Chapter 1

General Introduction

The motivation for the present investigation on carbon based nanomaterials is described
in this chapter with a brief discussion on their potential applications in sensor, solar cell,

supercapacitor and catalysis.
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1.1 Motivation

Nanotechnology is an emerging multi-disciplinary technology that has revolutionized the
existing traditional technologies. The National Nanotechnology Initiative defines
nanotechnology as “the understanding and control of matter at the nanoscale, at dimensions
between approximately 1 and 100 nanometers, where unique phenomena enable novel
applications ’[1]. When the size of any material is reduced to less than 100 nm in at least one
dimension, it leads to changes in their fundamental physical properties. This concept was
envisioned by R. P. Feynman back in 1959 when he delivered his famous lecture at Caltech titled
“There's Plenty of Room at the Bottom”[2]. Later on, the pioneering works of K. E. Drexler
published in the form of two books in 1986 and 1992 popularized the term “nanotechnology” [3].
Around the same time, carbon nanostructures were just been discovered, which further solidified
the concept of nanotechnology. It can also be said that nanotechnology gave a new life to an old

material: carbon.

By the mid-1980s, the field of carbon in terms of understanding their structure and
properties, as well as their technological applications seemed to be saturated, and researchers
were moving away from it. However, the discovery of Buckminsterfullerene by H. W. Kroto (at
University of Sussex, UK),R. F. Curl, Jr. and R. E. Smalley(at Rice University, USA) in 1985
generated renewed interest in carbon [4]. For their discovery, the trio also received the Nobel
Prize in 1996. The subsequent discovery of carbon nanotubes (CNTSs) by S. lijima in 1991 [5]
and isolation of graphene by exfoliation of graphite by K. S. Novoselov, A. K. Geim and co-
workers in 2004 [6] truly ushered in the new era of carbon based research that continues till date.
For “groundbreaking experiments regarding the two-dimensional material graphene”, A. K.
Geim and K. Novoselov were awarded the Nobel Prize in 2010. Commensurate with the
experimental and theoretical research on these new forms of carbon including graphene and
carbon dots, developments are being made in varied areas ranging from energy [7,8] and

electronics [9,10] to biomedical applications [11,12] and so on.

The motivation for this study is to develop carbon nanostructures and their composites,
for potential applications in four diverse areas: sensors, solar cells, supercapacitors and anode

catalysis in direct methanol fuel cell (DMFC).

1.2 Carbon

Carbon is one of the few elements known by human civilizations for millennia. The
word carbon comes from the Latin word “carbo” meaning charcoal. The earliest use of carbon
can be dated back to ~ 30,000 years ago when charcoal and carbon black were used for cave
paintings (Figure 1.1). There are other evidences of use of carbon throughout the history, e.g.,

reduction of metal ores by charcoal (8,500 B.C.), the Hindu sage Panningrishee invented the
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Indian ink (carbon black) (3,500 B.C.), Egyptians used charcoal powder as medicine (1,500
B.C.), the Bible was printed by Johannes Gutenberg with printer’s ink (carbon black) (1456
A.D.), and many others [13].

Figure 1.1 Paleolithic art in the Roucadour cave, France (28,000-25,000 B.P.) [14].

Carbon is a group 14 element represented by the symbol “C” and atomic number 6,
having ground state electronic configuration of 1s?2s?2p?. Each carbon atom can form four
covalent bonds by sharing its valence electrons with neighboring atoms. Due to the unique
property of carbon to bind to itself as well as to almost all the other elements, it can form
virtually limitless number of organic compounds. Graphite and diamond are the two earliest
discovered naturally occurring allotropes of carbon. And they remained the only known carbon
allotropes for a long time until the discovery of fullerenes. This discovery marked the

commencement of a new age of synthetic allotropes of carbon.

1.2.1 Naturally occurring allotropes of carbon

" Graphit Diamond
I e [ S i D

Figure 1.2 Atomic arrangements of graphite and diamond.
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1.2.1.1 Graphite

Graphite is a soft material, black/gray in color. The word graphite was coined in 1789 by
a German geologist A. G. Werner from the Greek word “graphein”, meaning to write or draw.
Graphite has a three-dimensional layered hexagonal structure(Figure 1.2). Within the layers, the
bonding is covalent with sp? hybridization, wherein one s orbital two p orbitals mix to give three
sp? hybridized orbitals. The electrons in the remaining one p orbital behave like free electrons,
and contribute to its conducting nature, thus making graphite a semi-metal. Meanwhile, the
hexagonal layers are connected parallel to each other by van der Waals forces, with an inter-
planar distance of 0.335 nm [15].

1.2.1.2 Diamond

Diamond gets its name from the ancient Greek word "adamas™ meaning invincible. It is
the sp® hybridized form of carbon. Each carbon atom is surrounded by four other atoms by
covalent bonds, forming a strong three-dimensional tetrahedral structure with all the bonds
having 0.154 nm length and equal bond angle of 109.4° (Figure 1.2) [16]. The structure, together
with a highly directed charge density makes diamond the hardest natural material. It
predominantly exists in face-cantered cubic form. Diamond is a good thermal conductor but it is

electrically non-conducting.

1.2.2 Synthetic allotropes of carbon

Many undiscovered
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Figure 1.3 Evolution of synthetic carbon allotropes [17].
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1.2.2.1 Fullerenes

Fullerenes are a class of molecules composed exclusively of carbon, existing as closed
hollow cages, made of interconnected pentagonal and hexagonal rings similar to a football. Since
all the dimensions of a fullerene are restricted to nanoscale, they are considered as zero-
dimensional molecules and form the foundation for low dimensional carbon nanostructures. The
most prominent fullerene Ceo, Which consists of 60 carbon atoms as the subscript implies, is also
known as the Buckminsterfullerene or the Bucky ball. It was named after the American architect
Buckminster Fuller who designed geodesic domes in the 1960s. Among these, the Montreal
Biosphere designed by him in 1967 is shown in Figure 1.4. Structurally,Ceo is composed of 12
pentagons and 20 hexagons.

Figure 1.4 The Montreal Biosphere designed by Buckminster Fuller in 1967.

The first successful synthesis of Cgo in macroscopic scale by W. Kratschmer and co-
workers [18] provided the breakthrough for rapid development in the field of fullerenes, not just
Ceo, but also others having carbon atoms ranging from 16 to hundreds. Theoretically, all Czo+2r
structures are possible, where F # 1 and F > 0 [19]. Other popular examples of fullerenes include
Cro, C7s, Crs, Cga and Cop [20].

Synthesis of fullerenes predominantly involves the generation of a carbon-rich vapor or
plasma by any of the methods listed below [21-25]:

0] laser vaporization of graphite,
(i) electric arc heating of graphite,
(iii) resistive arc heating of carbon rods,
(iv) laser irradiation of polyaromatic hydrocarbons (PAHSs), etc
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1.2.2.2 Carbon nanotubes

CNTs are a uniqgue member of the family of carbon nanostructures that normally have a
length to diameter ratio of 1000 or more, hence considered as one-dimensional nanostructures.
CNTs are renowned for their high strength. Bending tests conducted on individual CNTSs in situ
in a transmission electron microscope (TEM), resulted in a Young's modulus value of 0.9
TPa[26]. The tensile strength of CNTSs is at least 117 times more than that of steel and 30 times
than that of Kevlar, and their strain at break is 13.7% [27]. Their extraordinary strength can be
accounted for by the presence of strong interlocking C-C covalent bonds, and also the fact that
each CNT is one large molecule. This means that they do not have any grain boundaries that
exist in steel and other materials. CNTs also possess high thermal conductivity. Instead of
movement of electrons as dominant pathway to conduct heat (as metals do), CNTs conduct heat
by lattice vibrations or phonons (discrete quanta of vibrations) [28], considered as energy
carriers. The carbon atoms, in addition to the sp? hybridized C-C bonds, also wriggle around and
transmit heat throughout the nanotube, which is further aided by the stiffness of the C-C bonds
and a seamless hexagonal network. Ballistic conduction is another benefit of the CNT structure
and dimensionality. When conduction occurs through a material without significant resistance
caused by scattering, it is called a ballistic conductor. It occurs when the mean free path is longer
than the CNT length, and the wavelength of the dominant phonon is smaller than the diameter of
the CNT. The electrical properties of CNTSs are particularly interesting, which vary from metallic
to semi-conductors with different band-gaps. This is determined by the type of the nanotube,

discussed in detail in the following sections.
CNTs are divided into two main categories.
M Single-walled carbon nanotubes (SWCNTS).

A SWCNT can simply be defined as a rolled-up graphene sheet. But depending on the
way that graphene sheet is rolled, SWCNTs can be divided into three configurations: zig-zag,

chiral and armchair (Figure 1.5).

Armchair 55

Figure 1.5 Three different types of SWCNT configurations [29].
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(i) Multi-walled carbon nanotubes (MWCNTS).

A MWCNT can be considered as a collection of concentric SWCNTs (Figure 1.6).The
distance between two tubes is approximately equal to the distance between two graphene layers
in graphite (i.e., 0.335 nm. MWCNTSs are almost always metallic in nature. In contrast to
SWCNTs, MWCNTSs possess relatively higher electrical conductivity and higher surface area. It
is also easier to synthesize MWCNTSs than SWCNTSs.

Figure 1.6 Structure of a MWCNT [30].

CNTs are generally produced by the three main techniques:

(@) Arc discharge. Carbon vapor is created by an arc discharge between two carbon
electrodes. The carbon from the negative electrode sublimates due to high temperature caused by
the discharge. CNTSs self-assemble from this carbon vapor [31].

(b) Chemical vapor deposition (CVD). A catalyst material is placed in a tubular reactor and
heated to 600-1200 °C. A carbon containing gas, like methane or acetylene, is then slowly
introduced. The gas is decomposed by the catalyst to free-up carbon atoms, which recombine to
form CNTs [32].

(c) Laser ablation. A high power laser beam is impinged on a piece of graphite. CNTs are

formed from the carbon vapor [33].

1.2.2.3 Graphene

Graphene is a single atom thick layer of sp? hybridized carbons with a honeycomb
lattice that exhibits exceptional crystal and electronic properties. Graphitic materials of all other
dimensionalities (like zero-dimensional fullerene, one-dimensional CNT and three-dimensional
graphite or graphene aerogel, etc.) can be built from this basic two-dimensional building block
(Figure 1.7).
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N (D)
Figure 1.7 2D graphene as a building block for OD fullerene, 1D CNT and 3D graphite [34].

A single layer graphene acts as a zero-gap semi-conductor (or a zero-band overlap semi-
metal). If the crystal structure of graphene is assumed as two equivalent triangular sub-Ilattices,
then hopping of the charge carriers between them leads to the formation of two energy bands,

that touch each other at singularity points (K and K’ points or Dirac points)(Figure 1.8).

Figure 1.8 Electronic dispersion of graphene with zoomed view of the dispersion around the K
point [35].

Page7



Chapter 1: General Introduction

The Fermi level lies exactly at these points. Near this point, the graphene energy (E(k))
shows a linear dispersion relation (relation (1.1)), which results in massless excitons obeying the
Dirac equation (better known as Dirac fermions) [36].

E(k) = +h|k|ve 1.1)

where 7 is the reduced Planck's constant, k is the gquasi-particle momentum and veis the Fermi
velocity (= 10° ms™) [35].

The electronic properties of graphene are highly affected on the number of layers
(Figure 1.9).Graphene bilayer has a parabolic spectrum (no Dirac points) around the Fermi
energy, and with a very low band overlap of 0.16 meV, so it is often approximated as a zero-gap
semi-conductor. However, the gap of the bilayer can be opened by applying an external electric
field [37]. Graphene trilayer acts like a combination of graphene monolayer and bilayer, with the
reappearance of the Dirac points [43]. With increasing number of layers (from 4 to <10), the
electronic spectra become increasingly complicated with the appearance of several charge
carriers. The conduction band and the valence band start to overlap, and the material shows semi-
metallic behavior. The three- dimensional limit (graphite) is reached when the number of layers
becomes 10 or more. Graphite shows semi-metallic behavior with a band overlap of ~ 41 meV

[38].
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Figure 1.9 Low energy density functional theory three-dimensional band structures of

monolayer, bilayer and trilayer graphene, and graphite [43].
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A direct consequence of existence of massless charge carriers in graphene is its high
room-temperature mobility (>2,00,000 cm? V! s at electron densities of ~2 x10™ cm™? by
suspending single layer graphene) [39]. Graphene also possess outstanding thermal properties
and mechanical strength. It has thermal conductivity of ~5000 W m* K™ at room temperature
[40] and a Young's modulus of ~1.0 TPa[41]. In addition, graphene is also very light at 0.77 mg
m?, often prompting researchers to say that a single sheet of graphene weighing under 1 g is
sufficient to cover a whole football field [42].

In recent years, numerous methods have been established for synthesis of graphene.
They can be broadly classifies into two approaches:
i. Top-down approach.

(a) Mechanical exfoliation. Graphene sheets of different thickness are peeled off/exfoliated
from graphitic materials like highly ordered pyrolytic graphite (HOPG) by different routes like
using a scotch tape [6], ultrasonication [43], electric field [44], atomic force microscopy (AFM)
or scanning tunneling microscopy (STM) tips [45], etc.

(b) Chemical exfoliation. Graphite is treated with mixtures of sulfuric and nitric acids to
form a graphite intercalated compound (GIC) so as to reduce the interlayer van der Waals forces,
followed by rapid evaporation of the intercalants [46].

(c) Chemical synthesis. Graphite is oxidized to graphene oxide, followed by chemical
reduction (discussed in detail in section 1.2.2.3.1).

ii. Bottom-up approach.

(@) Solvothermal synthesis. Ethanol and sodium are reacted in 1:1 ratio in a closed vessel.
An intermediate solid is formed that is then pyrolized to give a fused array of graphene sheets,
which can be detached by sonication [47].

(b) CVD. A substrate is exposed to precursors (i.e., molecules that are converted to gaseous
state by heating), which react and decompose on its surface to produce graphene [48].

(c) Epitaxial growth. Epitaxial crystalline graphene is grown on a single crystalline silicon
carbide (SiC) surface. Graphitization occurs by sublimation of silicon at high temperature (1200
°C- 1800 °C) and high vacuum. At such high temperatures, silicon atoms desorb while carbon

atoms remain behind to form graphitic layers [49].

Pristine graphene is relatively chemically inert. However, they can be made chemically
labile by chemical functionalization of the graphene [50]. It is noteworthy that graphene is flat,
thus chemical functionalization is not facilitated by curved surface induced strain in sp? bonds
like it happens in case of fullerenes and CNTSs. Functionalization of graphene sheets can be
achieved in two different ways:

(M Covalent functionalization.It involves the disruption of sp? bonds, and can be

achieved using a wide variety of reactions, such as:
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(i.0) treating graphene with atomic hydrogen to form ‘“graphane” (a fully
hydrogenated graphene sheet) [51],

(i.i1) treating graphene with halogen atoms such as fluorine [52], and
(i.i11) chemical oxidation of graphene, etc.
(i) Non-covalent functionalization. Small molecules containing aromatic rings bind

to graphene by van der Waals forces without forming any covalent bond. It also doesn’t
disrupt the sp? bonding network, but is generally weaker than covalent attachment.

1.2.2.3.1 Graphene oxide (GO)

Production of single layer graphene is very expensive and relatively difficult, thus efforts
are being devoted to find cheap ways of making graphene, in large quantities, by using graphene
derivatives or related materials. GO is one such material which is the oxidized form of graphite,
and acts as a precursor to graphene.Although, technically, GO is single-layered like graphene
(Figure 1.10 (a) and (b)), their chemical and physical properties are drastically different. As
described by the Lerf-Klinowski model, GO is rich in oxygen-containing functional, i.e., they
contain epoxy and hydroxyl groups on the basal plane and carbonyl and carboxyl groups at the
edge planes [53], so they can be easily dispersed in a number of solvents. However, oxidation of

graphite disrupts the sp? network, with the structure of GO having both disordered sp3-bonded

carbon and ordered sp?-bonded carbon. This disruption renders GO insulating in nature [54].

Figure 1.10 Structures of (a) graphene, (b) GO and (c) rGO.

The first documented synthesis of GO is credited to B. C. Brodie [55]. In the year 1859,
with the intent of finding the atomic weight of graphite, he heated it with a mixture of potassium
chloride (KCIO3) and fuming nitric acid (HNO3), and observed that graphite disintegrated with
the evolution of gas. When the disintegrated material was washed and re-oxidized for four or five
times, it gradually underwent a change in appearance, until the material was completely
converted into a light yellow colored substance. This resulting substance obtained by him was a
mixture of graphene and GO, which was soluble in water. Nowadays, GO can be prepared by the

two principal methods described in the following section. These different methods typically use
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concentrated sulfuric acid (H2SO4) in combination with other chemicals, which affect the
composition of the oxygenated groups, and consequently determine the chemical profile of the
GO thus synthesized.

@) Staudenmaier method[56]: In 1898, Staudenmaier improvised the Brodie’s
method by incorporating two main changes: (2) adding H.SO. to increase the acidity of the
reaction mixture and (b) adding multiple aliquots of KCIO3 over the course of reaction. GO thus
obtained was highly oxidized, with a C/O atomic ratio of 2.89:1. The whole reaction occurred in
a single reaction vessel, so he was able to simplify the GO production process. Nonetheless, the
major disadvantage of this method is that it generates the toxic chlorine dioxide gas (ClO,) toxic
gas which rapidly decomposes in air to produce explosions. Also, it is a time-consuming process
with addition of KCIOs typically lasting over a week.

(b) Hummers Method [57]. In 1958, Hummers and Offeman proposed an alternative
method of producing GO accompanied by a drastic reduction in reaction time, from 10 to 2 days.
They mixed graphite with concentrated H.SOs sodium nitrate (NaNOs) and potassium
permanganate (KMnO.) to obtain a brownish grey paste. The suspension was then diluted with
water and hydrogen peroxide (H.O,) was added to reduce the residual permanganate and
manganese dioxide (MnQ2) to soluble manganese sulfate (MnSQ.), which was filtered-off. The
resulting GO had a C/O ratio between 2.1:1 to 2.9:1.

1.2.2.3.2 Reduced graphene oxide (rGO)

Reduction of GO is essential to recover the honeycomb hexagonal lattice structure of
graphene and restore its electrical conductivity (Figure 1.10 (c)). There are main two strategies

for obtaining rGO.

@) Chemical reduction. Hydrazine (N2H4) is the most common reagent used to
obtain rGO sheets [58]. However, hydrazine is highly toxic and it introduces extra nitrogen
functional groups during the reduction reaction, which sometimes restricts its applications.
Another common reagent is sodium borohydride (NaBH.) [59]. It is more effective than
hydrazine in reducing carbonyl groups, but not highly effective in reducing epoxy and carboxylic
acid groups.

The electrical conductivity of rGO is generally enhanced during the chemical reduction
reaction, but the quality of the resulting product is relatively poorer than that of pristine graphene
as it is difficult to completely recover from the defects within the sp? hexagonal lattice, caused by
the chemical treatments (first oxidation, then reduction).

(b) Thermal annealing. GO is directly heated in a furnace to remove the oxygenated
groups. At high temperatures (~1000 °C), carbon monoxide (CO) or carbon dioxide (CO>) gases

are rapidly evolved. The rapid heating also generates high pressure (~130 MPa), which is
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sufficient to isolate the graphene sheets. However, release of the gases also causes structural and
topological damage, which cause upto 30% mass loss [60].

1.2.2.3.3 Reduced graphene oxide aerogel

Interestingly, reduction of GO into rGO causes agglomeration of graphene sheets due to
n-mr interactions between them [61]. This is a grave concern for its applications. In order to
realize the full potential of graphene, it is of utmost importance to address this issue. One method
is to convert the two-dimensional graphene into three-dimensional aerogel (Figure 1.11).
Invented in 1931 by S. S. Kistler[62], aerogels are highly porous nanomaterials (90-99%
porosity) characterized by ultra-low density (0.16 mg cm for carbon aerogels [63]), high surface
area, large pore volumes and low thermal conductivity [64].

Figure 1.11 Carbon aerogel balancing on the blade of grass.

Reduced graphene oxide aerogel (rGOA) is an important class of carbon aerogels. GO is
the most popular precursor to prepare rGOA. Its key advantages include its high dispersion in
aqueous medium and the presence of oxygenated groups that can react covalently with other
compounds to produce new materials. The common routes for producing rGOA can be broadly

divided into two categories: self-assembly method and template-directed method [65,66].
(@)  Self-assembly method.

In a stable GO suspension, there is a balance between two forces: electrostatic repulsion
due the functional groups present on GO, and van der Waals attraction due to the basal planes of
GO. This balance ensures their proper dispersion in aqueous medium. But when this balance is
lost, gelation of the GO suspension starts. The GO sheets cross-link with each other to form a
wet (or hydro-) gel, which is then freeze- or supercritical fluid dried. The drying process removes
the solvent from the wet gel and replaces it with air to give the aerogel [67]. Self-assembly can
be induced by a number of agents like:

M Hydrothermal reduction induced self-assembly of GO[68].
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(i) Chemical reduction induced self-assembly. Mild reducing agents like hydrazine,
L-ascorbic acid, sodium ascorbate, NaBH, and sodium sulfide (Na.S) are employed to reduce
GO [69].

(iii) Cross-linking agent induced self-assembly. Different cross-linking molecules
facilitate the self-assembly of rGOA, e.g.,

e multivalent ions (e.g., calcium (I) ions (Ca?"), magnesium (lII) ions, (Mg®"),
chromium (111) ions (Cr®")) [70],

e layered double hydroxides (LDHSs) [71],

e Dbiomolecules (e.g., deoxyribonucleic acid (DNA), polyamines) [72] ,

e polymers (e.g., poly(vinyl alcohol) (PVA), polyethylenimine (PEI)) [73], and

e monomers (e.g., aniline, pyrrole) [74], etc.

(iv) Organic sol-gel chemistry driven self-assembly. Sol-gel chemistry has also been
employed to cross-link GO sheets via polymerization of resorcinol (R) and formaldehyde (F)
[75]. With sodium carbonate (Na2COs) as a catalyst, the polymerization reaction creates strong
covalent bonds between the sheets. Due to this, rGOA produced by this method show better
electrical conductivity than those produced by physical cross-linking.

(b)  Template-directed method.

It is a very useful method for obtaining porous aerogels since the random cross-linking
of graphene sheets is prevented by the template, while favoring controllable microstructure
formation. Nickel (or copper) foam-directed CVD approach is quite common for growing free-

standing graphene aerogels [76,77].
1.2.3 Other forms of carbon
1.2.3.1 Amorphous carbon

Carbon materials without any long-range crystalline order are grouped as amorphous
carbon. The materials can be a mix of sp?, sp? and even sp! hybridized carbon atoms, with a high
concentration of dangling bonds. The ratio of the hybridized atoms determines the short-range
order in amorphous carbon [78]. The carbon network shows a lot of deviations in both bond
distances and bond angles. Different forms of amorphous carbon include activated charcoal,

carbon black, lamp black, etc.

Carbon black (CB)

CB is a particulate form of carbon, comprising spherical particles with diameter ranging
from 10-100 nm and surface area in the range of 25-1500 m? g™. It resembles graphite more than
it does diamond, but the hexagonal layers are farther apart and have no vertical orientation. Three
to four such hexagonal layers join in bundles and form the primary particles of CB (Figure

1.12). These particles then fuse together in clusters to form the characteristic units of CB, called
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the aggregates. The actual structure of CB is determined by the number of primary particles
present per aggregate. And based on this, CB can be categorized into “high-structure” CB
(aggregates are composed of high number of primary particles, with considerable branching and
chaining) and “low-structure” CB (aggregates are composed of low number of primary particles)
[79].

Primary
particle —
size

Aggregate size | LOW-STRUCTURE

—

HIGH-STRUCTURE
Figure 1.12 Structure of CB.

The structure and specific surface area of CB are considered as its two most important
features. The surface area of CB is inversely proportional to the diameter of the particles, while
the structure, particularly the graphitic character of the first atomic layer, exerts a strong

influence on its electrical conductivity [80].
1.2.3.2 Carbon dots (CDs)

CDs are the newest member of the carbon nanoparticle family with size less than 10 nm
[81]. They were serendipitously discovered in 2004 by Xu and co-workers during the purification
of SWCNTSs [82]. The most significant property of CDs is their strong photoluminescence (PL),
comparable to that of current inorganic semi-conductor quantum dots (SQDs), but with the
additional advantage of being negligibly toxic. It would be interesting here to note that in
literature, various terms like carbon nanodots (CNDs), carbon quantum dots (CQDs) and
graphene guantum dots (GQDs) are frequently used for fluorescent carbon nanoparticles (FCNS).
According to Cayuelaet al., CNDs (are also referred to as carbon nanoclusters, polymer dots or
CDs) can be described as amorphous nanodots which lack quantum confinement, and consist
mainly of sp3carbon atoms in a disordered structural core. On the other hand, nanoparticles with
guantum confinement and crystalline structure are termed as CQDs, wherein the crystalline core
is composed of a mixture of sp? and sp® hybridized carbons. GQDs are completely different in
the sense that they are essentially a disk of z-conjugated single graphene sheet with a diameter of
2-20 nm (Figure 1.13)[83]. Although this is one way of classifying FCNs (also reinforced by

Zhu et al.[84]), there are so many structures with varying degrees of crystallinity and different
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morphologies that have been reported to be synthesized that the name and classification of CDs
is still open question. One popular view is that the CDs are quasi-spherical nanoparticles with a
diverse combination of aromatic (sp? hybridized graphene-type islands rich in z-electrons) and
aliphatic (sp® hybridized diamond-type inclusions) regions with different surface functional
groups [85]. In this thesis, we will use the term CDs for both CQDs and CNDs from hereon.

«

233

GQD CQD CND

Figure 1.13 Structures of different FCNs: GQDs, CQDs and CNDs [83].

The most fascinating feature of these FCNs, both from fundamental and application
point of view, is their excitation-dependent PL. Currently, this property is mainly attributed to
either optical selection of differently sized nanoparticles (i.e. quantum size effect) or the presence
of different emissive traps on the surface of CDs.

e Quantum size effect. PL properties vary sensitively with the size of CQDs. The emission
is mainly caused by fragments of quantum-sized graphite structure [86]. As the size of the
fragment increases, the highest occupied molecular orbital (HOMO) — lowest unoccupied
molecular orbital (LUMO) gap gradually decreases.

e Surface states as PL centers. Functional groups have different energy levels, which
manifests as a series of emissive traps. When CD is excited with the light of a particular
wavelength, a particular surface state emissive trap dominates the emission (Figure 1.14
(a)). The surface state is not an isolated chemical group but rather the combination of the
carbon backbone and connected chemical groups. A higher degree of surface oxidation

causes more surface defects, which can cause a red-shifted emission.

Another interesting phenomenon associated with CDs is up-converted PL. This effect is also
referred to as multi-photon PL, since it occurs as a result of a multi-photon process. In this
process, two or more photons (usually near-infrared with lower energy) are absorbed resulting in

the emission of a single photon with higher energy (Figure 1.14 (b)) [87].
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(a) (b)
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Figure 1.14 Electronic states in CDs. (a) Surface states as PL centers in down-conversion

process and (b) multi-photon excitation in up-conversion process.

The methods for synthesizing FCNs are generally divided into two groups based on their
approaches: top-down and bottom-up. In the top-down approach, materials like graphite, CNTs,
GO, carbon fibers, etc. are used as carbon sources, thus the nanoparticles formed by this route are
termed as GQDs or CQDs. Meanwhile, in the bottom-up approach, small organic molecules are
used as carbon sources, and are denoted as CNDs (or CDs). Saccharides, citric acid and amino
acids are some of the popular carbon sources. Eggs [88], pomelo peel [89] and potato starch [90]
have also been carbonized to produce CDs through synthetic methods such as hydrothermal

reaction [91], ultrasonic [92] and microwave irradiation [93].

1.3 Carbon based nanocomposites

Nanocomposites are defined as the combination of two or more phases of materials in
which at least one constituent has one dimension less than 100 nm. Typically, a nanocomposite is
a matrix-filler combination, where the nano-sized fillers are surrounded by a matrix.
Nanoparticles (as fillers) at very low volume fractions can influence the properties of the
nanocomposites. Due to their small size, the fillers generate a large number of contact points at
the filler-matrix interfaces. In addition, high surface area of the fillers also contributes to
synergistic improvements in the properties of the nanocomposite, where the final properties are
far more superior to those of the individual components. Since the filler volume fraction is quite

low, it allows the nanocomposites to retain the macroscopic homogeneity as well [94].
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There are different categories of nanocomposites depending on the type and nature of the
matrices and fillers. In this thesis, we will deal with two-types of nanocomposites: (a) polymer

matrix nanocomposite and (b) metal oxide matrix nanocomposites.

(a) Polymer nanocomposites: Polyaniline matrix

Polymer nanocomposites consist of nanoparticles surrounded by an organic polymeric
matrix. Recently, hybrid electrically conducting nanocomposites - the combination of conducting
nanoparticles and intrinsically conducting polymers (ICPs) - has emerged as a new field of
interest [95]. Leading its way are carbon based nanomaterials (like CNTSs, graphene, etc.) as
fillers, courtesy of their lucrative properties like high electrical and thermal conductivities, high

surface area, high strength and stiffness along with flexibility.

The pre-requisite for an ICP is the presence of either a conjugated structure with
alternating single and double bonds or conjugated segments coupled with atoms (e.g., N, S, etc.)
providing p-orbitals for a continuous orbital overlap. These polymers do not have any intrinsic
charge carriers, thus the necessary charge carriers required for insulator-to-metal transition are
provided by either oxidation of the polymer chain with electron acceptors (p-doping) or by
reduction with electron donors (n-doping). The doping process introduces charged defects like

polarons and bipolarons, which act as charge carriers.

Among the ICPs, polyaniline (PAni) has become technologically very important one due
to its processability, availability of inexpensive monomer and high yield of polymerization. PAni
exists in three oxidized states: (a) fully reduced leucoemeraldine base, (b) conducting emeraldine
base with equal number of reduced and oxidized units, and (c) fully oxidized pernigraniline form.
All these forms can be inter-converted by protonation and de-protonation reactions (Figure 1.15)
[96].

Jogo¥er

Emeraldine base

o -2 HY, -2e
H H*
- bveg IoRG
N g " g :
Emeraldine salt Pernigraniline base

SogeSege!

Leucoemeraldine base

Figure 1.15 Different oxidation states of PANi.
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PAni is a p-type semi-conductor [97]. Its conductive nature is one of its most fascinating
properties. Its exact conduction mechanism is not clear, but there are a few theories. When PAni
(emeraldine base) is doped, say with a protonic acid, a polaron (spin = 1/2) is formed through the
successive formation of a bipositive species and a bipolaron (spin = 0) (Figure 1.16). The
polaron structure exists as a cation radical on imine nitrogen atom, and acts as a hole (charge
carrier). The electron from the adjacent neutral nitrogen can jump to that hole. During the
process, this hole becomes neutral and a second hole is created on the adjacent nitrogen. The

charge carriers propagate in this manner, leading to an electrical conduction along the chain.

: b
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Figure 1.16 Formation of polarons via bipolarons.

There is another model to explain the conductivity of PAni - the band model. According
to it, when PAni is doped, an electron is removed from the polymer producing a free radical and
a positive charge [98]. The introduction of charges causes a structural distortion of the polymer
around the charge. Thus, polaron can be defined as a charge (radical cation) in the extended
lattice that is stabilized by a local distortion of the lattice. Upon further oxidation, the free radical
of the polaron is removed and a bipolaron is created. A bipolaron is formed either by coupling of
two pre-existing polarons, or by addition of charge to a pre-existing polaron. At higher doping
levels, polarons are gradually replaced by bipolarons, and they eventually form continuous

bipolaron bands in the forbidden gap (Figure 1.17).
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Figure 1.17 Schematic representation of energy levels of PAni.

(b) Metal nanocomposites
(i) Noble metal nanoparticles

Noble metal nanoparticles like gold (Au), silver (Ag) and platinum (Pt) are a unique
class of functional materials whose physical and chemical properties are closely governed by
their size and shape. The large surface-to-volume ratios of these nanoparticles in comparison to
bulk have made them popular in a large number of areas, including catalysis, electrochemical and
electrical applications. However, scarcity and high cost of noble metals necessitates their
integration with other materials so as to minimize their consumption. So far, nanocomposites
have been successfully synthesized with polymers, biomaterials and carbon materials
incorporated with noble metal nanoparticles [99]. Among them, graphene based metal
nanocomposites are particularly interesting since, in addition to the inherent properties of

graphene, they can also act as high surface area support for the metal nanoparticles [100].
(i) Metal oxide nanoparticles

Titanium dioxide (TiOy) is the naturally occurring form of titanium, ubiquitous and
robust. It occurs as three major crystal structures: rutile (tetragonal structure), anatase (tetragonal
structure) and brookite (rhombohedral structure). TiO2 is an n-type wide band-gap semi-
conductor (band-gap energy = 3.2 eV), and is most utilized as a photo-catalytic agent. Under
photo-excitation, electron hole pairs (charge carriers) are generated in TiO. It is the main driving
force underlying its catalytic behavior. However, these charge carriers have the tendency to
recombine and lower the catalytic activity. To overcome this drawback, noble metal/TiO,
nanocomposites are often used, which show better charge separation between the charge carriers
accumulating on its surface [101]. Recently, noble metal/metal oxide nanocomposites
haveemerged as a special category of nanocomposites that are especially suited for numerous
catalytic and solar applications [102]. Examples of such nanocomposites include Au/TiO,

Ag/zinc oxide (ZnO), Pt/TiO,, etc. In addition to preventing the recombination effect by forming
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Schottky barriers, coupling of metal oxides with noble metals also widen their light absorption

range.

1.4 Applications of carbon based nanomaterials

1.4.1 Sensors

Functional carbon nanomaterials like CNTs, CDs as well as their nanocomposites
display superior mechanical, electrical and optical properties. These properties can be easily
tapped into to develop highly sensitive and selective sensors. Depending on the material used,
sensing effects may involve physical, chemical, electrical or optical changes, or a combination of
effects between them.

1.4.1.1 Gas sensors

Gas sensors, or chemical sensors, are of tremendous interest because of their ability to
detect gases and volatile organic compounds (VOCs), which is critical for human health and
environment safety. Any good sensing system must comply with the following criteria:

e high sensitivity and selectivity,
o fast response and recovery time,
e room temperature operation and temperature independence, and

e good stability.

CNTs have been on the forefront of gas sensors, ever since their discovery. There are
two particular properties that make CNTs extremely favorable as gas sensors. First, as one-
dimensional materials, their ‘quantum nature’ makes their electrical conductance highly sensitive
to minute external modulations. [103]. Second, the high active surface area and hollow structure
is highly advantageous for the molecules to get adsorbed to [104]. When CNTSs are exposed to
vapors, the gas molecules get adsorbed on its surface and change its electrical resistance. This

effect forms the basis for a resistance-based gas detecting system [105].

J. Kong et al. have successfully reported chemical sensors based on semi-conducting
individual SWCNTs for detection of nitrogen dioxide (NO;) and ammonia (NHs) gases based on
the above mechanism [106]. The same group also fabricated a palladium coated SWCNT sensing
platform for detecting perturbations in electrical conductivity on exposure to molecular hydrogen
gas (Hz) [107]. There are numerous reports of similar sensing platforms using either pristine
CNTs or metal decorated CNTs or CNT/polymer nanocomposites for detection of gases like
oxygen (Oz; SWCNT) [108], carbon monoxide (CO; Au decorated SWCNT) [109], NHs
(MWCNT/PANI) [110], methanol (SWCNT/Nafion) [111], etc. Decorating CNTs with other

materials boost the analyte sensitivity.
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In the recent years, the field of graphene-based sensors is also catching-up. The electrical
response of graphene to different gases is comparable to that of CNTs [112,113]. However, there
are certain discrepancies in the reported results. For instance, Novoselov and co-workers [114],
and Johnson and co-workers [115] observed decreased resistance of graphene based sensing
devices on exposure to water vapor, while Ruoff and co-workers observed the exact opposite
effect [116]. Ultimately, these inconsistencies were accredited to the experimental set-up and
presence of contaminants. It is now believed that the intrinsic sensitivity of graphene-based
sensors is actually fairly low, but can be increased during the device fabrication, via
contaminants. The contaminants can be considered as dopants similar to metal or polymer doping
in CNTs [117].

1.4.1.2 Fluorescence based sensors

Fluorescence based sensing requires the presence of a fluorescent material (i.e., a
fluorophore) whose PL intensity can undergo change in the presence of an analyte. Many such
sensing platforms have been developed using organic dyes, quantum dots, and more recently,
CDs. The sensing activity is primarily governed by either photo-induced electron transfer (PET)
process [118], fluorescence resonance energy transfer (FRET) process [119] or inner filter effect
(IFE) [120].

CDs can display colorful PL and has high photo-stability, hence they can serve as
sensors for a broad range of analytes. The most-reported analytes comes from the group of metal
ions. Examples of cations detected using CDs include copper (I1) ions (Cu®") via IFE [121],
mercury (I1) ions (Hg®") via electron or energy transfer process[89], ferric ions (Fe**) via non-
radiative electron transfer process [91], chromium (V1) ions (Cr®") via IFE [122], lead (I1) ions
(Pb*") via non-radiative electron transfer process [123], etc. The field of anion detection is
comparatively less developed in contrast to cations. Nonetheless, anions such as iodide ions (1)
[124], hypochlorite ions (CIO") [125], superoxide anions (O,") [126], etc. have been probed
using CDs. Low-molecular weight thiols such as glutathione [127] and cysteine [128], glucose
[129], hydrogen peroxide (H20,) [130], and nitroaromatic compounds (NACSs) like picric acid
[131] have also be detected using CDs.

1.4.2 Dye sensitized solar cells

The conversion of sunlight (photo-) to electricity (-voltaic) is known as the photovoltaic
effect. Demonstrated for the first time in the year 1839 by A. -E. Becquerel, the photovoltaic
effect is the foundation of all solar cells including dye sensitized solar cell (DSSC) [132]. DSSC
is a third generation solar cell, co-invented by B. O’Regan and M. Grétzel in 1991 [133]. These

cells are very popular for their cost-effectiveness and easy fabrication technique. So far, the
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highest photo-conversion efficiency obtained from a DSSC is 14.3% [134]. A DSSC is
fundamentally composed of three main components, described briefly in the next section.

(i)  Photo-anode. A wide band-gap semi-conductor like nano-crystalline
mesoporous TiO, adsorbed with sensitizer dye molecules acts as the photo-anode. The dye
molecules absorb sunlight and generate photo-electrons. [135].

(i)  Electrolyte. The electrolyte is responsible for shuttling the charge carriers
between electrodes inside the cell. It continuously regenerates itself as well as the dye during
DSSC operation. A redox couple, the solvent and additives comprise the three main constituents
of an electrolyte [136].

(iii) Counter electrode. The counter electrode is responsible for catalyzing the
reduction of I3 ions. Pt is mostly used to fabricate DSSCs demonstrating high efficiencies due to
high electrical conductivity, low charge transfer resistance, good catalytic activity towards
triiodide reduction, corrosion resistance and high reflecting properties [137]. However, higher
cost and less abundance necessitates the search for its replacement by low-cost materials like

carbon [138], metal alloys [139], polymers [140], composites, etc.
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Figure 1.18 Different components of a DSSC with its working mechanism.

The DSSC is fabricated by placing the electrolyte between the photo-anode and the
counter electrode using a spacer. The dye molecules absorb sunlight and generate photo-
electrons (get oxidized in the process), which are then injected into the conduction band of TiO..
They then diffuse through the external circuit and reach the counter electrode. At the electrode,
these electrons reduce I3 to I. The oxidation of I" back to I~ promotes regeneration of the

oxidized dye (Figure 1.18).
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1.4.3 Supercapacitors

The changing global landscape has highlighted the urgency of developing efficient
energy storage devices. Batteries, with high energy density, have traditionally fulfilled the role of
storing energy (including light-weight and portable devices). Batteries store charge via redox
reactions at the electrodes during charging and discharging. For instance, in case of lithium ion
batteries, the lithium ions migrate into the anode during charging and away from it during
discharging (Figure 1.19 (a)). But flammable organic solvent based electrolyte can cause
explosion in case of short-circuit, while low power density and short battery life due to swelling
or dissolution of active materials during the faradaic reactions also raise concern [141]. To
combat these issues, supercapacitors are now being explored. Supercapacitors are characterized
by a high power density and long cycle lives with no short-circuit concerns. However, they have
relatively lower energy density, i.e., while a battery can store more energy per unit volume (or
mass) but cannot release it quickly, a supercapacitor, on the other hand, can store relatively less

energy but can discharge it very quickly to produce more power.

A conventional capacitor (also called an electrostatic capacitor or a parallel plate
capacitor) consists of two conducting metal plates separated by an insulating dielectric. When an
external voltage is applied, opposite charges get accumulated on the surfaces of the two plates
(Figure 1.19 (b)). Since the charges cannot cross over, an electric field is generated which allows
the device to store energy. A capacitor is characterized by a parameter called the capacitance
(C), which represents its ability to store charge (q). The capacitance is mathematically given by
relation (1.2).

_ g_ €EpEA
= 1= ot (1.2)

where &, &, A and d represent permittivity of free space, relative permittivity of the dielectric
medium, area of the electrode and distance between the plates respectively. Energy density and
power density are two integral parameters of any energy storage device. The energy stored in a
capacitor (E’) is given by relation (1.3) while the power (P) can be determined by differentiating

E’ with respect to time required for discharge (t) (relation (1.4)).

2
E'=-cvz=1% (1.3)
OE/
p=12" (1.4)

Now, on the basis of their working mechanism, supercapacitors can be divided into three

categories as described below.

(i)  Electrochemical double layer capacitors (EDLCs). EDLCs contain two electrodes, an

electrolyte and a separator, which allows the diffusion of ions through it but not of charges.
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Governed by similar principles as a conventional capacitor, an EDLC also stores charges
electrostatically (i.e., non-faradaically) via an electrochemical (or Helmholtz) double layer [142].
When voltage is applied, ions in the electrolyte solution migrate to the oppositely charged
electrode and form a Helmholtz double-layer at each electrode (Figure 1.19 (c)). The electrodes
are mostly porous, so an increased surface area along with the double-layers allows EDLCs to
attain higher energy densities than conventional capacitors for similar sized devices. At the same
time, the absence of any redox reaction at the electrodes speeds up the charge-discharge process
since only absorption and desorption of ions occurs lifting the limitation of chemical reaction
kinetics. Common EDLC electrode materials include graphene [143], activated carbon [144],
carbon aerogels [145], CNTs [146], etc.
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Figure 1.19 Charge storage mechanisms of (a) a battery, (b) a conventional capacitor and (c) an

EDLC on application of external voltage.

(i) Pseudo-capacitors. In contrast to EDLCs, a pseudo-capacitor uses active
materials which can undergo fast and reversible faradaic reactions. In this respect, pseudo-
capacitors are similar to batteries. Transition metal oxides such as MnO,[147], ruthenium dioxide
(RuOy) [148] and nickel oxide (NiO) [149], ternary metal oxides and metal hydroxides such as
nickel cobaltite (NiC0204)[150] and nickel hydroxide (Ni(OH),)[151], and ICPs like PAni [152]
and polypyrrole[153] are examples of materials that possess pseudo-capacitance.

(iii) Hybrid supercapacitors. In an effort to increase the energy density of
supercapacitors, hybrid supercapacitors have been designed that utilizes both faradaic and non-
faradaic processes to store charge. Depending on the configuration, hybrid supercapacitors are
either composite hybrids, asymmetric hybrids or battery-type hybrids[154,155]. A composite
supercapacitor integrates a carbon based material with a pseudo-capacitive material in a single
electrode [156], while an asymmetric supercapacitor uses two dissimilar electrodes: one showing
EDLC behavior (negative electrode) and the other with pseudo-capacitive behavior (positive

electrode) [157]. By employing two electrodes working in complementary potential ranges, the
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thermodynamic breakdown of water (at 1.23 V) is avoided in such supercapacitors [158]. The
inspiration for this design comes from relation (1.3), where, by increasing the working voltage, a
two-fold increase in the energy density can be achieved. Battery-type hybrid combines a
supercapacitor electrode with a battery electrode [159].

1.4.4 Direct methanol fuel cells

Similar to supercapacitors, fuel cells also convert the chemical energy (of a fuel, mainly
hydrocarbons, alcohols and hydrogen) into electricity. The advantages of a fuel cell are that the
by-products of the reaction are environmental-friendly and among all the alternate energy storage
devices, fuel cells provide the highest energy densities (Figure 1.20) [160]. There are no charge-
discharge cycles involved, the cell will function as long as the fuel is available.
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Figure 1.20 Ragone plot of different alternate energy storage devices.

Depending on the type of fuel used, fuel cells can be divided into different categories,
one of which is the DMFC that uses methanol (CHs;OH). A DMFC consists of an anode, a
cathode and an electrolyte. Methanol oxidation reaction (MOR) occurs at the anode and the
reaction of methanol with water produces carbon dioxide (COy), along with protons (H*) and
electrons (¢) (relation (1.5)). Meanwhile, the cathode produces water (H,O) via reaction of
oxygen (O) with protons and electrons produced at the anode (relation (1.6)) (Figure 1.21). The
overall process is exothermic.
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Figure 1.21 Working principle of a DMFC.

Anode: CH;0H + H,0 - C0O,+ 6H" + 6e~ (1.5)
Cathode:3/,0, + 6H* + 6e~ > 3H,0 (1.6)

In reality though, MOR is not so simple but requires a highly effective catalyst to drive
the reaction through a series of steps. Since the anode is an integral part of a DMFC, a major
thrust area in fuel cell research is to design novel anode catalysts. Noble metals like Pt [100] and
their bimetallic alloys like PtRu[161] are popular candidates for electro-oxidizing methanol.
However, high cost of Pt has led to the search for other alternative approaches [162], like ()
using carbon nanomaterials as catalyst supports to prepare a uniformly dispersed supported
catalyst [163], and (b) exploration of MOR using photo-catalysts like TiO[164] or a
combination of both a photo-catalyst and an electro-catalyst with low noble metal content like
Pt/TiO2[165].

1.5 Objectives

Carbon based materials such as CNTs, graphene, carbon black and CDs have been
extensively studied over the last few years due to their outstanding properties. A small amount of
these materials, when added in a nanocomposite, can make significant improvements to their
properties. Researchers are devoting their efforts to utilize these nanomaterials for numerous
applications. For instance, CNTs are highly conducting and their dimensionality makes them a
very good candidate for gas sensors. CB and graphene based aerogels have high porosity and
large active surface areas, and these features make them ideal for use as electrodes in DSSCs and

supercapacitors. CDs, in the other hand, have unique optical properties including up- and down-
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conversion fluorescence, and these properties can be exploited as photo-catalysts, photo-anodes
and sensors. Keeping these possibilities in mind, the objectives of this doctoral thesis are:
i.  Synthesis of different types of carbon based nanomaterials:
(@) MWCNT/PAnNi nanotube (MWCNT/PANINT),
(b) CB/PANINT,
(c) reduced graphene oxide aerogels (rGOA) functionalized (separately) with silver
nanorods (AgNRs) and PANINT, and
(d) different colored CDs, as well as nanocomposite of blue-emitting CDs with TiO-
and Pt (Pt/CDI/TiOy).
ii. Characterization of the prepared carbon based nanomaterials using different
analytical tools.
iii.  Applications of these materials in
(a) methanol gas sensor (MWCNT/PANINT),
(b) DSSCs as counter electrode (CB/PANINT) and co-sensitizers (green-emitting
CDs),
(c) asymmetric supercapacitor (rGOAS),
(d) MOR (Pt/CD/TiO,), and

(e) picric acid sensor (blue-emitting CDs).

1.6 Plan of research
To realize these objectives, the following methodologies will be employed.

1.6.1 Synthesis of carbon based nhanomaterials

The synthesis procedures will include:

(@) in-situ chemical oxidation polymerization of PANINT in the presence of MWCNTSs
and CB particles to obtain MWCNT/PANINT and CB/PANINT nanocomposites
respectively,

(b) a self-assembly driven sol-gel technique to prepare rGOA functionalized separately
with AgNRs and PANINT,

(c) hydro- or solvothermal synthesis of CDs from two different carbon sources (citric
acid and gallic acid) under different reaction conditions. Hydrothermal route will be
further employed to prepare CD/TiO, nanocomposite followed by chemical

reduction of chloroplatinic acid to decorate them with Pt nanoparticles.
1.6.2 Characterization of the nanomaterials

The synthesized nanomaterials will be characterized using different analytical tools such

as Fourier transform infra-red (FTIR) spectroscopy, X-ray photoelectron (XPS) spectroscopy, X-
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ray diffraction (XRD), Raman spectroscopy, UV-visible spectrophotometer, fluorescence
spectrophotometer, scanning electron microscopy (SEM), TEM and energy dispersive X-ray
(EDX) spectrometry, etc.

1.6.3 Electrochemical tests of the nanomaterial electrodes and devices

Electrodes will be fabricated using spin-coating or doctor-blade technique and their
electrochemical properties will be evaluated using cyclic voltammetry (CV), current density-
voltage(J-V) characteristic plots, electrochemical impedance spectroscopy (EIS), galvanostatic
charge-discharge (GCD) and chronoamperometry.

1.6.4 Application of the nanomaterials

() MWCNT/PANINT nanocomposite will be shaped into a pallet and exposed to methanol
vapors. The ensuing change in resistance will be recorded to assess their sensing behavior.

(b) DSSCs will be fabricated with N719 dye sensitized TiO, as photo-anode and
CB/PANINT nanocomposite as counter electrode with 1713 redox couple based electrolyte. The
catalytic activity of the nanocomposite for triiodide reduction and the performance of the devices
under 1 Sun illumination will be investigated, and compared with that of Pt counter electrode.

(c) Flexible asymmetric supercapacitors will be fabricated with AgNR and PANINT
functionalized rGOA as anode and cathode, and their capacitive behavior will be examined.

(d) The photo-electrocatalytic activity of Pt nanoparticle supported on CD sensitized TiO;
for MOR will be investigated.

(e) Solar cells with N719 dye and green-emitting CDs co-sensitized TiO, photo-anode, Pt
counter electrode and 17/15” redox couple based electrolyte will be devised, and the effect of CDs
as co-sensitizers will be studied.

() Blue-emitting CDs derived from gallic acid as carbon source will be applied as sensing
element for detecting picric acid. Decrease in fluorescence intensity on interaction of CDs with

the analyte will be used as a basis for the detection mechanism.
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