage 

within it. In such a configuration, generally, the carbon which is 

generally an EDLC material, contributes in charge transport, provides 

enhanced surface area to the composite while the pesudocapacitor 

component like metal-oxide contributes in charge storage. Depending 

on the number of constituents in the composite, they can also be 

classified as binary, ternary or even quaternary composites. Eg. 

Graphene/MnO2, graphene/CNT/PANI. 
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Improved electrochemical performance metrics, cost effectiveness, better 

mechanical and cyclic stability and good working temperature window have 

stirred attention towards this class of materials in the recent years. 

 

Figure 1.7. Types of supercapacitors (a) EDLC (b) pseudocapacitors (c) hybrid 

supercapacitors. 

1.7.2. Applications of supercapacitors 

Supercapacitors were primarily considered as energy storage devices. 

They have made attempts to bridge the gap between batteries that have high 

energy densities and ordinary capacitors renowned with exceptional power 

densities. Supercapacitors are widely exploited in various fields like energy 

storage, transportation, medicine, electronics, space expeditions etc. In electric 

and hybrid vehicles, SCs are currently being used as a backup for supply of 

power. Portable electronic devices like MP3 or smartphones, smartwatches and 

even many wearable sensors like health-bands in the market today exploit high 



Chapter-1 

 

38 
 

power densities of SCs. Miniaturized, flexible and wearable electronic devices 

that are often integrated into fabrics or our skin have stirred interests among the 

research fraternity for applications in wearable sensors, flexible solar cells, 

flexible detectors and even as a biocompatible energy replacement for batteries 

in pacemakers. The rapid power discharge in SCs have also found application in 

energy power backups in industries, in vehicle charging stations, laser equipped 

weapons in the military or defense and even unmanned expeditions in space 

projects. In addition to these, SCs are nowadays integrated with other devices or 

improvise in itself to perform multifunctional applications. SCs with self-

repairing, self-charging, electrochromic and even mechanically deformable 

properties are extensively explored. 

1.7.3. Nanocomposites for supercapacitor applications 

Supercapacitor applications demand high surface area, good electrical 

conductivity, mechanical strength and electrochemical stability which is 

difficult to obtain in a single type of material. However, combining two or more 

nanomaterials can synergistically combine these properties, often outperforming 

individual materials. Few examples of such nanocomposites are metal oxide-

based nanocomposites, conducting polymer-based nanocomposites, carbon-

based nanocomposites, metal-organic framework (MOF)-based nanocomposites 

and hybrid nanocomposites. These composites often exhibit high pseudo 

capacitance from redox reaction among its components, improved mechanical 

stability as with carbon-based materials, increased surface area and tunable 

porosity with synthesis conditions as in the case of MOF components. 
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Nevertheless, the cost effectiveness, scalability and complexity of the synthesis 

routes of all these nanocomposite materials must be evaluated before practical 

device applications. 

1.7.3.1. Graphene nanocomposites 

Graphene is a monolayered, sp2 hybridized, two-dimensional carbon 

sheet which have unique electrical, mechanical and thermal properties.  It is 

known to possess a specific surface area of 2630 m2 g−1 and is one of the most 

conducting materials at room temperature with an electrical conductivity of the 

orders 106 S cm−1[45]. However, graphene falls short of the high capacitance 

and energy density requirements for supercapacitor applications despite its long 

cyclic stability. Therefore, graphene is often combined with other 

pseudocapacitive materials to enhance its energy storage capabilities. 

Composites of graphene with metal oxides, carbon nanotubes, conducting 

polymers and Metal Organic Frameworks (MOFs) are widely explored by the 

research community for supercapacitor applications.  Metal oxides like 

MnO₂[46], RuO₂[47], Fe₃O₄[48], NiO[49] with graphene exhibits improved 

capacitance due to pseudocapacitive and faradaic reactions. Sadak et al., 

reported MnO2 nanoflowers electrochemically deposited on graphene paper 

exhibited high specific capacitance of 385.2 Fg–1 at 1 mVs–1[50]. Bendable 

RuO2/Gr/Cu electrode showed excellent specific capacitance of 

1561 F g−1 (0.015 F cm−1) at 5 mV s−1, a high energy density of ∼13 Wh kg−1 at 

a power density of ∼21 kW kg−1 with excellent capacitance retention[51]. 

Conducting polymers like polyaniline (PANI), polypyrrole (PPy), and 
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polythiophene are also integrated with graphene to improve its properties. Xiao 

et al., had fabricated a unique sandwich-structured where PANI was 

electropolymerized on graphene paper and then wrapped with another layer of 

graphene to create graphene/polyaniline/graphene paper with excellent 

capacitance[52]. The symbiotic growth of p-type polypyrrole over 

functionalized graphene sheets has also shown to exhibit higher storage capacity 

than graphene-only films[53]. Carbon nanotubes (CNTs) acts as spacers 

between graphene layers preventing from restacking and also offer conductive 

pathways which also makes them ideal candidates as composite counterparts. 

MOFs on the other hands offers high surface area and tunable porosity to the 

composite improving ion diffusion and capacitance. A comprehensive review on 

MOF-graphene composite for supercapacitor applications was recently done by 

DK Singha et.al. which discusses the various synthetic routes and benefits of the 

nanocomposite for real-world energy storage application[54].  

1.7.3.2. Polymer nanocomposites 

Integration of a nanomaterial with a polymer not only reinforces the 

material but also impart novel properties to the polymer. These enhanced 

properties of the polymer largely depend on the synergy and interaction between 

these individual materials, their nature and synthesis routes. Often, conducting 

polymers possess good electrochemical capacitance but lack cyclic retention as 

the mechanical stability of the polymer chain tends to degrade over multiple 

cycles of charge-discharge. Hence, these materials are combined with other 

suitable components that offer mechanical stability to the end composite while 
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enhancing the specific capacitance. Widely used conducting polymer-based 

nanocomposites are polyaniline (PANI) nanocomposites, polypyrrole (PPy) 

nanocomposites and polythiophene (PTh) nanocomposites.  Composites of 

polyaniline with graphene/reduced graphene oxide[55], CNTs[56], metal-

oxides[57,58] and MOF structures[59,60] are widely reported in literature. A 

hybrid composition of three or more of these materials are also explored for 

energy storage capabilities. For example, free standing and flexible energy 

storage systems with ternary nanocomposites of reduced graphene oxide, 

polyaniline, and iron oxide was found to electrochemically outperform 

individual components[61]. Though PANI continue to dominate the 

supercapacitor domain, other polymer composites like that of PPy and PTh are 

also gaining wide attention. Dang et.al., recently reported rGO electrodeposited 

polypyrrole electrodes with maximum capacitance of 1091.2 mFcm–2 at 1 

mAcm–2, with 93.3% capacitance retention, even under 180° bending[62]. 

Similarly, Zhang et.al., had recently fabricated a polythiophene derivative with 

very high specific capacitance of 1342 F g–1 at 4.0 A g–1, with improved energy 

and power densities of 119.3 W h kg–1 and 38.83 kW kg–1[63]. These advances 

in polymer nanocomposites make them ideal candidates for lightweight, 

portable, flexible and wearable electronics with enhanced electrochemical 

performance. 
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1.7.4. Electrochemical analysis 

The electrochemical studies are carried out in electrolytic cell connected 

to an electrochemical work station. The electrochemical studies of SC devices 

are conducted in two and three-electrode systems. The three-electrode system 

evaluate the performance of the active component of the electrode in small 

quantities and hence the observed capacitance is solely dependent on the 

electrode material under study without the interference of any other electrode or 

configuration. The two-electrode set up on the contrary is similar to the device 

configuration set up and estimates the stability and efficiency of the material. It 

presents the capacitive performance of the effective cell including both 

electrodes in the configuration. 

 Three electrode configuration consists of working electrode (WE), 

counter electrode (CE) and reference electrode (RE) immersed in electrolyte and 

connected to a potentiostat (as depicted in Figure 1.8(a)). WE consist of the 

material under study which is usually conductive to ensure passage of charge. It 

is coated over a substrate electrode like Ni foam or glassy carbon after mixing 

with suitable binders. Pt electrodes are generally used as CE. RE is usually a 

stable and non-polarisable component. The potential of other electrode in the 

cell are measured with respect to the RE. Saturated calomel electrode (SCE), 

Ag/AgCl etc are the typical choices of RE. When a potential is applied to the 

WE, ideally, current flows between WE and CE completing the circuit and the 

voltage of WE is estimated in reference to the RE. In contrast to this, a two-
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electrode configuration simply consist of a positive and negative electrode 

immersed in an electrolyte (Figure. 1.8(b)). 

 

Figure 1.8. (a) Three and (b) Two electrode set up for electrochemical characterization 

1.7.4.1. Cyclic Voltammetry 

 Cyclic voltammetry or CV is elemental in understanding the basic 

electrochemical nature of the material. It is a potential sweep technique in which 

the current is recorded by alternating the potential between two chosen limits at 

a constant scan rate. For forward scan, the system proceeds through a positive 

ramp signal which gets reversed after a half cycle. The CV plot gets inversed in 

this negative half, the system strives to attain equilibrium and tries to comes 

back to where it started. Another switch in the potential causes the cycle to 

repeat and hence the name ‘cyclic voltammetry’. The shape of typical cyclic 

voltammogram and position of the peaks can be used to understand the 
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electrochemical nature and redox potential of the materials. The specific 

capacitance (Fg-1) of the electrodes can be estimated from these cyclic 

voltammograms using the equation 

𝐶 =
∫ 𝐼(𝑉)

𝑣2

𝑣1
𝑑𝑉

(∆𝑉)𝑣𝑀
                                                         (1.8) 

where 𝐼 represents the current (A), v1 and v2 are starting and ending voltages 

(V), ∆𝑉 represents the potential window (V), v is the scan rate (mV/s), M is the 

mass of active material of the electrode (g). The areal specific capacitance (Fcm-

2) can also be evaluated from a cyclic voltammogram by using the equation  

𝐶 =
∫ 𝐼(𝑉)

𝑣2

𝑣1
𝑑𝑉

2(∆𝑉)𝑣𝐴
                                                    (1.9) 

where A is the area of the active electrode (cm-2). Here ∫ 𝐼(𝑉)𝑑𝑉   can be 

evaluated as the integrated area of the CV curve. In case of EDLC type 

supercapacitors, the CV curves are rectangular in shape with no positive or 

negative shifts in anodic and cathodic peaks. For pseudocapacitors, the 

voltammogram is nearly rectangular, with some inflection points which are 

ascribed to the oxidation-reduction in the material. Contrary to this, the battery-

type materials have CV curves with obvious redox peaks.  
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1.7.4.2. Galvanostatic Charge-Discharge 

 It is the most efficient technique for capacitance estimation. In this 

technique, the potential is measured with respect to time at an applied current 

density. The specific capacitance (Fg-1 or Fcm-2) of the electrode can be 

estimated from the GCD curve by the equation 

𝐶 =
𝐼∆𝑡

∆𝑉
                                                              (1.10) 

where 𝐼 represents the current density (Ag-1 or Acm-2), ∆𝑉  represents the 

potential window (V), ∆𝑡 is the discharge time (s). The charge-discharge curves 

take a linear plot for EDLC materials indicating excellent capacitance while 

non-linearity and non-symmetry in the graph is observed for pseudocapacitor 

materials due to quasi-reversible faradic reactions. The battery-type energy 

storage materials have totally different type of GCD curves that are 

characterized by plateau-like regions. Rapid charge-discharge with negligible 

voltage drop during discharge is considered good electrochemical behavior. 

Illustration of typical cyclic voltammogram and galvanostatic discharging 

curves of EDLC, pseudocapacitor an batter-type energy storage devices is given 

in Figure 1.9. 
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Figure 1.9. Cyclic voltammogram (CV) and galvanostatic discharging (GCD) curves of 

EDLC, pseudocapacitor and batter-type energy storage device 

The specific energy density E (in Whkg-1 or Whcm-2) is given by the equation 

𝐸 =
1

2
𝐶(∆𝑉)2                                                     (1.11) 

where C is the corresponding specific capacitance (Fg-1 or Fcm-2) of the 

electrode. The power density P (Wkg-1 or Wcm-2) is calculated from the energy 

density using 

𝑃 =
𝐸

∆𝑡
                                                  (1.12) 

The Ragone plot (energy density vs. power density) is plotted using these values 

obtained from the GCD studies for performance evaluation and comparison of 
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supercapacitors. Cyclic stability or efficiency for multiple rounds of charge 

discharge is estimated from the degradation in specific capacitance of the 

fabricated electrode after any number of GCD cycles at a given current density. 

It is used to study the life time and longevity of the electrode material for 

practical applications. 

1.7.4.3. Electrochemical Impedance Spectroscopy 

The method is used to analyze the impedance or charge transfer kinetics 

associated with an electrochemical cell. A small sinusoidal voltage (with small 

amplitude) is applied to the electrode material and the current generated is 

measured over a wide range of frequencies at room temperature. The amplitude 

and phase of this signal is evaluated in comparison with applied voltage. The 

impedance values are then compared with an equivalent Randle’s circuit as 

given in Figure 1.10. Here, C is the capacitance associated with the electrode, 

Rs is the resistance of the electrolyte, Rct is the charge transfer resistance, and Zw 

is the Warburg impedance (caused by diffusion). The Nyquist plots are the 

graphical representation of EIS data and typically consists of a high frequency 

and low frequency region. In the higher frequency region, a semicircle or arc is 

obtained, characteristics of faradaic reactions, whose intercept in the x-axis 

gives the charge transfer resistance of the material. In the lower frequency 

region, a straight-line nature of the EIS spectra was evident indicating capacitive 

behavior. This corresponds to the Warburg impedance which is associated with 

the diffusion of ions to the interior of the electrode from the electrolyte. The 

capacitance (C) can be calculated using equation 
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𝐶 =
1

2𝜋𝑓|𝑍|
                                                        (1.13) 

Where f gives the frequency and |Z| gives the imaginary part of impedance Z. 

The phase of the generated current was expressed using the Bode plot, which is 

plotted between ZW along X-axis and phase shift θ or log |Z| along Y-axis. 

 

Figure 1.10. Randle’s circuit 

1.7.5. Challenges of supercapacitor 

Though supercapacitors are endowed with a number of advantages and 

superior properties, certain shortcomings still hinder the road for commercial 

applications. 

1. Low energy density- The energy density values of SCs is still 

lagging behind that of conventional batteries despite constant efforts. 

The gap is as large as 20 Whkg-1 for supercapacitors and 30-200 

Whkg-1 for batteries. Improvised manufacturing processes, new 

electrolytes, novel electrochemically active electrode materials with 

improved accessible surface area are few expanses that can tackle the 

issue. 
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2. Non-ideal conditions- The practical applications of SCs should be 

able to accommodate the non-ideal parameters or factors that may 

affect the working of devices. For example, SCs used in military 

applications or space program equipment may be subjected to 

unusual environment or fluctuations and even accidental disturbance 

in the load. 

3. Miniaturization and flexibility- The use of SCs in portable or 

wearable electronic devices requires that the electrodes are flexible at 

the same time have excellent capacitive performance with less mass 

loading to ensure check on the size of the device. 

4. Device integration- Sustainable development has raised demands for 

materials with multifunctional applications with long life. Materials 

that integrate SCs with shape memory, transparency, electrochromic 

potential and self-repair abilities are highly preferred in comparison 

with conventional devices. 

1.8. ORGANISATION OF THE THESIS 

Nanostructure of different allotropes are always a subject of growing 

research because slight modification in their structural arrangement result in 

drastic changes in their physical properties. The thesis presented is directed to 

understand the material structure and formation of different selenium allotropes. 

The work has been focused on different composites of Se in silica xerogel and 

polyaniline, for optical sensing and electrochemical storage applications 

respectively. A brief introduction about the various synthesis techniques and 
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optical, electrochemical properties of materials and their analysis is discussed in 

this chapter. Chapter 2 discusses the formation of four different allotropic forms 

of Se sol-gel based synthesis. A comparative study of the structural and 

preliminary cytotoxic activity is conducted. In chapter 3, trigonal selenium 

quantum dots synthesized by a solvothermal assisted sol-gel route is used for the 

solid-state fluorescent sensing of curcumin. Detail discussion of the structure, 

defects observed in the material and optical sensing mechanism is also 

presented. Chapter 4 discusses the synthesis and structural characterization of Se 

in PANI/Cellulose-PANI composites. Chapter 5 presents the electrochemical 

energy storage studies of Se/PANI/Cellulose composite. Chapter 6 and 7 gives 

the conclusion of the studies performed and some future perspectives and 

opportunities respectively. 

1.9. OBJECTIVES OF THE RESEARCH WORK 

✓ To synthesis nanocrystalline allotropes selenium in silica matrix and 

study cytotoxicity of selenium allotropes 

✓ To investigate phase transformation related structural and optical 

properties of obtained Se-SiO2 composites. 

✓ To explore the optical properties of nanocrystalline Se allotropes and 

design a fluorescence sensor for quantitative determination of curcumin. 

✓ To synthesis selenium- conducting polymer hybrid nanocomposite for 

energy storage applications.  

✓ To modify properties of PANI and Cellulose/PANI in the presence of 

nanocrystalline selenium. 
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Chapter-2 

Synthesis and characterization of 

selenium allotropes in silica matrix 

Synthesis of different allotropes of same element by changing the experimental 

condition is often interesting and challenging. Herein, nanomaterials of 

selenium are synthesized in a silica matrix via sol-gel and sol-gel assisted 

solvothermal route. The four polymorphs of Se (cubic, amorphous, trigonal and 

monoclinic) are synthesized by the decomposition of selenous acid by altering 

the synthesis parameters. The characteristic resonance peaks in Raman spectra, 

lattice fringes observed in High-Resolution Transmission Electron Micrographs 

and Selected Area Diffraction data are used to differentiate the various 

crystalline and amorphous forms of Se. The optical bandgaps of cubic, 

amorphous, trigonal and monoclinic Se QDs are found to be 3.6 eV, 2.18 eV, 

1.64 eV and 2.13 eV respectively. The cell viability studies of Se QDs in silica is 

also conducted using in vitro cytotoxic studies in rat spleen cells. All 

nanocrystalline forms of Se shows cell viabilities up to >90% for concentrations 

up to 100 µg/L. Being highly versatile and biocompatible, these elemental 

allotropes of selenium have potential applications in various bio-photonic and 

opto-electronic devices. 
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2.1. INTRODUCTION 

Study of elemental allotropes has always been one of the promising 

areas in the field of material science. This is mainly due to the fact that 

though allotropes are different forms of the same element, they could have 

totally unrelated and wide range of properties. Nanostructure of different 

allotropes is always a subject of growing research because a slight 

modification in the structural arrangement might cause drastic changes in 

their physical properties. The study also opens new avenues in understanding 

of material structure, its properties and potential application. A very suitable 

example in this context is that of carbon. Diamond, graphite, fullerenes, 

carbon nanotubes, and relatively recent discovery of graphene triggered 

minds for all possible carbon modification and their potential use in 

nanoelectronics, sensors, nanocomposites, batteries and supercapacitors.  In 

addition to these polymorphs, various combination of sp-, sp2- and sp3- 

hybridized carbon atoms results in the formation of new synthetic allotropes 

like graphyne, carbyne etc[1]. Despite being similar in composition, each of 

these aforementioned allotropes have different atomic arrangement within it 

and hence exhibit diverse applications. For instance, while diamond is an 

insulator with exceptional hardness, CNT and graphene is known for their 

conductivity and flexibility. 

Another example that can be considered is that of Phosphorus. Each 

allotrope of P varies in its reactivity and stability. White P is highly reactive 
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species, a phosphorescent material with increased level of toxicity. Thermal 

treatment of white P yields red P which is relatively more stable and less 

toxic than white P. Black phosphorus is the most stable form of P and has a 

layered, sheet-like structure with atoms in a puckered honeycomb 

arrangement similar to graphite. Exfoliation of bulk black phosphorus 

remains the most common route for Phosphorene which is basically a single 

layer of black P. Other complex structural variants of P, especially blue P is 

currently explored. Hence, various polymorphs of an element are materials 

that possess immense scope for multifunctional applications due to its 

versatility. Presence of discrete energy state, tunable band-gap and enhanced 

opto-electronic properties have always hyped up the potential of their zero-

dimensional elemental quantum dots (QDs) compared to its other dimensional 

peers.  

2.1.1. Selenium allotropes 

Elemental selenium (Se0) has always been a vital component in the 

electronic industry and often finds application in various realms of science. 

Being one among the first photoelectric substances discovered, these were 

widely used in solar cells[2], xerography[3] and even imaging[4]. Se exists in 

various allotropic forms including five crystalline and two non-crystalline 

forms. The crystalline forms are namely cubic (α, β and fcc), hexagonal, 

monoclinic (α, β and γ), orthorhombic and rhombohedral[5]. The non crystalline 

forms can be amorphous (red or black) and vitreous. The molecular structure of 
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different allotropes is different. For example, monoclinic Se consists nearly 

identical puckered cyclo-octaselenium (Se8) rings with discrete packaging. It is 

usually wine-red in color and the ring arrangement/packaging in the structure 

can further result in three forms-α, β and γ[6]. The grey-colored 

hexagonal/trigonal Se has helical polymeric chain structure with atoms 

connected by covalent bonds aligned in the c-axis where adjacent chains are 

bonded by a weak van der Waals interaction. This trigonal structure is 

characterized by three atoms per turn in its helix, which is strongly biased to 

grow along c-axis into 1D structure. It is the most stable among all other forms 

at room temperature[7]. The red and black amorphous forms of Se are 

characterized by the abundance of Se8 rings and Se8 chains respectively in them. 

These different chain/ rings characteristics of all the aforementioned 

polymorphs have a direct consequence on the electronic structure and properties 

of the allotropes. For instance, cubic Se has a band gap energy of approximately 

3.5 eV due to which it acts as an insulator while trigonal and monoclinic Se has 

an optical bandgap around 2 eV making it a semiconductor.  

The crystalline forms of Se, especially trigonal Se, with its ordered 

arrangement and smaller bandgap, higher mobility and easy charge transport can 

absorb more light. Hence these polymorphs are widely studied for applications 

in solar cells. On the contrary, the amorphous Se structures are renowned with 

higher resistivities and hence find immense applications in detectors and 

imaging devices.  
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Figure-2.1.- Structure of some crystalline Se allotropes. 

2.1.2. Selenium nanostructures- a comprehensive review 

 Tailoring the size and shape of nanostructures are detrimental in 

deciding the final properties of the nanomaterials. The shape of the material has 

a direct consequence on the facet orientation, surface structure and number of 

atoms on the edges. The size of the nano species on the other hand, determines 

the ratio of surface to bulk atoms[8]. Controlling the morphology of the 

nanomaterials can successively tune the device performance. Various strategies 

have been developed to fabricate different Se nanostructures including 0D 

(nanoparticles), 1D (nanowires, nanorods, nanotubes, nanobelts), 2D 

(nanosheets) and even other complex hierarchical structures. The review aims to 

understand the various nanostructures of Se that have been reported in literature 

with specific interest in the morphology and synthesis of these structures.  

Out of the various crystalline forms of Se, cubic and monoclinic Se is 

relatively less explored. Shape controlled synthesis of cubic-like Se structures 

using folic acid-gallic acid-N,N,N-trimethyl chitosan (FA-GA-TMC)  stabilizer 

have been found to have good anticancer properties[9]. Though there are reports 
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of synthesis of β-cubic Se from bacterial strain like Pseudomonas aeruginosa 

through biological reduction of certain Se precursors[10], inorganic synthesis of 

cubic Se and their structural understanding in literature is sparse. α-cubic to 

amorphous transition of Se quantum dots (QDs) in silica matrix were studied for 

application in optical limiters[11]. Pure m-Se on the other hand, is often not 

attainable commercially due to their poor thermostability[12]. The synthetic 

process for trigonal and monoclinic structures often results in symbiotic 

mixtures of trigonal and monoclinic allotropes. One of the earliest reports of 

synthesis of α-monoclinic nanowires is by the reduction of selenate ions using 

protein cytochrome c3[13]. Free standing nanowires with monoclinic crystal 

structure were synthesized by Gao et.al via a room temperature mediated 

solution-solid growth method[14]. 

 Amorphous Se nanostructures are widely synthesized via various 

chemical, physical and biological routes. In chemical synthesis, various 

reducing agents like hydrazine hydrate[15], ascorbic acid[16], L-cysteine[17], 

L-asparagine[18] etc are effectively used to reduce Se precursors to Se NPs. 

These NPs are also often stabilized using surfactants like PVP[15], PVA[19], 

sodium dodecyl sulphate[20], polysaccharides[21] etc in order to prevent their 

interconversion to more stable trigonal form. Physical methods employ laser 

ablation[22], gamma[23], microwave[24], ultraviolet irradiation[25] and 

sonochemical[26] methods to reduce Se(IV) compounds to Se NPs. Quintana 

et.al., reported one of the earliest synthetic routes to fabricate a-Se NPs using 

pulsed laser deposition using a YAG laser at 532 nm on different substrates[27]. 
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Biogenic routes on the contrary, offer a non-toxic, eco-friendly and cheaper 

method to obtain a-Se NPs which are then studied for antibacterial, antifungal 

and anticancer properties. The biogenic reduction of Se precursor can be carried 

out using plant extracts[28], bacteria[29,30], fungi[31] etc. Recently, these 

biological and physical routes have been employed for effective segregation of 

Se by reduction of selenide/selenates or other Se containing compounds from 

natural resources with minimal intervention of harsh chemical reagents. A 

recent work done by MA Ruiz‐Fresneda et.al., describes the biogenic reduction 

of selenium isotopes from radionuclide waste to synthesis of Se NPs using a 

bacterial isolate Stenotrophomonas bentonitica BII-R7[32].   

 The trigonal nanowires, similar to amorphous nanoparticles of Se are 

widely studied due to their ease of formation compared to other 

counterparts[33]. The ease of synthesis of t-Se structures can be understood 

from Li et.al’s report on synthesis of high yield t-Se nanowires through simple 

reduction of SeO2 at room temperature using ascorbic acid under the assistance 

of β-cyclodextrin, without the use of any complex equipment or adverse reaction 

conditions[34]. Trigonal Se with diverse and controlled morphologies also were 

successfully fabricated via hydrothermal approach from single 

precursors[35,36]. Sonochemical processes have also been extensively adopted 

to fabricate 1D trigonal Se as reported by Li et.al[37]. Single crystalline t-Se 

nano needles were also developed by Xiong et.al via a one-step in situ reduction 

of Na2SeO3 by poly(vinyl alcohol) (PVA) under hydrothermal conditions[38]. 

Lu et.al, demonstrated a mild hydrothermal route to synthesize 1D t-Se 

nanobelts using cellulose as a reducing as well as morphology directing 
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agent[39]. Reports of 1D t-Se nanostructures synthesized from amorphous Se 

nanoparticles that act as ‘seeds’ are also abundant in literature[40,41]. One of 

the early studies in this regard is that of Gates et al. which reports t-Se 

nanowires with diameters of 10-30 nm and lengths up to hundreds of microns 

through a solution phase approach from colloidal amorphous Se[42]. Mary et.al, 

had studied ultrafast optical non-linearity in stable amorphous nanoparticles and 

trigonal selenium nanowires in nanosecond excitation regimes[43]. Pulsed laser 

ablation (PLA) is another top-down approach widely used for the synthesis of 

Se NPs, as reported by S.C Singh[44] et.al and O.V. Overschelde et.al[45]. 

Chen et.al., used L-cysteine as both reducing agent and soft template in solution 

at room temperature to fabricate Se NPs under high intensity 

ultrasonication[17]. The size and morphology of the nanoparticles was found to 

be tunable by altering the reaction conditions and a transition from amorphous 

NPs to trigonal Se nanorods observed on prolonged high-intense ultrasonication. 

Physical vapor deposition (PVD) and chemical vapor transport (CVT) 

are the reported techniques for high quality Se nanosheet fabrication[46,47]. An 

electrolyte-gated synaptic transistor (EGT) capable of mimicking the 

axon−multisynapse system of human brain, based on a trigonal Se nanosheet 

was recently demonstrated by Qin et.al.[48] Apart from chemical/inorganic 

synthesis, Se NPs are widely studied through various green, biogenic synthesis 

routes to achieve biocompatibility for many bio-medical applications. The 

biological agents that mediate the growth of these nanostructures vary from 

bacteria[32,49], fungi[50,51], algae[52] and even plan extracts[53–55]. 
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 Hexagonal 0D Se quantum dots of diameter ~3 nm and with QY=22.7%, 

that even outperforms graphene QDs were synthesized via ultrasound liquid-

phase exfoliation using NbSe2 powders as the source material and N-Methyl-2-

pyrrolidone (NMP) as the dispersant[56]. Jiang et.al reported a similar liquid-

phase exfoliation method to fabricate trigonal Se QDs and their photocarrier 

dynamics were systematically investigated[57]. Four different decay pathways 

with different decay lifetimes corresponding to the splitting of energy bands 

were identified in the material. Fujishima et.al developed a current doubling-

induced two step photodeposition (CD-2PD) technique in which Se QDs (< 

5nm) were photodeposited on TiO2 surface from ethanol (or methanol) solution 

of H2SeO3 (Se/TiO2)[58]. CdSe QDs (~2 nm) were also synthesized by 

irradiating this system containing metal ion solution (Cd2+ ions) with UV 

radiation. 

The various nanostructures of Se find diverse applications. Trigonal 

selenium-based bifacial solar cells with a PCE of 5.2% and 2.7% from front-side 

and back-side illumination respectively was synthesized for tandem 

photovoltaics[59]. In a recent article by Yan and co-workers, Se was also 

suggested as a suitable candidate in indoor photovoltaics as the absorption 

spectrum of Se matches with the emission spectra of indoor light sources that 

spans from 400 to 700 nm[60]. Monoclinic Se NPs grown via biogenic 

reduction by bacteria Bacillus subtilis was found to transform into 1D trigonal 

structures after 24 hours at room temperature. Both these nano structures were 

studied for H2O2 biosensing applications and had good sensitivity towards the 

analyte with a limit of detection of 80 nM[61]. Kuo et.al., proposed a flexible x-
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ray imager using 100-μm-thick amorphous selenium (a-Se) on a flexible thin 

film transistor (TFT) backplane[62]. Flat panel detectors for medical imaging 

makes use of avalanche multiplication which is observed in a-Se NPs[63]. An 

interconversion among these various phases of Se have also proved to be 

instrumental for various applications. Different (de)lithiation mechanisms was 

recently explored to improve the performance of Li-Se batteries by using 

amorphous and/or crystalline selenium[64]. 

The Se0 species and the biogenic/physico-chemical methods involved 

plays a crucial role in the end structure of the allotrope. The biogenic synthesis 

of Se nanostructures involves the reduction of Se precursor using living 

organism and their derivatives (mostly plant and bacterial extracts) and often 

results in the formation of nano globules of Se[65,66]. However, scaling of the 

production and quality of these nanoparticles in terms of their homogeneity in 

shape, size and structure hinders their industrial or commercial potential. The 

chemical synthesis on the contrary involves the reduction of Se salt precursors 

(selenous acid, sodium selenite, sodium selenate, sodium selenosulphate etc) 

using suitable reducing agents like glucose, cysteine, ascorbic acid, glutathione 

etc[67,68]. Other methods of physical synthesis of Se0 nanoparticles include 

laser irradiation[44], microwave irradiation[18], hydrothermal[69], 

sonochemical[70] methods etc. Though various synthesis methods can often 

result in the formation of different structures, formation of different allotropes of 

an element from single precursor and same base technique remains challenging 

and untested.  
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2.1.3. Cytotoxicity of selenium nanostructures 

 Selenium is a chalcogen element and an indispensable micronutrient in 

human body with various selenoprotein forms like selenocysteine and 

selenomethionine[71]. It plays a vital role in reproduction, thyroid hormone, 

DNA synthesis and even metabolism. As per the UK group of vitamins and 

minerals, recommended daily dosage for men and women are 60 µg and 70 µg 

respectively with anything above a daily intake of 400 µg termed toxic. Its 

deficiency can cause certain neurological disorder and even liver 

malfunctioning. On the contrary, inorganic selenium counterparts like selenates 

and selenides are often disparaged due to their toxic demeanour[72]. However, 

elemental Se nanoparticles (NPs) has shown excellent anticancer efficacies and 

decreased systemic toxicity[73,74]. They have also shown anti-oxidant, anti-

biofilm, antibacterial properties and even proved to be effective as 

Hungtington’s disease medication. Geoffrion et.al., recently put forth the 

effectiveness of pure naked amorphous Se (a-Se) NPs against standard and 

antibiotic-resistant bacterial strains. These NPs were seen to be compatible with 

human dermal fibroblasts (HDF) cells while inhibiting cell proliferation in 

cancerous cells[75]. Reports of Se NPs with excellent 

immunomodulatory[71,74] and immunoadjuvent[76] properties against breast 

cancers are also found in literature. Antioxidant and antibacterial activity of Se 

NPs incorporated into chitosan were also investigated[77]. Selenium tethered 

mesoporous silica nanocomposites were also successfully used as a dual drug 

delivery unit with significant apoptosis against breast cancer cells[78]. Clinical 
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trials using elemental nano Se have already proven to be a potential alternative 

than other selenium sources. It is noteworthy that QD toxicity is correlated to its 

physicochemical attributes like size, shape, core/shell composition, surface 

modification, nature of surface charge and solubilizing ligands[79]. Hence, 

different allotropic structure of the same material could pose varying degrees of 

toxicity towards a cell[80]. A notable work in this regard is that of carbon 

allotropes. Pulmonary exposure of single walled carbon nanotubes were 

reportedly more toxic than graphite and carbon black[81,82]. Nevertheless, 

similar reports of toxic and pharmacological effects of Se QDs are scarce in 

literature. The present work aims to identify and compare the cytotoxic activity 

of Se QDs (cubic, amorphous, monoclinic and trigonal) and provide a better 

understanding of correlation between structural modification and biotoxicity.  

2.2. EXPERIMENTAL SECTION 

2.2.1. Materials 

Tetraethyl orthosilicate (TEOS) (Si(OC2H5)4, 98%) and selenous acid 

(H2SeO3, 98%) were procured from Sigma-Aldrich. Distilled water was used 

throughout the experiment.  

2.2.2. Apparatus and characterization 

Morphological parameters were evaluated from High Resolution 

Transmission Electron Microscopy (HRTEM) data from a TALOS F200S G2 

Transmission Electron Microscope (200KV, FEG, CMOS Camera 4k x 4k) and 

JEOL JEM 2100 High Resolution Transmission Electron Microscope. Raman 
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spectra obtained from Horiba Jobin Yvon T64000 Raman spectrometer was 

used for phase identification. The structural analysis was carried out using 

Fourier Transform Infa-Red (FTIR) spectrum in the region 400-4000 cm-1 

obtained from FTIR spectrometer (Thermo Nicolet- USA) at room temperature. 

The absorption spectra in the entire visible range were recorded on a UV Vis 

spectrophotometer (Jasco, Japan).  

2.2.3. Synthesis of Se- silica composites 

 10 wt% Se in 2g silica was prepared by simple sol-gel and sol gel 

assisted solvothermal routes using selenous acid as precursor. Cubic and 

amorphous forms of Se were synthesized through sol-gel synthesis involving 

hydrolysis, condensation and polymerization of tetraethyl orthosilicate (TEOS) 

in the presence of ethanol and distilled water[11]. On the other hand, the 

autogenous pressure generated within a solvothermal system was used to rapidly 

hydrolyse and condense the silica matrix to attain m-Se and t-Se QDs. In a 

typical synthesis, aqueous solution of selenous acid was added to TEOS and 

ethanol at room temperature. 2 drops of 1M HNO3 was added as a catalyst. The 

resulting mixture was stirred continuously for 1 hour to obtain a clear solution. 

The molar ratio of TEOS: Water: Ethanol was taken as 1:2:2.  

• Synthesis of cubic (c-Se) and amorphous (a-Se) QDs - silica 

 The homogeneous aqueous mixture of selenous acid, TEOS and ethanol 

was poured and allowed to set in polypropylene dishes for about a month. The 

silica xerogel obtained was then heated at 60 °C in hot air oven to remove the 

organics in the sample to obtain c-Se- silica which is colourless. The c-Se-silica 
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when annealed at 200 °C for 2 hours gives a brick-red coloured glass indicating 

the formation of a-Se in silica matrix. 

• Synthesis of monoclinic (m-Se) and trigonal (t-Se) QDs - silica 

 The homogeneous aqueous mixture of selenous acid, TEOS and ethanol 

was poured into 50 mL teflon-lined autoclave and heated at 100 °C and 150 °C. 

After 24 hours at 100 °C, a wine-coloured composite of m-Se-silica was 

obtained. A grey coloured composite obtained after 24 hrs at 150 °C indicates 

the formation of t-Se. The obtained composites were powdered and used for 

further characterizations. 

2.2.4. In-vitro cytotoxicity studies 

 The samples were studied for short-term cytotoxicity in rat spleen cells. 

This study was done at Amala Cancer Research Centre Society (A Society 

registered T.C.Act, XII of 1955sl.No. 56 of 1984), that abides by all rules of its 

licensing committee for performing the said analysis using experimental 

protocols that are approved by the licensing committee. Viable cell suspension 

(106 cells in 0.1 mL) obtained after preliminary treatment of rat spleen cells was 

added to tubes containing various concentrations of the composite dissolved in 

dimethyl sulfoxide and made upto 1 mL using DMEM media. Cell suspensions 

without any test composite were kept as control. The tubes were incubated for 3 

hours at 37 °C after which they were mixed with 0.1 mL 1% trypan blue 

solution. These were kept for few minutes and then loaded into a 

hemocytometer. The trypan blue solution stains the dead cells while living cells 
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in the suspension do not absorb the color. The numbers of stained and unstained 

cells were noted and cell viability was evaluated as 

%𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
𝑁𝑜. 𝑜𝑓 𝑣𝑖𝑎𝑏𝑙𝑒 𝑐𝑒𝑙𝑙𝑠

𝑇𝑜𝑡𝑎𝑙 𝑛𝑜. 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠
∗ 100                                  (2.1) 

In order to understand the effect of toxicity of Se QDs on the rat spleen cells, 

bare SiO2 sample was also synthesized and studied for cytotoxicity in addition 

to the four different QDs of Se.  

2.3. RESULTS AND DISCUSSION 

2.3.1. Transmission Electron Microscopy (TEM) & High-Resolution 

Transmission Electron Microscopy (HR-TEM) 

 

Figure 2.2-(a) TEM image of c-Se QDs with size distribution histogram in the inset; 

(b) HRTEM image showing (hkl) planes marked with interatomic distances of 3.03 Å 

(001) in the inset with the FFT of the scanned area in the inset of inset  
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 Structural analysis of the allotropes of Se QDs was done from 

Transmission Electron Microscopy (TEM) and High-Resolution Transmission 

Electron Microscopy (HRTEM). TEM images show randomly oriented 

crystallites. The crystallite size distribution histogram given in the inset of 

Figure 2.2(a) depicts that c-Se QDs has an average size in the range 3-6 nm. 

Inter planar spacing of the lattice fringes observed in the HRTEM image was 

evaluated as 3.03 Å. This can be ascribed to the (001) plane of c-Se [11] (given 

in the inset of Figure 2.2(b)). The Fast Fourier Transform (FFT) analysis of the 

selected area is given in the inset of inset of Figure 2.2(b). The bright spots 

obtained in the FFT pattern correspond to the diffraction pattern in cubic crystal 

lattice.  

 

Figure 2.3-(a) TEM image; inset showing particle size distribution (b) HRTEM image 

of a-Se- silica composite 

 Figure 2.3(a) shows the TEM image of a-Se-silica composite. Large 

field TEM imaging shows the presence of some agglomerated quasi-spherical 
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entities. The particle size distribution given in the inset of Figure 2.3(a) 

suggests that the particle size varies from 3 to 7 nm. Regular orderly 

arrangement or lattice fringes were not observed in the HRTEM images (Figure 

2.3(b)). This confirms the amorphous nature of the sample.  

 

Figure 2.4-(a) TEM and (b) HRTEM image of t-Se QDs in silica matrix with size 

distribution histogram in the inset of (b); (c) HRTEM images showing t-Se QDs, with 

the (hkl) plane marked with interatomic distances of 2.94 Å (101) in the inset; the FFT 

of the scanned area is also given in the inset of the inset.  

 The TEM image given in Figure 2.4(a) illustrates the morphology of the 

material. The composite exhibited an approximate width of about 120 nm. 

Figure 2.4(b) shows the corresponding HRTEM images of t-Se-silica 

composite.  The inset of Figure 2.4(b) shows the size distribution of the dots in 

silica. Crystallites were found to be in the size range of 2-4 nm. HRTEM images 

also reveal randomly aligned regions of crystallinity. From the inset of Figure 

2.4(c), lattice fringes with inter planar spacing of 2.94 Å were observed. It can 

be attributed to the (101) plane of the trigonal structure of Se (ICDD-006-0362). 

FFT image generated from the selected area in the HRTEM image (inset of 
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inset of Figure 2.4(c)) verifies that Se QDs crystallised in a hexagonal structure 

and it showed excellent agreement with the calculated diffracted pattern of t-Se. 

On close examination, the randomly oriented crystals were also noted to have 

abrupt edges and even faults in the packing. The detailed study of the crystal 

structure, lattice defects and imperfections found in the trigonal Se QDs and its 

effect on the morphology and other properties is discussed in detailed in the 

upcoming chapter. 

 

Figure 2.5-(a) TEM image; (b) HRTEM images showing m-Se QDs, lattice fringes that 

corresponds to the inter planar spacing of 3.0 Å corresponding to (22̅3) plane is shown 

in inset; FFT of the scanned area is also given in the inset of inset  

 Figure 2.5(a) and 2.5(b) depicts the far field TEM and HRTEM images 

of m-Se-silica composite. The spherical morphology of the particle is evident 

from the TEM image. Lattice fringes were observed in the HRTEM image of the 

composite and on close evaluation of the selected area, the inter planar spacing 
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of these fringes were found to be approximately 3.0 Å (inset of Figure 2.5(b)). 

This corresponds to the intense (223̅) plane of m-Se. The Fast Fourier 

Transform of the aforesaid selected area is given in the inset of inset of Figure 

2.5(b) and can be ascribed to the presence of m-Se.  

2.3.2. Selected Area Electron Diffraction (SAED) 

 

Figure 2.6- SAED pattern showing (a) (hkl) planes that is indexed to c-Se (b) 

amorphous nature of the a-Se (c) diffraction pattern indicating trigonal structure (d) 

diffraction rings indexing to m-Se QDs in silica matrix. 
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The polycrystalline nature of the composite is evident from SAED 

pattern given in Figure 2.6(a). It shows concentric diffraction rings 

corresponding to (001), (011), (111) and (012) planes of cubic Se (ICDD-038-

0768). Presence of a halo like appearance in the electron diffraction pattern 

observed in Figure 2.6(b) is characteristic of amorphous structure of a-Se QDs. 

Concentric rings corresponding to trigonal phase of Se was clearly observed in 

the SAED pattern in Figure 2.6(c). The electron diffraction pattern given in 

Figure 2.6(d) shows many concentric rings indicating the polycrystalline nature 

of the composite and these closely spaced rings can be indexed to the 

monoclinic planes of Se (JCPDS 71-0528)..  

2.3.3. Raman spectroscopy 

 
Figure 2.7-RAMAN spectra of (a) c-Se (b) a-Se (c) t-Se and (d) m-Se-silica composites 
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 The structural identification of Se-silica was done using Raman 

spectroscopy. Raman spectroscopy was found to be sensitive to various 

allotropic modifications and crystallinity of elemental Se[83]. The spectra of 

interest for various forms of selenium are in the low-frequency region, 

particularly under 500 cm-1. The Raman spectra given in Figure 2.7 shows the 

absorption bands observed for various composites under study. Though the 

characteristic peak of Se is reported to be at approximately 250 cm-1 (which 

corresponds to the A1 symmetric vibrations of rings or chains in the crystal), 

shifts are observed in the resonance peak position based on the polymorph of Se 

formed[84]. The absence of any spectral peak in Figure 2.7(a) is due to the 

formation of cubic Se structure in the matrix. For simple cubic structure, there 

are no Raman active modes and hence first order Raman spectrum is not 

allowed due to symmetry considerations[85]. The amorphous phase of Se can be 

easily identified from the spectra given in Figure 2.7(b). The spectrum is a 

broadened bi headed peak with one head peaked at 250 cm-1 due to the 

disordered Se chains with minor contribution from Se rings, Another peak head 

at 236 cm-1 corresponding to symmetric bond stretching mode A1 in t-Se is due 

to the photocrystallisation from a-Se to t-Se upon laser irradiation[86]. Presence 

of both these peaks in the spectrum could be indicative of the fact that the short 

monomer orders of a-Se contains fragments is characterised by both ring-like 

and chain-like confirmation[87]. Similarly, the characteristic resonance band 

observed at 233 cm-1 (as depicted in Figure 2.7(c)) can be attributed to the 

presence of helical selenium chains (A1) as observed for trigonal structure of 

elemental selenium[88]. The single resonance peak at 252 cm-1 observed in 
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Figure 2.7(d) confirms the monoclinic ring crystallisation of selenium in silica 

matrix[24].  

2.3.4. Fourier Transform Infrared (FTIR) spectra 

 

Figure 2.8-FTIR spectra of selenium-silica composites 

 The chemical structure of the as prepared composites was studied using 

Fourier-Transform Infrared (FTIR) spectra as shown in Figure 2.8. It was 

evident that all the spectra resemble the peak positions observed for SiO2 based 

composites reported in literature[89]. This can be attributed to the fact that Se 

species would have been encapped in the silica matrix during synthesis. The 

characteristic symmetric stretching and bending vibrations associated with Si-O 

bonds were observed around at 788 cm-1 and 1060 cm-1 respectively. The bands 

at 1636 cm-1 and 964 cm-1 is attributed to the oxo-ethyl group in the composites. 

The broad absorption at 3358 cm-1 can be indexed to the presence of hydroxyl (-

OH) group in the composite[90,91]. The absorption bands corresponding to 
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these hydroxyl groups are more prominent for sol gel assisted solvothermal 

samples of trigonal and monoclinic Se which were also very brittle in nature. 

This could be due to the fact that the moisture and other organics could have 

seeped less from the matrix during their rapid synthesis. On the contrary, the 

cubic and amorphous samples were formed to stiff gels after long-term drying 

and ageing. 

2.3.5. UV-Visible absorption spectra & Tauc plot 

 

Figure 2.9- Absorption spectra of (a)c-Se, (b)a-Se, (c)t-Se and (d)m-Se doped silica 

composites. The Tauc plots given in the respective inset gives the optical band gap of 

the material. 
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 The UV-visible absorption spectra of the all the four QDs and the band 

gap evaluated from the Tauc plot correspondingly is shown in Figure 2.9(a-d). 

The direct absorption bandgap of these semiconductor materials was calculated 

using the equation 

(𝛼ℎ𝜈)2 = 𝐵(ℎ𝜈 − 𝐸𝑔 )                                           (2.2) 

where α is the absorption coefficient, hν is the photon energy, Eg is the 

absorption band gap, and B is a constant corresponding to the material.  

Here, α = 
2.303 𝐴

𝑑
                                             (2.3) 

where A is the absorbance and d is the thickness of the sample. 

The band gap was estimated by extrapolating the slope of (αhν)2 vs hν 

graph to intersect the x-axis so that α=0. Cubic Se quantum dots exhibited an 

absorption band peaked around 310 nm. The observed optical bandgap of the 

material was evaluated to be 3.65 eV (inset of Figure 2.9(a)). This is in 

accordance with the gap value of cubic-Se from prior studies. The observed 

band gap for cubic Se can hence be attributed to the exciton absorption in the 

material[11]. The absorption spectra for a-Se show a broad absorption band 

peaked at 450 nm. The calculated band gap of a-Se quantum dots was 2.13 eV 

(inset of Figure 2.9(b)) and found to be consistent with reported values in the 

literature[11,92]. The trigonal quantum dots obtained via solvothermal assisted 

sol-gel route exhibited an absorption edge at 750 nm and a broad absorption in 

the lower wavelength region. The first excitonic peak for trigonal Se 
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nanomaterials is reported at approximately 2 eV[57]. However, the band gap 

obtained for the as synthesized dots was 1.65eV (inset of Figure 2.9(c)). 

Though a blue shift is often expected owing to the quantum confinement in dots, 

a decrease in the band gap is noted. This could also be due to the presence of 

surface states and trap sites in the material[93,94]. The microstructural studies 

conducted for t-Se and its effect on the optical properties of the dot has been 

discussed in detail in the following chapter. The monoclinic allotrope of Se 

evidently exhibits a broad absorption spectrum similar to a-Se. The bandgap of 

m-Se was evaluated from the Tauc plot (inset of Figure 2.9(d)) to be 2.16 eV 

and is found to be slightly higher than the previous reports of 2.05 eV[95]. This 

could be attributed to the quantum confinement of Se QDs. 

2.3.6. Fluorescence spectra 

 

Figure-2.10.- Fluorescence spectra of cubic and trigonal Se-silica composites  
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The fluorescence spectra of Se-SiO2 composites were recorded. Upon UV 

excitation at 350 nm, both cubic and trigonal forms of Se exhibit characteristic 

blue fluorescence with peaks at 425 nm and 434 nm respectively (Figure 2.10). 

The emission band observed for c-Se corresponds to band-edge emission in the 

material[11]. The emission peak obtained for t-Se can be attributed to direct 

inter-band radiative recombination of these QDs[96]. A detailed understanding 

of the fluorescence emission of t-Se is made in chapter-3. Amorphous and 

monoclinic Se do not show any fluorescence emission which is consistent with 

earlier reports[11,92]. 

2.3.7. Thermogravimetric Analysis (TGA) 

 

Figure-2.11.- Thermogravimetric analysis spectra of Se-silica composites  

The thermal stability of all the different Se-silica composites were 

evaluated from TGA spectra (Figure 2.11). The spectra of all the Se-silica 

composites can be divided into three regions. The small weight loss below 200 



Chapter-2 

 

84 

 

℃ can be attributed to the removal of moisture and other physically adsorbed 

organics from the matrices. The second stage of weight loss from 200 ℃ to 400 

℃ observed in the samples is due to the dihydroxylation and decomposition of 

organic groups from the silica network. A part of this weight loss could also be 

ascribed to the volatization of Se from the matrices as Se has a reported melting 

point around 220 ℃. The mass loss in this stage varies for each sample as the 

host silica matrices does not have the same density and porosity owing to the 

different synthesis temperature and route. A stable plateau region is attained 

after dehydroxylation where sample suffers negligible weight loss and the 

material remains as such till 1000 ℃ . Among Se-silica composites, c-Se 

exhibits better stability with minimal weight loss. This is due to the slow ageing 

and drying of the gel over a period of one month. This strengthens the silica 

network to form silica glasses with higher degree of stiffening of the gel during 

condensation which retains almost 88% weight even at 1000 ℃.  
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2.3.8. Mechanism of formation of Se QDs in silica 

 

Scheme 2.1.  Schematic diagram showing the synthesis of different Se QDs in silica by 

sol gel and sol-gel assisted solvothermal route. 

 The four selenium allotropes were synthesized from a single precursor 

by simply altering the synthesis conditions. A schematic representation of the 

synthesis procedure adopted is given in Scheme 2.1. During the sol-gel 

synthesis of Se-SiO2 mixture, selenous acid decomposes and elemental selenium 

nucleates at favorable sites of tetraethyl orthosilicate (TEOS). Trigonal form of 

selenium is thermodynamically most stable form and Se always tends to grow in 

a preferred direction along c-axis in the mixture. In a mesoporous matrix like 

silica, the capping effect of the xerogel inhibits the growth of nanomaterials. 

Upon ageing to 1 month, the material crystallizes in a more symmetric cubic 

structure in the voids of silica. Upon annealing at 200 °C, which is near to the 

melting temperature of bulk Se, the element melts and agglomerates into 
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amorphous structure. This unusual cubic to amorphous transformation 

mechanism had been described previously[11]. 

Under solvothermal conditions, the decomposition of selenous acid is 

followed by nucleation of trigonal selenium nanocrystallites at favourable sites 

of TEOS. The strong surface adsorption of TEOS promotes the initial growth of 

nanocrystals through pure oriented attachment (OA) mechanism. This slow 

down the dissolution of particles in solution and nucleation-dissolution 

recrystallization mechanism is thermodynamically prohibited. The solvothermal 

treatment of mixture triggers rapid hydrolysis of TEOS in the presence of water 

and ethanol. This is simultaneously followed by a cascade of quick 

polycondensation reactions during which growth of trigonal Se QDs is promoted 

at preferred sites. Though crystallization of anisotropic trigonal Se is promoted 

by OA assisted mechanism, the SiO2 network inhibits their further habitual 

growth to 1D nanostructures. The capping effect of SiO2 network acts as a 

growth controlling agent and the product retains a quasi-spherical shape with 

abrupt edges.  

The growth of monoclinic and trigonal Se can be differentiated by the 

fact that at higher temperatures (at any temperature greater than about 130 °C), 

monoclinic selenium transforms into trigonal structure due to its poor thermal 

stability. The formation of different allotropic forms of Se in silica matrix is 

visually perceptible with color of the final composite. While c-Se is colorless, 

upon annealing it converts into brick red a-Se. The trigonal form of Se is 

characterized by a grey color while m-Se attains a wine-red color after 

solvothermal treatment.  
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2.3.9. Cytotoxicity analysis of Se QDs 

 

Figure-2.12.- In-vitro cytotoxicity of Se-SiO2 composites in rat spleen cells 

 Selenium containing species are often criticised for their toxic 

demeanour. Most of these accusations disregard the fact that elemental Se or Se 

NPs have exhibited better biocompatibility than Se containing 

compounds[68,97]. The cytotoxic activity of the as synthesised selenium 

polymorphs in silica were hence evaluated by short term in vitro cytotoxicity in 

rat spleen cells. Cell viability was evaluated for allotrope dispersion and 

compared with the activity shown by the reference silica sample. All samples 

showed excellent cell viability against spleen cells. As per the cell cytotoxicity 

assay shown in Figure 2.12, c-Se, a-Se and t-Se showed gradual decrease in cell 

viability upto approximately 93%, 89% and 87% respectively at a concentration 

of 100 µg/mL. However, m-Se retained a constant viability of ~95% for the 

examined concentrations. This value is exceptionally good in comparison with 
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the toxicity of bulk Se reported in literature. These results reiterate the fact that 

elemental Se is biologically inert and pose least threat upon use. 

2.4. CONCLUSION 

 Various allotropes of Se were synthesized in silica matrix via sol gel and 

sol-gel assisted solvothermal decomposition of selenous acid. Cubic selenium 

was synthesized at room temperature after ageing the sol-gel mixture to a stiff 

gel. Annealing the cubic Se-SiO2 at 200 °C transformed the QDs to amorphous 

brick-red Se. Additionally, solvothermal treatment of the sol-gel mixture at 100 

°C resulted in monoclinic crystal structure of Se whereas the solvothermal 

temperature of 150 °C was found necessary for the synthesis of t-Se QDs. The 

allotropes were characterized using Raman spectra by identifying the 

characteristic resonance peak indigenous to the polymorph. The various lattice 

spacings and diffraction rings obtained in HRTEM and SAED patterns was 

instrumental in differentiating the crystal structure of the allotropes while FTIR 

spectra was analysed to study surface groups and chemical bonds. Additionally, 

all four allotropes exhibited distinct UV-visible absorption characteristics. 

Cytotoxic activity of these QDs was studied in rat spleen cells. All the allotrope 

suspensions showed comparable cell viability and was found to be a highly 

biocompatible alternative to selenite and selenide compounds.    
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Chapter-3 

Trigonal selenium quantum dots for 

fluorescence sensing applications 

Toward the need for solid-state fluorescent quantum dots, resistant to self-

quenching, we analysed the optical features of trigonal Se quantum dots 

synthesized via sol-gel assisted solvothermal route. Morphological and 

crystalline characterizations reveal that Se quantum dots (average size 3-8 nm) 

have a trigonal crystal structure. The presence of planar defects (dislocations, 

stacking faults, twins and grain boundaries) suggests formation of Se 

nanocrystallites through aggregation-based crystal growth mechanisms. Under 

ultraviolet excitation, the quantum dots exhibit an excitation wavelength-

dependent solid-state blue emission with an average lifetime of 1.96 ns. 

Depending on fluorescence quenching by curcumin, selenium quantum dots act 

as ideal candidates for inner filter effect-based curcumin sensing.  
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3.1. INTRODUCTION 

 Nanomaterials have been an intriguing subject of research for last 

several decades as their physical properties can be drastically changed by tailor-

made structural and morphological modifications. Presence of discrete energy 

states, tunable band gap and enhanced fluorescent properties makes elemental 

quantum dots (QDs) a promising candidate compared to its one-dimensional or 

two-dimensional counterparts. More recently, fluorescent quantum dots of 

graphene[1], phosphorous[2], boron[3], selenium[4] etc have attracted increased 

attention because of their intrinsic fluorescent properties making them 

promising candidates for development of biosensing and bioimaging platforms. 

Among them, selenium has an inimitable position at the boundary of group VI 

in the Periodic Table between van der Waals molecular solids (O2 and S8) and 

covalent solid Te. It can exist in several solid modifications: two monoclinic (α 

and β), the most stable trigonal form, a cubic and an amorphous modification[5]. 

Prior studies widely focussed on amorphous Se (a-Se) nanoparticles and trigonal 

Se (t-Se) nanowires due to their ease of formation and stability[6–9]. 

Dependence of ultrafast optical nonlinearity on cubic and amorphous forms of 

Se quantum dots are studied in silica xerogel prepared through a simple sol-gel 

route[5]. Though some progress has been achieved in the synthesis of t-Se 

nanoparticles[7,10,11] through green assisted synthesis as well as precursor 

conversion methods, synthesis of t-Se quantum dots are not equally explored. 

Recently, t-Se QDs is synthesized by ultrasound liquid-phase exfoliation (LPE) 

of NbSe2 powders using N-Methyl-2-pyrrolidone (NMP) as the dispersant[12]. 
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Photocarrier dynamics and pathways involved in t-Se QDs synthesised by a 

similar LPE method are also studied in a very recent work[13]. Research efforts 

are increasing progressively to explore simple methods to synthesize different 

Se QDs allotropes. Moreover, considering the influence of crystal defects on 

physical properties of a material, it is crucial to understand the growth 

mechanism and microstructure of Se QDs which are not well explored yet.  

3.1.1. Fluorescence sensing  

Fluorescence sensing of different analytes is a widely explored area of 

research. The fluorescence intensity of a fluorophore is always measured against 

a dark background independent of a reference beam unlike in absorbance 

measurements where light intensity is compared with a reference beam. This 

endows selectivity and sensitivity to luminescence-based sensing measurements. 

Rapid, highly sensitive detection with cost effectiveness, high selectivity and 

real-time sensing capabilities makes the phenomenon one of the widely used 

sensing routes.  

Many spectral observables and their changes are widely employed for 

fluorescence sensing. The most common and direct method is using 

fluorescence intensity of a fluorophore. The interaction of fluorophore with the 

analyte/intermediate entities causes perceptible changes to the fluorescence 

intensity of the fluorophore that could be recorded by a fluorimeter. Other 

observables include change in polarisation or anisotropy of the light, time 

domain fluorescence lifetimes and even phase modulation. 



Trigonal selenium quantum dots for fluorescence sensing applications 

 

101 

 

3.1.1.1. Fluorescence quenching & its mechanism 

Fluorescence quenching can be termed as the process that diminish the 

fluorescence intensity of a fluorophore. Molecule interactions like 

rearrangements, excited-state reactions, collisional quenching, ground state 

complex formation, energy transfer etc. can deplete the fluorescence intensity of 

the material. Among these, some quenching mechanisms are initiated with 

molecular contact between the fluorophore and quencher- dynamic and static 

quenching. In dynamic quenching (or collisional quenching), collisional 

encounters between the entities takes place. The quencher diffuses into the 

fluorophore and upon contact, it absorbs the energy from the fluorophore during 

its excited lifetime; the fluorophore returns to the ground state without photon 

emission. No reaction processes or change in the structure of the system is 

anticipated during dynamic quenching. Static quenching on the contrary, is 

characterized by the formation of a non-fluorescent ground state complex 

formation between the fluorophore and the quencher. These quenching 

mechanisms can be further differentiated through time resolved fluorescent 

decay measurements of the material in the presence and absence of the 

quencher. In case of collisional quenching, the photoexcited molecule interacts 

briefly with a quencher molecule and consequently loses its energy to the 

quencher depopulating the excited state. As a result, the excited state life-time of 

the fluorophore in the absence and presence of the quencher analyte is different. 

Dynamic quenching is depicted by the Stern-Volmer (SV) equation 

𝐹0

𝐹
= 1 + 𝑘𝑞𝜏0 [𝑄] = 1 + 𝐾𝐷[𝑄]                                       (3.1) 
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𝐹0

𝐹
=

𝜏0

𝜏
                                                               (3.2) 

where, F0 and F are the fluorescence intensities, τ0 and τ are the lifetimes of the 

fluorophore in the absence and presence of quencher, respectively; kq and KD are 

the bimolecular quenching constant and Stern-Volmer dynamic quenching 

constant, respectively, and [Q] is the quencher concentration.  

Static quenching involves ground state complex formation between the 

fluorophore and the analyte; any unbound fluorophore would decay in its natural 

lifetime τ0, even in the presence of the quencher thereby causing no change in 

decay lifetimes. The quenching is governed by the equation 

𝐹0

𝐹
= 1 + 𝐾𝑆[𝑄]                                                         (3.3) 

𝜏0

𝜏
= 1                                                                   (3.4) 

where KS is the Stern-Volmer constant for static quenching process. A linear 

Stern-Volmer plot is generally indicates a single class of fluorophores which are 

all equally accessible to quencher, or in simple terms, single type of quenching-

either static or dynamic.  

However, in some cases, the fluorescence quenching results in materials 

by both collisional quenching and ground state complex formation. The Stern-

Volmer equation can be hence modified to  

𝐹0

𝐹
= (1 + 𝐾𝑆 [𝑄])(1 + 𝐾𝐷[𝑄]) = 1 + (𝐾𝑆 + 𝐾𝐷)[𝑄] + 𝐾𝑆𝐾𝐷[𝑄]2             (3.5)  

This second order in [Q] accounts for the upward curvature observed when both 

static and dynamic quenching occur for the same fluorophore. 
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Other factors that can distinguish these quenching mechanisms are: 

• Dependence on temperature & viscosity- At higher temperatures, 

diffusion rates increase and dynamic quenching increases, while in static 

quenching, breakdown of the weakly bound ground -state complex at 

higher temperatures diminishes the static quenching. 

• Steady state absorption spectra- As dynamic quenching is characteristic 

of the excited state, no perturbation in the ground state absorption 

spectra is expected while the absorption spectrum of the fluorophore in 

static quenching exhibit discernible perturbation. 

• Bimolecular quenching constant kq- For dynamic quenching values ~1010 

M-1 sec-1; value is generally several orders larger than 1010 M-1 sec-1 for 

static quenching. 

Fluorescence quenching based systems can typically be turn-off, turn-on 

or ratiometric sensing systems (Figure 3.1).  

3.1.1.2. Turn-off/ turn-on fluorescence sensing  

In turn-off mode, with increase in analyte concentration, the absorption 

of the absorber increases, diminishing the luminescence intensity of the 

fluorophore. An example in this regard could be Zhang et.al’s work on IFE 

based fluorescence detection of curcumin using nitrogen doped carbon QDs[14]. 

In some cases, the analyte itself acts as the absorber. Nevertheless, turn-off 

sensing is often reputed with false positive signals due to other interferences and 

is less sensitive to analyte concentration due to high background noise in 

comparison with turn-on systems. In turn-on sensing, the absorber turn-off the 
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fluorescence, and then the analyte restores the signal via chemical/biochemical 

pathways, e.g., absorber dissolution, oxidation-reduction, and complexation. 

Shang et.al, reported the turn-on IFE strategy to detect cyanide using Ag NPs as 

absorber and a water-soluble conjugated polymer PFS as the fluorophore[15]. 

The fluorophore emits weakly in the presence of Ag NPs due to the intensive 

absorption of Ag NPs to both the excitation and emission light. In the presence 

of cyanide, Ag NPs will dissolve upon their interaction with cyanide, which then 

leads to decreased absorbance of Ag NPs. As a result, the IFE-decreased 

emission of the fluorophore is restored, based on which cyanide can be detected 

in a simple and sensitive approach.  

3.1.1.3. Ratiometric fluorescence sensing  

In ratiometric sensing, analyte concentrations are determined by 

measuring the ratios of the emission at two different wavelengths. It offers a 

self-calibrating method that can eliminate the effects of different analyte-related 

parameters and false signals into the system. In addition to this, it also offers an 

easy-to-differentiate intensity and color change of the fluorescence system. IFE 

induced fluorescence quenching of carbon dots was used for the ratiometric 

sensing of uranyl ions in real water samples[16]. IFE can also exist in 

combination with other optical sensing mechanism like static quenching, 

photoinduced electron transfer (PET) or Förster resonant energy transfer 

(FRET). 
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Figure 3.1. Schematic diagram showing the various strategies in IFE based optical 

sensors (a) turn-off, (b) turn-on and (c) ratiometric detection of analytes. 

 

3.1.1.4. Inner filter effect 

It was observed by Stokes, that in an optically dense solution, the 

fluorescence was observed from the solution surface that is exposed to incident 

light. The fluorescence intensity of a system with many non-interacting 

fluorophores is simply the sum of their individual contributions. Inner Filter 

Effect (IFE) refers to the absorption of the excitation and/or emission light of a 

fluorescer by an absorber in the system. The IFE was typically considered as an 

inconvenient source of error in spectrofluorometry. However, researchers tend 

to restore the fluorescer-absorber interaction by accounting for the error due to 

IFE. The changes in absorbance of the absorber are reflected in exponential 

scale in the fluorescence intensity of the fluorophore which allows sensitive and 
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stable detection strategies in sensors.  The efficiency of the IFE based optical 

sensor relies on the following conditions and consequently on the suitable 

choice of fluorescer-absorber pair. 

• Considerable spectral overlap must exist between the absorption 

spectrum of absorber and the excitation and/or emission spectrum of 

fluorescer. 

• The fluorescence of the material should be independent of the analyte. 

• External factors should not interfere with the absorption/ emission 

features of the entities.  

• Generally, fluorescer -absorber pairs are expected to be charge repulsive 

so that the fluorescence of the fluorescer is not quenched. 

In comparison with other sensing routes, IFE based sensors are advantageous 

as they are sensitive when compared to various UV-vis absorption 

measurements at lower concentrations, economical and flexible with the choice 

of absorber and fluorescer as they do not need to have any chemical link with 

one another. The response slope, range, limits of detection could be easily tuned 

by controlling the relative amounts of absorber and fluorescer in the system.  

3.1.2. Solvothermal assisted sol-gel route 

 The conventional sol-gel route is often tailored to the need and 

requirements of the target material. This is often achieved by modifying the 

prime factors that affect the sol-gel process like pH, temperature, pressure, time, 

solvent and its concentration, presence of catalyst etc. The polycondensation 

reactions that takes place in the sol-gel process reinforce the gel with additional 
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cross-links which further lead to shrinkage of the medium thereby expelling the 

solution from the pores. The remaining amount of the solvent is removed via 

drying or calcination. Solvothermal assisted sol gel route aims to accelerate the 

gel formation from the sol in a restricted time under elevated temperature and 

pressure. This causes easier formation of nanoparticles in a quicker pace due to 

high temperature and pressure but with crystal defects in the lattice. The 

solvothermal route initiates rapid hydrolysis and polycondensation reaction of 

the sol with simultaneous expulsion of the solvent from the pores. Elevated 

temperature and pressure alter the kinetics of the reaction and interaction among 

the precursors thereby easily precipitating out the solid from the liquid. 

3.1.3. Defects in crystals 

 Despite how carefully they are synthesized or how controlled the 

synthesis environment was, crystals will always show some deviations from 

ideal arrangement of the crystal lattice.  These lattice imperfections or ‘defects’ 

that arise from the irregular periodic arrangement are classified by the region of 

the sample over which they extend. They are hence broadly categorised as: 

• Point defects 

These imperfections do not extend more than few lattice points and are 

generally termed as zero-dimensional defects. It can be due to an impurity that 

occupies the place of an atom in the crystal (substitutional impurity) or an 

impurity that squeezes into the interstitial of the lattice (interstitial impurity). 

Such defects can also result, especially in ionic crystals when a lattice site is 



Chapter-3 

 

108 

 

vacant (vacancy defect/Schottkey defect) or when the atom/ion appears in the 

interstitial sites of the lattice (interstitial defect/Frenkel defect).  

•  Line defects, dislocations 

Line defects are generally deviations from crystal structure along one 

direction- in a straight or curved line as a result of mechanical strain or as a 

result of crystal growth and are generally termed as dislocation. Edge 

dislocation is a defect where an extra portion of a plane is introduced through 

the crystal causing structural rearrangement in the lattice. Here, this 

rearrangement is perpendicular to the line of dislocation and limited to the 

vicinity of the line. On the other hand, a screw dislocation is a consequence of 

two portions in the crystal that slip in opposite directions relative to each other, 

parallel to the line of dislocation. Dislocations in crystals are usually a 

combination of both these defects and are termed as mixed dislocation. 

• Planar defects 

 Planar defects are generally termed for the discontinuities that occur 

between the homogenous regions of a crystal. They can be either in the form of 

grain boundaries, stacking faults or twin boundaries in the crystal. During the 

formation of polycrystalline materials, the crystal growth starts independently in 

each nucleus with random axis of orientation relative to the surrounding nuclei. 

As a result, with the growth of the crystal, long range order is restricted to 

certain macroscopic regions within the crystals called grains or crystallites. The 

irregularities that occur along the interface of such two crystallites are called 

grain boundaries. Stacking faults are basically local deviations in the stacking or 
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arrangement of subsequent atomic layers in a crystal lattice which gives rise to a 

crystal defect over the extended 2D surface. The widely known stacking fault 

occurs in face-centered cubic (fcc) metals where the stacking sequence of (111) 

layers i.e, ABCABCABCABC gets stacked ABCAB||ABCABC with a lattice 

plane C missing in the order (intrinsic stacking fault). Sometimes it can also 

happen such that a new lattice layer might get inserted resulting in the change in 

their arrangement. For example, with the addition of a C-type layer, 

ABABABABAB stacking would be ABABCABABAB thereby causing faults 

in the arrangement of atomic layers (extrinsic stacking fault).  Twin boundary 

refers to the defects at a surface that separates two different crystallites which 

are mirror images of one another. For instance, if in the fcc crystal structure 

ABCABCABC, an extrinsic defect occurs to the right of |C|, the defect energy is 

minimised with the addition of B to the right of C followed by A-plane to 

accommodate fcc packing in crystal. This results in the stacking sequence 

ABCAB|C|BACBAC. Here plane C is the twin boundary while the fcc lattices 

ABCAB and BACBA are mirror images of one another. 

• Volume defects 

 Volume defects in crystals are macroscopic regions in a polycrystalline 

material with crystallographic arrangement different from the remaining regions 

of the material. These could be 3D aggregates of vacancies as in voids or pores, 

or intentionally introduced inclusions, or precipitates or dispersants. 
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Figure 3.2. Point, line and planar defects in crystal. 

3.1.4. Curcumin 

 Turmeric (Curcumin longa) is a popular spice and a folklore medicine 

that has been used since early times in major parts of Indian subcontinent and 

other parts of southern and south-western tropical Asia[17]. Chemically named 

as 1,7-bis-(4-hydroxy-3-methoxyphenyl)-hepta-1,6-diene-3,5- dione or 

dipheruloylmethane (chemical formulae- C21H20O6), curcumin (CR)   is the 

principal curcuminoid found in turmeric[18]. This component is primarily 

responsible for the bright orange-yellow color of turmeric. It is widely used as a 

nutraceutical in food and both as a colorant and condiment. Other curcuminoids 
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from the herb extract includes demethoxycurcumin and bis-

demethoxycurcumin[19].  

 

Figure 3.3. Turmeric and its constituent curcuminoids. 

 Of all these lipophilic, polyphenolic components of turmeric, studies 

shows that curcumin possess exceptional biological and pharmacological 

properties[20]. Though utilised for its anti-bacterial[21], anti-inflammatory[22], 

anti-oxidant[23] and hepatoprotective properties[24], curcumin shows good 

inhibitory effects towards certain carcinogens[25,26]. It is used in clinical 

medicine for the treatment of various diseases like arthritis, cystic fibrosis[27], 

cardiovascular diseases[28], Alzhimer’s[29] and even HIV[30]. However 

studies suggest that excessive dose of curcumin can impose higher oxidative 

stress resulting in chromosomal aberrations to mitochondria and nuclear 

genomes in human hepatoma G2 cells[31]. Moreover, it decreases intracellular 

ATP levels triggering necrosis process[32]. Owing to its wide importance and 

medicinal value, it is highly desirable to monitor the level of curcumin in foods 
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and medications through a reliable, fast and sensitive route. Till date, various 

analytical assays have been reported for the detection of curcumin including 

high performance liquid chromatography[33], voltammetry [34], 

electrochemical methods[35], capillary electrophoresis[36], 

spectrophotometry[37], resonance light scattering[38] and 

spectrofluorimetry[39,40]. Although many of these are very sensitive and 

quantitative techniques, high capital and maintenance expense attracted 

researchers towards sensitive, quick responsive and cost-effective fluorescence 

sensing. Recently, various flurophores such as P, N, B-co-doped carbon 

quantum dots[41], Mn doped ZnS QDs[42], graphitic carbon nitrides[43],  etc 

have been exploited as  fluorescent nanosensors for quantitative determination 

of curcumin. But QDs tend to lose their fluorescence properties in aqueous and 

solid-state due to irreversible photobleaching or aggregation-induced 

luminescence quenching[44,45]. This limits their practical applicability in 

designing sensors and imaging devices where materials with solid state 

fluorescence are inevitable.   

 Herein, a facile solvothermal route is explained for in-situ synthesis of 

Se quantum dots in SiO2 matrix. In solid mesoporous silica, collision and 

aggregation of Se QDs can rarely happen preventing them from degradation and 

surface oxidation. This gives longer shelf life making them ideal candidates for 

solid state fluorescence and optoelectronic applications. This stable solid-state 

fluorescence obtained from Se QDs are explored for quantitative determination 

of curcumin.  
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3.2. EXPERIMENTAL SECTION 

3.2.1. Materials 

Tetraethyl Orthosilicate (TEOS) (Si (OC2H5)4, 98%), selenous acid 

(H2SeO3, 98%), and curcumin ([HOC6H3(OCH3)CH=CHCO]2CH2, from 

Curcuma longa (Turmeric) powder) were procured from Sigma-Aldrich. 

Distilled water was used throughout the experiment.  

3.2.2. Apparatus and Characterization 

The crystallinity of the sample was observed using a benchtop Powder 

X-ray Diffractometer (Aeris Research, PANalytical, Netherlands) with a 

scanning range of 2θ =10° to 90° with Cu Kα radiation (λ=1.540598 Å). 

Morphological parameters were evaluated from Field Emission Scanning 

Electron Microscopy (FESEM) images from TESCAN MIRA3 LMH and High-

Resolution Transmission Electron Microscopy (HRTEM) data from a TALOS 

F200S G2 Transmission Electron Microscope (200KV, FEG, CMOS Camera 4k 

x 4k). Raman spectra obtained from Horiba Jobin Yvon T64000 Raman 

spectrometer was used for phase identification. The absorption spectra in the 

entire visible range were recorded on a UV Vis spectrophotometer (Jasco, 

Japan). All fluorescent measurements were recorded in a NIR Spectro 

Fluorimeter- Fluorolog (Horiba Jobin Yuvan USA). Decay lifetimes were 

evaluated using a Time Resolved Fluorimax Fluorimeter (Horiba Jobin Yuvan 

USA) 
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3.2.3. Synthesis of Se- silica composite 

10 wt%, 20 wt%, 30 wt% and 40 wt% Se in 2 g silica was prepared by 

simple solvothermal route through rapid hydrolysis, condensation and 

polymerization of tetraethyl orthosilicate (TEOS) in the presence of ethanol and 

distilled water. Aqueous solution of selenous acid was added to TEOS and 

ethanol at room temperature. The precursor molar ratio of selenium to silica was 

fixed at 1:2, 1:3, 1:5 and 1:11 for the synthesis of 40 wt%, 30 wt%, 20 wt% and 

10 wt% of se-silica nanocomposite respectively. 2 drops of 1 M HNO3 was 

added as a catalyst. The resulting mixture was stirred continuously for 1 hour to 

obtain a clear solution. The molar ratio of TEOS: Water: Ethanol was taken as 

1:2:2. The solution was then poured into 50 mL Teflon-lined autoclave and 

heated at 150 °C for 24 hours. The grey coloured composite obtained was 

powdered and used for further characterizations.   

3.2.4. Determination of curcumin 

 For quantitative determination of curcumin in different systems, 0.2 g of 

40 wt% Se-SiO2 was added to varying wt% of chloroform solutions of curcumin 

(10 mL). The solution was then centrifuged and washed with excess of solvent 

to remove the loosely bound residues. The mixture was then dried and optical 

properties of slightly yellowish powder obtained were investigated by 

fluorescence spectroscopy. 
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3.3. RESULTS AND DISCUSSION 

3.3.1. Powder X-Ray Diffraction (p-XRD) 

 
Figure 3.4.(a) XRD pattern of Se-SiO2 composites with different Se contents. (b) XRD 

pattern of 40 wt% of Se-SiO2 composite. The inset shows its digital photograph under 

visible light. 

 

 Powder X-ray diffraction (p-XRD) pattern of Se-SiO2 composites with 

different Se contents are shown in Figure 3.4(a). It can be inferred that all Se-

SiO2 composites have same crystal structure as peak positions in p-XRD pattern 

remain same and their intensities increases with Se contents. As shown in the 

Figure 3.4(b), occurrence of diffraction peaks at different positions can be 

indexed to hexagonal Se (JCPDS code: 06-0362) and no impurities peaks are 

detected. Broad spectrum peaked at 2θ value of 23° in the p-XRD pattern can be 

ascribed to the presence of amorphous SiO2. The inset of Figure 3.4(b) shows 

the photograph of 40 wt% Se-SiO2 nanocomposite.  
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3.3.2. Scanning Electron Micrograph (SEM) & Transmission 

Electron Micrograph (TEM) 

 

Figure 3.5. (a) FESEM and (b) TEM image of se-silica nanocomposite 

 The FESEM image (Figure 3.5(a)) of se-silica nanocomposite shows 

fused distorted ellipsoid like structures with average length in the range of 80 to 

190 nm and diameter ranging from 60 to 120 nm. Large field TEM image given 

in Figure 3.5(b) clearly illustrates the same morphology of se-silica 

nanocomposites. The average length and breadth of microstructures is calculated 

as 130 nm and 110 nm respectively. Moreover, on close examination it can be 

inferred that each ellipsoid- like structure consists of many homogenously 

distributed quasi-spherical Se quantum dots with a very narrow size distribution. 
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3.3.3. High Resolution Transmission Electron Micrograph (HR-TEM) 

 

Figure 3.6. (a) Large area HRTEM image of Se-SiO2 composite (inset shows particle 

size distribution of Se QDs); (b,c) HRTEM image of t-Se QDs showing d spacings; (d) 

Diagram illustrating edge dislocation (ED), stacking faults (SF), twins (T) and grain 

boundaries (GB) in the crystallites as observed from HRTEM. 

The HRTEM image shows approximately spherical t-Se QDs distributed 

evenly without obvious aggregation (Figure 3.6(a)). The size of nanocrystallites 

is in the range of 3-8 nm as obtained from size distributions histogram (inset of 

Figure 3.6(a)). On closer examination, it can be observed that synthesized t-Se 

QDs (Figure 3.6(b)) exhibits randomly oriented crystallites with abrupt 

disordered edges having considerable grain boundary defects. Clear lattice 
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fringes revealed the excellent crystalline nature of t-Se QDs. The interplanar 

distance of 3.02 Å, 2.15 Å, 2.03 Å, 1.95 Å, 1.75 Å can be assigned to (101), 

(110), (102), (111) and (201) plane of trigonal Se. Upon deeper investigation it 

can be inferred that like among many nanocrystallites in the system, t-Se QDs 

possess considerable number of planar defects. Figure 3.6(c) shows presence of 

stacking faults (SF), edge dislocations (ED) and twins (T) which is depicted in 

Figure 3.6(d). This can be attributed to aggregation-based crystal growth 

mechanism involved in the synthesis. During hydrothermal coarsening, adjacent 

primary particles in the solution collide and coalesce resulting in secondary 

particles. This spontaneous self-organisation following a common 

crystallographic orientation and imperfect particle attachment often leads to line 

and planar defects [46].   

3.3.4. UV Visible absorption spectra & Tauc plot 

 

Figure 3.7. UV-visible absorption spectrum of t-SeSiO2 composite; Tauc plot (inset) 

gives the optical bandgap as 1.6 eV. 
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 The UV-visible absorption spectrum of t-Se quantum dots at 10 and 40 

wt% concentration is given in Figure 3.7. The spectrum shows a broad 

absorption in lower wavelength region and an absorption edge is observed 

around 750 nm for 10 wt% t-Se-silica. A slight blue shift in the absorption edge 

to is noted for higher concentration of 40 wt%. Some previous studies are 

available in literature suggest that trigonal Se nanowires have weak absorption 

maxima at 346, 450 and 570 nm[47]. The semi-metallic nature of the material 

and the structural similarities with the bulk causes broadening of these 

individual peaks.[48] The optical band gap of t-Se QDs is calculated from Tauc 

plot (inset of Figure 3.7) as 1.64 eV and 1.62 eV for 10 and 40 wt% 

respectively. The slight decrease in the bandgap with increase in concentration 

can be attributed to the defect density in the material. According to values 

reported in literature trigonal selenium exhibits band gap energy value of 

2 eV[13,49,50]. Though higher energy gap is expected in quantum dots due to 

confinement effects, slight decrease in band gap is observed in t-Se QDs. This 

can be attributed to the presence of surface states and traps[51,52]. 

Microstructural studies also indicate the presence of surface states and defects. 

Due to the smaller size of nanocrystallites, a higher proportion of the total 

number of atoms will be located on the surface. Moreover, the nanocrystallites 

have abrupt edges and imperfect surfaces. Therefore, there will be a large 

density of surface states, which act as active electron and/or hole traps upon 

optical excitation. The excited carriers undergo nonradiative recombination and 
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no band edge emission was observed for t-Se QDs, consistent with the results 

obtained for Jiang et.al[13].  

3.3.5. Photoluminescence spectra  

 

Figure 3.8. Photoluminescence spectra measured in t-Se-SiO2 composite with varying 

λex from 320 to 370 nm; Normalized PL spectra (inset) show excitation dependent 

emission. 

Under UV excitation wavelength of 350 nm, t-Se-SiO2 composite exhibit 

a blue emission peaked at 434 nm wavelength (Figure 3.8). This can be 

assigned to direct inter-band radiative recombination in t-Se QDs[13]. Due to 

spin orbit coupling, valance band and conduction band might undergo energy 

splitting and radiative recombination of carriers can happen in same k-space 

between energy bands. From normalised PL spectra it is clear that emission 

wavelength shifts from 418 nm to 449 nm when the excitation wavelength 

varies from 320-370 nm (inset of Figure 3.8). Observed red-shift in the 

emission peak suggests that  prepared QDs possess an excitation wavelength-
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dependent emission which is consistent with reported data[12]. The quantum 

yield (QY) estimation for t-Se QDs is obtained as ~0.13%. This low value of 

room temperature photoluminescence QY is due to high defect density in the 

material which is consistent with HRTEM and UV visible absorption data. The 

defect mediated non radiative recombination from surface states and trap sites 

outnumbers the number of photons emitted which results in reduced QY[53]. 

Similar quantum yield values have been reported for certain metal nanoclusters 

(NCs)[54] and some two-dimensional (2D) transition metal dichalcogenides like 

MoS2[55] due to the presence of surface states and defects.   

3.3.6. Fluorescence detection of food dyes 

3.3.6.1. Sensing of curcumin 

 

Figure 3.9. (a) Fluorescence responses of t-Se QDs in the presence of varying wt% of 

curcumin (from top: 0, 0.1, 0.5, 1, 2, 3 and 5 wt%) (b) Stern Volmer plot showing 

fluorescence intensity ratio (I550/I434) as a function of curcumin concentrations. 
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 To examine the sensing ability of t-Se-SiO2 composite for curcumin, 

steady state fluorescence emission spectra of t-Se QDs were closely monitored 

(Figure 3.9(a)) with different concentration of curcumin (0 to 5 wt% of 0.2 g 

Se-SiO2 composite). It can be observed that the fluorescence intensity of t-Se 

QDs is decreased distinctly upon addition of curcumin. Moreover, increase in 

curcumin content results in occurrence of a new emission band peaked at 550 

nm wavelength. The enhanced characteristic yellow emission of curcumin 

illustrates transfer of photon energy between curcumin and t-Se QDs. The ratio 

of fluorescence intensities peaked at 550 nm and 434 nm wavelength (I550/I434) 

shows a satisfactory linear relationship (Figure 3.9(b)) as concentration of the 

analyte varies from 0 to 5 wt% (~ 0 – 10.52 mg). The calibration equation is as 

follows:  

𝐼(550)
𝐼(434)⁄ = 0.1611 + 0.49314[𝑄]                                    (3.6) 

where I(434) and I(550) are the fluorescence intensities of emission bands at λex 

of 350 nm and [Q] represents the concentration of curcumin. The limit of 

detection (LOD) was calculated to be 0.09 wt% (~180 μg) with LOD = 3σ/S, 

where σ is represents standard deviation of the pure Se QDs for N=3 and S is the 

slope of the calibration curve. The obtained value of R2 = 0.99785 indicates very 

good linearity.  
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Figure 3.10. Selective fluorescence response (I550/I434) of the probe towards 1 wt% of 

various interferents like aspartic acid, alanine, arginine, glutamic acid, glycine, 

histidine, lysine, sucrose, fructose, valine, glucose and curcumin. 

 To assess the selectivity of the system towards curcumin, relative 

fluorescence responses (I550/I434) of t-Se-SiO2 composite towards interfering 

analytes like aspartic acid, alanine, arginine, glutamic acid, glycine, histidine, 

lysine, sucrose, fructose, valine, glucose and curcumin were analysed. It is clear 

that only addition of curcumin makes a remarkable change in I550/I434 value 

(Figure 3.10). 
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3.3.6.2. Mechanism of quenching 

 

Figure 3.11 (a) UV-vis absorption spectrum of curcumin and emission spectrum of t-

Se QDs showing spectral overlap (b) Fluorescent decay curves of t-Se QDs and t-Se 

QDs - curcumin (c) UV-vis spectra of t-Se QDs, curcumin and t-Se QD+curcumin (d) 

Photoluminescence spectra of 0.5 wt% curcumin and 0.5 wt% curcumin incorporated 

trigonal Se – silica nanocomposite showing transfer of photon energy 

 From Figure 3.11(a) it can be observed that the broad absorption of 

curcumin in short wavelength region has considerable overlap with the emission 

spectrum of t-Se QDs. This clearly indicates that the decrease in fluorescence of 

t-Se QDs upon addition of curcumin is due to electron transfer, energy transfer 

or Inner Filter Effect (IFE)[41,56–60]. As curcumin is negatively charged there 

won’t be any electrostatic interaction between selenium QDs and 
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curcumin[41,61]. Thus, the fluorescence quenching observed in the mixture is 

not due to electron transfer mechanism. To understand the aforementioned 

quenching mechanism, time resolved fluorescent life time decay measurements 

were carried out at an excitation wavelength of 340 nm (Figure 3.11(b)). The 

fluorescence data was reliably fitted using a tri exponential decay function 

𝐼(𝑡) = 𝐼(0) +  ∑ 𝐴𝑖 ∗ 𝑒(−
𝑡

𝜏𝑖
)                                        (3.7)   

where τi represents the lifetime, Ai denotes the relative amplitude of the decay 

process while I(0) and I(t) refers to fluorescence intensities at 0 and t 

respectively[62]. The fitting parameters obtained are shown in Table 3.1. The 

average life time of t-Se QDs remains unchanged upon addition of 0.5 wt% 

curcumin. This implies that the excited fluorophore decays in its native natural 

lifetime and is not in any way bounded to the analyte. UV-Visible absorption 

spectra of t-Se QDs, Se-curcumin and curcumin are shown in Figure 3.11(c) 

and no additional peak can be observed in Se-curcumin spectrum. This 

eliminates any possible complex formation between Se and curcumin and 

possible quenching mechanism observed in Se-curcumin is IFE. The enhanced 

emission peaked at 550 nm wavelength for Se-curcumin composite compared to 

curcumin SiO2 mixture at an excitation wavelength of 350 nm illustrates transfer 

of photon energy between curcumin and t-Se QDs (Figure 3.11(d)). This 

confirms fluorescence quenching mechanism of t-Se QDs as IFE without any 

chemical link between donor-acceptor systems. The results suggests that solid-

state fluorescence from t-Se QDs can be well applied to less costly IFE based 

practical fluorescence sensors. 
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Table 3.1. Fluorescence lifetime parameters of t-Se in the absence and presence of 

curcumin 

Curcumin 

(wt%) 

τ1 (ns) a1 τ2 (ns) a2 τ3 (ns) a3 τavg 

(ns) 

χ2 

0 4.10 17.75 19.26 5.41 0.25 76.83 1.96 1.31 

0.5 4.41 16.46 27.07 4.20 0.23 79.34 2.04 1.32 

 

3.4. CONCLUSION 

 In summary, t-Se QDs in silica synthesized using solvothermal assisted 

sol-gel route was studied in detail. Structural evaluation of as synthesized Se-

silica nanocomposites confirms the formation of trigonal Se QDs-SiO2 

composites. From HRTEM images, nanocrystallites with considerable planar 

defects were observed and the oriented attachment (OA) based crystal growth 

mechanism was discussed in detail. The lower band gap value of 1.6 eV 

calculated from UV-visible absorption measurements can be attributed to 

presence of surface states and traps. The blue emission observed for t-Se QDs 

under UV excitations were successfully utilized for the sensitive detection of 

curcumin. To the best of our knowledge, reports on solid-state fluorescence in 

trigonal Se QDs are not readily available in literature. The decrease in 

fluorescence intensity of t-Se QDs in the presence of curcumin was due to IFE 

based quenching mechanism which has significant applications toward 

designing instrument-free practical fluorescence sensors. 
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Chapter-4 

 Synthesis of selenium 

/cellulose/polyaniline composites  

Nanocomposites of conducting polymers and polymer hybrids has intrigued some 

major research in the recent years due to their enhanced mechanical and 

electrochemical properties. Among them, cellulose/polyaniline hybrids stand out 

due to their environmental stability, ease of synthesis, biodegradability etc. 

Herein, we studied one pot, in-situ polymerization of Se/cellulose/polyaniline 

hybrid nanocomposite. The structural and morphological understanding of the 

composites were achieved from XRD, FTIR, SEM, TEM, XPS and RAMAN 

spectroscopy. HRTEM images revealed that selenium exists in trigonal QD 

structure in the matrix. The three-dimensional (3D) fibrous network morphology 

of Se/cellulose/polyaniline is advantageous for surface-oriented applications like 

energy storage or catalysis.  
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4.1. INTRODUCTION 

 Conducting polymers have always been a topic of research interest due 

to their potential applications in energy storage devices, electromagnetic 

interference shielding, photovoltaic devices and sensors. They are often easy to 

scale into large area devices with tunable energy gaps and ionization potentials. 

Among widely known conducting polymers, polyaniline (PANI) is intensively 

studied owing to its low cost, low density, environmental and thermal stability, 

hassle-free synthesis, wider range of working potential window and tunable 

conductivity. Being a conjugated conducting polymer, the conductivity of 

polyaniline is a result of redox (oxidation-reduction) reactions. Furthermore, its 

ability to switch between different oxidation states (emeraldine, leucoemeraldine, 

and pernigraniline) under varying electrochemical conditions makes PANI a 

prime candidate for applications in energy storage and electrochemical sensors. 

However, these materials often suffer from capacitance fading due to 

swelling/shrinkage of the polymer backbone with repetitive doping/de-doping 

cycles[1]. Synthesis of various PANI composite, binary and even ternary 

composite electrodes were found to circumvent such stability and energy density 

issues[2,3]. Prior reports for synthesis of PANI composite materials for improved 

storage capabilities include doping with ions such as Zn2+, Cu2+ and Fe3+, binary 

transition metal oxides like Ni-Co oxides and similar metal-oxide-frameworks 

(MOFs)[4–8]. Carbonaceous materials like graphene[9–12], carbon nanotubes 

(CNTs)[3,13], porus carbon[14], graphene oxide (GO)[15] etc possessing high 

surface area are also integrated with PANI and comprehensively studied as an 
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electrode material for electrochemical studies. The cellulose/PANI hybrid 

composite has high porosity, flexibility and stability, which can be easily 

incorporated or bound with conducting polymers to enhance storage 

capabilities[16,17]. Liu et.al recently reported polyaniline/cellulose nanofibril, 

where Fe3+ ions effectively crosslinked the chains for improved supercapacitor 

performance[18]. However, low areal capacitance associated with these 

carbonaceous cellulose materials mandates a larger area to store the intended 

energy capacity even upon composite formation[19]. This can be disadvantageous 

for micro-device applications and hinder the size reduction of devices. The fine 

balance between good capacitance and low loading has to be achieved to ensure 

the flexibility and less weight of the material [20]. Transformative advances in 

the field can be attained through a synergistic combination of transition metals, 

transition metal chalcogenides or chalcogenides. Barik et.al recently elaborated 

the effect of Se when inserted into WO3 matrix in the electrochemical 

performance of the composite[21]. Se insertions into various other metal oxides 

have also reportedly amplified the conductivity of the material for application in 

fuel cells[22], solar cells[23], photocatalysis[24]. We studied 

Se/cellulose/polyaniline composites prepared through a room temperature 

mediated polymerization route followed by freeze drying. 

4.1.1. Nanocomposite of polyaniline with selenium 

 Out of all the known elemental counterparts, chalcogen elements like 

selenium plays an inevitable role in nanomaterial-based devices due to its unique 

and superior electrical, optical and thermal properties. Though some research has 
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been conducted on Se-polyaniline composite material to discover applications in 

energy storage, medical, thermoelectric, electrical and opto-electronic devices, 

reports on the detailed effects of integration of Se into polyaniline are scarce. A 

recent review by A K Yadav et.al., gives a comprehensive understanding of 

synthesis, structure, properties and effects of chalcogen/chalcogenide doped 

PANI composites[25]. Nanocomposites of Se with conducting polymer like PANI 

are generally synthesized via in-situ polymerization of aniline in the presence of 

Se NPs or simple mixing of Se NPs with PANI structures. The choice of synthesis 

route also dictates the structural, electrical and optical properties of the final 

material. Shumaila et al. synthesized Se/PANI nanocomposites by mixing Se 

nanowires synthesized from SeO2, in the presence of β-cyclodextrin and vitamin 

C which was then mixed with PANI EB[26]. The ex-situ synthesized composite 

exhibited nearly five-fold increase in its electrical conductivity upon doping with 

Se. Another work by E. Ozkazanc et.al., describes the formation of Se/PANI 

composites through in-situ chemical oxidation of aniline with Se added to the 

mixture during polymerization[27]. The FTIR spectra in the work suggested 

plausible electrostatic interaction between Se and nitrogen atoms of PANI leading 

to the formation of the composites. Se/PANI composites are also synthesized to 

act as precursor for Se for the fabrication of metal selenide/PANI composite. P K 

Khanna et.al., had demonstrated the use of pre-synthesized Se/PPy composite as 

precursor for CdSe/PPy composite using chemical and microwave methods and 

used it for the detection of mercury ions (Hg2+) using UV-Visible absorption 

spectroscopy[28]. The morphology of Se within the composite was also found to 
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play a vital role in the material property. One dimensional Se structures were 

found to facilitate effective conductive pathways due to the movement of 

delocalized electrons within the polymer chain. This enhanced property of 1D Se 

structure is notable in the work of Zhang et.al, where graphene sheet encapsulated 

one dimensional Se-PANI core-shell nanowires was reported for battery 

application[29]. The material showed enhanced cycling performance and high-

rate capability with a reversible discharge capacity of 567.1 mA h/g at 0.2 C after 

200th cycle and 510.9 mA h/g at 2 C.  A similar composite was also used by Lei 

et.al, for high capacitance aluminium-selenium batteries[30].  

4.1.2. Nanocomposite of polyaniline with cellulose 

Cellulose (C6H10O5)n is one of the most abundant polymers that is 

primarily known for its biocompatibility, hydrophilic nature, easy 

functionalization, low weight, thermal and mechanical properties. It is often 

available in various forms like cellulose nanocrystals (CNCs), cellulose 

nanofibers (CNFs), cellulose nanowhiskers (CNWs), bacterial cellulose (BC) and 

microcrystalline cellulose (MCC). These various forms are extracted from 

lignocellulosic biomass via different physico-chemical, microbial and enzymatic 

routes. The bulk hydroxyl groups in cellulose backbone allows easy 

functionalization of the polymer and integration with other polymers. Cellulose-

polymer blends have received considerable attention with many works focused 

on integrating cellulose with polymers like polypyrrole, polyaniline, epoxy etc. 

Cellulose-PANI blends have been the most alluring among them as the composite 

retains the electrical conductivity of PANI while having exceptional thermal and 
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mechanical properties. The secondary forces between the hydroxyl bonds of 

cellulose and amine groups of aniline ensures homogenous formation of the 

composite. Their improved adsorbing and conductive properties are widely 

exploited in energy storage application, biosensors, electromagnetic shielding 

applications, water treatment etc. 

Cellulose-PANI composites have been widely exploited for dye 

adsorption against both acidic and basic dyes. While maximum adsorption was 

observed at lower pH for anionic dyes, basic/neutral gave maximum adsorption 

for cationic dyes[31,32]. The adsorbant composite has also been effective in 

heavy metal removal including Cr(IV)[33], Cu(II)[34], Hg(II)[35], Pb(II)[36] etc. 

For example, in a recent report by Dewa et.al., MCC functionalized with PANI 

was found to be an effective adsorbent in Cr(IV) ion removal at neutral pH[37]. 

Doping of metal/metal oxide/metal nitrate NPs into nanocellulose-PANI 

composite have also been instrumental in monitoring bio-signals and even as 

antibacterial materials. Cheng et.al, recently reported regenerated CNFs with 

PANI@Ag NPs as catalyst/bactericide for water decontamination[38]. The 

sensing capabilities of PANI is often elevated with the introduction of cellulose 

and these materials are widely used in humidity sensors[39], gas sensors like CO2 

sensors[40], ammonia sensors[41], LPG sensors[42] and other vapor sensors. 

Another area of interests for cellulose-PANI composites is electromagnetic 

shielding where the shielding efficiencies of polyaniline is supported by the 

lightweight cellulose matrix. Gopakumar et.al, describes the use of CNF-PANI 

papers to attenuate microwave radiations in the X-band with an average shielding 
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effectiveness of ca. −23 dB (>99% attenuation) at 8.2 GHz with 1 mm paper 

thickness via absorption mechanism[43]. A recent review by Rana et.al, also 

summarizes the application of cellulose-PANI composite as electrode material for 

energy storage applications[32]. While polyaniline imparts electrical conductivity 

to the composite, cellulose matrix offers good mechanical stability to the 

electrode material favoring longer cyclic stability with each round of charge-

discharge. 

4.1.3. Chemical oxidative polymerisation  

  Chemical oxidative polymerization of aniline, a key method for polyaniline 

synthesis, is particularly notable for its simplicity and scalability. This process 

involves the chemical oxidation of aniline monomer in an acidic medium, 

typically using oxidants like ammonium persulfate (APS) or hydrogen peroxide, 

leading to the formation of polyaniline through a series of complex reaction 

pathways. The reaction commences with the protonation of aniline in an acidic 

medium, forming an anilinium ion. The oxidant, commonly APS, oxidizes the 

aniline monomers to generate aniline radicals. These radicals couple to form 

dimeric intermediates, which further react to form oligomers and eventually high 

molecular weight polyaniline. The entire process is highly dependent on several 

factors, including the concentration of aniline and the oxidant, the type of acid 

used, the temperature, and the reaction time[44]. Recent studies have 

demonstrated that by fine-tuning these parameters, one can effectively control the 

molecular weight, conductivity and morphology of the resultant polyaniline. For 

instance, varying the concentration ratios of aniline to APS was found to alter the 
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extend of oxidation, impacting the polymer's conductivity and structural 

integrity[45]. Similarly, adjusting the acidity of the reaction medium has been 

shown to influence the doping level of PANI, thereby modifying its 

electrochemical properties 

 The chemical oxidative polymerization route allows for the synthesis of 

polyaniline in various morphological forms, including nanofibers, nanotubes, and 

nanoparticles, each with distinct properties and applications. Recent 

advancements in this field have provided deeper insights into the mechanistic and 

structural nuances of polyaniline synthesis, leading to enhanced control over the 

polymer's properties and potential applications.  

4.1.4. Lyophilization  

 Freeze drying or lyophilization is often used as a drying technique mostly 

to remove organics from the sample. In this method, the sol-gel mixture is first 

frozen after which the solvent is sublimated under low pressure, thereby 

bypassing the liquid phase. The capillary forces that act on the solvent is hence 

absent causing minimal shrinkage and cracking in the final material. It is generally 

used for sensitive gels that collapse easily upon supercritical drying. The method 

is also employed to generate an ideal 3D template with enhanced porosity while 

maintaining the chemical and mechanical properties of the matrix. This elevated 

porosity aids in better adhesion and increased active sites for the nanomaterial in 

the host. Such mesoporous structure with least obstructed channels facilitates the 

easy transport of charge through the electrolyte resulting in better supercapacitor 

applications. Moreover, the temperature regime of PANI preparation was found 
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to have a direct correlation with the temperature dependent electrical conductivity 

of PANI with PANI exhibiting high orders of conductivity, at low 

temperatures[46]. Wu et.al reported a nickel-cobalt layered double hydroxide 

loaded on a freeze-dried polyaniline/bacterial cellulose electrode with excellent 

electrochemical and mechanical properties[47]. Electrode materials with 

enhanced surface area based on iron doped polyaniline (Fe-PANI) prepared by 

freeze drying was also reported recently[48]. The synthetic procedure was used 

by Zhe-Fei Li et al to reduce the re-stacking of graphene in G-PANI 

nanocomposites while enhancing the electrochemical active surface area[11]. 

4.2. EXPERIMENTAL SECTION 

4.2.1. Materials 

 Ammonium persulfate [(NH4)2S2O8, (APS)] and aniline hydrochloride 

(C6H5NH2·HCl) and analytical reagent grade hydrochloric (HCl) acid was 

purchased from commercial sources. Selenous acid (H2SeO3, 98%), cellulose 

(microcrystalline, powder) and N-Methyl-2-pyrrolidone [anhydrous, 99.5% 

(NMP)] were procured from Sigma-Aldrich. All the reagents were analytical-

grade and used as supplied without further purification. Distilled water (DW) 

obtained from Merck Chemicals was used throughout the experiment.  

4.2.2. Apparatus and characterization 

 Powder X-ray Diffractometer (Aeris Research, PANalytical, 

Netherlands) with a scanning range of 2θ =10° to 90° with Cu Kα radiation 

(λ=1.540598 Å) was used to obtain the X-ray diffractogram from the samples. 
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The room temperature Fourier Transform Infared (FTIR) spectrum in the region 

400-4000 cm-1 was obtained from FTIR spectrometer (Perkin Elmer). The 

morphology and microstructure of the samples were evaluated by images from a 

TESCAN and Bruker make MIRA3 LM Field Emission Scanning Electron 

Microscope (FESEM) with EDS mapping of the elements and JEOL 2100 Plus 

Transmission Electron Microscope (TEM). The X-ray Photoelectric 

Spectroscopy (XPS) were performed on a Thermo Scientific K-Alpha X-ray 

Photoelectron Spectrometer system. The Diffuse Reflectance Spectra (DRS) of 

the samples were recorded on a Shimadzu UV-Vis-NIR spectrophotometer-UV 

2600. The characteristic scattering of the samples was recorded on a Horiba 

Scientific Confocal Raman Microscope at a laser excitation wavelength of 532 

nm. Thermogravimetric analyses (TGA) were performed on a NETZSCH 

thermogravimetric analyser from RT-800 °C at a rate of 10 K/min. The specific 

Brunauer-Emmett-Teller (BET) surface area was estimated from N2 adsorption-

desorption test using a BELSORP MAX analyser. The surface area and pore size 

distribution were calculated using Brunauer−Emmett−Teller (BET) and the 

Barrett−Joyner−Halenda (BJH) methods respectively.  

4.2.3. Synthesis of PANI, Se-PANI, Cel-PANI, Se-Cel-PANI composites 

 Polyaniline was prepared via one-pot polymerization of aniline 

hydrochloride following an earlier chemical method with slight variations in the 

reaction conditions[49]. In a typical synthesis, 4.15 g ammonium persulphate 

(APS) is added to 50 ml of 1 M HCl solution and mixed well. This solution was 

then slowly added in drop-wise manner into a beaker containing aniline 
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hydrochloride (2.05 g) dissolved in 50 ml of 1M HCl solution under continuous 

stirring. The oxidant to monomer ratio was kept at 1.15:1. This pitch-dark green 

reaction mixture was kept undisturbed in the dark at room temperature for 36 hrs. 

The obtained green precipitate was filtered, washed several times with DW and 

ethanol to remove the by-products, excess acids and unpolymerised species. The 

slurry like mixture was kept in a cold press at -120 °C for 1 hour and then freeze 

dried at -70 °C for 1 day to obtain bright dark green powders. To prepare Se-

PANI, Cel-PANI and Se-Cel-PANI composite, in addition to APS solution, 1 ml 

aqueous solution of selenous acid or/and 0.5 g microcrystalline cellulose (MCC) 

powders was added to aniline hydrochloride, during the polymerization process. 

The molar ratio of monomer to Se precurssor was kept at 2:1.  

4.3. RESULTS AND DISCUSSION 

4.3.1. Powder X-Ray Diffraction (p-XRD) 

 

Figure 4.1. Powder-XRD pattern of PANI, Se-PANI, Cel-PANI and Se-Cel-PANI 

composites 
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 Figure 4.1 displays the p-XRD pattern of PANI, Se-PANI, Cel-PANI 

and Se-Cel-PANI composites. The XRD pattern of pristine PANI shows peaks at 

2θ ≈ 15.3°, 20.84° and 25.23° corresponds to (011), (100), and (110) reflections 

from the emeraldine salt form of polyaniline[50]. The characteristic peaks at 

15.3°, 20.8° and 25.2° can be attributed to the repeated units of the polymer chain 

and periodic channels perpendicular to the principal polymer backbone and the 

periodic arrays parallel to the polyaniline chain respectively[51]. The X-ray 

diffractograms of Cel-PANI composite shows peaks at 14.9°, 16.7°, 22.6° and 

34.5° corresponding to reflections from (1ī0), (110), (200) and (004) 

crystallographic planes respectively of semicrystalline cellulose structure in 

addition to diffraction peaks of PANI[52]. This is consistent with the XRD pattern 

of microcrystalline cellulose reported. No diffraction peaks from crystalline 

selenium are observed in the XRD pattern of the Se-PANI or Se-Cel-PANI 

composite. Absence of any shift in diffraction peaks of PANI and MCC suggests 

formation of hybrid composites of polyaniline and MCC through hydrogen 

bonding. 
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4.3.2. Fourier Transform Infrared (FTIR) spectra 

 

Figure 4.2. (a)FTIR spectra of PANI, Se-PANI, Cel-PANI and Se-Cel-PANI 

composites (b) FTIR spectra of Se-Cel-PANI composite after one year of storage 

 The chemical structures of the composites were evaluated from the FTIR 

spectra (Figure 4.2(a)). The FTIR spectra of all the composites PANI, Se-PANI, 

Cel-PANI and Se-Cel-PANI exhibits the characteristics peaks of virgin PANI. 

The main absorption bands at 770, 1014, 1220, 1278, 1428 and 1550 cm-1 

corresponds to the emeraldine salt form of PANI[53]. The band peaked at 1278 

cm-1 can be attributed to the stretching of C–N bonds of the second aromatic 

amines while the band corresponding to stretching of the C–N+ polaron structure 

is observed at 1220 cm-1. The absorption centered at 1014 cm-1 is dedicated to the 

presence of protonated imine group on the polyaniline backbone chain[54]. The 

band peaked at 770 cm-1 corresponds to C-H out of plane bending and aromatic 

ring deformations[55]. The weak band observed in the spectrum centered at 3202 

cm-1 is due to the -NH stretching vibrations[56]. The characteristic stretching 

bands at 1550 cm-1and 1428 cm-1 represents the C=C vibrations of the quinoid 
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and benzenoid rings of polyaniline respectively[43]. Compared to PANI, the 

intensity of band at 1428 cm-1 is higher in Se-PANI suggesting a greater number 

of benzenoid units.  For Cel-PANI and Se-Cel PANI composites intensity of band 

due to benzenoid rings is reduced. This is due to the conversion of benzenoid units 

to quinoid units upon addition of cellulose. The absence of any prominent broad 

peaks at around 3400 cm-1 corresponding to the hydroxyl bonds of cellulose in 

Cel-PANI suggests that the –OH bonds of cellulose are consumed by the amine 

groups of PANI during the formation of the composite[57]. The FTIR spectrum 

of Se-PANI and Se-Cel PANI composite resembles the spectrum obtained for 

pristine PANI with minor shifts of the bands peaked at 770 cm-1 and 1014 cm-1 of 

PANI. This can be attributed to the interaction of Se with the aromatic ring and 

imine groups of the polymer.  

 Generally, MCC is hygroscopic owing to its large surface-to-

volume ratio and presence of abundant -OH groups in the material. For 

device applications, MCC composites often face challenges due to moisture 

absorption with time. The FTIR spectra of Se-Cel-PANI composite after 1 

year of storage is given in Figure 4.2 (b). The band showing the presence of 

hydroxyl bond (at ~3400 cm-1) in the composite is absent indicating 

negligible water content in the material even after one year of storage.  
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4.3.3. Scanning Electron Micrograph (SEM) images & EDS mapping 

 

Figure 4.3. SEM image of (a-c) PANI (d-f) Se-PANI (g-i) Cel-PANI (j-l) Se-Cel-PANI 

composites 

 The scanning electron microscopy (SEM) images of the PANI, Se-

PANI, Cel-PANI and Se-Cel-PANI composite is given in Figure 4.3(a-c), 4.3(d-
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f) 4.3(g-i) and 4.3(j-l) respectively. The surface morphology and microstructure 

of all composites shows a similar intertwined network in porous framework. 

PANI composite exhibited short, thick fibrillar morphology with a heavily scaled 

external surface with an approximate average diameter of about 175 nm (Figure 

4.3(c)). For Se-PANI shown in Figure 4.3(f), the fibres exhibited similar external 

surface with an average diameter of about 160 nm. After the introduction of 

cellulose in the polyaniline matrix, there occurs bumps and nodules on the surface 

of the Cel-PANI (Figure 4.3(i)). The fibres appear slightly longer with average 

diameter being 140 nm. The Fe-SEM images of the Se-Cel-PANI composite 

given in (Figure 4.3(l)) also reveals fibrillar morphology having average diameter 

of 120 nm and bumps on its surface. PANI produced by oxidative aniline 

polymerization usually form a nanofibrous structure followed by an irregular 

secondary growth and aggregation. The fibers in the composites are fused at more 

than one point forming a sponge-like surface. The presence of microcrystalline 

cellulose and Se gives active sites for chemical polymerization of PANI 

nanofibers and prevents tendency to aggregate[58]. Thus, hydrophilic PANI 

composite fibers formed spreads into aqueous phase and grow slender and faster. 

Consequently, nanofibers have the maximum diameter for PANI and Se-Cel-

PANI have uniform longer nanofibers with smallest diameter. Moreover, Se is 

evenly anchored on the PANI surface, enables fast ion diffusion and strong 

interfacial charge transfer for superior electrochemical properties.  
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Figure 4.4. (a) SEM image and (b) EDX mapping of PANI composite, (c-d) differential 

elemental distribution for an area shown in image (a) 

 

Figure 4.5. (a) SEM image and (b) EDX mapping of Se-PANI composite, (c-e) 

differential elemental distribution for an area shown in image (a) 
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Figure 4.6. (a) SEM image and (b) EDX mapping of Cel-PANI composite, (c-e) 

differential elemental distribution for an area shown in image (a) 

 

Figure 4.7. (a) SEM image and (b) EDX mapping of Se-Cel-PANI composite, (c-f) 

differential elemental distribution for an area shown in image (a) 

 The EDX mapping of the composites PANI, Se-PANI, Cel-PANI and 

Se-Cel-PANI is shown in Figure 4.4, 4.5, 4.6, 4.7 respectively. The differentiated 

distribution of elements present in the composite is also given in the images 

accompanying the corresponding figures. The differential EDX mapping in 

Figure 4.4(c,d) corresponds to C and N of PANI chains. Figure 4.5(c) clearly 

indicates that Se has been well incorporated into the composite in addition to C 
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and N of PANI chains. The introduction of cellulose into the matrix have 

evidently contributed O into the elemental distribution of Cel-PANI and Se-Cel-

PANI (Figure 4.6 and 4.7). All the elements present in the composite is found to 

have been uniformly distributed throughout the morphology. For Se containing 

composites, the differential distribution of the elements clearly indicates that Se 

has also been decorated uniformly throughout the composite. Additionally, the 

elemental mapping of pure PANI, Se-PANI and Se-Cel-PANI depicts that the 

composites do not contain impurity elements. The spatial and surface distribution 

of the constituent elements in the matrix gives a better perspective regarding the 

interaction of elements within the composite.  
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4.3.4. Transmission Electron Micrograph (TEM), High Resolution 

Transmission Electron Micrograph (HR-TEM) images 

 

Figure 4.8. (a)TEM image (b) HRTEM image of Se-Cel-PANI composite; inset of figure 

shows the particle size distribution (c) HRTEM image showing the lattice fringes 

corresponding to lattice planes of trigonal Se; inset shows the SAED pattern observed 

for the composite (d) HRTEM image showing the lattice spacing of 0.3 nm 

corresponding to (101 plane) of trigonal Se (shown in inset); FFT image of the 

corresponding lattice fringes which confirms to hexagonal structure of Se (given in inset 

of inset). 
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 The microstructure of Se-Cel-PANI composite was better understood by 

TEM, HRTEM images. Figure 4.8(a) shows that the Se-Cel-PANI composite 

fibers measured an average diameter of 115 nm, consistent with the SEM data. 

On close examination, quasi-spherical dark regions amidst agglomeration were 

observed in the HRTEM image shown in Figure 4.8(b). These can be attributed 

to the presence of selenium in the composite. The inset of Figure 4.8(b) shows 

the particle size distribution as obtained from the HRTEM image. The particle 

sizes ranges from 4 to 6.5 nm. The HRTEM image of Se-Cel-PANI given in 

Figure 4.8(c) shows randomly oriented crystallites with interplanar spacing of 

0.36, 0.31, 0.23, 0.21 and 0.17 nm. These d-spacing values can be indexed to 

(010), (101), (110), (102) and (201) planes of trigonal Se[59]. The inset of Figure 

4.8(c) gives the selected area diffraction pattern of the composite. The concentric 

rings observed in the image implies the polycrystalline nature of the sample. The 

HRTEM image showing a set of lattice fringes corresponding to the d-spacing 0.3 

nm is given in Figure 4.8(d).  This corresponds to the (101) plane of trigonal 

selenium species. The bottom left inset of Figure 4.8(d) shows the fast Fourier 

transform image obtained for the lattice fringes observed. The bright spots 

obtained in the FFT image directly correlates with the hexagonal structure of Se 

in the composite. 
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4.3.5. X-ray Photoelectron Spectra (XPS) 

 

Figure 4.9. (a) Survey spectrum scan of elements; inset shows table containing the peak 

binding energy (in eV) and the % atomic composition of elements (b) C 1s (c) O 1s (d) 

N 1s and (e) Se 3d elemental X-ray photoelectron spectroscopy spectra of Se-Cel-PANI 

composites  

 The XPS analysis of Se-Cel-PANI composite was done to confirm the 

chemical bonding and elemental valence. Figure 4.9(a) shows the survey scan 

spectrum of Se-Cel-PANI composite with typical peaks corresponding to C 1s, N 

1s, O 1s and Se 3d. The signal intensity for Se indicates the presence of elemental 

selenium in the composite. The inset of Figure 4.9(a) shows the peak binding 

energy (in eV) and the % atomic composition of the element detected in Se-Cel-

PANI composite. Figure 4.9(b-e) represents the elemental point scan of C 1s, O 

1s, N 1s and Se 3d species respectively. These core spectra were deconvoluted 

using Gaussian fitting method. The C 1s spectra shown in Figure 4.9(b) was 

deconvoluted to three distinct peaks corresponding to three types of carbon 

functional groups. The intense peak at 284.3 eV can be due to the presence of 
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non-oxygenated carbon, generally C-C bonds, while the peaks at 285.5 and 288.1 

eV can be attributed to C-O/C-Se bonds and C=O bond respectively[60]. The 

comparative oxygen O 1s spectrum (Figure 4.9(c)) illustrates the presence of 

peaks due to C-O and C=O bonds centered at 532.5 eV and 530.9 eV 

respectively[60]. The core N 1s spectrum (Figure 4.9(d)) of Se-Cel-PANI 

composite consists of two subpeaks at 399.4 eV and 401.4 eV corresponding to 

the benzenoid amine and the diminished nitrogen cationic radical (N+•). The 

absence of peak corresponding to imine groups (at ~398 eV) indicates that these 

groups have been completely doped[61]. It ensures high conductivity of Se-Cel-

PANI composite. The presence of these nitrogen species also reveals that PANI 

present in the ternary composite is in the protonated state[62]. The Se 3d spectra 

(Figure 4.9(e)) consists of two sub peaks at 55.1 eV and 55.9 eV which 

corresponds to Se 3d5/2 and Se 3d3/2 orbitals respectively for Se [Se(0)] which are 

separated by 0.8 eV. A sub peak at binding energy of 57.1 eV can be indicative 

of interaction of Se with C/O [Se(IV)] ie, Se-C/Se-O[63]. This confirms that Se 

has definitely interacted with carbon in the matrix which is also consistent with 

the FTIR results. 
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4.3.6. UV-Visible Absorption Spectra  

 

Figure 4.10. UV-Visible absorption spectra of PANI, Se-PANI, Cel-PANI and Se-Cel-

PANI composites 

 Solid state absorption spectra of PANI, Se-PANI, Cel-PANI and Se-Cel-

PANI composites are shown in Figure 4.10. The peak around 435 nm can be 

assigned to the polaron−π* transitions while the broad shoulder below 400 nm is 

due to π−π* transition of benzenoid rings in PANI chains[64]. Another free tail 

extending to the IR region is due to the π−polaron transition of the chains[65]. 

Presence of such localized polaronic states confirms the formation of doped 

emeraldine salt form of polyaniline. The UV-visible absorption spectra of PANI 

composites also show similar spectral peaks. This confirms in-situ development 

of PANI - cellulose hybrid.  
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4.3.7. RAMAN Spectra  

 

Figure 4.11. RAMAN spectra of PANI, Se-PANI, Cel-PANI and Se-Cel-PANI 

composites 

 The interracial interaction between the constituents of the composite can 

be effectively studied using Raman spectroscopy (Figure 4.11). For virgin PANI 

sample, the spectral peak observed at 1600 cm-1, 1409 cm-1 and 1471 cm-1 can be 

attribute to the C-C stretching vibrations of benzenoid, C-C stretching vibrations 

of quinoid and C=N vibrations of the quinoid rings respectively[66,67]. The C-H 

bending vibrations of benzene/quinoid rings and in plane ring deformations are 

observed at 1263 and 1164 cm−1 respectively. The C–N+ stretching vibration of 

PANI is recorded at 1334 cm-1 [67]. The Raman spectrum of Cel-PANI 
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composites displayed characteristic peaks similar to pristine PANI. Moreover, 

decrease in intensity of quinoid vibration band at 1471 cm-1 compared to 

stretching vibrations of benzenoid suggests conversion quinoid to benzenoid in 

cellulose composites. 

4.3.8. Thermo-gravimetric analysis (TGA)  

 

Figure 4.12.  Thermogravimetric analysis (TGA) spectra of PANI, Se-PANI, Cel-PANI 

and Se-Cel-PANI composites. 

 Figure 4.12 gives the TGA curves of PANI, Se-PANI, Cel-PANI and 

Se-Cel-PANI composites divided into four regions. From room temperature to 

about 150 °C, the loss in moisture accounted for a small fraction of weight loss in 

all samples[58].  The second stage of weight loss occurs from a temperature 200 

C to 350 °C due to the decomposition of cellulose in the matrix and removal of 

acid components in the composite[68]. PANI remains almost stable and loss of 

weight is due to the removal of acid components. The composite Se-PANI also 
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exhibits considerable weight loss due to the decomposition of selenium from the 

composite. The maximum weight loss for cellulose composites happens in this 

stage of thermal degradation. Noticeably, the presence of Se enhances the thermal 

stability of Se-Cel-PANI at this stage of degradation. The final stage of thermal 

degradation in the samples is from about 350 °C to 680 °C is ascribed to the 

breaking down of the polymer backbone[58,69]. Finally, 80%, 50%, 50%, 20% 

of residue remained after heating to 800 oC for PANI, Se-PANI, Se-Cel-PANI 

and Cel-PANI respectively. The results suggest that compared to the Cel-PANI, 

the thermal stability of the Se-Cel-PANI has been enhanced due to the interaction 

between Se with Cel-PANI.  

4.3.9. Brunauer-Emmett-Teller (BET) analysis 

  

Figure 4.13 Brunauer-Emmett-Teller (BET) surface area of Se-Cel-PANI. The inset of 

figure shows the pore size distribution in the composite. 

  N2 adsorption-desorption test was used to study the specific surface area 

of Se-Cel-PANI composite. The isotherm showed in Figure 4.13 is a type IV 
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isotherm which is characteristic of mesoporous materials (materials with pore size 

from 2 to 50 nm). The specific surface area of Se-Cel-PANI was found to be 

approximately 14.5 m2/g and the composite possess a pore size of 19.56 nm. This 

value of specific surface area is sufficiently conducive for better percolation of 

ions to/from the electrolyte used during electrochemical energy storage thereby 

leading to enhanced capacitance values.  

4.3.10. Mechanism of formation of ternary Se-Cellulose-Polyaniline 

composite 

 A plausible scheme of formation of the ternary Se-Cellulose-Polyaniline 

composite from its constituent entities is given below in Scheme 4.1. Aniline 

hydrochloride gets homogenously dispersed over the microcrystalline cellulose 

during the initial stages of synthesis. Aniline monomers are adhered on crystallite 

sites of MCC through the hydrogen bonding between the amine groups of aniline 

and the hydroxyl entities of cellulose. Upon the addition of APS, the 

polymerization is initiated, thereby resulting longer fibres due to larger number 

of specific sites with aniline monomers. Selenium could anchor on the Cel-PANI 

composite to crystallize in trigonal form and gets decorated homogeneously 

throughout the composite. The end product is a pitch-dark green powder 

composite of Se-Cellulose-Polyaniline with excellent conductivity and 

electrochemical performance. In the absence of cellulose, the repeated units of 

PANI formed by secondary polymerization gets accumulated on the surface of 

the already formed fibres resulting in a bulky morphology. However, cellulose 
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provides an increased surface for PANI to polymerise and prevent the over-

stacking of the fibres. 

 

Scheme 4.1. A scheme showing the formation of a stable PANI onto cellulose 

decorated with selenium 

4.4. CONCLUSION 

Selenium /Cellulose/Polyaniline nanocomposites were synthesized using 

freeze drying assisted one pot polymerization of aniline. The work emphasis 

chemical oxidative polymerization followed by lyophilization as an easy and 

scalable route for the synthesis of nanocomposites. Polymerization of aniline 

monomers anchored on specific sites of MCC with homogeneous decoration of 

Se QDs results in the formation of Cellulose-PANI composites. The 

nanocomposite was studied for its structural, morphological and optical 

characteristics using XRD, FTIR, SEM and UV-Visible spectroscopy. The 

HRTEM images shows that Se crystallites have trigonal structure in hybrid 

polymer matrix.  
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Chapter-5 

Selenium/cellulose/polyaniline 

nanocomposites for energy storage 

applications  

 Miniaturized electronic application calls for materials with enhanced energy 

storage capabilities. For past several years, much research focused on synthesis 

techniques that can boost the areal or volume capacitance instead of 

gravimetric capacitance of the material for portable and lightweight energy 

storage materials. Selenium/cellulose/polyaniline composites with distinct 

fibrillar morphology can provide improved mechanical stability to the material 

due to many ion-accessible active area, short diffusion path, high cyclic 

capacity etc. The selenium-cellulose-polyaniline composite exhibits excellent 

areal capacitance of 4.55 F/cm2 at a sweep rate of 2 mV/s with retention of 

~100% even after 5000 cycles of charge-discharge. The result demonstrates the 

indefectible potential of the composite for use in energy storage applications. 
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5.1. INTRODUCTION 

 The 21st century has seen burgeoning demand for electric vehicles and 

portable electronic devices in all realms of life[1,2]. Depleting fossil fuel 

reserves and growing energy demands has triggered minds for a cheap, efficient 

and capable energy storage system in the form of supercapacitors or ion 

batteries. Of these, supercapacitors (SC) have been stirring interests due to their 

ability to generate transient yet high power in addition to high energy storage 

capacity[3]. SC can be generally categorized into electrical double layer 

capacitors (EDLCs) and pseudocapacitors owing to their energy storage 

mechanism. While the accumulation of ionic charges at the electrode/electrolyte 

interface is responsible for capacitance of EDLCs, the pseudocapacitance is due 

to the fast and reversible faradic redox reactions at the interface[4–6]. EDLCs 

therefore exploit mostly carbon based porous electrode materials like carbon 

nanotubes[7], graphene[8], activated carbon[9], hetero-doped carbon[10] etc 

while latter makes use of electroactive transition metal oxides[11] like 

RuO2[12], MnO2[13], certain selenides[14,15], sulfides[16] or conducting 

polymers such as polypyrrole[17,18] and polyaniline[19].   

 Here in we report Se decorated on cellulose-polyaniline composite with 

enhanced electrochemical energy storage capabilities. Though selenium is a 

widely exploited chalcogen in various components of electronic circuitry, its 

composite with a conducting polymer has rarely been investigated for 

pseudocapacitor applications. Chalcogens (Se, S, Te) being in the same group as 

oxygen has also initiated efforts for energy storage studies as they are reputed 
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with high conductivity rich redox chemistry, multiple valence states and synergy 

with their counterparts[20,21]. Recent studies have affirmed that Transition 

Metal Chalcogenides (TMCs) especially selenides have better conductivity than 

TMOs[22]. Barik et.al recently elaborated the effect of Se when inserted into 

WO3 matrix in the electrochemical performance of the composite[14]. Se 

insertions into various other metal oxides have also reportedly amplified the 

conductivity of the material for application in fuel cells[23], solar cells[24], 

photocatalysis[25].  

5.1.1. Polyaniline-based nanocomposite for supercapacitor 

applications- review 

Polyaniline (PANI) has piqued the research interests among academic 

community as a vibrant candidate for energy storage applications. 

Nanostructures of PANI are highly preferred in this regard as they display 

increased electroactive area with shorter ion conducting pathways[26]. The 

theoretical specific capacitance of pure nano-polyaniline electrodes is about 

1200 Fg-1 which is competitive with much more expensive electrode 

available[27]. However, the poor mechanical stability that accompanies with the 

large volumetric swelling/shrinking of the polymer backbone with every charge-

discharge cycle due to repeated insertion/expulsion of electrolyte ions impedes 

device application despite its ease of synthesis and easy functionalization 

abilities[28]. To resolve the issue, efforts are made towards polyaniline 

composite materials that integrates the features of the polymer and also possess 

improved material feature of the additive. Carbonaceous precursors like 
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graphene, graphene oxide, graphite, activated carbon or carbon nanotubes 

(CNTs) are regarded as efficient additives that combat the cycle instability in 

polyaniline. Zhang et.al., discussed a graphene/PANI supercapacitor electrode 

with specific capacitance of 480 F/g at a current density of 0.1 A/g with good 

cyclic stability[29]. The graphene oxide/PANI electrode was subjected to 

hydrazine reduction and the re-protonation of polyaniline to form 

graphene/PANI. Single or multiwalled CNTs integrated with PANI are also 

widely studied for energy storage applications. The report by Wu et.al, showed 

vertically aligned CNT/PANI composite electrode with specific capacitance of 

403.3 Fg-1, excellent cycling stability (90.2% retention after 3000 cycles at 

4 A g−1) and high energy density (98.1 Wh kg−1)[30]. Similarly aligned muti-

walled CNT (mwCNT)/PANI composites developed by Lin et.al., showed 

maximum specific capacitance of 233 Fg-1 at a current density of 1 Ag-1 and 

high cyclic stability which was reportedly 36 times of bare mwCNT sheet, 23 

times of pure polyaniline and 3 times of randomly dispersed 

mwCNT/polyaniline film under the same conditions[31]. Other examples of 

composites of PANI with carbon-based material include electrodes like reduced 

Graphene oxide (r-GO)/PAni as studied by Wang et.al.[32], which had no loss 

of capacitance even after 200 cycles at 2 A g−1. Devdas et.al, studied the effect 

of carbon dots on the specific capacitance and energy storage abilities of PANI 

and PPy[33]. The composites exhibited capacitances of 676 and 529 Fg-1 for 

PPy@Cdots and PANI@Cdots, respectively for same current density. Even 

upon the addition of less conductive carbon dots, the composite showed better 

capacitive performance in comparison with pristine polymer units. 
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Metal nanoparticles and metal oxide have also been incorporated with 

PANI to enhance capacitance for energy storage. Polyaniline has been doped 

with transition metal like Ni2+ ions[34] and Co2+ ions[35], to study the improved 

energy storage capabilities. Xia et al. grew a thin layer of RuO2 on polyaniline 

nanofibers to enhance the stability and energy density of the final material with 

capacitance retention upto 88% after 10,000 cycles[28]. Han et.al, patterned 

ultra-thin MnO2 nanorods on PANI to create electrodes with specific 

capacitance fourfold greater than virgin PANI[36]. Literature has also seen a 

spurge of studies on metal-oxide -frameworks (MOF) doped polyaniline. MOFs 

are renowned with very high surface area, excellent chemical stability, and large 

pore volume and are believed to be ideal for energy storage applications. For 

example, Iqbal et.al., fabricated Co-intercalated MOF/PANI electrodes for 

supercapattery applications[37].  

The filler or additive to the polymer chain could also be a conjugate 

polymer itself. Chen et.al, demonstrated highly uniform PPy/PANI nanospheres 

with maximum specific capacitance of 510 Fg-1 at 10 mVs-1 with long cyclic 

stability[38]. The structure was fabricated such that PPy nanospheres was the 

core and sea urchin-like PANI acts like the shell thereby maximizing the 

electroactive surface area. Ternary and quaternary nanocomposites are also 

investigated nowadays with a view to improve energy storage capabilities 

towards high performance electrochemical electrodes due to synergistic effects 

among individual components. Ternary graphene/Au/PANI electrode 

synthesized by Wang et.al., demonstrated a specific capacitance of 572 Fg-1, 
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with over 88.5% of capacitance retention after 10,000 cycles which is 

significantly higher than that of binary graphene-PANI composite[39]. 

Similarly, Martins et.al, developed r-GO/PANI/Fe3O4 as free-standing and 

flexible thin films using facile doctor blade technique for supercapacitor 

applications[40]. An example for quaternary composite can be Chakraborty 

et.al’s CuO@NiO/PANI/MWCNT nanocomposites that encompass the merits of 

its individual components to obtain specific capacitance of 1372 Fg-1 and a good 

cyclic stability of 83% after 1500 cycles[41].  

Recently fiber-based supercapacitors have picked up pace among 

research fraternity moving towards a broad and innovative field of wearable 

electronics and energy storage textiles. Some of these supercapacitors are even 

electrochromic, self-healing, stimuli sensitive, stretchable and perform other 

multifunctional applications. A recent review article from Zhao et.al, 

summarizes the efforts towards these flexible and ‘smart’ supercapacitors[42].  

 Out of all the known elemental counterparts, chalcogen elements like 

selenium plays an inevitable role in the context due to its unique and superior 

electrical, optical and thermal properties. Though some research has been 

conducted on Se-polyaniline composite material to discover applications in 

energy storage[43,44], medical, thermoelectric, electrical[45] and opto-

electronic devices[46], reports on the detailed effects of integration of Se into 

polyaniline are scarce[47]. Studies considering altercations in synthesis 

procedure are also exploited for enhanced physical properties of these materials. 

This includes the use of electrochemical deposition, in-situ polymerization, 

electrospinning, use of various surfactants and catalysts.   
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5.1.2. Characteristics of supercapacitors 

 The choice among various types of supercapacitors (EDLCs, 

pseudocapacitors or hybrid) primarily depends on the application requirements 

of energy/power densities, cost efficiency and stability of the electrode. 

Understanding the performance indicators of supercapacitors is instrumental for 

efficient device application. It also provides considerable knowledge regarding 

the material and its abilities towards energy storage.  

• Specific capacitance 

 The capacitance of a supercapacitor is the prime factor that decides its 

performance. It is a measure of the energy storage capability of the electrode 

and is defined as the amount of charge stored per unit mass or unit area of the 

material. Consequently, they are expressed in terms of Farads per gram, F/g 

(gravimetric capacitance) or Farads per sq. centimeter, F/cm2 (areal 

capacitance). Higher the specific capacitance, greater is the ability of the 

electrode to store charge. Specific capacitance is generally dependent upon the 

nature of the electrode material, its intrinsic features like porosity, surface 

chemistry, the design/ architecture of the electrode, nature of the electrolyte 

used and measurement parameters like current density and scan rates.  

• Electrochemical impedance 

 Efficient charge storage and minimal resistive losses are prerequisites 

for any good supercapacitors. Generally, the EIS data is interpreted by using two 

plots- Nyquist and Bode plots which are characterised by the following features. 
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Nyquist Plot- At low frequencies, the impedance is dominated by the 

capacitance of the electrochemical double layer (or pseudocapacitance), and 

there is minimal resistive loss at these frequencies and hence a near vertical 

graph is obtained at lower frequencies. At intermediate frequencies, a semicircle 

may be observed whose diameter corresponds to the charge transfer resistance 

(Rct) and/or contact resistance. At very high frequencies, the plot intersects the 

real axis (Z') and this value indicates the equivalent series resistance (ESR) of 

the system, which includes the internal resistance of the electrode, electrolyte 

resistance, and other contact resistances. Minimal intercept on the real axis 

(showing low ESR) and smaller semi-circular diameter (indicating quick charge 

transfer) at intermediate frequencies and a vertical line at lower frequencies 

indicating ideal capacitive behaviour is characteristic of any ideal 

supercapacitor. 

Bode Plot- In an ideal supercapacitor Bode plot (phase vs. frequency), the phase 

angle approaches −90° at lower frequencies indicating good capacitive response 

of the material. 

• Cyclic stability 

 The reliability of a supercapacitor for use in practical application 

greatly depends on its longevity. Energy storage devices need to maintain its 

capacitance capabilities over numerous cycles of working in devices. Cyclic 

stability of a supercapacitor describes its ability to retain the capacitance even 

after repeated cycles of charge-discharge. The stability is assessed by recording 

the capacitance of the supercapacitor for thousands or even ten-thousands cycle 
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of charge-discharge. It largely depends on the electrochemical nature of the 

electrode and the nature of the electrolyte. 

• Energy and power densities 

 Energy and power densities are critical performance metrics for any 

energy storage device. While energy density (expressed in terms of Wh/kg or 

Wh/cm2) describes the quantity of energy stored within the bulk of a 

supercapacitor electrode, power density (expressed in W/kg or W/cm2) describes 

how rapidly this energy could be discharged from the device. Higher energy and 

power densities are requisites for any supercapacitors.  Both these parameters 

are best evaluated from GCD curves in a two-electrode configuration which 

mimics a practical supercapacitor set up. 

• Eco-friendliness 

 A supercapacitor electrode should always be eco-compatible as these 

materials are widely used in wearable electronics, various biomedical 

applications and even environmental monitoring. The choice of precursor for 

electrode material like biodegradable materials, cost effective agriculturally 

abundant sources are widely researched upon in this aspect.  

5.2. EXPERIMENTAL SECTION 

5.2.1. Apparatus and characterization 

 The materials used in the study were synthesis by fabrication routes as 

mentioned in chapter 4. The electrochemical measurements were made on a 

three-electrode system using 1M H2SO4 as the electrolyte at room temperature 
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in air. Cyclic voltammetry (CV), galvanostatic charge/discharge (GCD), 

electrochemical impedance spectroscopy (EIS) was recorded on BioLogic VSP 

electrochemical workstation. 

  The composites were first dispersed in ethanol and drop casted on to 

the glassy carbon electrode which was the working electrode. The areal 

capacitance values can be calculated by integrating the CV curve and also from 

the GCD curves using the equations (5.1) and (5.2) given below (Ca, mFcm-2). 

𝐶 =
∫ 𝐼(𝑉)

𝑣2
𝑣1

𝑑𝑉

2(∆𝑉)𝑆𝐴
                             (5.1) 

𝐶 =
𝐼∆𝑡

𝐴∆𝑉
                                      (5.2) 

 where 𝐼 represents the current (A), v1 and v2 are starting and ending voltages 

(V), ∆𝑉 represents the potential window (V), S is the scan rate (mV/s), A is the 

area of active material of the electrode (cm2), ∆𝑡 is the discharge time (s). The 

energy densities (Ea, mWhcm-2) and power density (Pa, Wcm-2) were determined 

using the following equations (5.3) and (5.4). 

𝐸𝑎 =
0.5

3.6
𝐶(∆𝑉)2     (5.3) 

𝑃𝑎 =
3600𝐸

∆𝑡
      (5.4) 
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The cycling test was performed at 100 mA applied discharge current in the 

potential window of -0.2 to 0.8 V for 5000 cycles of charge-discharge. 

 The electrochemical performance of the material was also tested in a 

two-electrode symmetric device configuration. The material was formulated into 

electrodes after mixing with the binder acetylene black, polyvinylidene fluoride 

(PVDF) in the ratio 80:10:10. The mixture was made into a slurry paste by 

dispersing in NMP and then doctor-bladed on to a substrate. A filter paper 

wetted with aqueous solution of 1M H2SO4 was kept between these electrodes 

as separator. The sandwiched configuration serves as a symmetric 

supercapacitor device.  

 The specific areal capacitance, C (Fcm-2) values from the CV and GCD 

graphs respectively were calculated using equation  

𝐶 =
∫ 𝐼(𝑉)

𝑣2
𝑣1

𝑑𝑉

(∆𝑉)𝑆𝐴
                                (5.5) 

𝐶 = 2
𝐼∆𝑡

𝐴∆𝑉
                                      (5.6) 

where 𝐼 represents the current (A), v1 and v2 are starting and ending voltages 

(V), ∆𝑉 is the operated potential window (V), S is the applied scan rate (mV/s), 

A is the area of active material on one of the electrodes (cm2) and ∆𝑡 is the 

discharge time (s). Here, in both the equations, a factor of 2 is multiplied in 

comparison with equations (5.1) and (5.2) due to the formation of series 

capacitance in a symmetrical supercapacitor device. The energy and power 
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densities of the device can be evaluated from the equations (5.3) and (5.4) 

respectively. 

5.3. RESULTS AND DISCUSSION 

5.3.1. Cyclic voltammetry studies 

 

Figure 5.1. (a-d) CV curves at different scan rates of PANI, Se-PANI, Cel-PANI and 

Se-Cel-PANI composite 

 The CV response at various scan rates at varying discharge current of 

composites are shown in Figure 5.1(a-d) respectively. In the CV profiles, with 
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increasing scan rates, the response current also increased for each composite 

indicating a good rate capability of the electrode. Also, a positive shift in the 

oxidation peak and a negative shift in the reduction peak are noted for all 

composites with increasing scan rate, which may be due to internal resistance. 

The redox peaks at 0.6 V/0.5 V becomes less apparent at higher scan rates for 

each composite as the electrolyte fail to diffuse into and out of the interior of the 

electrode within such short time. However, the redox peak current retains its 

shape for each composite with this increasing sweep rate indicating fast current 

responses by the composite.  
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5.3.2. Galvanostatic charge-discharge studies 

 
Figure 5.2.(a-d) GCD curves at varying discharge current of PANI, Se-PANI, Cel-PANI 

and Se-Cel-PANI composites 

 The GCD curves (Figure 5.2(a-d)) of the composites reveal a short 

discharge from the potential 0.8V followed by a linear region in the curve to 0V. 

Also, the discharge time was found to be inversely proportional to the current as 

larger current can build up the same charge or same voltage in a system in 

shorter time. The asymmetrical shape of the GCD curves indicates the 

pseudocapacitive nature of the as-synthesized materials.  
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5.3.3. Comparison of electrochemical performance of the composites 

 
Figure 5.3. (a) CV curves at 5 mV/s scan rate (b) GCD curves at 25 mA/cm2 discharge 

current of PANI, Se-PANI, Cel-PANI and Se-Cel-PANI composite. 

 The electrochemical performance of the composites was investigated 

using three electrode cells and evaluated using Cyclic Voltammetry (CV) and 

Galvanostatic Charge-Discharge (GCD) and electrochemical impedance 

spectroscopy (EIS) studies. Figure 5.3(a) shows the cyclic voltammetric 

performance of the composites at 5 mV/s scan rate in the potential window from 

-0.2 to 0.8 V. For PANI, the first pair of redox waves (P1/P2 at ~0.3/0.2 V) can 

be attributed to leucoemeraldine to polaronic emeraldine transition of PANI, 

while the second set of peaks (P3/P4 at ~0.6/0.5 V) are related to the 

emeraldine/pernigraniline transformations of PANI correspondingly[48]. The 

CV characteristics remains almost invariant for Se-PANI composites, which 

indicated that PANI suffered similar charge/discharge reactions in Se-PANI. 

Additionally, area enclosed by the CV curve is increased hence Se-PANI have 

higher areal capacitance. These redox peaks are however less apparent in Cel-
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PANI and Se-Cel-PANI nanocomposites. The synergistic effects of the 

components of the composites have a direct effect on the shape and size of the 

CV spectra[49].  Presence of cellulose in the matrix hinders the easy 

interconversion and redox cycle of the polymer chains and hence the aforesaid 

peaks become less intense in their CV spectra. Evidently, Se-Cel-PANI has 

higher current response compared to its counterparts indicating that the material 

possesses greater electrochemical active area that aids in better conductivity and 

capacitance capabilities. The fibrillar morphology of the composite allows the 

efficient diffusion of the electrolyte ions into the interior of the network thereby 

allowing better access to the active sites. The increased current response can 

also be attributed to the synergistic effect of Se and PANI nanofibres and 

increased charge accumulation in electrode – electrolyte interface. The Figure 

5.3(b) shows the galvanostatic charge-discharge curves of PANI, Se-PANI, Cel-

PANI and Se-Cel-PANI composites in the potential range -0.2 V to 0.8 V at an 

applied current density of 25 mA/cm2. The asymmetrical nature of the triangles 

exhibited by the GCD profiles indicates the pseudocapacitive behavior of the 

material as a result of electrochemical interaction occurring at the electrode-

electrolyte interface[50]. A voltage drop is noted in the discharge curve which 

can be attributed to the internal resistance[51]. This drop is however less for Se 

containing composites in comparison with PANI and Cel-PANI which could be 

due to reduced internal resistance caused by the shortened transfer path of ions 

in the matrix owing to the conductivity of Se. The discharging time was found 

to be longer for Se-Cel-PANI ternary composite indicating excellent 

electrochemical behavior. 
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5.3.4. Areal capacitance 

 

Figure 5.4. Variation of specific areal capacitance (a) against scan rate obtained from 

CV and (b) against current density obtained from GCD 

 The areal capacitance as a function of current scan rate is given in 

Figure 5.4(a) The capacitance decreased with ascending scan rates. At higher 

rates of scan, inner active sites of the electrode would be unable to keep up with 

the redox transition and as a result, all active species do not participate in the 

charging process. In this sense, only the areal capacitance at slower scan rate 

can suggest almost complete utilization of the electrode material[52]. The Se-

Cel-PANI composite showed exceptionally high capacitance of 4.55 F/cm2 at a 

scan rate of 2 mV/s which is greater than many other reported capacitance 

values for a conducting polymer-based composite. This can be ascribed to the 

enhanced electrochemically active surface spots in the composite which further 

allows the percolation of ions from the electrolyte with better adsorption and 

desorption upon charge-discharge. The porous 3D network of cellulose offers a 

conductive frame for polyaniline along with the adsorbed Se entities that 

shortens the charge transfer distance from PANI to the current collector. In 
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addition to this, Se in the composite may have increased the conductivity of the 

material by offering richer active sites and channels for ion transport[14]. Thus, 

even though Se-Cel-PANI composite has less surface area and pore size, it 

exhibits shown outstanding areal capacitance than many reported candidates. 

The areal capacitance value is in the order of Cel-PANI< PANI< Se-PANI<Se-

Cel-PANI demonstrating that Se-Cel-PANI exhibit better electrochemical 

performance in comparison to its counterparts. The specific areal capacitance of 

Se-Cel-PANI composite evaluated from the GCD plot (Figure 5.4(b)) was 

2.250 F/cm2 at a current density of 15 mA/cm2. The areal capacitance values 

obtained from the GCD values were also observed to be consistent with those 

obtained from CV spectra.  

5.3.5. Nyquist Plot 

 

Figure 5.5. Nyquist plot of PANI, Se-PANI, Cel-PANI and Se-Cel-PANI composites; 

inset shows the expanded EIS spectra  
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The Nyquist plot (Figure 5.5) was recorded from the electrochemical 

impedance spectroscopy to study the internal resistance, charge transfer kinetics 

and ion-diffusion process in the composite. A semicircle arc towards higher 

frequencies followed by a vertical plot with larger slope in the low frequency 

region is characteristic of any EIS spectra. While the former can be attributed to 

the contact impedance generated by the electrode and electrolyte resistance, the 

latter corresponds to capacitive behaviour. The diameter/ first intercept of this 

semi-circle with the x-axis gives the charge transfer resistance for the 

material[53]. Se-Cel-PANI electrode evidently exhibit an inconspicuous 

semicircle/intercept with Z’ axis among all other electrodes (inset of Figure 

5.5). Such low values for charge transfer resistances (Rct) indicate that the 

composite showed good conductivity and least resistance to ion exchange 

between electrode-electrolyte pair and ideal capacitive behavior.  

5.3.6. Cyclic stability 

 

Figure 5.6. (a) Capacitance retention (in%) from GCD at a constant discharge current 

of 100 mA for varying number of charge-discharge cycles; inset shows the cyclic 
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retention (in %) of PANI, Se-PANI, Cel-PANI and Se-Cel-PANI composites for 1000 

cycles 

The cyclic stability of Se-Cel-PANI nanocomposites for 5000 GCD 

cycles at 100 mA discharge current is given in Figure 5.6. The material 

exhibited excellent capacitance retention of ~100% even after 5000 cycles of 

charge-discharge. The inset of Figure 5.6(a) illustrates the cyclic retention of 

PANI, Se-PANI, Cel-PANI and Se-Cel-PANI composites for 1000 GCD cycles 

at an applied discharge current of 100 mA. A dropped capacitance value of 

approximately 47.2% and 34.4% was observed at the end of 1000 cycles for 

PANI and Se-PANI respectively. However, cellulose containing composites 

showed a sustained retention of ~100% at the end of 1000 cycles of charge-

discharge. Se-Cel-PANI showed nearly no drop in capacitance even after 5000 

cycles. Conducting polymer-based composites usually have poor capacitance 

retention values due to the shrinking and swelling of PANI chains with the 

continuous doping/de-doping processes. However, the stability studies suggest 

that its composition with cellulose meliorated the situation effectively by 

enhancing the strength of the polymer backbone. Though Cel-PANI and Se-Cel-

PANI exhibits remarkable cyclic stability, the specific capacitance 

considerations would entitle Se-Cel-PANI ternary composite as an ideal 

candidate for energy storage applications.  
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5.3.7. Energy and power densities (Ragone plot) 

 

Figure 5.7. Areal normalized Ragone plot of Se/Cellulose/PANI composite 

Figure 5.7 shows the areal ragone plot for the composites evaluated 

from GCD data. The graph compares the specific energy and specific power 

associated in different energy storage devices. The Se-Cel-PANI ternary 

composite exhibited a remarkable areal energy density of 313.6 µWhcm-2 at 15 

mAcm-2 current density. The corresponding power density was evaluated to be 8 

mWcm-2. In addition to this, maximum power density was found to be 47.77 

mWcm-2 at an energy density of 9.82 µWhcm-2. These areal energy/power 

density values were found to be superior to that of electrodes reported in 

literature and opens vast horizons of applications for Se based energy storage 

devices.  
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Table 5.1 lists the comparison of some literatures on the electrochemical 

performance of certain cellulose-polyaniline based composites synthesized via 

in-situ polymerization.  

Table. 5.1. Literature on various cellulose-polyaniline composites synthesised by 

chemical oxidative polymerisation reported as electrodes for supercapacitor 

applications using 1M H2SO4 as electrolyte 

 

Electrode material Specific Capacitance Stability 

(cycles) 

Ref 

Cellulose fibre/SWCNT/PANI  330 mF/cm2, 0.2 

mA/cm2 

79% (1000) [54] 

Cellulose paper/graphite/PANI 355.6 mF/cm2, 0.5 

mA/cm2 

83% 

(10000) 

[55] 

Cellulose aerogel/Ag/PANI 217 F/g, 0.1 A/g 83% (1000) [56] 

Fe3+/Cellulose/PANI 3060 mF/cm2, 0.5 

mA/cm2 

79% (1000) [57] 

Cellulose/GO/PANI aerogel 1218 mF/cm2, 1mA/cm2 83% (1000) [58] 

MXene (Ti3C2Tx)/CNF/PANI 2935 

mF/cm2, 1 mA/cm2 

94% (2000) [59] 

Nanocellulose/MWCNT/PANI 2176.3 

mF/cm2, 1 mA/cm2 

64% (1050) [60] 

CNF/CCS/PANI2:2:1 1838.5 

mF/cm2, 1 mA/cm2 

83.2% 

(3000) 

[61] 

Se/Cellulose/PANI 2250 mF/cm2, 15 

mA/cm2 

~100% 

(5000) 

This 

work 

 

  

https://www.sciencedirect.com/topics/materials-science/mxene
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5.3.8. Electrochemical performance of the composite in a two-

electrode symmetric capacitor configuration 

 
Figure 5.8. (a) CV (b) GCD response of Se-Cel-PANI composites in two electrode 

configuration (c,d) calculated specific areal capacitance from CV and GCD profiles 

respectively (c) Capacitance retention (in %) from GCD varying number of charge-

discharge cycles; (d) Areal normalized Ragone plot  
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To test the electrochemical performance of the composite in a real 

energy storage system, the material was tested on a two-electrode symmetric 

supercapacitor configuration. Figure 5.8(a) and Figure 5.8(b) indicates the CV 

and GCD response of the device respectively. The CV plot recorded for an 

operational potential window of 0-1 V clearly indicates the pseudocapacitive 

nature of the material. The GCD plots are not exactly triangular in nature 

indicating non-linear redox process occurring in the material. The specific areal 

capacitance estimated from the CV curve is plotted in Figure 5.8(c). The 

material showed an exceptional areal capacitance of 1.203 F/cm2 at a scan rate 

of 2 mV/s.  With the increasing rates of scan, the electrolyte ions are unable to 

move in and out of the ions in the reduced time and hence capacitance values 

decrease. The specific areal capacitance plotted from the GCD response of the 

material (given in Figure 5.8(d)) shows a capacitance of 0.809 F/cm2 at a 

current density of 2 mA/cm2. The complete synergy between the constituents 

and their ability to meliorate the capabilities of one another has effectively 

increased the areal capacitance of the device. The value is significantly better 

than most of the areal capacitance obtained for some symmetrical supercapacitor 

devices. The cyclic retention exhibited by the device at a discharge current of 20 

mA for 50,000 cycles of charge-discharge is shown in Figure 5.8(e). The 

material showed an exceptional stability of 100% even after 50,000 cycles of 

charge -discharge. The areal ragone plot obtained from the GCD response of the 

device is given in Figure 5.8(f). The device exhibited a maximum power 

density 10 mW/cm2 at energy density 0.087 mWh/cm2. The fabricated device 
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has hence shown immense potential in terms of stability and energy storage for 

use in practical supercapacitor applications.  

5.4. CONCLUSION 

In the present work, Se/Cellulose/PANI nanocomposites are studied for 

their electrochemical performance. The Se-cellulose-PANI composite showed 

an admirable areal capacitance of 4.55 Fcm-2 at a scan rate of 2 mV/s with an 

excellent retention of ~100% for 5000 cycles. The remarkable areal energy 

density of 313.6 µWhcm-2 at power density of 8 mWcm-2 suggests the 

outperformance of the material compared to some previously reported 

polyaniline composites.  The enhanced areal performance of the ternary 

composite can be attributed to the high conductivity of PANI in the matrix and 

simultaneous contribution of mechanical strength from cellulose onto the 

polymer adhered over it. Selenium was found to play a vital role in the 

composite by endowing it with additional conductivity. The design and 

synthesis method adopted offers a facile, room-temperature cured and scalable 

approach for the design of electrode materials for enhanced supercapacitor 

applications. 
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Chapter-6 

Conclusion 

The thesis has been summarized in this chapter with some key results and 

highlights associated with our research. The chapter-wise detail analysis is 

briefly presented. The need for bridging the existing gaps in research on 

selenium nanocomposites is conveyed in the chapter.   
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 Though renowned as one of the first photovoltaic material, selenium was 

replaced within a short time with the emergence of silicon solar cells. But Se has 

gained renewed interests among the research fraternity and resurged lately, as a 

wide bandgap photoabsorber in tandem solar cells. Better understanding of the 

structure, functionalization capabilities and integration potential of the material 

is vital for better device application. The thesis work had attempted to shed new 

light on certain selenium-based nanocomposites for optical and electrochemical 

applications. 

 Chapter 1 presents a brief introduction into nanostructures, the various 

optical and electrochemical properties associated with them and their suitable 

applications. A detailed literature review on various Se nanostructures and a 

short discussion on conducting polymer -polyaniline based nanocomposites is 

also presented.  

The synthesis and characterization of various selenium allotropes in 

silica host matrix is discussed in chapter 2. While cubic and amorphous forms 

of Se QDs were synthesized via sol-gel technique followed by thermal 

annealing, a combination of solvothermal assisted sol gel route was adopted for 

the fabrication of stable monoclinic and trigonal Se in silica. The average 

crystallite size is in the range 2-10 nm and cubic and trigonal form exhibited 

blue emission upon UV excitations. Preliminary in-vitro cytotoxicity studies 

shows that the QDs exhibit negligible cell toxicity on rat spleen cells as 

evaluated by trypan blue exclusion method.  
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The characteristic absorption and photoluminescence observed for 

trigonal Se QDs was explored in detail in Chapter 3. The crystal growth 

mechanism was understood in detail and the various defects observed from the 

microstructural studies were identified. The trigonal Se-silica was used as a 

solid-state fluorescent sensing probe for the inner filter effect (IFE) based 

detection of curcumin. The probe showed good range of detection (0-10 mg) 

with LOD of 180 µg. The optical features of trigonal Se-silica nanocomposite 

were found to be suitable for less costly IFE-based practical fluorescence 

sensors.  

Chapter 4 deals with the synthesis and structural elucidation of Se in a 

stable hybrid conducting polymer polyaniline and cellulose-polyaniline matrix. 

The chapter discusses the synthesis of the composites of cellulose and/or PANI 

were via a one-pot polymerization of monomers followed by freeze drying. The 

structural elucidation of the nanocomposite was performed in detail. The 

HRTEM studies reveal that Se crystallizes in trigonal structure within the 

composite.  

In chapter 5, electrochemical properties of Se/Cellulose/PANI 

nanocomposites are discussed in detail for supercapacitor applications. The 

electrochemical performance of the Se-cellulose-PANI is compared with that of 

PANI, Se-PANI and Cellulose-PANI composites. The electrochemical 

parameters evaluated on both three-electrode and two-electrode set up is 

comparable to existing supercapacitor electrodes. The trigonal Se enhances areal 

specific capacitance (4.55 F/cm2 at a sweep rate of 2 mV/s) of the material, 
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while cellulose strengthens the polymer backbone and prevents degradation due 

to multiple charge-discharge cycles.  

 To sum it up, the thesis implies importance of Se nanostructures and 

explored its potential in optical and electrochemical applications. Amorphous, 

cubic, monoclinic and trigonal forms of Se was synthesized.  The blue emission 

of trigonal nanocrystallites was exploited to design a fluorescence probe for 

curcumin detection. Furthermore, the electrical conductivity of trigonal Se 

nanocrystallites is explored to enhance the pseudocapacitance of cellulose/PANI 

composites which resulted in a potential material with high areal capacitance 

and cyclic stability. 



 

Chapter-7 

Recommendations 

Recommendations or future scope of the current research is presented. We 

anticipate the wide application of different selenium nanostructures in opto-

electronic devices and energy storing units in the coming years. 
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 Study of elemental allotropes has always been one of the promising areas 

in the field of research. This is mainly due to the fact that though allotropes are 

different forms of the same element, they could have totally unrelated and wide 

range of properties. The current study has paved way to immense research 

potential in the fabrication and characterization of selenium nanostructures. In 

addition to the four polymorphs discussed in the works, attempts can be made to 

fabricate rhombohedral or orthorhombic Se. Moreover, the optical non-linear 

properties, dielectric properties and conductivity studies etc of these 

nanocomposite glasses are still largely unexplored.  

 Trigonal Se QDs fabricated by solvothermal assisted sol-gel route 

exhibits a photoluminescence quantum yield (QY) <1%. Defect engineered t-Se 

QDs can efficiently solve the issue and help to attain higher QY values. Effort 

towards reducing the defects and surface traps in the material can be made. 

 A conducting silica hybrid matrix (SiO2-PANI blend matrix) can be 

developed and the formation of Se allotropes in the matrix can be assessed. 

Change in the matrix would change the pore size and network of the medium 

which in turn might alter the optical and physical properties of the nano 

crystallites. The conducting nature of the matrix can be helpful in studying the 

electronic band structure, density of states, photoconductivity and even low 

temperature electrical conductivity of allotropes which have not been assessed 

before. 

 Composites of other polymorphs of Se in cellulose/PANI can be 

fabricated for electrochemical energy storage. For example, 2D selenium 
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structures can be intercalated with PANI to enhance the electroactive surface 

area in these materials. Attempts can be made to improve the specific energy 

and power associated with the materials while maintaining capacitance retention 

and improved specific capacitance values. The electrode can be incorporated 

into flexible and wearable electronics which are heavily consumed in the market 

for their efficiency, portability and hassle-free use. 

 The entire work can also be extrapolated to study the allotropes and the 

application potential of other elements like Phosphorous, Boron, Bismuth etc.  
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