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Abstract

The field of nano hybrid materials has witnessed an exponential
development due to the demand for functional materials, especially in
the field of energy storage and environmental remediation. Hybrid
materials are combination of two or more materials, assembled in such

a way as to have attributes not offered by the individual material alone.

In the present thesis graphitic carbon nitride (g-C;Ny), titanium dioxide
(TiO;) and iron oxide (Fe,O3;) based nano hybrid structures were
explored. These materials have been investigated in energy storage

applications and/or environmental remediation process.

In Chapter 3, a series of hybrid material from g-C;N4 and TiO;
nanotubes were prepared via hydrothermal method by adding different
weight percentage of TiO, nanotubes in g-C3;N4 matrix by keeping g-
CsNy/ TiO; ratio as 1:0, 1:1, 1:2 and 1:4. These nanohybrid systems
were employed for the fabrication of symmetric supercapacitor devices
and the results were compared with the individual component. The
composite electrode material with g-CsN4/Ti0O, ratio 1:4 exhibited a
remarkable increase in specific capacitance; which is attributed to the
increase in surface area of the composite due to the spacer effect of

one dimensional TiO; in the two dimensional network of g-C3;Ny.

In Chapter 4, pseudocapacitive transition metal oxides such as MnO,
and SnO, were separately grown on the two dimensional network of g-
CsN4 in an attempt to fabricate g-C3;N4/MnO, and g-C;N4/SnO;

nanohybrid structures. The materials were employed as supercapacitor



electrodes in symmetric two electrode configurations and the results
were compared with the bare g-C3Ny4 electrodes. A remarkable increase
in specific capacitance was obtained for g-C;N4/MnQO, electrode (174
Fg') than that of g-C3N4/SnO, (64 Fg') and g-C3N, (50 Fg'). The
improvement in the electrochemical performance of g-C;N4/MnO,
electrode can be attributed to the increase in surface area and the

pseudocapacitive contribution from MnO; nanoflakes.

In Chapter 5, Metal oxide dispersed graphitic carbon nitride hybrid
nanocomposites (g-C3;N4/CuO and g-C;N4/Co304) were prepared via
direct precipitation method. The materials were used as electrode
material in symmetric supercapacitors. The g-C;N4/Co304 electrode
based device exhibited a specific capacitance of 201 Fg' which is
substantially higher than g-C3N4/CuO (95 Fg') and bare g-C3N,
electrodes (72 Fg'). At a constant power density of 1 kWkg”, the
energy density given by g-C3;N4/Co304 and g-C3N4/CuO devices is
27.9 Whkg' and 13.2 Whkg' respectively. The enhancement of
electrochemical performance in hybrid material is attributed to the
pseudo capacitive nature of the metal oxide nanoparticles incorporated

in g-C3Ny4 matrix.

In Chapter 6, a multifunctional nano hybrid material; Fe,Os;@carbon
nano structures were prepared from discarded razor blades and glucose
solution via hydrothermal method. The main objective of the work is
based on the concept of ‘regenerative economy’ with an aim to
minimize the environmental pollution and depletion of the resources
by Reducing Reusing and Recycling (3R) of the waste material. The

energy storage and environmental applications of the hybrid material



was studied by successfully employing it as an electrode in
symmetrical supercapacitor devices and also as adsorbent material for
the removal oil-spill from water. At a constant current density of 1 Ag’
' the Fe,Os@carbon samples exhibit a highest specific capacitance of
285. 6 Fg'! which is almost two-fold the specific capacitance of the as-

synthesized Fe,03 sample (122.7 Fg™).

The final part of the thesis was based on the environmental objective of
the research work, in which cadmium sulphide (CdS) sensitized TiO,
nano hybrid materials were fabricated via simple hydrothermal route.
Different weight percentage (0, 1, 5 and 10) of CdS nano particles was
introduced into the TiO, system inorder to enhance the visible light
absorption capability of TiO,. The photocatalytic activity of the
composite samples was compared with bare TiO, and CdS. Among the
synthesized catalyst materials, TiO; loaded with 10 weight percentage
of CdS (TiO,-CdS10) have shown excellent photocatalytic activity for
the degradation of methyl orange dye. The degradation rate of the
active material was found to be 2.8x10 min™' which is about 3.5 times
faster than the rate of bare TiO, catalyst. The BET studies and the
photoluminescence (PL) studies indicated that the enhancement in
photocatalytic activity exhibited by TiO,-CdS10 can be attributed to
the high surface area and the effective charge separation possessed by

the composite sample.
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Population explosion and industrial growth have created serious
implications on the energy crisis and pollution of the ecosystem. Clean
energy technology and a clean environment are inevitable for the
sustainable development of the society. During the last few decades
researchers and policy makers were searching for functional materials
that can be used for renewable energy conversion, energy storage and
environmental remediation. Nano-semiconductor hybrid materials have
been received a great deal of attention as they can be used for both
energy storage and environmental applications, owing to its better
charge carrier mobility and visible light driven photocatalytic activity.
The present thesis embodies our attempt to develop various nano-
semiconductor hybrid materials via chemical processing route for
energy and environmental applications. Graphitic carbon nitride (g-
C3Ny), an organic semiconductor based nano-heterostructures were
employed as supercapacitor electrodes for energy storage application

and titanium dioxide (TiO;), an inorganic semiconductor based



nanostructures were used as visible light driven photocatalyst for the
removal of dissolved organic impurities from water. Energy storage
and environmental remediation applications of Fe,O3;@Carbon, which
was derived from discarded razor blades, were also investigated as a

part of the research work.
1. 1. Renewable Energy Storage

Carbon emission has been a serious environmental issue and world
economy demands the need of a clean and inexhaustible renewable
energy technology as the future energy source.'” Majority of the
energy resources of the world are non-renewable fossil fuels and more
than 80 % of India’s power comes from fossil fuels and nuclear energy
(Figure 1. 1 & 1. 2a). Therefore we need a pivotal approach to make
sure that we reduce our carbon foot print by embracing advances in the
technology.” India’s renewable energy sector is developing at faster
rate and our renewable energy goal is to generate 175 GW energy from
renewable sources by 2022 which is 55 % higher than the currently
installed projects of 60 GW (Figure 1. 2b).*
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Figure 1. 1. Graphical representation of the world energy
consumption by source.’
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Figure 1. 2. Graphical representation of (a) India’s energy
consumption by source, (b) India’s renewable energy goal.5

Renewable energy technologies such as photovoltaics, wind turbines,
etc. are highly effective green approaches for sustainable energy
development. = However the storage of this generated spasmodic
energy and their release upon demand is a bottleneck in renewable

energy management.*’

Currently lithium ion batteries emerged as a reliable rechargeable
energy storage technology due to its high electrochemical performance
and theoretically high energy density.® Lithium batteries have been
used as a power source in personal digital electronic devices,
automobiles, medical devices, etc.” however the low power density,
short life time and slow charge-discharge process are the innate
shortcomings of battery technology. The next generation hybrid
vehicles, regenerative breaking systems and high power electronic
devices demand high power density, large cycle life, dramatically high

safety and low cost for the storage devices.'

Recently, supercapacitors also known as ultracapacitors or
electrochemical capacitors have received great attention and are likely

to show equal importance as batteries because of their superior



electrochemical properties. They possess much higher power density
(1-10 kWkg™), excellent cycle stability (>100,000), wide temperature
range of performance, intrinsically safe charge storage mechanism and

they can be charged and discharged in seconds."!
1. 2. Supercapacitors

Supercapacitors are energy storage devices which can provide high
power densities than conventional batteries and energy densities than
capacitors with high cycling stability and large shelf life.'” Energy
density of a capacitor is the amount of energy stored per unit mass and
power density is the amount of energy delivered per unit mass of the
material.>  These important parameters that determines the
performance of an energy storage device can be expressed as

v’ Energy density, E = %CV2 (1. 1)

v Power density, Py = (1. 2)

at
Where C is the specific capacitance, V is the voltage, At is the

discharge time.

The performance of storage devices were compared graphically in
Ragon plot (Figure 1. 3) with power densities along the vertical axis
and energy density along the horizontal axis." It can be seen that the
conventional capacitors have high power density but the energy
density is lower when compared to batteries and fuel cells. They store
limited charges per unit mass or unit volume however the stored

charges can be released quickly with very high power. Meanwhile,



batteries and fuel cells can furnish giant energy density with very low
power density. High power pulse batteries have emerged as an
alternate of battery where high power supply is needed. However the
pulse technology sacrifices the energy density and cycle life of the
storage device. The trade-off between these performance indicators,
power density and energy density has been assimilated in
ultracapacitors or supercapacitors and it fill in the gap between

conventional capacitors and batteries.
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Figure 1. 3. Ragon plot: Graphical comparison of storage devices."

The working principle of supercapacitor is similar to that of
conventional capacitors but they use high surface area electrodes and
much thinner dielectrics to reduce the distance between electrodes and

they possess very high capacitance as per equation given below.

v C= eosr% (1.3)



Where A is the surface area of the electrode, D is the thickness of the
double layer, &, is the permittivity of free space and &, is the relative

permittivity of the material.'”

Supercapacitor consists of two electrodes coated with a thin layer of
porous and conducting nanomaterial (Scheme 1. 1). These electrodes
are immersed in an electrolyte solution. When the voltage is applied an
electrical double layer is created at the surface of each electrode thus
they are also named as electrical double layer capacitors (EDLC)."
Ascribed to their many advantages supercapacitors are presently being
employed in hybrid electric vehicles, voltage stabilization in start/stop

systems, solar and wind grids, burst mode power delivery, etc.'®
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Scheme 1. 1. Schematic of the working principle of a typical
supercapacitor device.

1. 3. Classification of supercapacitors

Based on the mechanism of charge storage, super capacitors were

classified into three classes; i) Electrical double layer capacitors



(EDLC) in which charge storage takes place non-faradaically, ii)
Pseudocapacitors with faradaic process of charge storage, iii) Hybrid

capacitors which utilises both faradaic and non faradaic process.'’
1. 3. 1. Electrical double layer capacitors (EDLC)

An electrochemical double layer capacitor consists of two carbon
based electrodes dipped in an electrolyte solution and the electrodes
are separated by a separator (Scheme 1. 1). When potential is applied,
opposite charges are created at the two electrodes as in conventional
capacitors. An electrical double layer (Helmotz layer) is created at
each electrode due to selective attraction of the electrolyte ions towards
the electrodes through the separator. In EDLC charge storage take
place non-faradaically or electrostatically and there is no transfer of
matter between electrode and the electrolyte.'”® Thickness of the
accumulated charge layer in EDLC is in angstrom units (A°) and the
surface area of the electrodes are very high, thus the specific
capacitance of EDLC is much greater than that of conventional
capacitors. However when compared to other categories of
supercapacitors the specific capacitance of EDLC is relatively small
(90-250 Fg'l) due to limited accumulation of charges at the electrical
double layer. The commonly used electrode materials in EDLC are
carbon based materials such as carbon nanotubes,” graphene,'’

- 19 20
activated carbon, ~ carbon aerogels,” efc.

1. 3. 2. Pseudocapacitors

Pseudocapacitors or electrochemical double layer capacitors store

charge faradiacally by the reversible electrochemical reaction at the



electrode-electrolyte interface. In this charge storage mechanism the
capacitance and energy/power densities are greater than that of EDLC.
Transition metal oxides and conducting polymers, whose near surface
charge transport reactions are prominent are the commonly used
electrodes in pseudocapacitors. Ruthenium oxide (RuQO;) is the best
transition metal based electrode material that is being used in
supercapacitors,”’ however the toxic and expensive ruthenium based
oxides cannot be used in commercial supercapcitors. The commonly
used low cost alternatives are MnO,, SnO,, TiO,, CuO, Co030,, efc.
Their major disadvantage is the poor electrical conductivity and
irreversible faradaic reactions of the electrode material that would
results in poor cyclic stability and lower value of specific
capacitance.'” Inorder to overcome these difficulties, the universally
accepted approach is to hybridise nanostructured metal oxides with
conducting carbon networks such as carbon nanotubes, graphene,

activated carbon or carbon aerogels."*
1. 3. 3. Hybrid capacitors

As mentioned previously, EDLC offers good cycling stability at the
expense of their energy density and pseudocapacitors offers high
energy density by sacrifying its cycling stability. Hybrid capacitors
incorporate the advantages of EDLC and pseudocapacitors and
mitigate their disadvantages by utilizing both faradaic and non faradaic

1
process of charge transfer.'’

Hybrid capacitors offer high energy
density, power density and excellent cycling stability. Composite

materials (carbon based material and conducting polymers or carbon



materials and metal oxides) are commonly used as the electrodes in

hybrid capacitors.
1. 4. Electrode materials -Conventionally used in EDLC

Carbon based electrode materials such as activated carbon, carbon
nanotubes, reduced graphene oxide, graphene oxide, carbon aerogels,
etc. were widely used as electrode material in EDLC due to their high
surface area and electronic conductivity.”” However carbon based
electrode materials especially the materials in two dimensional
lamellar structures undergo gradual agglomeration during the course of
electrochemical reaction.” Moreover, in carbon based electrodes the
interaction between electrode surface and electrolyte molecule has
been unsatisfactory due to insufficient penetration of electrolyte
molecule into the electrode surface.”* Nitrogen doping in carbon based
materials were usually carried out inorder to enhance the
electrochemical properties of the electrode material. The lone pair of
electrons on nitrogen provides surface polarity, and electrode-
electrolye surface wettability which enhances the charge transport

process between the electrode surface and electrolyte molecules.*

Graphitic carbon nitride (g-CsN4) has emerged as an alternative for
carbon based EDLC material owing to its intrinsically high nitrogen
content, low cost, chemical and mechanical stability. The lone pair of
electrons present in the N atom of the ring structure of g-C;Ny4 induces
more polarity in the molecule which enhances the wettability and the

charge carrier mobility in the electrode material ***’



1. 5. Graphitic Carbon Nitride (g-C3Ny)

Graphitic carbon nitride is the most stable allotrope of the carbon
nitride family. The material was first prepared by Berzilius and Liebig
in 1834 however their potential applications were not explored yet.?*
The 2D =m conjugated network of g-Cs;Ns originated from the
interconnected s-triazine (sym. triazine; 1, 3, 5-triazine) and tri-s-
triazine units through weak Vander walls forces (Scheme 1. 2).” The
hexagonal ring structure of g-C3Ny consists of sp” hybridized nitrogen
atom and carbon atom similar to that of graphite, however the alternate
carbon atom in the hexagonal ring structure of graphite being replaced
by nitrogen atom in g-C;N4. The pi conjugated lamellar structure
facilitate the transport of photo induced charge carriers and narrow
down the band gap (2.7 eV) so as to absorb the visible region of the
solar spectra.”’ The valance band and conduction band edge with
respect to normal hydrogen electrode (NHE) of g-CsNy4 are -1.3 V and
1.4 V respectively. Moreover, compared to other oxide and sulphide
based photocatalysts, g-C3Ny4 is highly stable in acid and alkaline
medium because of the strong covalent bond existing between carbon
and nitrogen atom of g-C3;N4. Owing to these properties the material is
widely used as a photocatalyst for the oxidative removal of dissolved

organics from water and as a catalyst for artificial H, generation.”**°
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Scheme 1. 2. Schematic of the 2D 7 conjugated network structure
of g-C3N4.

Recently polymeric organic semiconductor g-C3;N4 has received great
deal of attention in energy storage and energy conversion applications
due to its versatile electronic structure, rapid charge separation,
excellent chemical, thermal and mechanical stability, cost effectiveness
and environmental friendliness.”’ The lone pair of electron present in
the nitrogen rich g-C3Ny4 could offer additional negative charges into
the ring structure that could provide more surface polarity, electron
donor ability, and thereby enhances the charge transport properties in
the material.>*> Moreover, the two dimensional layered structure
possessed by g-C3Ny could provide maximum surface layer atoms and
short diffusion pathways for ion diffusion process. They also offer
large surface active sites for achieving better wettability at electrode-
electrolyte interfaces.”” However the surface area and electronic
conductivity of g-CsN4, which is directly related to the specific
capacitance and power density of EDLC supercapacitor is intrinsically
low which limits their practical application.”” The development of
efficient supercapacitor electrodes based on g-Cs;N4 with maximum

specific capacitance and cycling stability still remain a big challenge

11



but imperative for exploring their potential as an alternative energy

storage system for commercial application.

1. 5. 1. g-C3N4 based Nanohybrid Materials as Supercapacitor

Electrodes

An effective yet facile method to bypass the issue of agglomeration of
2D lamellar structures in g-C3;N4 which makes them unsuitable for
practical application is to intercalate with other inorganic functional
materials such as transition metal oxides and sulphides. The
pseudocapacitive nature of inorganic oxides and sulphides provides
efficient charge transport at the electrode-electrolyte surfaces via
synergistic effect between faradaic and non-faradaic process of charge

transport.

Inspired by this perspective, recently, Chen et al. reported a two
dimensional hybrid structure of g-C3N4/CoS which exhibited a specific
capacitance value of 668 Fg' at a current density of 2 Ag™ which is
higher than the individual components in a three electrode cell
assembly.”® In a recent report by Ansari ef al. commercially purchased
MoS, and g-Cs;Ns were used for the preparation of MoS,/g-C3Ny
heterostructure and was used as supercapacitor electrode in a three
electrode cell assembly. The hybrid sample delivered a high specific
capacitance of 240 Fg™! which is much higher that of bare MoS, (48.77
Fg") with good cyclic stability.” The composite sample, MoS,/g-C3N,
was also employed as a photocatalyst under visible light for the
oxidative removal of rhodamine B from aqueous solution. Recently

Zhao et al. reported a g-C3N4 hybridised TiO, nanoparticle assembly

12



by hydrothermal method which exhibited a high specific capacitance
of 125.10 Fg!' at a current density of 1 Ag" which can be attributed to
the enhanced charge transport properties provided by g-C;N, sheets.*
The reports show that g-C3;Ny4 based hybrid materials has been explored
as a new area of research that provide challenges and opportunities
particularly in the area of energy conversion, storage and

environmental applications.

A series of novel g-CsNy4 based nano semiconductor hybrid materials
such as g-C3N4/Ti0O;,, g-C3Na/MnO,, g-C3N4/SnO,, g-C3N4/Co304 and
g-C3N4/CuO electrode materials were developed for supercapacitor
applications. The electrochemical properties of the fabricated
electrodes were measured in a symmetric two electrode configuration.
Except TiO; all other nanosemiconductors exhibit pseudocapacitive or
faradaic nature of charge transport at the electrode-electrolyte
interface. The nanohybrid electrode materials were fabricated by
integrating the two charge storage processes (faradaic and non-
faradaic) and they were expected to exhibit synergistic mechanism for
charge storage. Moreover, the semiconductor fillers may act as spacers
to effectively separate the layers of 2D g-C;Ns which facilitate an
effective transport of ions by increasing the accessible surface area for

the electrode process.

1. 6. Fe;Os;@Carbon Nano-hybrid structures from Discarded

Blades as Supercapacitor Electrodes

The solid wastes such as metals, plastics, agricultural wastes, etc. are

the major contributing elements for municipality wastes which finally

13



end in landfills. The landfills produce poisonous gases such as
methane, CO,, efc., or it contaminates the ground water. The concept
of regenerative economy or closed economy considers the waste
material as a resource by recycling and reusing the garbages.*> A novel
cost effective and environmentally benign nano-hybrid structure;
Fe,Os@Carbon was prepared from discarded razor blades and glucose
by precipitation technique and followed by the hydrothermal
carbonization process. The hybrid material was employed as electrode

material for the fabrication of symmetric supercapacitor devices.
1. 7. Environmental Remediation

Population explosion and urbanization have lead to the pollution of
environment which also has a severe implication on the contamination
of water bodies. Water pollution may be defined as the contamination
of underground water, lakes, seas, rivers or streams by substances
which are harmful to living beings. Industrial and agricultural effluents
containing heavy metal ions, pesticides, fertilizers and organic dyes are
the major sources of water contamination. These pollutants are water
soluble and chemically stable thus it causes eutrophication, larger
biological oxygen demand and biomagnifications in the aquatic
environment.*® The researchers all over world have devoted for an
efficient method for the removal/degradation of dissolved organic
pollutants from the effluent water to create a clean and healthy aquatic
environment. Sedimentation, filtration, coagulation, biological
treatments and adsorption on porous substrates are the commonly used
non-destructive phase separation techniques. Advanced oxidation

process (AOP) is a special class of oxidation process which is designed

14



to remove dissolved impurities from water.”’This in situ chemical
oxidation process degrades the pollutants into CO,, H,O and harmless
salts. The technique involves the production of highly reactive
hydroxyl radicals (OH) which are excellent oxidant species for the
oxidative removal of pollutants. Fentons reagent (Fe’/H,0,),”’
H,O,/UV light,3 8 03/UV light3 8, etc. are the commonly used advanced
oxidation processes. Nevertheless the techniques are excellent AOPs, it
is not yet commercialized due to its high cost and stringent
experimental conditions required for the reaction. Heterogeneous
semiconductor photocatalysis® is an effective advanced oxidation
process, which has received immense attention due to its high
efficiency, photochemical stability, ambient reaction condition,

recyclability, cost effectiveness and environmentally benign nature.
1. 8. Photocatalysis

Photocatalysis is the acceleration of a photoreaction in presence of a
catalyst. The substance that modifies the rate of the chemical reaction
in the presence of light is known as photocatalyst.” An ideal
photocatalyst should be chemically and biologically inert, economical
and environmentally benign. Moreover, it should be capable to activate
large cycles of photoreactions without sufficient degradation in the
photoactivity. In photocatalysis the adsorbent molecules get adsorbed
on the surface of the catalyst and is oxidized and/or reduced
simultaneously when the catalyst absorbs light radiation. It transfers
electrons from the conduction band of the catalyst to the adsorbed
molecule which is governed by the conduction band position of the

catalyst and the redox potential of the adsorbed molecule (acceptor).

15



Thermodynamically the redox potential of the acceptor must be below
the conduction band of semiconductor (Figure 1. 4).* The process of
transfer of the electron to the adsorbed molecule is called reduction.
The adsorbate can acts as a donor when the potential of the adsorbate
is above the valance band of semiconductor and this electron transfer
process is called oxidation. In general the energy level at the bottom of
the conduction band decides the reducing power of the photoelectrons
and the energy levels at the top of the valance band determines the

oxidative power of the photoholes.*'
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Figure 1. 4. Band gaps and band edges (CB bottom and VB top) of
some wide bandgap semiconductors (pH = 0, vs. NHE at room
temperature).
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1. 8. 1. Titanium dioxide (TiO,) as Photocatalyst

Photocatalysis is the acceleration of a photoreaction in presence of a
catalyst. The photocatalytic functional applications of TiO, has
emerged in the scientific world just after the photolysis of water into
hydrogen and oxygen by Fujishima and Honda which was carried out
using a titanium dioxide electrode in an electrochemical cell.** They
reported that TiO, has a sufficiently positive valence band edge to
oxidize water to oxygen and also the photogenerated electrons are

reducing enough to produce super oxide radicals.
1. 8. 2. Crystal structure of TiO;

TiO; is an ideal and fascinating photocatalytic material due to its cost
effectiveness and high chemical and thermal stability. TiO, usually
exists in three polymorphic varieties such as anatase (tetragonal, a =b
=3.782 A, ¢ = 9.502 A), rutile (tetragonal, a =b = 4.854 A, ¢ =2.953
A) and brookite (orthorhombic, a=5.436 A,b=9.166 A, c =5.135 A)
phases which differ in the arrangement of elementary particles (Figure
1. 5). In all the three crystal forms, Ti'" ions are surrounded by
irregular octahedrals of oxide ions.*® In anatase phase these octahedrals
are connected by their vertices (corners), whereas in rutile these
octahedrals are connected though the edges and in brookite octahedrals
are connected by both corner shared and edge shared manner. Rutile
structure is closer packed than anatase. The theoretical densities of
rutile and anatase phases are 4.27 g/cc and 3.89 g/cc respectively.
Brookite is the most trivial phase of TiO, and spontaneously

transformed to rutile at around 750 °C. Rutile phase is the
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thermodynamically most stable phase and the metastable anatase is the
photocatalytically more active phase of TiO,. Anatase transforms

exothermically to rutile phase in the temperature range 600-800 °C.*!

Anatase Rutile Brookite

Figure. 1. 5. Crystal structures of anatase, brookite, and rutile.

1. 8. 3. Band structures of TiO, and Photoeffect

TiO, is a wide band gap semiconductor. The outer electronic
configuration of titanium (Ti) is 4s*3d* and that of oxygen is 2sz2p4.
The valance band of TiO, consists of oxygen 2p orbital and the
conduction band is composed of 3d orbitals of Ti. The Ti atoms in
TiO, are in distorted octahedral environment and possess Ti*" with 3d°
electronic configuration. When TiO; is exposed to near-UV radiation,
the valance band electrons are excited to conduction band by creating a
hole in the valance band. The excited electrons are in 3d state thus the
valance band electrons are at different parity with conduction band.
The probability of the transfer of conduction band electrons back to
valance band is now restricted due to the dissimilar parity. Thus the
chance for electron (¢) hole (h") pair recombination is diminished

considerably. However, in the case of other transition metal oxides 3d
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states are present in both the valance state and conduction state and the
probability of electron-hole (¢ - h") pair recombination is much higher.
In ZnO, the valance band consists of only d orbital and the conduction
band is made of s-p hybrid orbitals. Thus in ZnO also the probability of

(e-h") recombination is curtailed considerably.**

The band gap energy of rutile is 3.0 eV whilst that of anatase is 3.2 eV.
Rutile absorbs some percentage of visible radiation than anatse,
however the photocatalytic activity of anatase is greater than that of
rutile. The reasons for the catalytic deficiency of rutile are (1) the
phase formation temperature of rutile is greater than that of anatse and
this high temperature treatment increases the grain size and decreases
the active surface sites of rutile TiO,. (2) The rutile phase carries very
few number of hydroxyl groups on its surface. Hydroxyl groups are
excellent hole scavengers, thus in the absence of hydroxyl groups on
the surface of TiO, the electron-hole recombination rate increases.
Moreover, limited number of oxygen vacancies in rutile, reduces its
catalytic activity. Oxygen vacancies usually create oxygen trapping
sites and these oxygen molecules are excellent electron scavengers. (3)
The conduction band electrons of anatase have more reducing ability
than rutile thus due to these reasons anatase is acknowledged as more

efficient photocatalytic phase.*
1. 8. 3. Mechanism of Photocatalysis

Photo illumination of TiO, semiconductor with UV radiation of
wavelength 388 nm or shorter causes the excitation of valance band

electrons to conduction band (¢") by creating a hole (h") in the valance
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band (Scheme 1. 3). The generated charge carriers are highly unstable
species, thus in photocatalytic process there is always a competition
between charge carrier transfer and (e-h") pair recombination. The
photogenerated electrons in the conduction band are powerful
reductants and valance band holes are powerful oxidants, they initiate
numerous chemical reactions at the surface of the catalyst. If the
adsorbed species are water and dissolved oxygen (H,0/0O,), H;O get
oxidized by positive holes to ‘'OH and H'. The reduction of easily
reducible O, results in the formation of superoxide radical anion ('Oy),
after that it react with H' to produce hydroperoxyl radical (HO,) and
then with electron to produce HO;™ finally with H' ions to form H,0,.
The overall reaction path way for the degradation of organic
contaminants in presence of the reactive oxygen species such as OH,

'0,, and H,0, can be represented by the following equations.***®

1. Photo-excitation
TiO,+ hv — TiO, (e’ +h'yp)
2. Oxidation reactions due to h',

H,O+h'y,— OH+H"
2H,0 +h'yp, — Hy0, + 2H"
OH +h'y,— OH

3. Reduction reactions due to e .
O, +ep— OF
‘0 +2 H' — Hy0,

H,O,+ e, — OH+ OH
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‘0, + H,0, — OH + OH
‘0, +H" — HO,

‘HO,+ €', — HOY

HO, + H — H,0,

2'HO, — O, + H,0,

4. Degradation of the pollutant in presence of reactive oxygen

species (ROS)

Pollutant + ROS — intermediates + CO, + H,O

Photo-reduction

conduction band

SUN Photo i charges \
cat ysﬁ recombination

valence band

Photo-oxidation

Scheme 1. 3. Schematic representation of the mechanism of
Photocatalysis.

1. 9. TiO, based Nanoheterostructures as Visible light active

Photocatalyst

Eventhough TiO, is a well known photocatalyst with environmentally

and economically benign stable structure, the band gap energy of 3.2
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eV (A~387 nm) limits its application in sunlight/visible light harvesting
technology.”” Moreover, the fast rate of charge recombination at the
surface of TiO; reduces the concentration of charge carriers for further
reaction. The sunlight consist of 50 % visible radiation and the
development of visible light active catalyst with minimum trade-off
between charge transport and charge recombination is an extensive

area of research.

To address this issue numerous efforts have been reported to enhance
the light absorption and charge separation capability of anatase TiO,
which includes metal and non metal doping, dye sensitization, ec.**°
To improve the photocatalytic activity of anatase TiO,, fabrication of
nano-heterostructures by coupling TiO, with narrow band gap
semiconductors with conduction band position higher than that of TiO,
have received great deal of attention recently. The narrow band gap
semiconductors such as CdS, Polyaniline and g-Cs;N4 will act as a
chromophore to absorb visible region of the solar spectra and it shifts
the absorption edge of the composite sample to longer wavelength

13 Moreover, the photo generated electron  from the

region.
conduction band of narrow band gap semiconductors will be
transferred to the conduction band of TiO,, and thereby facilitate an
effective interfacial charge transport in the hybrid sample by reducing
the rate of electron-hole pair recombination. Thus the creation of
different reaction sites for oxidation and reduction process improves

the overall performance efficiency of the catalyst.”' >’
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1. 9. 1. TiO,-CdS Nanoheterostructures as Sunlight Driven
Photocatalyst

Cadmium sulphate (CdS) is an excellent sunlight harvester material
owing to its direct narrow band gap (2.4 eV) and can be used as a
sensitizer for wide band gap semiconductors such as TiO,. Valance
band and conduction band levels of CdS semiconductor lies above that
of TiO, which facilitate effective charge separation by reducing the
possibility for photo generated electron-hole pair recombination. The
work embodies our attempt to fabricate CdS hybridized TiO;
photocatalysts in which special attention was made to optimize the

minimum concentration of CdS required to sensitize TiO, matrix.
1. 10. Oil Spill Sorbents

Oil spill is a form of environmental pollution, especially aquatic
pollution due to the release of oil from tankers, ships and oil rigs. The
spilled oil severely affects the aquatic organisms and vegetation.
Skimming, burning and isolations are the major conventionally used
techniques for oil-spill removal. These techniques are inefficient and
the incomplete burning results in the formation of toxic fumes.’* Oil
absorbing sorbent materials like organophillic clays, silica aerogels,
poly-propylene, polyethelene terephthalate, graphene, activated
carbon, efc. has been used recently for the removal of spilled oils from
water. The most important condition for a material to be used as a
sorbent material in large scale environmental remediation applications
is efficiency, biocompatibility, recyclability and low cost.”> However,

the removal of the sorbent material from the aquatic environment along
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with the adsorbed oil is tedious and time consuming. Introduction of
magnetic functionality in the sorbent material facilitate rapid removal
of the sorbent material in presence of an external magnetic, thereby
enhances recyclability and efficiency of the sorbent material.>
Magnetic iron oxide is proven to be an excellent candidate with
biocompatibility and very low cytotoxicity for the environmental
remediation applications.’® Different types of iron oxide based sorbents
such as collagen ﬁber-FegO4/\(-Fe:203,56 FezO;@carbon,57 Fe-C nano
heterostructures,” iron doped carbon nanotubes,”® polystyrene-Fe,O3,

6

etc.” were extensively studied as a magnetically separable adsorbent

material.

1. 10. 1. Fe;Os@Carbon Nano-hetero structures from discarded

razor blades as Qil-spill cleaners

In the present thesis we report a novel Fe,Os;@Carbon nano-hetero
structures prepared by the hydrothermal carbonization process by using
discarded razor blades and glucose solution as precursors. The idea
behind the synthesis of Fe,O3;@C was based on the closed economy
concept of Reducing, Reusing and Recycling of the garbage materials.
The as synthesized Fe,O3@C composite material was employed as an
oil-adsorbent material for the removal of artificially created oil-spills
from water. The synthesized sorbent material is low cost,
biocompatible and show very high efficiency for the removal of oil-
spills. The oil adsorption by the material is quite instantaneous, making

Fe,O3@C an attractive candidate for the oil removal process.
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1. 11. Objectives of the Thesis

1. 11. 1. Energy objectives

1.

Synthesis of g-C3;Ns semiconductor by high temperature
pyrolysis method.

Development of TiO, nanotube dispersed g-C3;N4 nanohybrid
materials  (g-C3N4/TNT) for supercapacitor electrode
applications.

Synthesis of g-CiN4#/MnO, and g-C3N4/SnO; nano-
heterostructures by chemical reduction method.

Evaluation of the electrochemical performance of the
composite electrodes, g-C3N4/MnO; and g-C3N4/SnO;.
Development  of  g-C3N4/Co0304, g-C3N4/CuO  nano-
heterostructures and their characterization.

Electrochemical performance evaluation of the composite
electrode g-C3N4/Co304 and g-C3N4/CuO nano-
heterostructures.

Development of Fe,Oj;@Carbon nano-hybrid materials from

discarded razor blade as supercapacitor electrodes.

. 11. 2. Environmental objectives

To develop sunlight driven photocatalyst by fabricating
Ti10,/CdS nano-heterostructures.

Characterization and evaluation of the photocatalytic activity of
Ti0,/CdS composites.

To analyze the performance of magnetically recoverable

Fe,Os@Carbon nano-hybrid structures as oil-spill removers.
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1. 12. Overview of the Experimental Work

A detailed discussion on the experimental methods adopted for the
synthesis of the nano hybrid materials and the characterization
techniques used are included in Chapters 2. Chapters 3 to 6 are based
on the energy perspective of the present research work. Second part of
Chapter 6 and Chapter 7 are based on the environmental perspective of
the thesis. In Chapter 3, the electrochemical properties of TiO, nano
tube dispersed graphitic carbon nitride (g-C3;N4) have been discussed
by fabricating symmetric supercapacitor device. In Chapter 4, g-
C3N4/MnO; and g-C3;N4/SnO, heterostructures were prepared and their
supercapacitor device applications in two electrode configuration were
investigated. In Chapter 5, pseudocapacitive transition metal oxides
such as Co304 and CuO were anchored on the surface of g-C3N4 and
their symmetric supercapacitor device applications were analyzed. In
Chapter 6, a novel strategy was adopted for the synthesis of
Fe,O3;@Carbon nano hybrid material from discarded razor blades and
glucose solution as precursors. The material was successfully used as
electrode material for symmetric supercapacitor device in two
electrode configuration. The second part of the Chapter 6 deals with
the study on the oil-spills removal ability of magnetically recoverable
Fe,Os@Carbon adsorbent material for environmental applications.
Chapter 7 deals with the environmental remediation application of the
nano hybrid material based on TiO; and CdS. In this research work
Ti0,-CdS hetero-structures were developed to enhance the visible light
driven photocatalytic activity of TiO,. The materials were well
characterized and employed as a sunlight active photocatalyst for the
decomposition of methyl orange dye present in water as a model

pollutant.
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Chapter

2. 1. Introduction

2. 2. Synthesis of Nano Semiconductor Hybrid materials

2. 3. Energy storage Application as Supercapacitor Electrode
2. 4. Environmental Application as Photocatalyst

2. 5. Environmental Application as Oil-Spill Adsorbents

Contents

2. 6. Characterization Techniques

2. 1. Introduction

The properties of the semiconducting nanomaterials are associated
directly with the nano structural morphology of the materials. It is
during the key synthetic step that the desired properties are
incorporated into the nanomaterial. Wet chemical methods have been
adopted as the experimental method for the synthesis of nanomaterial
because of its salient features such as compositional homogeneity, low
temperature processing and phase purity. In this Chapter, section 2. 2
deals with the detailed strategies adopted for the synthesis of the
semiconductor nano materials and their heterostructures. Section 2. 3,
2. 4 and 2. 5 include the various techniques used for analyzing the
electrochemical energy storage and the environmental applications of
synthesized semiconductor nanomaterials and their heterostructures.

Proper characterization of the material is also important to analyse the
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structure-property relation of the material. In final part of this Chapter
(section 2. 6) prime importance have been given for scientifically
explaining the theoretical principles and the utility of the various
quantitative and qualitative characterization techniques employed in
the present research work. Various chemicals used for the synthesis of
the photocatalysts and the electrode materials are tabulated in Table

2.1.

Table 2. 1. List of chemicals used for the synthesis and application

studies

SI. .

No. Chemicals Formula Manufacturer
1 Titanium Tertiary Butoxide Ti (OC4Hy),4 Sigma Aldrich, 97 %
2 Manganese Acetate Mn (CH3COO), Alfa Aesar, 98 %

Tetrahydrate
3 Cadmium Nitrate Cd (NO»),.4H,0 Sigma Aldrich, 97 %
4 Thiourea SC (NH,), Sigma Aldrich, 97 %
5 Sodium Molybdate Dihydrate | Na,MoO,. 2H,O Alfa Aesar, 98 %
6 Tin (IT) Chloride Dihydrate SnCl, Alfa Aesar, 98 %
7 Potassium Permanganate KMnO, Alfa Aesar, 98 %
8 Cobalt Nitrate Co (NOs),. 6H,O Merck, India, 97 %
9 Copper Nitrate Cu (NO3),. H,O Merck, India, 97 %
10 Manganese Sulphate MnSO, Merck, India, 97 %
11 D-Glucose CsH,0¢ Alfa Aesar, 98 %
12 Oxalic Acid C,H,0, Qualigens, 98 %
13 Ethanol C,Hs;OH Commercially
purchased

14 Nitric Acid HNO; Merck, India, 72 %
15 Hydrochoric Acid HCl Merck, India, 69 %
16 Isopropyl Alcohol C;H,OH Merck, India, 98 %
17 Methyl Orange CsH 4N3NaOsS Qualigens, AR grade
18 Ammonium Hydroxide NH,OH Merck, India, 30 %
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2. 2. Synthesis of Nano Semiconductor Hybrid materials
2. 2. 1. Synthesis of g-C3Ny4

Graphitic carbon nitride (g-C3;N4) was synthesized by simple pyrolysis
followed by self-polymerisation of thiourea under self-supported
atmosphere in a covered crucible. 5 g of thiourea is dried at 80 °C/ 24
hrs and heated at 550 °C/ 3 hrs in a muffle furnace at a heating rate of 2
°C/minutes.’ This method circumvents the requirement of laborious
experimental set up conventionally used for the synthesis of carbon
nitride. The yellow colored g-C;N4 so obtained was washed with 25 ml
de-ionised water to remove any residual alkaline species. The residue

was then dried at 80 °C/ 24 hrs in a hot air oven.
2. 2. 2. Synthesis of TiO, Nanotubes (TNT)

TiO, nanotubes (TNT) were synthesized from anatase TiO, by
adopting a previously reported modified hydrothermal method.” In a
typical method 5 g of anatase TiO, nanoparticles were stirred with 60
ml, 10 N NaOH solution for 4 hrs and the resulting suspension was
transferred to a 100 ml stainless steel autoclave and kept at a
temperature of 150 °C/48 hrs. The obtained precipitate was washed
with 0.1 N HCI and then with deionised water until neutral pH is
attained. The product is dried overnight at 80 °C and then calcined at
400 °C/2 hrs during which crystalline anatase TiO, nanotubes are

evolved.
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2. 2. 3. Synthesis of TNT/g-C3N4 Nano Heterostructure

TNT/g-C3N4 heterojunction composites were fabricated by a simple
hydrothermal method. Different weight percentages of TNT and g-
CsN4 having TNT/g-C3N4 ratio 1:1, 1:2 and 1:4 was accurately
weighed out and sonicated for 20 minutes in a 1:1 mixture of ethanol
and water. The homogeneous suspension so obtained was transferred
to a 100 ml teflon lined stainless steel autoclave and kept at a
temperature of 120 °C for 8 hrs. Then the products were dried at 80 °C
for 24 hrs and the composite samples were labeled as 1:1GCN,
1:2GCN and 1:4GCN.

2. 2. 4. Synthesis of g-C3N4/MnQO; Nano Hybrid Material

MnO; nano needles grown g-CsNy4 hybrid material was prepared by the
oxidation reduction reaction between Mn*" ion and Mn’" ions.’ In a
typical method 200 mg of as prepared g-CsN4 was dispersed in 40 ml
of deionised water containing 40 mM MnSO, by a probe sonicator.
The suspension was kept at a temperature of 80 °C for 30 minutes
under magnetic stirring inorder to infuse Mn®" ions on the surface of g-
C3Ny layers. 150 ml of 33 mM KMnO;, solution which is kept at a
temperature of 80 °C was added carefully to the above suspension
under stirring condition. The stirring was continued for another 20
minutes by keeping the suspension at a temperature of 80 °C, the
product obtained was washed with water, ethanol and dried in an air

oven at a temperature of 100 °C for 8 hours.
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2. 2. 5. Synthesis of g-C3N4/SnO; Nano Hybrid Material

g-C3N4/SnO; composite sample was prepared by the chemical
reduction method.* 200 mg of synthesized g-C3N4 was dispersed in
deionised water by using an ultrasonicator for 20 minutes. 1 ml of 38
% HCI was added to the above suspension just before the addition of
0.72 g tin (II) chloride (g-C3N4:SnO, = 1:2). The sonication was
continued for another 10 minutes and the solution was magnetically
stirred at normal temperature for 2 hours. The product obtained was
washed with water, ethanol and dried in an air oven at 100 °C for 8
hours. The dried powder sample was calcined at 350 °C/2 hrs for the
development of crystalline SnO, phase on g-C;Na.

2. 2. 6. Synthesis of g-C;N4/CuO and g-C3N4/Co304 Nanohybrid

Structures

Transition metal oxide (MO) anchored g-C;Ny4 such as g-C3N4/Co30y4,
g-C3N4/CuO nano hybrid material with g-C3N4:MO weight ratio of 7:3
was prepared by simple hydrothermal method. In this method 0.06 g
g-C3N, was weighed out separately in two beakers and dispersed in 50
ml distilled water by ultrasonication. 0.045 g CuNO; and 0.06 g
CoNO; was weighed out separately in to the above suspension. The
sonication was continued for another 30 minutes. NH4OH solution was
carefully added to the suspension and the pH was adjusted to 9. The
precipitate was then transferred into a 100 ml stainless steel autoclave
and kept a temperature of 180 °C for 12 hours. The product obtained
was washed with distilled water, dried and calcined at a temperature of

300 °C for 2 hours.
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2. 2. 7. Synthesis of Fe,O3; Nanoparticles from discarded Razor
Blades

The iron oxide nanoparticles were synthesized from the iron salt
solution obtained by the dissolution of razor blades. Discarded razor
blades were collected and cleaned using acetone and then cut into
pieces. In a typical synthesis procedure, nearly 5 g of cleaned razor
blades were used. The razor blades were first dissolved in minimum
quantity of hot Conc. HCI in the presence of a pinch of Zn powder.
After dissolution, the solution was filtered to remove the Zn powder.
The razor blade solution was made up to 100 ml in a standard flask
with distilled water. The solution was then transferred to a round
bottom flask, and pH was raised to 8 by dropwise addition of NH,OH
from a burette till the pH of the medium reaches 9. The iron hydroxide
formed was filtered, dried in an oven and then heated at 300 °C for 2
hours in a muffle furnace to obtain iron oxide nanocrystals (Sample
code FO). The razor blade steel actually consists of 12-14 % of
chromium and traces of other elements in addition to iron. However
only Fe get precipitated as its hydroxide while adding NH4OH up to a
pH of 9, since at this particular pH the ionic product of Fe(OH),
exceeds its solubility product and the chromium ions remains in

solution (precipitation of Cr(OH); occurs at pH 11).°
2. 2. 8. Preparation of Fe;O3;@Carbon Nano-hybrid Structures

The carbon-coated iron oxide nanoparticles were prepared by
hydrothermal carbonization of glucose.’ 5 g of glucose was dissolved

in 50 ml distilled water and 1 g of iron oxide nanoparticles were
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dispersed in the glucose solution and mixed by continuous stirring for
1 hour. The dispersion was then transferred to a 100 ml stainless steel
autoclave with teflon lining. The autoclave was then heated to 180 °C
for 12 hours. After carbonization, the autoclave was cooled, and the
black colored precipitate (CFO) was separated from water by
centrifugation, washed multiple times by distilled water and dried in a

hot air oven.
2. 2. 9. Synthesis of TiO,-CdS Heterojunction Photocatalyst

CdS nanoparticles were synthesized by hydrothermal method. In a
typical procedure 0.1 M cadmium nitrate was dissolved in 50 ml
deionised water, then 0.3 M aqueous thiourea solution was added to
the above solution and stirring continued for another 30 minutes. The
homogeneous solution obtained was transferred to 100 ml teflon lined
stainless steel autoclave and kept at a temperature of 150 °C /12hrs.
The obtained precipitate was washed with water and dried at a

temperature of 80 °C /12hrs.

TiO0,-CdS nano composites with different weight percentage of CdS
such as 0, 1, 5, and 10% were prepared by hydrothermal method and
the samples were labelled as TiO,, TiO,-CdS1, TiO,-CdS5 and TiO,-
CdS10. For the synthesis of hybrid system, calculated amount of CdS
nano particles were ultrasonicated in 1:1 water: ethanol mixture to get
a uniform dispersion. The above dispersion was added carefully to 0.4
M titanium tertiary butoxide solution in 50 ml isopropyl alcohol. The
obtained sol was vigorously stirred for 4 hours and transferred to 100

ml stainless steel autoclave and kept at a temperature of 180 °C/ 12 hrs.
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The precipitate so obtained was washed several times with ethanol
acetone mixture to remove excess organic solvents and the samples
were calcined at 300 °C/ 2 hrs which resulted in the formation of nano
crystalline TiO,-CdS heterostructures. Bare TiO; nano particles (TiO,-
CdS0) were also synthesized by a similar method without the addition

of CdS for the comparative study.
2. 3. Energy storage Application as Supercapacitor Electrode

The synthesized semiconductor nanomaterial hybrid systems such as g-
CsNy/TNT, g-C3N4/MnO,, g-C3N4/SnO,, g-C3N4/Co304, g-C3N4/CuO
and Fe,O;@C were employed as electrode material in symmetrical
supercapacitor devices. A detailed procedure for the -electrode
fabrication and the electrochemical measurements were explained as

follows.
2. 3. 1. Electrode preparation and Electrochemical measurements

A homogeneous mixture of  active  materials  with
polytetrafluoroethylene (PTFE) binder in the mass ratio of 95:5 in
ethanol was coated onto the carbon cloth (ELAT, Nuvant systems Inc.)
substrate (Area= 1 cm % 1 cm) by drop casting and then dried in a
vacuum oven at 100 °C overnight to remove moisture and residual
hydrocarbons. Two symmetrical electrodes loaded with approximately
1 mg of the active materials in each, were separated by a polymer film
(Celgard 3400) dipped in 2 M KOH electrolyte solution (Scheme 2. 1).
The complete capacitor assembly was then sandwiched in the
electrochemical test cells (ECC-Std- EL-CELL). Since the two-

electrode method gives a more reliable result for such material,” the
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performance of the electrodes for supercapacitor application was
measured in two-electrode cells by cyclic voltametry (CV),
galvanostatic charge-discharge and electrochemical impedance
spectroscopy (EIS) using an electrochemical workstation (VMP3

Biologic).

Spacer Carbon cloth &
2 _~electrode

— —

.,
Electroactive Material Sandwiched on a Polymer film Electrochemical test
+PTFE (95:5) (spacer) dipped in 2 M KOH cells (ECC-Std- EL-CELL)

Scheme 2. 1. Schematic represenation of electrode preparation and
electrochemical measurements.

The specific capacitance value of the devices were calculated from
Cyclic Voltammetry (CV) and Galvanostatic Charge-Discharge (GCD)

profiles using the equation,

A
v Csp = m (2.1)
_aae
v CSp T m (Av) (2'2)

respectively. where 4 is the absolute area of the CV curve, fis the scan
rate, V' is the voltage window, m is the mass of active material in a
single electrode 7 is the discharge current, Az is the discharge time and

Av is the cell potential range after IR drop.
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2. 4. Environmental Application as Photocatalyst

Ti10,-CdS nanocomposites were used as heterojunction photocatalyst
material for the sunlight driven photocatalytic studies. Detailed
procedure adopted for the photocatalytic application studies are given

below.
2. 4. 1. Photocatalytic Studies.

Methyl orange (MO) was taken as the target dye for the comparison of
the photocatalytic efficiency of different catalysts under investigation.
In the typical experiment 0.05 g (lg/litre) of the TiO,-CdS
heterojunction photo catalyst was dispersed in 50 ml of 10 M, target
solution. The reaction mixture was stirred in dark for 30 minutes to
establish adsorption-desorption equilibrium between the catalyst and
organic molecule. The mixture was placed under sunlight and 5 ml
aliquots were withdrawn at regular time intervals and centrifugation
was carried out to remove the catalyst before absorption studies. UV
visible absorption spectrometer was used to determine the
concentration of the dye solution before and after exposure to sunlight.
Intensity of sunlight was measured using Lutron, LX-107 HA lux

meter and the intensity was found to be 60000-70000 Lux."
2. 5. Environmental Application as Oil-Spill Adsorbents

Fe,Os@carbon composite nanoparticles were used as a magnetically
separable adsorbent material for the removal of oil-spills from water.

Procedure adopted for oil removal studies are given as follows:

40



2. 5. 1. Oil removal studies

The oil removal efficiency of the material was tested by weighing
method. An artificial oil-spill was created in the laboratory by adding 2
g of the commercial engine oil in 10 ml water taken in a petri dish. 0.5
g of the adsorbent material was accurately weighed and smeared on the
surface of the spill. Since the sorbent material, Fe,Os@carbon is
magnetically separable, the oil adsorbed sorbent was recovered using a
permanent magnet and dried overnight in an air oven at 100 °C to
remove adsorbed water. The oil-retention capacity of the sorbent

material was then determined by the relation;
v k= (b-a)/a (2.3)

Where ‘a’ is the weight of the adsorbent material smeared on the
surface of the oil-spill and ‘b’ is the weight of the oil adsorbed material

removed from the spill after drying.”'°

2. 6. Characterization Techniques
2. 6. 1. X-ray Diffraction (XRD)

XRD 1is the most powerful technique primarily employed for the
determination of crystalline phase of the solid state material. It can also
provide information about percentage of phase composition, lattice

size, crystallinity, lattice defects and crystallite size.""

A crystal consists of very large number of atoms arranged in a regular

repetitive manner and every atom in a crystal scatters the beam of X-
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ray incident upon it. The condition for X-ray diffraction or constructive

interference from crystal is given by Bragg equation.
v' 2d sinf = nk (2.4)

Where ‘A’ is the wavelength of X-rays, ‘n’ is an integer called order
reflection and ‘d’ is the inter planar spacing between the two lattice
planes. The scattering power of an atom depends on the number of
electrons thus the intensity of diffracted beam depends on the nature of
atom and the location of the atom in the unit cell whereas the position
of diffracted beam depends on the size and shape of the unit cell. Thus
X-ray diffraction spectrum is the finger print of solid state materials
and the crystalline phases in a mixture can be identified separately. The
diffraction patterns obtained from the machine is usually compared
with ICDD data file (International Centre for Diffraction Data) for the
determination of the crystal structure of the material. XRD technique is
also used to determine the crystallite size (t) of the material from the
full width at half maximum (B) of the diffraction peaks by using Debye

scherrer equation as:
v' Crystallite size (t) = 0.941/Bcos0O (2.5)

The broad XRD peaks observed for nanocrystalline sample is due to
the fact that in nanomaterials very large number of planes are oriented
randomly in all directions, thus incident rays that diffracts at angle
slightly different from Bragg angle (0) also undergo partial

constructive interference.
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The powder X-ray diffraction patterns of the samples were analyzed

using CuKa radiation on a Bruker X-ray diffractometer.
2. 6. 2. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR is the most common spectroscopic technique that provides
wealth of information about the chemical structure of the molecule.'?
IR absorption spectrum is generally plotted as wave number or
wavelength along the x axis and percentage transmittance or
absorption intensity along the y axis. The IR region of the
electromagnetic spectrum spans the region 13,000 to 10 cm™ in terms
of wave number. Above the temperature of absolute zero all the atomic
bonds in molecules are under constant vibration. When the frequency
of the bond vibration matches with the frequency of incident radiation,
a quantized absorption of the radiation take place and a corresponding
spectrum will be generated. Since the chemical nature of the molecule
is different, no two molecules produce similar IR spectrum. FTIR
spectrometers have developed as an alternative for dispersive
spectroscopy owing to its sensitivity and rapid scan rate. Instead of
scanning all the frequencies individually FTIR scans all the
frequencies simultaneously by employing a simple optical design

called Michelson interferometer.

FTIR spectral analysis was carried out using Jasco-FT/IR-4100
spectrometer. The samples were pelletised after mixing with KBr

powder and the measurements were done under transmission mode in

the range of 4000-400 cm™.
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2. 6. 3. Raman Spectroscopy

Raman spectroscopy is non-destructive and highly versatile analysis
tool in the hand of researchers and it has been applied in structural and

1314 1t is based on the inelastic

qualitative analysis of the molecule.
scattering of light from a molecule called Raman effect discovered by

C. V. Raman and K. F. Krishnan in the year 1928.

When a light radiation with energy, hy interacts with molecule, the
radiations are scattered either elastically or in-elastically. In elastic
scattering intensity of scattered radiation is equal to the intensity of
incident light such type of scattering is called Rayleigh scattering.
However in inelastic scattering intensity of scattered radiation is
different (usually lower) from that of the incident radiation. This
process of inelastic scatter is termed the Raman Effect which can occur
with a change in vibrational, rotational or electronic energy of a
molecule. If the incident radiation interacts with molecule in the
ground vibrational state, part of the incident energy is absorbed by the
molecule thus the frequency of scattered radiation reduces this change
in frequency is called Stokes shift. Anti stoke shift arises when the
incident radiation interact with vibrationally excited molecule; in such
cases the incident radiation absorb energy from the molecule resulted
in a radiation with frequency greater than that of the incident radiation.
The Anti stokes shifted Raman spectrum intensity is always weaker
than the Stokes-shifted spectrum. However, at room temperature it is
strong enough to determine the vibrational properties at frequencies

less than about 1500 cm’™".
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Raman spectra of all the samples were recorded on a Thermo scientific

DXR 532 nm laser FT Raman microscope.
2. 6. 4. X-ray Photoelectron Spectroscopy (XPS)

XPS is one of the widely used surface analytical methods used for
determining the elemental compositions and chemical state of solid
materials and thin films."” The technique is based on the principle of
photoelectric effect and it uses soft X-rays (1-15 keV) to excite core
and valance electrons from the surface of the material. The intensity of
these excited photoelectrons are detected and reported as a function of
binding energy in XPS spectrum. In most cases the technique is non-
destructive and it gives information about the top surface layer (~10
nm) of the material. The spectral peaks are denoted on the basis of
angular and spin quantum numbers of the core level from which the
photoelectron is ejected. The total of this angular momentum is also
included in the signal notation. For example in Ti2ps3, signal
I+S=1+1/2=3/2.  In the excitation process when the surface is
irradiated with X-rays having energy hr the core level electrons are
ejected with a kinetic energy (KEe) by overcoming their binding

energy (BEe) which can be expressed as
v KE.=BE.+ ¢ (2.6)

Where ¢ the work function of the electron represents the minimum
amount of energy needed for the photoelectron electron to escape from
the surface. Binding energy can be determined by measuring the
kinetic energy of the photoelectron and the binding energy of

photoelectron is plotted against their intensity in XPS spectra. Binding
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energy of an electron depends on the chemical environment and energy
state of the atom. Thus any change in the chemical environment or
atomic state results in the corresponding changes in the spectra this

change in binding energy is called chemical shift.

The photo excitation of the neutral atom results in other secondary
emissions either a valance electron emission or photon emission. In
this two competitive emission process former is called X-ray
fluorescence and the latter is Auger emission. Fluorescence emission
occurs when high energy X-rays are used and Auger emission take
place when low energy X-ray radiations are used for analysis.
However in conventional XPS instrument low energy MgKa and AlKa
radiation are used to avoid the contribution from fluorescence. On the
other hand Auger emissions by X-rays are considered as separate

branch, X-ray excited auger electron spectroscopy (XAES).

X-ray photoelectron spectroscopy (XPS) analysis was carried out
from Ultra axis Kratos Analytical, U. K, XPS instrument with an Al

K, as X-ray source.
2. 6. 5. Scanning Electron Microscopy (SEM)

SEM is a used to characterize the surface morphology and the
chemical composition of the material.'® The resolution power of
optical microscope is limited to around 0.2 pm since visible light is
used for imaging. However 2-4 magnitude higher resolution can be
achieved in electron microscopy due to much smaller wavelength of
electrons beams used for imaging. In SEM analysis sample surface is

exposed to high energy electron beams and the sample surface
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generates back scattered electrons (elastically scattered), secondary
electrons (inelastically scattered) and X-rays. SEM used these ejected
radiations for the surface morphology analysis and compositional

analysis of the sample.

Backscattered electrons are of higher energy than the secondary
electrons and its intensity is related to the atomic number of the
elements in the specimen. The area of the specimen containing heavy
atoms appears bright when back scattered electrons are analyzing thus
it gives information about the chemical compositional difference in the
material. Secondary electrons are ejected from the valance shell of the
atoms in the specimen. These electrons ejected from the deep level of
the specimens are absorbed by the sample and the secondary electrons
from the surface of the samples only give information about the
specimen. When the incident electrons knock out the inner shell
electrons of the atom, these electron vacancies will be occupied by the
electrons in the next higher orbits and this energy difference between
the outer shell electrons and inner shell electrons are emitted as X-rays.
The energy of this X-rays is the characteristics of the individual
elements and these are used for the elemental analysis of the material

by energy dispersive method (EDS).

Surface morphology of the samples was analyzed from Carl-Zeiss

Gemini-300 field emission scanning electron microscopy (FESEM).
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2. 6. 6. Transmission electron microscopy (TEM)

TEM is a versatile instrument used for analyzing the micro structural
image of the material with high magnification of up to 10 lakhs times
and high resolution of up to 1 nm. '® It also gives information about the
crystal lattice parameters and chemical composition through electron
diffraction and energy dispersive analysis respectively. In TEM beam
of electrons were accelerated through a potential of 10 to 300 kilovolts
(kV) and focused on an ultra thin transparent specimen by a strong
magnetic lens and the transmitted electrons were detected. TEM can
provide information about the crystallinity of the material since the
crystal planes acts as diffraction grating and these diffracted electron
beams produces interference patterns either in the forms of dots or
rings. Undiffracted beam produces central spot and those diffracted at
Braggs angle produces a spot. The difference between these
transmitted and diffracted beams is inversely related to the lattice
spacing in the material. If the material is microcrystalline the
diffraction pattern consists of series concentric lines instead of spots in

crystalline samples.

TEM images of the materials were recorded using JEOL/JEM 2100

transmission electron microscope.
2. 6. 7. Photoluminescence Spectroscopy (PL)

PL spectroscopy is a powerful technique to determine the
optoelectronic properties of semiconductor materials.'” When the
material is excited with energy greater than the optical band gap of the

material, enormous number of excitones are produced and by
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observing the emission spectra, the fate of photogenerated electrons
and holes can be determined. The strong PL emission spectra indicate
the increased rate of electron hole recombination and the probability of
these excitons to participate in chemical reaction is comparably less.
However in weak PL spectra the rate of recombination is very small
and these excitons are rather efficient to carry out chemical process.
Detailed information regarding the charge recombination mechanism
and the optical band gap of the material can be deducted from the PL
spectral data. Moreover, it gives an idea about the defect in material
and the impurity level present in the sample. PL spectra basically
observe the radiative transition generated from the excited sample.
However, it is unsuccessful to determine the properties at the deep
centres where it gives a broad spectrum due to the presence of strong

phonon coupling.

Photoluminescence measurements were carried out using Perkin Elmer

LS55 fluorescence spectrometer equipped with pulsed Xenon source.
2. 6. 8. UV-Visible Absorption Spectroscopy

UV-Visible Absorption Spectroscopy is the most versatile analytical
instrument almost entirely used in the laboratory for the quantitative
determination of the compound present in the homogeneous liquid
solution. It uses ultraviolet (200-400nm) and visible region (400-
800nm) '®' of the electromagnetic spectrum. These radiation causes
excitation of the electrons from lower electronic levels to the higher
electronic states of the molecules. UV-Visible absorption spectrum

(plot of degree of absorption vs wavelength of radiation absorbed)

49



usually consists of few humps rather than sharp lines due the changes
in the vibration energy levels associated with each electronic energy
states of the molecules. The basic principle of the quantitative
determination of the compound in solution is Beer-Lambert Law. It
states that when a monochromatic radiation having intensity (I,) passes
through a solution in a cuvette, the intensity of the transmitted
radiation (I) depend on the concentration (C) and the thickness (L) of
the solution. I/, is called Transmittance and which is mathematically

related to Absorbance (A) or the optical density by the relation:
v'Absorbance A = logITo = ¢eCL (2.7)

Where € is a constant termed as molar absorption coefficient which
depends only on the nature of the molecule and wavelength of the

radiation.

Diffuse Reflectance Spectroscopy: UV-Visible diffuse reflectance is
a spectroscopic technique used to determine the electronic band
structure of crystalline semiconducting metal oxides. Optical and the
electronic properties of the materials are directly related primarily on
the electronic band gap (Eg) of the material. Thus the band gap
engineering is an important aspect to develop materials with tailor
made properties. When the powdered crystalline sample is exposed to
light radiation some portion of the light gets reflected and the
remaining enters into the bulk sample and diffuse. The measure of
diffuse reflected light at different wavelength gives diffuse reflectance

spectrum and the reflection data were converted to absorption
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coefficient value (a) according to (1-R)%/2R. The band gap energy of

the samples was calculated from the following Tauc equation:
v'(ahr)" = A(hr — E,) (2.8)

Where A is a constant, hr is the light energy, E, is the optical band gap
energy, n=0.5 and 2 for indirect and direct bandgap semiconductors
respectively. The plot of (ahr)™ against hr should be a straight line
above the optical absorption edge. The band gap energy of the material
can be calculated by extrapolating the linear region of the Tauc plot to

abscissa axis where the absorption coefficient value is zero for Eg=hr.

UV visible absorption spectral studies were carried out on a Jasco-V-

550-UV/VIS spectrophotometer.
2. 6. 9. BET Surface area analysis

Gas adsorption measurements on the surface of solid materials were
widely used for the determination of surface area of catalysts and
supercapacitor electodes.””*' BET-N, gas adsorption studies got major
attention in the area of determining the surface area, and pore size
distribution of the solid materials. BET theory is an extension of
Langmuir monolayer adsorption theory. In this method a known
quantity of gas is admitted to confined volume of the adsorbent which
is kept at a constant temperature. As the adsorption takes place,
pressure in the confined volume falls until equilibrium is attained. The
relation between amount of gas adsorbed at gas solid interface and the
equilibrium pressure of the gas is called adsorption isotherm. BET

equation can be written as
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v—=—(Po-P)=|——c|+|——c|+(Z) @9

Vtotal Vmono Vmono Po

Where Vtotal is the volume of the gas adsorbed at pressure P and
Vmono is the volume of the gas adsorbed when monolayer adsorption
is completed. Po is the saturation pressure of the gas molecule and C is

a constant related to the enthalpy of adsorption in the monolayer.

. P . P

According to BET theory the plot of —— (Po — P) against -5 should

be a straight line with intercept [ = —Cand slope § = L (. Thus
Vm Vmono

from the slope and intercept the value of Vmono and C can be
evaluated from this the specific surface area of the solid adsorbent can
be calculated by the equation S = Vmono Na/m x 22400 m’g’.
Where Na is Avogadro constant, m is the mass of test powder in

grams, 22400 is the volume capacity occupied by 1 mole of gas at

STP.

BET surface area measurements (N, adsorption) of the samples were
done by Micromeritics Tristar 2 USA surface area and porosity

analyzer after degassing at 200 °C for 2 hours.
2. 6. 10. Cyclic Voltametry (CV)

CV is a powerful method for characterizing the electrochemical
performance of an electrode material.*** Tt consists of a working
electrode immersed in an electroactive solution, the potential of this
working electrode is cycled at a constant sweep rate and measuring the
resulting current as a function of applied potential. In cyclic voltametry
potential difference is applied across working electrode and reference

electrode where as current is measured across working electrode and
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counter electrode. The plot of current generated at the working
electrode (vertical axis) vs the applied potential (horizontal axis) is
called cyclic voltammogram. The potential is selected to cause some
redox reactions in the electrode electrolyte interface. The current taken
out from the CV is arises due to this redox reaction either in the form
of faradaic reaction or electrical double layer charging. The potential
of the working electrode is controlled by using a saturated calomel
electrode (SCE) or silver/silver chloride electrode as the reference
electrode. The applied potential or the excitation signal in CV is a

linear potential scan with triangular wave form.

In the present research work the electrochemical performance of the
nanohybrid materials for supercapacitor electrode application was
measured in two electrode configuration from an electrochemical

workstation (VMP3 Biologic).
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3.1. Introduction

In the event of the glaring problem of depletion of conventional non
renewable energy sources staring at us in the eye, not to mention the
huge amounts of pollution caused by such sources, the question of
global energy demand for a clean and abundant energy source needs to
be solved and requires an imminent solution. With solar energy being
at present the best promising alternative, the problem associated with
this technology that of storing the energy harvested requires urgent and
detailed attention. It is due to this, energy storage devices such as
supercapacitors hold the present day researcher’s interest.
Supercapacitors store energy by incorporating high surface area
electrodes and thinner dielectrics rather than chemicals, unlike
conventional batteries, and has been considered as an alternative power
source because of their durability and ability to charge and discharge
within a short period of time.'” Transition metal oxide based
pseudocapacitors which store energy via faradaic mechanism are

having superior electrochemical capacitance as compared to the carbon
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based electrical double layer (EDLC) capacitor, as in the latter, the
capacitance purely depends on the limited accumulation of charge at
electrode-electrolyte interface.*” So far reported successful candidates
among the various metal oxides used in supercapacitors, like the
ruthenium oxides, has the disadvantage of being expensive and are also
toxic.'” Among the low-cost transition metal oxides, TiO, nanotubes
has shown promise in electrochemical applications recently.” TiO,
holds particular interest due to its environmentally benign chemical

114 Unfortunately, specific capacitance

nature, stability and low cost.
of TiO, nanotube supercapacitors are very small and it drops
continuously on increasing the scan rate due to its low electrochemical
activity and poor conductivity.””"” In order to overcome these
limitations, several attempts have been made by technologists to design
electrodes which can possess high values of specific capacitance
without compromising the electrochemical stability of the material.
Universally adopted approach include coupling the metal oxide with
conducting carbon based materials such as activated carbon, carbon
aerogels, graphene, carbon nanotubes or by self-doping with hydrogen
or Ti*" ions, which has been reported to provide excellent cycle life
and good electrochemical stability.*'*'® However, these conventional
carbon materials need high processing temperature and utilize harsh
chemicals. Recently graphitic carbon nitride (g-CsNy), a polymer of s-
triazine units, has been recognized as a riveting 2D nanomaterial for
diverse application due to its low cost, chemical endurance and non-
toxicity.'” The supercapacitor performance of TiO, nanotubes
supported over g-C3Ny scaffold is yet unexplored. Herein we report for
the first time the synthesis and supercapacitor performance of TiO,

nanotubes (TNT) incorporated into two-dimensional g-C3Ny.

57



3. 2. Results and Discussion

A schematic representation for the preparation of TiO, nanotubes
(TNT) was described as Scheme 3. 1. TNT/g-C3N4 nanostructure was
prepared from TNT and g-C3;N, by hydrothermal method at 100 °C/6
hrs.

—_— —
50 ml, 10 M NaQOH Wash, HCl/dry

AnataseTiO, 120°C/48 hrs

Scheme 3. 1. Schematic representation of the synthesis of TiO;
nanotubes (TNT)

3. 2. 1. XRD analysis

TiO, phase formation and the layer stacking arrangement in g-C3Ny4
were confirmed from the powder XRD patterns shown in Figure 3. 1.
The observed peaks in Figure 3. 1(a) at 260 values 25.46, 38.0, 48.19,
54.50, 62.69, 69.94° can be readily indexed to the (101), (004), (200),
(105), (211) and (204) planes of TiO, (JCPDS No. 21-1272) in anatase
phase (TNT). The strongest peak in the XRD patterns of g-C;N, at
27.1° (Figure. 3. 1e) with an interplanar distance (d) of 0.326 nm
corresponding to the reflection from (002) plane is originated from the
diffraction from stacking of conjugated aromatic systems. The peak at
13.1° from (100) plane with a d value of 0.675 nm is due to the
presence of in-planar tri-s-triazine units.” It is clear from the XRD
analysis that the composite materials 1:1GCN, 1:2GCN and 1:4GCN in
Figure 3. 1(b), 3. 1(c) and 3. 1(d) has both TNT and graphitic carbon
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nitride phases in it and the peak at 27.1° confirms the presence of g-

CsNy in the composite sample and is marked as (*) in the XRD

spectrum.
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Figure 3. 1. XRD patterns of a) TNT, b) 1:1GCN ¢) 1:2GCN, d)
1:4GCN and e) g-C3N4.

3. 2. 2. FTIR Spectral analysis

Vibrational spectra of the synthesized samples were recorded (Figure
3. 2) to confirm the formation of TNT, g-C3;N4 and also to analyse the
interaction between the two component phases. The polymeric g-C3Ny
sample shows several peaks in the 1200-1600 cm™ region
corresponding to the stretching vibrational modes of C-N heterocycles
present in g-C3Ny. The peak at 811 cm™ arises from the characteristic
breathing mode of s-triazine monomeric units. Broad band located
around 3000-3500 cm™ belongs to the N-H stretching vibrations of
primary and secondary amines groups at the defect sites of aromatic

ring.?* The peak at 400-500 cm™ in TNT and composite materials is
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the characteristic peak of anatase TiO, which arises due to the

stretching vibrations of Ti-O-Ti bonds.*

——1:226CN
——1:1GCN

% Transmittance
B

Wavenumber (cm‘1)

Figure 3. 2. FTIR spectra of a) TNT, b) 1:1GCN ¢) 1:2GCN and d)
g-C3N4.

3. 2. 3. X-ray Photo Electron Spectroscopy (XPS)

The chemical state of the elements in the synthesized g-C;Ns was
investigated using XPS. The survey XPS spectrum in Figure 3. 3(a) at
287 eV and 397 eV confirm the presence of carbon and nitrogen
elements. The elemental quantification data from XPS is attached as
inset in Figure 3. 3(a). No other metallic or non-metallic impurities
other than C and N are present in the sample indicating a high degree
of purity for the synthesized g-C3;N4. A very weak Ols peak at 530 eV
is due to the surface contamination of the sample from adsorbed water
molecules in the atmospheric air. The high resolution Cls spectra in
Figure 3. 3(b) with a characteristic peak at 287.69 eV originated from
the sp’ C atom connected to N atom of N-C=N units in the aromatic

ring of g-C3N,.** Low intensity peak at 284 eV and 294 eV
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corresponds to C-C coordinated carbon atoms and the pi excitation in
C=N bonds respectively, thus the pi excitation confirm the presence of
sp® hybridized carbon atom in g-C3N4.>” The high resolution N1s peak
in Figure 3. 3(c) at 398 eV can be attributed to the -C=N bonded N
atom in triazine ring. Presence of low intensity shoulder peak at 400
eV is originated from the bridging nitrogen atom in N-(C); or N
bonded with H atom. A very weak intensity peak at 403 eV can be
atributed to the charging effects or positive charge localization in

heterocycles and the cyano- group.*’
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Figure 3. 3. XPS spectra of synthesized g-C;N4: a) The whole
survey spectrum; b) C1s XPS spectrum; c¢) N1s XPS spectrum.

3. 2. 4. Morphology analysis

Morphology of the as synthesized TiO, and the composite sample

1:4GCN was characterized from a transmission electron microscope
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(TEM). Electron microscopic image of TiO, in Figure 3. 4(a)
exhibited a tubular structure with an average length of 18-20 nm and
an average diameter of 8-10 nm. The SAED pattern of the bare TNT
was also given in Figure 3. 4(b) which has shown concentric rings in
the diffraction pattern indicating the characteristics partially crystalline
nature of the nanosized samples. The synthesized 1:4GCN composite
electrode sample has exhibited a uniform distribution of TiO,
nanotubes in g-C3;N4 matrix (Figure 3. 4c). It is clear from the TEM
images and the SAED pattern (Figure 3. 4d) of the composite sample
that the morphology and the crystallanity of the TiO, nanotubes were
not disturbed while fabricating the composite samples. Moreover, the
TEM confirms the formation of heterojunction between TNT and g-
CsN4 and that the TNTs can act as spacers between the g-Cs;Ny

nanosheets.

Figure 3. 4. TEM images of TNT (a), composite electrode 1:4GCN
(¢) and the corresponding SAED patterns (b & d)
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3. 2. 5. BET-Surface area analysis

BET surface areas of the samples were determined by N, gas
adsorption-desorption technique proposed by Brunauer, Emmett and
Teller were presented in Figure 3. 5. All the adsorption isotherms
indicates type IV curve with H3 hysteresis which are the characteristics
of mesoporous material according to IUPAC classifications. BET
surface area of TNT and GCN respectively are 25 and 32 m’g’,
however the composite samples show comparably higher surface area
values of 35, 38 and 74 m?g” for 1:1GCN, 1:2GCN and 1:4GCN
respectively. The remarkable increase in the specific surface area for
the 1:4GCN sample can be attributed to the spacer effect of TiO,

nanotubes in 2D g-C3;Ny4 network.

—a— TNT
F—x—GGN
—4+—1:1GCN
- ——1:2GCN

2

Volume adscrbed (cmag'1 )
=

00 02 04 06 08 10
Relative Pressure (P/Po)

Figure 3. 5. BET N, adsorption isotherm of different samples.
3. 2. 6. Cyclic Voltammogram (CV)

CV is used to analyze the capacitive behavior of an electrode material.
Cyclic voltammograms of TNT, GCN, 1:1GCN, 1:2GCN and 1:4GCN
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composites taken at different scan rates of 5, 10, 20, 50, 100 and 200
mVs"' are shown in Figure 3. 6. TNT have very low specific
capacitance value and the narrow CV loop of TNT is due to its limited
pseudo capacitive contribution from the most stable Ti*" ions of TiO,
(Figure 3. 6a). The GCN and the composite samples have shown
nearly rectangular type CV loops (Figure 3. 6b, 3. 6¢ & 3. 6d) due to
the electrical double layer nature of g-CsN4. The composite electrode
with 1:4 ratio of TNT and GCN exhibit almost rectangular type CV
(Figure 3. 6e) upto a scan rate of 200 mVs' indicates the
characteristics of an excellent capacitance behavior. The absence of
oxidation and reduction peak in the CV curve of 1:4GCN is due to the
negligible pseudocapacitive contribution from TNT. The summary of
the specific capacitance of the electrodes at various scan rates is shown
in Figure 3. 6(f). All the samples show high specific capacitance value
at slow scan rate as the ions in the electrolyte get more time to diffuse
into the pores of electrode material and resulted in a marked increase in
the capacitance value.2’At slower scan rate of 5 mVs'l, Ti0, nanotube
exhibits a gravimetric specific capacitance (Cs,) of 24 Fg'. After
hybridizing with g-CsN4 (Cg, of 72 Fg') the capacitance value
increased significantly. The maximum specific capacitance of 110 Fg™!
was obtained for 1:4GCN composite at a scan rate of 5 mVs™ and the
value is much higher than the individual components in the composite.
In the 1:4GCN composite, due to the optimum quantity of TNT spacers
in between the layers of 2D g-C;Ny, the accessible surface area of the
composite increased considerably, leading to higher specific
capacitance. In 1:1GCN (38 Fg') and 1:2GCN (60 Fg') composites
also there is an increase in the specific capacitance values due to the

contribution from the EDLC behavior in g-C3;Nj4 scaffold.
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Figure 3. 6. Cyclic voltammograms of (a) TNT, (b) GCN, (¢)
1:1GCN, (d) 1:2GCN and (e) 1:4GCN composite at different scan
rates (f) Variation of specific capacitance as a function of scan rate.

3. 2. 7. Galvanostatic Charge-discharge (CD) curves

CD curve of the super capacitors measured at a constant current
density of 1 Ag” and potential range of 0 to +1 V is given in Figure 3.
7(a). TNT, GCN, the composite electrodes 1:1GCN and 1:2GCN

showed a very sharp charge-discharge curve, however in 1:4GCN
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electrodes the charge discharge time increases considerably. In
1:4GCN, the enhancement in electrochemical properties may be due to
the spacer effect of 1D TiO, in between the layers of 2D g-C3N4 which
can provide an excellent platform for charge transport. From the CD
curves, the specific capacitance values for symmetric supercapacitors
based on TNT, GCN, 1:1GCN, 1:2GCN, 1:4GCN electrodes were
calculated as 15.02, 50.22, 21.28, 33.74 and 79.62 Fg™' respectively
and the results are in consistent with the values obtained from CV
measurements. At a constant energy density of 1 Ag”’ the symmetric
supercapacitors based on TNT, GCN, 1:1GCN, 1:2GCN, 1:4GCN
electrodes exhibited current densities of 2.08, 6.97, 2.96, 4.66 and
11.11 Whkg' respectively at a power density of 1 KWkg"'. The
cycling stability performance of 1:4GCN based best performing
symmetric supercapacitor was conducted at a constant current density
of 5 Ag™'. The device retained nearly 92% of its maximum capacitance

even after 9000 consecutive charge-discharge cycles (Figure 3. 7b).
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Figure 3. 7. (a) CD curves of TNT, GCN, 1:1GCN, 1:2GCN and
1:4GCN supercapacitor electrodes at a constant current density of
1 Ag'l. (b) Cycling performance of 1: 4 GCN at a current density of
5Ag”!
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3. 2. 8. Electrochemical Impedance Spectroscopy (EIS)

To confirm the improved charge transport behavior the electrochemical
responses (Nyquist plot) of the TNT-GCN composite was compared
with bare TNT and are depicted in Figure 3. 8. Spectra are measured
with sinusoidal signal of 5 mV at a dc bias of 0 V over the frequency
range of 100 kHz to 1 MHz. EIS spectrum generally consists of three
parts. At low-frequency region impedance is controlled by the
diffusion of ions from the bulk of the solution to the electrode surface
(Warburg diffusion). Arc radius of the plot at high frequency denotes
the charge transfer resistance (R.) at the vicinity of solid electrode.
Equivalent series resistance (ESR) at high frequency region arises due
the contribution from electrolytic solution resistance, contact resistance
at electrode-electrolyte interface and the characteristic resistance of the
active ions.”’” Inclination of the warburg line to the imaginary vertical
axis at low frequncy indictes the lower diffusion resistance of the
elctrolyte ion which is the charactarestic feature of an ideal capacitor.*®
In the present investigation warburg line of EIS of TNT is away from
the vertical line however on hybridising it with conducting scaffold the
inclination is more towards the vertical axis and the composite
1:2GCN and 1:4GCN shows almost vertical line behaviour at low

frequncy with maximum capacitance value.*

The Arc radius (R.,) of TNT-GCN composite is reduced considerably
when TNT is embedded in the matrix of g-CsN4. Smaller arc radius
indicates the faster electron transport rate at the interface in composite
electrode due to the formation of nano structured network which leads

to the more effective charge separa‘[ion.“’25
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Figure 3. 8. Nyquist plots for TNT, GCN, 1:1GCN, 1:2GCN,
1:4GCN composites based supercapacitor devices at dc bias of 0 V
with sinusoidal signal of 5 mV over the frequency range from 100
kHz and 1 MHz.

3. 3. Conclusions

Anatase TiO, (TNT) supported over g-C;N4 was fabricated by a simple
hydrothermal method. TNT and g-C;N4 were prepared separately by
alkaline hydrothermal method and self-polymerization method
respectively. The electrochemical performance of TNT and GCN was
found to have improved substantially by incorporating a g-CsNy4
matrix. Among the various composite samples prepared 1:4 weight
ratio of TiO,/g-C3;N4 has shown a maximum specific capacitance of
110 Fg'1 due to the spacer effect of the 1-D TiO, in 2D g-C3;N4. The
present work will be helpful to further develop supercapacitor
electrode materials based on economically and environmentally benign

Ti0, based nano hetero structures.
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4. 1. Introduction

The storage of renewable energy and its release upon demand has been
a significant technological matter of contention in recent years. '
Lithium-ion (Li-ion) batteries have been successful for the storage of
renewable energy with high energy density.>* However, the next
generation hybrid vehicles, regenerative breaking system, and high
power electronic devices demand high power density, large cycle life,
and dramatically high safety and low cost. Supercapacitors have been
widely employed as an alternative or in support of Li-ion batteries to
address these demands.”® Supercapacitors possess much higher power
density, excellent cycle stability, a wide temperature range of
performance, intrinsically safe charge storage mechanism and they can
be charged and discharged in seconds.”® Supercapacitors store charges

either non-faradaically (EDLC capacitors) or faradaically

(pseudocapacitors).’
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Nanocarbon materials such as activated carbon, carbon nanotubes,
reduced graphene oxide and graphene oxide are widely used as
electrode materials in EDLC due to their high surface area and
electronic conductivity.'® Nitrogen or Sulphur doping in carbon-based
materials are usually carried out to increase the wettability of the
electrode surface with the electrolyte.'"'> However, the nonmetal
doping creates chemical inhomogeneity and thereby reduces the shelf

life of the electrode material.

Graphitic carbon nitride (g-C3N4) has emerged as an alternative for
purely carbon-based EDLC electrode materials owing to its low cost,
chemical and mechanical stability and intrinsically high nitrogen
content."® The lone pair of electron present in the N atom of the ring
structure of g-CsN4 induces more polarity in the molecule and
enhances the wettability and the charge carrier mobility of the

material.'*

The specific capacitance of bulk g-CsN4 exhibits a very low EDLC
specific capacitance of 71 Fg' and 81 Fg' at a current density of 0.5
Ag'and 0.2 Ag respectively due to its inherently low specific surface
area and conductivity."> The reports suggested that the electrochemical
properties of bulk g-C;Ns can be enhanced dramatically by the
incorporation of pseudo capacitive phases into the matrix of bare g-
CsN4 which will facilitate the charge transport by a synergistic effect

between faradaic and non-faradaic process of electron transport.'>'*

Transition metal oxides (TMOs) such as, RuO;, MnO;, V,0s, TiO,,

SnO,, etc. and Prussian blue (PB) are widely used as the
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pseudocapacitive electrode materials. Ultralong V,0s@conducting
polypyrrole composite exhibited enhanced super capacitor
performance along with superior rate capability and improved cycling
stability.'® A challenging fabrication technique was reported on the
synthesis of PB and its analogues (PBA) which exhibit a high specific
capacitance of 292 Fg ' in the neutral Na,SOy4 aqueous electrolyte.'’
Among the different pseudocapacitive materials MnQO; is of particular
interest due to its high electrochemical activity, environmental
compatibility, low cost and abundant availability on earth. Wang et al.
reports the latest progress in MnO;-based nanocomposite electrodes to
provide guidance for the design, manufacturing, and assembly of high-

.. . . 18
performance pseudocapacitive material for supercapacitors.

Various reports are available on the synthesis and electrochemical
performance studies of transition metal oxide incorporated g-CsNy4
nanocomposite electrodes. For carbon-doped graphitic carbon
nitride@MnO, (CCNM) composite, Shan et al. reported a specific
capacitance of in a three-electrode system was 324 Fg™' at a current density
of 0.2 Ag ' with capacitance retention of 80.2% after 1000 cycles."” In
another report, the same group evaluated the electrochemical performance
of single atom (K/Na) doped graphitic carbon nitride@MnO, electrode in
three-electrode configuration.” Chang et al. reported a maximum specific
capacitance of 211 Fg™ at a current density of 1 Ag” ina 0.5 M Na,SO;
electrolyte solution for MnQO,/g-C3N4 nanocomposite in three electrode
assembly.”’ Recently Chen et al. reported the synthesis of a two
dimensional hybrid structure of g-C3;N4/CoS which exhibited a specific

capacitance value of 668 Fg' at a current density of 2 Ag™ which is
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higher than the individual components in a three electrode cell
assembly.”” Ni(OH), nano flowers were grown on a sandwiched layers
of g-C3Ny and reduced graphene oxide by Li e al.” and this hybrid
sample has shown an excellent specific capacitance of 1785 Fg™'. In a
recent report by Ansari et al.** commercially purchased MoS, and g-
C3Ny4 was used for the preparation of MoS,/g-C3Ny4 heterostructure and
was used as a supercapacitor electrode in a three electrode cell. The
hybrid sample delivered a high specific capacitance of 240 Fg' than
the bare MoS, (48.77 Fg') with good cyclic stability. Zhao et al.”’
reported a g-CsNs hybridised TiO, nanoparticle assembly by
hydrothermal method which exhibited a high specific capacitance of
125.1 Fg' at 1 Ag” which can be attributed to the enhanced charge
transport properties provided by g-Cs;Ny sheets. The results show that
the electrochemical performance of g-C;Ns can be tailored by
fabricating heterojunction materials with transition metal oxides and
sulphides. Moreover, the recent studies shows that the technocrats are
searching for low cost and environmental friendly transition metal
oxide hybrid materials as an alternative for RuO, based
supercapacitors owing to its exorbitant rate and toxicity.? Guan et al.
studied the effect of morphology on the supercapacitance of
nanostructured NiCo,04/graphitic carbon nitride nanocomposite in
three electrode configuration.”” Among the low cost and green
electrodes MnO, and SnO, based hybrid materials occupy special

attention due to its excellent electrochemical performance. '’

In all these reports, the electrochemical performance of the samples

was measured in three electrode configuration which is far different
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from the performance of the electrodes in actual device conditions.
Compared to three electrode configuration, measurements in fwo
electrode configuration is more suitable for evaluating the
performance of supercapacitor test cells as it mimics the physical
configuration and charge transfer that occur in real supercapacitor
application and thus provides the best indication of an electrode

material’s performance.

In the present work MnO; and SnO, were chemically grown directly
over a 2D support of g-CsN4 to develop g-CsN4y/MnO, and g-
C3N4/SnO, nanohybrid materials. Symmetrical supercapacitors were
fabricated using the synthesized composites and their electrochemical
performance was compared with that of bare g-C;Ny in a two electrode

cell assembly and the results are discussed.
4. 2. Results and discussion

A schematic representation of the overall synthesis of g-C3N4/MnO,
via oxidation/reduction mechanism and g-C;N4/SnO, through air
oxidation process at a calcinations temperature of 350 °C/2 hrs can be
represented by the following equations 4. 1 and 4. 2. Schematic
representation of the formation of nano hybrid materials is shown in

Scheme 4. 1 and 4. 2.
3MI’ISO4+2KMHO4+2H20 > 5Mno2+KZSO4+2HZSO4 (4 1)

SnCL+0;, > Sn0,+Cl, (4.2)
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g-C;N,/MnO,

Scheme 4. 1. The growth mechanism of needle like MnO;
structures on g-C3;Ny.

1 ml 38 % HCI
&
0.72 g SnCl,
[——3

Scheme 4. 2. The growth mechanism of SnO; nano structures on g-
C3N4.
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4. 2. 1. XRD analysis

X-ray diffraction pattern was used to confirm the crystalline phase
analysis of the synthesized electrode materials. As observed in Figure
4. 1(a), sharp peak at 27.1° with an interplanar distance of 0.326 nm
(002) is originated from the layer stacking arrangement of conjugated
aromatic systems in g-C3;Ny4 and the peak at 13.1° is from the (100)
plane formed in the crystal due to the presence of in-planar tri-s-
triazine units.”’ The crystalline phase of SnO, in composite sample g-
CsN4/SnO, was confirmed by the presence of peaks at 20 values at
26.8, 33.6, 38.1, 51.6, 53.4 and 63.6 which correspond to the reflection
from (110), (101), (200), (211), (220), (310) and (212) planes of
tetragonal SnO, (JCPDS card no. 41-1445). The XRD peaks of the g-
C3;N4/MnO; show four characteristics peaks situated at 20 values which
corresponds to the lattice reflection from (110), (220), (400) and (002)
planes of a-MnO, having tetragonal symmetry (JCPDS card no. 44-
0141). Compared to the g-C3N4/SnO; hybrid material, g-C;N4/MnO,
has shown a partially crystalline nature as evidenced from the XRD
spectrum. The amorphous nature of the material is considered to be
more beneficial for supercapacitor electrode application since it
facilitates the wettability at the electrode-electrolyte interface and
thereby increases the charge transport properties. Confirmation of g-
CsNy4 phase in the composite samples is marked as (c) in the XRD

spectrum.
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Figure 4. 1. XRD patterns of (a) g-C;N4 (b) g-C3N4/MnO; (¢) g-C3N4/

SHOZ.

4. 2. 2. FTIR Spectral analysis
FTIR spectra of bare g-C;Njs and g-C;N4/MnO,, g-C3N4/SnO,

composite samples were depicted in the Figure 4. 2. g-C;N, (Figure.
4. 2a) exhibits several peaks in 1200-1600 cm™ region which
represents the C-N stretching vibrations of the heterocyclic ring. The
peak at 810 cm™ originates from the characteristic in-plane breathing
vibrational mode of s-triazine units.”® The peak at 500-700 cm™ in the
Figure 4. 2(b) was derived from the stretching vibrational modes of
Mn-O and Mn-O-Mn bonds of the MnO, present in the composite
sample. The peaks at 1100-1040 cm” in the Figure 4. 2(b) was
originated from the bending vibrational modes of —OH groups attached

to the surface of MnO, molecules which indicates that the MnO, in
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composite sample g-C3N4/MnO, was highly hydroxylated compared to
other samples.”’ The —OH bending vibrational modes at 1631 and 1392
cm’! in the IR spectra are intermixed with the peaks of g-C3;N4. The
FTIR spectra of g-C3N4/SnO, composite (Figure 4. 2¢) samples also
show a distinct nanohybrid structure formed between the constituent
phases. In addition to g-C3N, peaks, the peaks at 450 to 650 cm™
indicates the characteristic vibrational modes of Sn-O bonds in Sn02.3 2
The broad peaks in all the samples at around 3200-3600 cm™ can be
attributed to the symmetric stretching vibrations of surface adsorbed

H,0 molecules.
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Figure 4. 2. FTIR spectra of (a) g-C3N4 (b) g-C3N4/MnO; (c) g-C3N4/
SIlOz.

% Transmittance

4. 2. 3. Morphology Analysis

The morphology and the microstructure of the composite samples were
analyzed using transmission electron microscopy (TEM) and field
emission scanning electron microscopy (FESEM). It is clear from
Figure 4. 3(a) that MnO, phases with flower type morphologies were
uniformly distributed in the g-C3N4 phase. While growing MnO, phase
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on the g-C;Ns sheets MnQO, crystallize in nanoflakes morphology.
These nanoflakes with high surface energy undergo molecular self-
assembly to form more stable MnO, nanoflowers on the surface the g-
C3Ny sheets. The SAED pattern with concentric rings indicates that the
MnO, phases were not formed in the perfect crystalline state however
they are in a partially crystalline state as observed from the XRD
patterns (Figure 4. 1b). The SnO, phases were formed over the g-C3;Ny
phase in spherical morphology and by comparing to MnO; phase they
are more crystalline as observable from the SAED pattern in the
Figure 4. 3(b) & (d). The surface morphology and the interaction
between the constituent phases in the composite samples, g-
C3Ny/MnO; and g-C3N4/SnO, were further confirmed from the
FESEM images represented in Figure 4. 3(e) & (f) respectively. The
SEM images indicate the proper mixing of metal oxide nanostructures

on g-C;N4 phase.

Figure 4. 3. TEM images of (a) g-C3N4/MnO; (¢) g-C3N4/SnO; (b)
& (d) corresponding SAED patterns (e) & (f) FESEM images of
the composites g-C3N4/MnQO; and g-C3N4/SnQO;.
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4. 2. 4. BET-Surface area analysis

Nitrogen adsorption-desorption isotherms of various electrode samples
were given in Figure 4. 4. All the samples exhibited a distinct type IV
physisorption curve with H3 hysteresis loop which are in accordance
with the ITUPAC characteristics for mesoporous materials with pore
size between 2-50 nm. The calculated surface area values from the
isotherms were found to be 32. 8, 38. 2 and 70. 2 m’g” for g-C3Ny, g-
C3N4/SnO, and g-CsN4/MnO, samples respectively. The high BET
surface area possessed by g-C;N4/MnO, can be attributed to the
effective spacer effect of MnO, in between the 2D layers of g-C3Na.
Moreover, the flower type morphology of MnO, enhances the
accessible surface area of g-C3N4/MnO, electrodes for the
electrochemical process. The average BJH adsorption pore volume and
the BJH desorption pore size values are given in Table 4. 1. The
average pore size value of g-CsN4 gets reduced while adding metal
oxide. This can be attributed to the incorporation of metal oxide
particles in between the pores or the layers of lamellar g-CsNy4. The
average pore volume of MnO, loaded samples increased effectively
due to the porous nature of MnO, nanostructure as evidenced from the
TEM images. The high surface area and pore volume possessed by g-
CsN4/MnQO; enable them to effectively interact with large number of
electrolyte ions for getting better electrochemical performance than g-

C3N4/SnO, samples.
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Figure 4. 4. BET N, adsorption isotherms of various electrodes

Table 4. 1. BET surface area and pore size measurements.

Sample BET surface  Pore volume/ BJH desorption
area/m’ g'1 cm’ g'1 pore size/nm
g-C3Ny 32 0.29 259
g-C3N4/Sn0O; 38 0.23 20.7
g-C3N4/MnO, 70 0.34 19.6

4. 2. 5. Cyclic Voltammogram (CV)

The electrochemical performance of the prepared electrode materials
was measured in symmetric two electrode configuration within the
potential range from 0 to 1 V. The cyclic voltammograms of the
symmetric supercapacitors based on g-CsN4, g-C3;N4/SnO, and g-
C3N/MnO; electrodes at 5, 10, 20, 50, 100 and 200 mVs™ are given in
the Figure 4. 5. All the three devices exhibited nearly rectangular type
CV curves. The enhanced current value in the CV loops of g-

C3N4/MnQ; electrodes as compared to the other two devices indicates

82



higher level of charge storage. Two types of mechanism can be
proposed for the pseudocapacitive charge storage in MnO, system.
First one is by the intercalation and extraction of proton or metal cation
into the oxide layers. Second is by the surface adsorption and
desorption of the electrolyte cation or proton. The chemical equation

can be represented as 4. 1 and 4. 2

MnO,+ M+ ¢ = MnOOM 4. 1)
MnO; sy + M+ € > MnOOM (g Where (M =K', H;0") (4. 2)
The superior performance of the supercapacitor based on g-
C3N4/MnO;, electrodes may be attributed to the improved surface area

of the composite upon MnO, loading (as confirmed from the BET

results) and the pseudocapacitive contribution from MnO, nanoflakes.
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Figure 4. 5. Cyclic voltammograms of (a) g-C3N4 (b) g-C3N4/SnO;
(¢) g-C3N4/MnO; at different scan rates (d) Comparison of the CV
loops of the various supaercapacitors at a scan rate of 20 mVs™.
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A comparison of the CV loops of different supercapacitors fabricated
from various electrode materials at a scan rate of 20 mVs™' was shown
in the Figure 4. 5(d). For the same mass loading, the supercapacitor
based on g-C3;N4/MnQO; electrode exhibited superior charge storage
performance with negligible contact resistance.** Figure 4. 6 show a
general characteristic of the variation of specific capacitance with scan
rates from 5 mVs™ to 200 mVs™. At a scan rate of 5 mVs™, the specific
capacitance value calculated from the CV loops of symmetric
supercapacitors based on g-C3;N4/MnQO,, g-C3N4/SnO, and bare g-C;Ny
electrodes are 192 Fg', 93 Fg™! and 72 Fg™' respectively.
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Figure 4. 6. Variation of specific capacitance of g-C;N,4 g-
C3N4/MnO; and g-C3N4/SnO; as a function of scan rate.

4. 2. 6. Galvanostatic Charge-Discharge Curves (GCD)

The galvanostatic charge-discharge (GCD) curves of symmetric
supercapacitors in two electrode configuration at a constant current
density of 1 Ag™ in the potential range of 0 to 1 V are shown in Figure

4. 7. The GCD measurements are standard tests used to analyze the
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performance of the electrode material in practical operational
conditions. The specific capacitance of the supercapacitor device for
various electrode materials calculated from GCD was found to be 174
Fg', 64 Fg' and 50.22 Fg' for g-CsN4#/MnO,, g-CsN4/SnO; and g-
CsNy respectively. The specific capacitance values obtained in the
present study are lower than the values reported for MnO, modified g-
C;N, composites in 3-electrode configuration (211 Fg™)*'. But it is
well-known that a three electrode measurement configuration always
gives higher specific capacitance values than a two electrode
configuration. The two electrode configuration is best suited to

evaluate the performance in a real device.

The duration of the charge-discharge cycle for MnO, modified g-CsNy4
is extremely higher when compared to other supercapacitor devices
with very small IR drop value characteristics of electrodes with very
small internal resistance.'® At a constant power density of 1 kWkg™ the
symmetric supercapacitors based on g-CsNj and g-CsN4/SnO, as
electrodes exhibited an energy densities of 6.9 and 8.8 Whkg
respectively however the energy density of g-C3N4/MnO, has given a
three times higher value (24.1 Whkg') than the energy densities

possessed by other electrodes.

The enhancement in the electrochemical performance of g-C3;N4/MnO,
based supercapacitor can be attributed to the pseudo capacitive
contribution from the high surface area MnO, loaded electrode.
However, the pseudocapacitive contribution from SnO, in g-
C3N4/SnO; electrode was found to be very small owing to the small

BET surface area value possessed by this electrode sample.
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4.2.7. Cyclic Stability

The stability performance of the supercapacitor devices is evaluated by
conducting galvanostatic charge- discharge measurements for 6000
cycles at a constant current density of 5 Ag” in the potential range
between 0 and + 1 V. The stability curves are shown Figure 4. 7(b).
After 6000 charge-discharge cycles, symmetric supercapacitors based
on g-CsN4, g-CsN4/MnO; and g-C3;N4/SnO, electrodes exhibited a
cycling stability of 94%, 85% and 87% respectively.
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Figure 4. 7. (a) Galvanostatic charge—discharge curves of g-C;Ny,
g-C3N4/MnO; and g-C3;N4/SnO; based supercapacitor devices at a
constant current density of 1 Ag'1 in 2 M KOH electrolyte and (b)
cycling performance of the symmetric supercapacitors at a
constant current current density of 5 Ag'l.

4. 2. 8. Electrochemical Impedance Spectra (EIS)

Electrochemical impedance spectroscopy (EIS) was used to further
analyze the performance of the supercapacitor electrode materials. The
electrochemical impedance spectra (Nyquist plots) of g-CsNi, g-
C3;N4/MnO; and g-C3N4/SnO, based supercapacitor devices are shown
in Figure 4. 8. The Nyquist plot consists of a semicircle at high-

frequency region and a straight line at the low-frequency region."” The
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high-frequency region determines the charge transport properties at
electrode-electrolyte interface. The diameter of the semicircle gives the
value of charge-transfer resistance (R.;). The high-frequency region of
the impedance spectra is given as inset of Figure 4. 8. A vertical line
in the low-frequency region suggests an ideal capacitive behavior.
However, if the line makes an angle 45° with the real axis, it is called
the Warburg line which results from the frequency dependence of ion
diffusion in the electrolyte to the electrode interface. Length of the
straight line at a low frequency range is associated with the ion
diffusion resistance of the electrolyte ions into the bulk electrode.
Shorter length of the Warburg line indicates that the electrode offers
lower impedance to the diffusion of electrolyte ions, there by offering
improved charge storage performance. The length of the straight line in
the low-frequency region is the shortest for MnO, loaded g-CsNy4
electrode and it also shows a very small R, value, indicating the
superior capacitive performance as compared to bare g-CsN4 and g-
C3N4/SnOs.
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Figure 4. 8. Nyquist plots for g-C;N4, g-C3;Ny/MnO; and g-
C3N4/SnO; based supercapacitor devices at dc bias of 0 V with
sinusoidal signal of S mV over the frequency range from 100 kHz
and 1 MHz. Z’: real impedance. Z”: imaginary impedance.
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4. 3. Conclusions

Pseudocapacitive MnO, and SnO, anchored g-CsN4 nanosheets g-
C3N4/MnO,;, g-CsN4/SnO, were synthesized via one-pot chemical
reduction technique. The material characterization using XRD, FTIR
and TEM studies demonstrated a good homogeneity between the
constituent phases for hybrid materials. The electrochemical
performance of the bare g-C3N4 was found to be enhanced remarkably
by MnO; incorporation. The specific capacitance values of g-C3;Ny, g-
C3N4/Sn0O; and g-C3N4/MnO; calculated from charge- discharge curve
was found to be 50.22 Fg', 64 Fg', 174 Fg' respectively and the
corresponding energy density values at a constant power density of 1
kWkg™! are 6.9, 8.8 and 24.1 Whkg'. The performance increase in g-
CsN4/MnO; hybrid electrode material was attributed to the spacer
effect of MnO, nanoflowers in between the g-CsN4 layers which
enhance the BET surface area and thereby facilitating excellent charge
transport at the electrode-electrolyte interfaces. The present work can
be used as a platform for the development of modified carbon-based

electrode materials for electrochemical storage device applications.
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g-C3N4/CllO and g-C3N4/CO304
Chapter Nanohybrid Structures as Low cost

Electrode Material in Symmetric
Supercapacitor Device.
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5. 1. Introduction

The renewable energy storage and its supply upon demand has been a
serious challenge among researchers owing to the short life span and
poor power delivery of conventionally used lithium ion batteries.'
Supercapacitor has recognized as a suitable storage device that can be
used in combination with batteries to mitigate the power delivery
problems associated with batteries.” Supercapacitors possess excellent
performance recyclability due to the absence of any type mass transfer
between the electrodes.” Carbon based electrode materials have been
used conventionally in supercapacitor devices due to its high surface
area and storage capacity.” Nitrogen doped carbon allotropes were
emerged recently as supercapacitor electrodes, which shows excellent
electrode-electrolyte interaction due to the presence of lone pair of
electrons on nitrogen atom.” Graphitic carbon nitride (g-C3N4) is
considered as an intrinsically nitrogen rich system with lamellar
structure and it could offer more number of binding sites for the
electrolyte molecules to interact with the electrode surface.® However,

the low surface area and the agglomerated layer structure limit its
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application as a supercapacitor device electrode.” Transition metal
oxides with pseudocapacitive nature can be suitably coupled with g-
CsNy layer structure in order to mitigate the limitations of bare g-C3;Ny

electrodes.®

Among the transition metal oxides Co3;0O4 and CuO have received great
deal of attention due to their economically viable and environmental
friendly nature.”'® Only a very few reports are available in the
literature based on the electrochemical properties of g-C;N4 and
Co0304, CuO nanohybrid systems. In a recent research by Zheng et al.
mesoporous Cos;04 was anchored on g-C;N4 surface and the composite
material possesses a specific capacitance value of 780 Fg™' at a current
density of 1.25 Ag'l.11 In another attempt Shim et al. fabricated a
supercapcitor device from carbon and CuO anchored g-C;N4, which
has given a specific capacitance value of 247.2 Fg™! at a current density
of 1 Ag™.'? In the available reports the electrochemical performance of
the material were characterized in three electrode configuration only,
however the actual performance of the device should be analyzed in

two electrode configuration for practical applications.

In the present work pseudocapacitive Co304 and CuO metal oxides
were grown on the surface of a 2D g-C;N4 phase. The hybrid materials
were employed as electrode material in symmetric supercapacitors.
The highlight of the present research is that the electrochemical
properties of Co304 and CuO modified g-C3N4 were analyzed for the
first time in symmetric two electrode configuration. The present
research will be an excellent reference for the researchers working in
the area of developing high energy density electrode materials with

environmentally and economically benign nature.
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5. 2. Results and Discussion
5. 2. 1. X-ray Diffraction

The X-ray diffraction studies of the composite samples were carried
out to analyze the phase formation of the component phases and were
given as Figure 5. 1. In the XRD spectrum of g-C3N4/Co304 (Figure 5.
1a), the peaks at 20 values 18.9, 31.2, 36.9, 38.2, 44.7, 54.8, 59.4 and
65.3 corresponds to the diffraction from (111), (220), (311), (222),
(400), (422), (511) and (440) planes of cubic phase of Co3;04 (JCPDS
No: 43-1003)." The XRD spectrum of g-C3N,/CuO shows reflections
at 20 values 35.6, 38.5,49.2, 66.6 and 68.2 corresponds to (-111),
(111), (-202), (022) and (220) planes of monoclinic phase of CuO
(JCPDS No: 48-1548). The crystallite size of the particles calculated
from Debye-Scherrer formula was found to be 8-10 nm and 10-15 nm
for g-C3N4/CuO and g-C3N4/Co304 respectively. The diffraction peaks
marked as (C*) is the characteristic peak of g-C3;Ny originated from the

layer stacking arrangements in two dimensional g-C3;N4 networks.
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Figure 5. 1. XRD spectra of (a) g-C3N4/Co0304 and (b) g-C3N4/CuO.
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5.2. 2. FTIR Spectra

The FTIR analysis (Figure 5. 2) of the composite sample was done to
further analyze the phase formation of the constituent phases and to
determine the presence of functional group on the surface of the
electrode material. The common peaks in both the spectra of g-
C3N4/Co304 and g-C3;N4/CuO are due to the contribution from g-C3Ny4
phase. The peaks at the region of 1200-1600 cm™ arises from the —-CN
stretching vibrations of the heterocyclic rings of s-triazine units. The
sharp at 810 cm™ is the characteristic peak arises from the breathing
mode vibrations of triazine ring.'"* The peaks around 1000-1100 cm™
arises from the bending vibrations of —OH functional groups and the
broad peaks around 3200-3600 cm™ originates from the stretching
vibrations of H,O molecules adsorbed on the surface of the electrode
material. The existence of spinel Co;04 nanoparticles on the electrode
sample can be confirmed from the presence of sharp characteristic
peaks in Figure 5. 2(a) at 575 cm™ and 665 cm™ respectively.'' The
peak at 537 cm™ in Figure 5. 2(b) is the stretching vibrational band of

Cu-O bond in monoclinic CuO crystal."
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Figure 5. 2. FTIR spectra of (a) g-C3N4/Co0304 and (b) g-C3N4/CuO.
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5. 2. 3. X-ray Photoelectron Spectroscopy (XPS)

XPS spectra of the hybrid nanostructures g-C;N4/Co3O4 and g-
C3N4/CuO were recorded inorder to analyze the chemical composition
and the electronic environment of the electrode materials. The survey
XPS spectra of the samples were given as Figure 5. 3(a) & (b). The
survey spectrum confirms the presence of constituent phases in the
composite sample. Binding energy values in all the spectra were
carbon corrected by comparing with Cls value of 284. 8 eV. The high
resolution XPS spectra of Co in Figure 5. 3(c) exhibits well defined
peaks at 780 and 796 eV corresponding to the Co2ps,, and Co2p;,, spin
states with a spin separation of 16 eV, which are the characteristics of
Co304 phase. Two weak satellite peaks at 788 and 804 eV are the
features of spinel structure in which +3 ion occupy octahedral site and
+2 ion at the tetrahedral sites.'® The Ols peak at 531.2 eV in Figure 5.
3(d) is the characteristic peak of spinel Co3;O4 structure which arises
due to the presence of lattice oxygen. Second Ols peak at 535.9 eV is
due to the presence of defective oxygen on the surface of the Co304
phase. The two major peaks of Cls in Figure S. 3(e) at 284. 8 and
288.6 eV are originated from the sp” hybridised N-C=N structure of g-
CsNy4 network. The N1s peaks in Figure 5. 3(f) at 398.4 and 400.5 eV
are attributed to the N atom from N-C=N and N-(C); structural units of
g-C3N,.”

The high resolution XPS spectra of Cu in g-C3N4/CuO is depicted in
Figure 5. 3(g). The peaks at 933.2 and 953.3 eV are the characteristic
signal of Cu2ps; and Culp,; respectively and the satellite peaks of

Cu”" at higher binding energy region are also visible.'” The Ols give
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spectra at 531. 4 and 536. 1 eV which are the characteristics of lattice

and defective oxygen respectively (Figure 5. 3h). Cls peaks at
(Figure 5. 3i) 284.7 eV, 288.8 eV and the Nls peaks (Figure 5. 3j)
398.9 eV and 400.9 eV are the characteristic peaks of g-C3;N4 as

discussed in the case of g-C3N4/C03O4.7
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Figure 5. 3. High resolution spectra of (g) Cu2p (h) Ols (i) N1s and
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5. 2. 4. Morphology Analysis

The surface morphology of the composite electrodes g-C;N4/Co304
and g-CsN4/CuO were depicted as Figure 5. 4(a) and 5. 4(b). g-
C3N4/Co304 sample exhibited a spherical morphology with porous
nature, however in g-C3;N4/CuO the particles aggregated together to

form large grains which is unfavorable for the penetration of

electrolyte molecules during electrochemical process.

Fiue 5. 4. FESEM images of ) g-C4/C03O4 and (b) g-
C3N4/CuO electrodes.
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Morphology and further analysis of the crystalline nature of the
materials were carried out using TEM. It can be seen from the Figure
5. 5(a) that the Co304 particles were uniformly distributed in the
network of g-CsN4 with clear boundary between the constituent
phases; however in g-C3N4/CuO (Figure 5. 5c¢) the distribution of CuO
in g-CsN4 matrix is non-homogeneous with a small aggregation of
metal oxide phases in the matrix. The SAED patters of the composite
sample indicated that in g-C3;N4/CuO (Figure 5. 5d), the metal oxide
phases are more crystalline with bright spots than in g-C3;N4/Co304
(Figure 5. 3e) (The results are matching with the XRD results). The
crystalline phases wusually reduce the performance of an
electrochemical device by decreasing the accessible surfaces for the
electrolyte molecule to interact with electrode surface. It is also seen
from SAED pattern that the diffraction patterns are obtained from the
highly populated planes of Co304(311) and CuO (111) & (-111) in the

composite material.

. (11)

6‘ = |
o M)

Figure 5. 5. (a), (¢) TEM images of g-C;N4/Co3;04 and g-
C3N4/CuOjg (b), (d) Corresponding SAED patters.
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5. 2. 5. Cyclic Voltammogram (CV)

The CV profiles of g-CsN4/CuO and g-C;N4/Cos04 electrodes are
shown in Figure 5. 6. The CV curve of an ideal supercapacitor
material is expected to be in rectangular shape. In current (i)-voltage
(v) curve, the value of current [i=C(v/t)] should be constant since for
an ideal capacitor, the scan rate ‘(v/t)’ and capacitance ‘C’ are
constant.'® In Figure 5. 6(a), the CV profiles of g-C3N4/Co304
electrodes shows a rectangular type CV and an excellent current
response these are the characteristic features of an ideal capacitive
material. The CV profile of g-C;N4/CuO electrodes (Figure 5. 6b)
exhibits a small deviation from ideal capacitive behavior as compared

to g-C3N4/Co304 electrode.

Figure 5. 7 show the variation in specific capacitance with scan rate
for various supercapacitor electrodes. The electrochemical properties
of composite electrodes were also compared with bare g-CsNy in the
same figure. The Csp value of all the electrodes were high at lower
scan rate since the electrolyte molecule get enough time for their
interaction with the electrode surface. The calculated value of specific
capacitance (Csp) from CV profile for g-C3;N4/CuO and g-C3N4/Co304
at a scan rate of 5 mVs™' was found to be 238 Fg' and 108 Fg'
respectively which are much greater than the Csp of bare g-C3;Ny4 (74
Fg). Compared to the electrochemical performance of bare g-C3Ny,
the composite samples, g-CsN4/CuO and g-C;N4/Co304 has shown
excellent performance due to the psudocapacitive contribution from

CuO and Co0304 nanocrystals.18
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Figure 5. 6. Cyclic voltammograms of (a) g-C3N4/Co0304 and (b) g-
C;3N4/CuO at different scan rates.
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5. 2. 6. Galvanostatic Charge-Discharge (GCD)

The actual device performance of the supercapacitor can be analyzed
from the GCD experiments."” The GCD profile was performed in 2 M
KOH solution at different current densities of 1, 2, 3, 4 and 5 Ag'1 and
is shown in Figure 5. 8. Compared to g-C3N4/CuO (Figure 5. 8b); g-
C3N4/Co304 (Figure S. 8a) supercapcitor electrodes exhibited almost

triangular type GCD curve indicating an excellent efficiency for the
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charge-discharge process. The IR drop value at the beginning of the
discharge curve indicates the internal resistance of the electrode
materials arising from electrical contact resistance, bulk solution
resistance and resistance from ion migration. Compared to g-
C3N4/CuO, the IR drop value of g-C3;N4/Co30; is significantly lower
which indicates good charge efficiency for g-CsN4/Co0304

supercapacitor. The specific capacitance value of the devices were

calculated from the GCD profiles using the equation, Csp = %I(%);

where [ is the discharge current, m is the mass of active material in a
single electrode, A4t is the discharge time and Av is the cell potential
range after IR drop. The Csp value of the symmetric supercapacitors
based on g-CsN4/CuO and g-C3;N4/Co304 electrodes, calculated from
GCD profiles at different current densities are given in Table S. 1. The
Csp value of g-C3N4/CuO and g-C;3;N4/Co30;4 electrodes at a current
density of 1 Ag” was found to be 95 Fg™! and 201 Fg' respectively. At
high current densities, the Csp value of the devices decreases due to
the limited interaction time between the electrode and electrolyte

20
molecules.
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Figure 5. 8. GCD curves of (a) g-C3N4/Co0304 and (b) g-C3N4/CuO
based supercapacitors at a constant current density of 1 Ag” in 2
M KOH electrolyte.
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Table 5. 1. Specific capacitance of g-C3N4/CuO and g-C;3;N4/Co304
calculated from GCD data.

Current density Csp (Fg'l) Csp (Fg'l)
(Ag™h g-C3N4/C030; g-C3N4/CuO
1 95 201
2 87 190
3 78 182
4 74 176
5 70 171

5.2. 7. Cyclic Stability

The cyclic stability of the supercapacitor devices were analyzed from
the charge-discharge profile under an applied current density of 5 Ag'1
for 6000 cycles and given as Figure 5. 9. The g-C3N4/Co3;04 based
device has exhibited an excellent cyclic stability of 97% even after
6000 cycles. However, the stability of g-C3N4/CuO and g-C3;Ns was
found to be, 94% and 93% respectively. The agglomeration of the
electrode material during electrochemical process could be a reason for

the reduced cyclic stability in g-C3N4/CuO and g-C;N, electrodes.

The energy density and power density of the device was calculated
from the GCD profile by the relation; E= 5 CspV” and P= E/At. At a
constant power density of 1 kWkg™, the energy density possessed by
g-C3N4/Co304 and g-C3N,/CuO based devices are 27.9 Whkg' and
13.2 Whkg™' respectively.
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Figure 5. 9. Cyclic performance of the symmetric supercapacitors
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5. 2. 7. Electrochemical Impedance Spectra (EIS)

EIS or Nyquist spectra of the electrode materials were performed to
further analyze the performance of the devices (Figure 5. 10). The EIS
spectra consist of a semicircle at high frequency region and a vertical
line at the low frequency region. The radius of the semicircle (Rct)
gives the value of charge transport resistance of the electrode material.
A small arc radius in EIS spectra indicates a better charge transport at
the electrode-electrolyte interface.”’ In the present case the Ret value
of g-C3N4/Co304 (Figure 5. 10a) is very small compared to g-
C3N4/CuO (Figure 5. 10b) electrodes indicating an excellent charge
transport in g-C3N4/Co304 electrode. The low frequency region of the
impedance spectra is associated with the diffusion of ions from the
bulk of the solution to the electrode surface. A vertical line parallel to
y-axis of the plot is the ideal condition for a supercapacitor material. It
can be seen that, for g-CsN4/Co304 electrodes the straight line at low

frequency region is more vertical than the other electrode. Moreover,
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the length of the straight line is very small (less imaginary part) in g-
C3N4/Co304 electrodes designating a lower resistance for ion diffusion

from the bulk of the solution to electrode surface.??
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Figure 5. 10. Nyquist plots of (a) g-C3;N4/Co304 and (b) g-
C3N4/CuO based supercapacitor devices at dc bias of 0 V with
sinusoidal signal of 5 mV over the frequency range from 100 kHz
and 1 MHz.

5. 3. Conclusions

In summary, pseudocapacitive Co304 and CuO nanoparticles were
anchored on the surface of the two dimensional g-C3;N4 by direct
precipitation method. g-C3;N4/Co3;04 and g-C3;N4/CuO nano hybrid
materials were used as cost effective electrodes in symmetric
supercapacitor devices. The electrochemical performance of g-C;Ng
have shown significant enhancement by coupling with Co3;04 and CuO
with a specific capacitance of 201 Fg' and 95 Fg™' for g-C3N4/Co30,4
and g-C;N4/CuO composite materials respectively. The enhancement
in electrochemical properties in composite sample can be attributed to
the presence of pseudocapacitive metal oxide phases. The g-
C3N4/Co304 exhibited a cyclic stability of 97 % even after 6000 cycles
with an energy density of 27.9 Whkg™.
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6. 1. Introduction

The industrialization and the population explosion have to lead to an
unparallel explosion and diversity in the generation of waste materials.
The waste management demands an immediate and scientific approach
for socio-economic development and environmental protection. The
concept of “closed economy production model” or regenerative
economy contemplates the garbages as the resource that promotes a
novel and sustainable developmental strategy by minimizing the
landfills.' Closed economy minimizes the environmental pollution and
depletion of resources by reducing, reusing and recycling (3R) of the
waste material. Clean energy technology and a clean environment are
inevitable for the sustainable development of the society.” Last few
decades, the researchers and policymakers have been searching for
functional materials that can be used for renewable energy conversion,

storage and simultaneously for environmental remediation.
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In recent years, supercapacitors have received an increasing interest in
energy storage technology owing to its superior electrochemical
properties than the conventional batteries.”* As evidenced from the
‘Ragon-plot’(Figure 1. 3), supercapacitors provide much higher power
density than conventional batteries and energy density than dielectric
capacitors. Supercapacitor technology has been explored tremendously
as an environmentally benign energy resource in recent years surely
due to the development of a wide range of nanostructured materials
from researchers all over the world.” Attempts were reported recently
to fabricate supercapacitor electrodes from waste materials as a green
approach to attain the global goal of sustainable development.
Garbages such as tires, biomass, plastic wastes were used as the
prospective  source of activated carbon for supercapacitor
applications.”® However, to the best our knowledge, there are no
reports for the fabrication of nanosemiconductor hybrid materials from
discarded materials with multifunctional utility in energy storage and

environmental applications.

The contamination of water by different chemical substances is one of
the lethal issues faced around the globe. Among the various
contaminants, oil spills generated from damaged pipelines, tankers,
and rigs are considered as the one of the worst environmental concern
caused by human activity. Oil spills are known to cause severe long-
term damages to the aquatic environment by which the entire aquatic
ecosystem gets destabilized.'® Conventional methods for the clean-up
process such as skimming, hot water spraying and burning cause

damage to the aquatic organisms. Due to the simplicity in application,
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the organophilic sorbent materials like organic polymers, zeolites and
graphenes have received considerable attention recently. To make the
process viable, large quantities of oil have to be removed from the
spillage quite instantaneously using a low-cost sorbent. The most
common strategy is to employ magnetic adsorbents which can
instantaneously remove oil from spills utilizing the hydrophobic
interactions with oil molecules followed by magnetic separation.11
Generally, iron oxide nanoparticles (Fe,O3;) are attached to various

low-cost adsorbents for oil removal.!>"

Therefore, the cost-
effectiveness of adsorbent materials is mostly limited by the cost of

iron-oxide in the adsorbent composite.

Fe,;0; based nanohybrid materials have been considered as a suitable
candidates for supecapacitor electrodes as well owing to its
environmentally and economically benign nature.'* Moreover, the
material exhibit excellent electrochemical performance due to its
pesudocapacitive behavior. Fe,Os@carbon (CFO) hybrid materials
were introduced to further enhance the cyclic stability and specific
capacitance of Fe,O; (FO) based electrodes. Various recent reports are
available on the synthesis and supercapacitor applications of Fe,O3;@C

15-18 . .
However, as mentioned earlier there are no

based nanomaterials.
reports on the synthesis of multi functional Fe,O3;@C nano-hetero
structures by considering the concept of ‘closed economy’. Moreover
in most of the literatures, the supercapcitors studies of Fe,O3;@C were
mostly carried out in three electrode configuration. Compared to three
electrode configuration, two electrode systems are suitable for

evaluating the performance of the supercapcitors.”
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The highlight of the present work is the attempt to fabricate
multifunctional nano-hybrid structures; Fe,Os@carbon from used razor
blades and glucose as precursors. The hybrid structures were
successfully used as electrode materials in symmetric supercapacitor
devices (Two electrode configuration) for energy storage application
and the materials were also employed as magnetically separable oil
spill removers for environmental remediation. This new approach

makes the process more cost-effective and sustainable.
6. 2. Results and Discussion

Fe;O3;@C (CFO) nano-hybrid structures were prepared from discarded

razor blades and glucose solution as represented in Scheme 6. 1

,ﬁ.ou
- Pi=9
*.S Dried, Calcined
. HCl | 300°C/2 hrs
R

:

Fe,0,

Discarded Blade
‘ Dispersed in Glucose Solution
Hydrothermal @1snocjiz hrs
Fe,0,

Scheme 6. 1. Shematic representation of the formation of Fe,O;@C
(CFO) nano-heterostructures.
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6. 2. 1. XRD analysis

The crystal structure analysis depicted in Figure 6. 1(a) reveals the
presence of room temperature stable, cubic maghemite phase of Fe,O3
in the razor blade derived iron oxide sample. The observed peaks at
20 values 30.1°, 35.4°, 43.0°, 53.1°, 57.0° and 62.5° matches with the
JCPDS file no. 39-1346 of y- Fe;03.'**° The corresponding diffraction
planes are (220), (311), (400), (422), (511) and (440) of y- Fe,O5; with
normal spinel structure.'*?° The average crystallite size (D) calculated
using Scherrer equation, D=0.90/BCos0 (A is the wavelength of CuKa
radiation, B is the FWHM and 6 is the peak position) for Fe,O3 and
Fe,O3@C is 25 nm and 28 nm respectively. In the case of Fe;O;@C,
the less intense (100) and (002) reflections of carbon shell is masked

by the crystalline reflections from F 6203.12
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Figure 6. 1. (a) X-ray diffraction pattern and (b) FTIR spectra of
the razor blade derived y- Fe;O3 (FO) and y- Fe;O3@C (CFO).
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6. 2. 2. FTIR Spectral analysis

FTIR spectral analyses of the samples were carried out to confirm the
formation of Fe,O; and its hetero-junction species with carbon. The
absorption bands in Figure 6. 1(b) at 585-610 cm™ represents the
stretching vibrations of Fe-O bonds.'?> The Fe-O vibration modes of
CFO sample exhibit sharp absorption bands owing to the further
crystallization of Fe,O3; phases during hydrothermal treatment for the
deposition of carbon species. The broad absorption peaks at around
3430 cm” in both the samples indicate the presence of adsorbed
hydroxyls species on the surface of the material. The presence of
absorption band in CFO at around 1640-1350 cm™ can be attributed to
the C-O stretching vibrations of carboxylate anions adsorbed during
the hydrothermal carbonization of glucose molecules on Fe;Os
nanocrystals.”>>> The FTIR studies show that the CFO possesses
enough adsorbed functionalities on the surface of the sample which
facilitate an excellent wettability between the electrode-electrolyte

species for enhanced electrochemical properties.
6. 2. 3. TEM Analysis

The microstructure characterization of the carbon-coated Fe,O3; nano-
hybrid structure (CFO) is depicted in Figure 6. 2. The TEM images
clearly show that the crystalline Fe,O; phases are in plate-like
morphology with particle size upto 50 nm. The formation of the hybrid
structure between Fe,Os;flakes and carbon is evident from the low-
resolution images. The SAED patterns with bright spots indicate a
highly crystalline nature for the derived Fe,Os phases in CFO sample
due to the presence of more crystalline phase orientation of Fe,Os

during the hydrothermal carbonization process at 180 °C for 24 h.

112



. 8.78 1/inm

-

e 3.50 1/nm

Figure 6. 2. (a) TEM image of Fe,O3;@C nano-heterostructure and
(b) the corresponding SAED pattern.

6. 2. 4. FESEM-EDS analysis

The elemental analysis of the as prepared Fe,O; (FO) and the
composite sample CFO were analyzed from a FESEM instrument
attached with Energy dispersive X-ray spectroscopy (EDS) Figure 6.
3(a) shows that the prepared Fe,O; sample contains small amount of
other elements such as C, Ni and Cr which is attributed to the
contribution from the stainless steel of razor blades. The razor blade
steel usually consists of about 12-14 % chromium. However in the
prepared Fe,O3 sample the composition Cr is negligibly small since at
the experimental pH of 9, only Fe(OH), get precipitated due to the
higher solubility product of Fe(OH), than Cr(OH)s. The EDS results of
CFO sample in Figure 6. 3(b) indicated that the carbon content of the
composite sample get enhanced when compared to FO sample due to
the deposition of carbon on Fe,O; crystals due to the hydrothermal

carbonization of glucose molecule.
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Figure 6. 3. FESEM-EDS analysis of (a) Prepared Fe,O; from
discarded razor blades and (b) composite sample Fe,Oz;@Carbon.

6. 2. 5. BET-Surface area analysis

BET surface area measurements of FO and CFO were carried out by
analyzing the nitrogen adsorption-desorption isotherms of samples
(Figure 6. 4). The samples exhibited a type IV physisorption curve
with H3 hysteresis loop characteristics of a mesoporous material.*
However, the area of the hysteresis loop is very narrow due to the
limited average pore size (4 nm) possessed by the samples. The
adsorption studies indicated that the BET surface area of both the
samples; FO and CFO were in the same range of 49 and 50 m’g’
respectively. The results indicate that in the present study, the carbon
coating does not make any changes in the surface area of the composite

materials.
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Figure 6. 4. BET N; adsorption isotherms of FO and CFO samples.
6. 2. 6. Cyclic Voltammogram (CV)

The electrochemical performance of the fabricated symmetric
supercapacitors based on FO and CFO samples were evaluated from
the cyclic voltammograms (CV) at different scan rate of 5, 10, 20, 50,
100, 200 mVs™ within a potential window of 0 to 1 V (Figure 6. 5).
The FO electrode in Figure 6. 5(a) exhibited a pair of oxidation and
reduction peaks corresponds to the pseudocapacitive behavior of bare

Fe,O3 in KOH electrolyte based on the redox reaction (equation 6.1),
Fe,03+ M" + 2¢” <> Fe,0sM, where M =K' or H;0™.'* (6. 1)

Compared to FO electrode, CFO electrode (Figure 6. 5b) show
superior electrochemical performance with a nearly rectangular type
CV curve which is the characteristic feature of an ideal capacitor
material.' The excellent charge storage properties of CFO electrode can
be attributed to their synergic effect of faradaic and non-faradaic

process of charge storage mechanism.”* In CFO sample carbon
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particles were coated uniformly on the Fe,Os particles as observable
from the TEM images. The carbon layer acts as a template for the
formation of electrical double layer (EDLC) at the electrode-electrolyte
interface which suppresses the redox peaks originated from the
pseudocapacitive behavior of bare Fe,03.'* Moreover, as evidenced by
IR studies the carbon layers render more functionality on the electrode
surface, which is advantageous for the effective wettability between

the electrode material and electrolyte molecules.
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Figure 6. 5. (a) & (b) CV curves of supercapacitors based on FO
and CFO electrodes at different scan rates.

6. 2. 7. Galvanostatic Charge-discharge (CD) curves

Supercapacitor performance of the electrode materials was further
analyzed by galvanostatic charge-discharge (CD) studies (Figure 6. 6a
and Figure 6. 6b). The analysis were carried out at different current
densities of 1, 2, 3, 4 and 5 Ag'1 in the potential range between 0 to +1
V. GCD measurements are significant to analyze the performance of
the device under practical operating conditions. As shown in Figure 6.

6(b), the CFO sample exhibited a symmetrical type charge-discharge
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curve showing a linear relationship between potential and time.”” The
IR drop of CFO electrode is very minimal compared to FO electrode
which indicates that CFO had low internal resistance and the
considerable charge-discharge duration in CFO denotes a much higher
specific capacitance for the composite electrode. At a constant current
density of 1 Ag'; CFO sample exhibited the highest specific
capacitance value of 285. 6 Fg™! which is almost two-fold the specific
capacitance FO electrode (122.7 Fg™'). At a constant power density of
1 kWkg', the energy density possessed by FO and CFO electrode
based supercapacitors were E=22.52 Whkg' and 37.88 Whkg
respectively. The energy density (energy stored per unit mass of the
materials) was calculated by the relation, E=1/2 CSPV,«Z, where Cs;, is
the specific capacitance, and V; is the initial voltage of the discharge
curve. The electrochemical performance of the Fe,O;@C (CFO)
electrodes was compared in Table 6. 1 with recent literature reports on
the same materials. The CFO electrode has shown much higher

electrochemical properties than the reported results.
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Figure 6. 6. (a) & (b) GCD curves of FO and CFO based
supercapacitors at a constant current density of 1 Ag'1 in2 M
KOH electrolyte.
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Table 6. 1. Recent reports on the electrochemical properties of
Fe;03@C hybrid materials.

];:Il;cttel:i):le Electrolyte ((jl::.lls.leltl;ft caigigtllaﬁrfce coﬁi‘fgcltll;'(:::on Ref.
(Ag)) (Fg?)
0-Fe,0,@C | IMKOH 1 288 elzftrrzze 15
0-Fe,0,@C | 1M H;PO, 15 249 elzftrrzede 16
Fe,0,@C | 5SMKOH 0.5 612 elg‘trrzze 17
Fe,0:@AC | 6M KOH I 240 elg‘trriede 18
Fe,05/C | 1M NaoSO, 0.5 235 elzgrr‘(’;e 26
v- Fe,0;@C IM KOH 1 285 Two electrode vl&::)lils(

The enhanced electrochemical performance in CFO electrode can be
attributed to the very high BET surface area possessed by this sample
which provides more reactive sites for the electrochemical interaction
between electrode and electrolyte molecule. Moreover, in CFO two
types of charge storage mechanism operates; 1) faradaic process due to
the presence of pseudocapacitive Fe,O3 phase ii) non-faradaic process
of charge storage owing to the presence of carbon moiety on the Fe,O3

phase.

The variation of the specific capacitance of the material at different
scan rates and current densities is shown in Figure 6. 7(a) and Figure
6. 7(b) respectively. The specific capacitance of both the electrodes
decreases at higher scan rate and high current density. Under this
conditions electrolyte molecules are provided with less time for the
electrode-electrolyte interaction. However, at lower san rates and

current densities, the electrolyte molecules get sufficient time to
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interact with the electrode material which results in the enhancement in

the specific capacitance of the device.
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Figure 6. 7. Variation of Specific capacitance of FO and CFO
based symmetric supercapacitors at different (a) scan rates and (b)
current densities.

6. 2. 8. Cyclic Stability

The cyclic stability is a crucial factor for the commercialization of the
supercapacitor device. The stability was evaluated by performing the
charge-discharge measurements for 5000 cycles at a constant current
density of 5 Ag” in the potential range of 0 to +1 V. The specific
capacitance was plotted as a function of the number of cycles and
given as Figure 6. 8. The symmetric supercapacitor fabricated from
CFO electrode has shown excellent cyclic stability and the stability
was found to be increasing with the number of cycles after an initial
drop of 8 % around 250 cycles. After 5000 cycles, the capacitance
retention of the supercapacitor fabricated from the composite sample
CFO was found to be ~98 %, and that of FO was only 74 % of that of

the respective initial capacitances.
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Figure 6. 8. Cycling performance of FO and CFO based symmetric
supercapacitors at a constant current density of 5 Ag'l.

6. 2. 9. Electrochemical Impedance Spectroscopy (EIS)

The electrochemical impedance Spectra (EIS) of the symmetric
supercapacitors fabricated from FO and CFO electrodes are shown in
Figure 6. 9. The plots show a semicircle in the high-frequency region
and a straight line in the low-frequency region. The intercept of the
semicircle at high-frequency region indicates the solution resistance
(Ry) of the electroly‘ce.27’28 Both the electrodes exhibit the same R, value
of 0.7 Q in the aqueous KOH electrolyte. The radius of the semicircle
at the high-frequency region indicated the charge transfer resistance
(Rct) at the interface of the electrode. In the present experiment, the
CFO electrode has exhibited a smaller R, value (5 Q) as compared to
FO (75 Q) electrode indicating an effective charge transport at the
electrode-electrolyte interface. A straight line at the low-frequency
region (Warburg line) of the Nyquist plot which makes an angle 45°
with real axis, determines the frequency dependent ion diffusion at the

electrode-electrolyte interface. The inclination of the straight line
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towards the vertical axis of the plot in CFO electrode indicates an ideal
capacitive behavior in the carbon-doped sample. The enhancement in
the electrochemical behavior in CFO electrode can be due to the
presence of surface functional groups and the synergic effect of two

charge storage mechanisms operates in the Fe,O3@C sample.*®
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Figure 6. 9. EIS spectra for symmetric supercapacitors based on
FO and CFO electrodes at a dc bias of 0 V with sinusoidal signal of
5 mV over the frequency range from 100 kHz and 1 MHz.

6. 2. 9. Environmental Application: Oil-Spill Removal

The Fe,O3@C composite material (CFO) was applied for the removal
of oil spills from water. The oil removal efficiency of the material was
tested after creating an artificial oil spill in the laboratory using
commercial engine oil. CFO was smeared on top of the spilled oil and
then recovered using a permanent magnet. The oil retention studies in
Figure 6. 10 indicated that the adsorbent material is capable of
removing oil upto 5 times its weight. The snapshots of the different

steps of oil removal process are given in Figure 6. 11. The oil
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adsorption by the material is quite instantaneous, making CFO an
attractive candidate for the oil removal process. The oil removal
capacity of CFO is comparable to the iron oxide-carbon core-shell
system with triethoxysilane modified surface and macroporous Fe/C
nanocomposites reported in literature.”’>° Even though the oil removal
capacity of CFO is lower when compared to many of the materials
reported in the literature like nitrogen doped graphene framework,’’

hybrid  graphene-carbon  nanotube  foam,*

polymer  hybrid
nanoparticles,” CNT sponges,** etc. The hybrid material, CFO still is a
superior in terms of applicability since they are far more cost effective
than these materials. The oil removal capacity of CFO might be limited
by the surface functional groups as evident from the IR (Figure 6. 1b)
studies. Therefore, it is possible to engineer CFO as a better oil
removing agent by minimizing the polar surface functional groups and

thereby making it much more lyophilic.
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Figure 6. 10. Oil retention capacity of CFO as a function of time,
using commercial engine oil.
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Figure 6. 11. Snapshots of different stages of oil removal process.
(a) Oil spilled over water (b) Fe;O3;@C (CFO) dispersed over oil-
water mixture (c) The adsorbent along with the oil is recovered by
an external magnet (d) clear water after the removal of oil and
adsorbent.

6. 3. Conclusions

Fe,Os@carbon (CFO) nano-heterostructures were fabricated from the
discarded razor blades and glucose solution by considering the concept
of regenerative economy. Hydrothermally prepared hybrid material
exhibited multifunctional applications in energy storage and
environmental remediation. The symmetric supercapacitor device
fabricated from CFO has exhibited a specific capacitance value of 285.
6 Fg' with an outstanding capacitive retention of ~98 % after 5000
cycles. The CFO sample was successfully employed as an efficient
magnetically recoverable adsorbent for the removal oil spills from
water. The oil removal efficiency of CFO was found to 5 g oil per 1 g

of adsorbent with the assistance of an external magnet.
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7. 1. Introduction

Ti0, based heterogeneous catalysis becomes an efficient technique for
the photocatalytic oxidative removal of dissolved organic and
inorganic contaminants in water due to its cost effectiveness, and the
distinctive photocatalytic activity.'™ It is the bandgap energy of TiO,
(3.2 eV) that limits its application as solar energy harvesting
photocatalyst.® Visible light response of TiO, has been modified by
various approaches such as metal and non-metal doping in an attempt
to tailor the band gap”® photosensitization by anchoring organic
chromophores,” efc. In recent years heterojunction photocatalyst
fabrication via hybridizing TiO, with suitable narrow band gap
semiconductors such as CdS, Cu,O, ZnO, etc had received
considerable attention among the scientific community due to its
excellent light absorption ability, improved photocatalysis and photo

stability.'!2
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CdS act as an excellent sunlight harvesting material owing to its
narrow band gap (2.4 eV) and can be used as a sensitizer for wide band
gap semiconductors.”” Valence band and conduction band levels of
CdS semiconductor lies above that of TiO, which facilitate effective
charge separation by reducing the possibility for photo generated
electron-hole pair recombination.'* CdS sensitised TiO, have also been
exploited as photocatalyst for hydrogen production from water'>'® as
photoelectrode in dye sensitized solar cells to improve the efficiency of

17,18

the cells and as highly efficient charge carriers in heterogeneous

photocatalysis.'**’

Photocatalytic activity of CdS sensitized TiO, nanoparticles have been
reported recently by Shuli Bai ef al. and Li et al. for the degradation of
Rhodamine B and for the oxidation of NO gas respectively.”'** They
found that the surface incorporation of CdS crystals had a marked
effect on the photoactivity of TiO,. The selective oxidation of alcohol
to aldehyde in presence of CdS nanorods on the surface of TiO, was
reported by Liu er al.”® Very recently visible light active CdS decorated
Ti10, photocatalysts have been developed for the oxidative removal of
organic dyes from aqueous textile effluents.”**> Xu et al?® have
developed a simple design for encapsulating CdS nano spheres into a
thin TiO; shell inorder to improve the charge transport properties and
to improve the selective redox reactions under visible light. In this
work remarkable increase in photoactivity was obtained due to
effective interfacial hybridization between CdS and TiO,. As
compared to previous reports, the present work embodies our attempt

to fabricate CdS hybridized TiO, photocatalysts, in which special
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attention was given to optimize the minimum concentration of CdS
required to sensitize TiO, matrix. Hydrothermal method was adopted
to fabricate the different compositions of TiO,-CdS nanohybrid
systems (0%, 1%, 5% and 10%), out of which 10 % CdS incorporation
was found to be the optimum concentration for the oxidative removal
of organic pollutant. Toxic and mutagenic methyl orange dye”’ was
selected as the reference system to study the photocatalytic properties
of the CdS sensitized TiO, nano hybrid system. Hopefully the work
would provide an insight for the further development of TiO, based

nano hetero systems for energy and environmental applications.
7. 2. Results and Discussion
7. 2. 1. X-ray Diffraction

X-ray diffraction patterns of pure TiO, and CdS along with different
composition of TiO,-CdS are shown in Figure 7. 1. XRD peaks in
Figure 7. 1(a) at 20 values 25.4 °, 38.1 °, 48.1°, 54.6 ° and 62.9 °
corresponds to the diffraction from (101), (103), (200), (105) and (211)
crystal planes of anatase TiO, (JCPDS No. 21-1272). Diffraction peaks
in Figure 7. 1(e) at 26.5 °, 43.9 ° and 52.0 ° could be indexed to (111),
(220) and (311) phases of cubic crystalline CdS (JCPDS No. 10-0454).
It was observed that the characteristic peaks of anatase TiO, and CdS
(marked as *) are preserved at TiO,-CdS10 (Figure 7. 1d) composite
which indicates an effective hybridization between the two phases for

this particular composition.
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Figure 7. 1. XRD patterns of (a) TiO; (b) TiO,-CdS1 (c¢) TiO»-
CdSS (d) TiO,-CdS10 and (d) CdS.

7. 2. 2. Transmission electron microscopy (TEM)

TEM was used to analyze the microstructure and the particle size of
different photo catalysts. TEM images in Figure 7. 2(a) displays the
homogeneous dispersion of CdS nano crystals in TiO, matrix with an
average particle size of 10-15 nm. The crystallite size calculated from
the XRD data by using Debye Scherrer method was found to be 8-10
nm. HRTEM image (Figure 7. 2b) of the TiO,-CdS10 composite
displays two types of lattice planes with interplanar distance 0.34 nm
(101 plane of TiO;) and 0.32 nm (111 plane of CdS) unequivocally
confirm excellent hybridization established between TiO, and CdS

nanoparticles in TiO,-CdS10 heterostructure photocatalyst.
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CdSo32

Figure 7. 2. TEM image of (a) TiO,-CdS10 and (b) HRTEM image
of TiO,-CdS10.

7. 2. 3. Raman Spectroscopy

Figure. 7. 3 shows the room temperature Raman spectra of TiO, and
Ti0,-CdS nanocrystals along with the spectra of CdS. According to
factor group analysis tetragonal anatase TiO, exhibits four Raman
active vibration modes A +Bi,+By,tE,. The peak at 144 cm’!

corresponds to E, mode and the peak at 396 cm’

is due to Bj,
vibration modes of anatase TiOz.28 The peak at 516 cm™ is resulted
from the B, and A;, modes of anatase TiO, and the Raman band at
639 cm™' can be attributed to E, vibration of anatase phase.”” Raman
spectra of CdS is dominated by well-defined broad peaks at 296, 593
and 890 cm™ which are ascribed to the first order longitudinal optic
(LO) vibration mode (E1), second order LO (E2) and third order LO of
CdS unit cell respectively.**>! Relatively broad band for CdS is due to
the reduced crystallinity of CdS phase as evidenced from the XRD

studies. Raman spectra of composite TiO,-CdS10 is dominant with its
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component phases, which shows excellent dispersion of CdS over TiO,

matrix.
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Figure 7. 3. Raman spectra of TiO;, TiO,-CdS10 and CdS
7. 2. 4. X-ray photoelectron spectroscopy (XPS)

Surface probe technique was used to determine the surface chemical
state and composition of the materials. As depicted in the survey XPS
spectrum in Figure 7. 4(a), the elemental composition on the surface
of the composite, Ti0,-CdS10 was found to be composed of Ti, Cd, S
and O elements. Peaks at 464.05 and 458.35 eV in Figure 7. 4(b) is the
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characteristic peaks corresponding to Ti2ps;, and Ti2py, binding
energies. The difference between the two peaks was found to be 5.7 eV
which is a characteristic of the abundance of Ti*" on the surface of the
catalyst.”> XPS spectrum in Figure 7. 4(c) at 529.6 ¢V is obtained
from Ols binding energy and the shoulder peak of Ols spectra is due
to the contribution from COs> species (530-531 eV) present in the low
temperature processed samples.*® Two sharp peaks observed in Figure
7. 4(d) at binding energies 405 and 412 eV can be assigned to Cd3ds,
and Cd3ds;, respectively. Moreover a spin orbit separation of 6.7
between these two peaks confirms the presence of Cd*" on the surface
of the material.** The doublet peak in Figure 7. 4(e) at 160.5 and 161.9
¢V indicates the presence of S* ions on the surface of the
heterostructure, which corresponds to S2p;, and S2p;. states.”* The
shoulder peak in S2p at 162-163 eV can be attributed to the
contribution from R-S-H groups at the surface of the TiO,-CdS
nanocomposite sample which is originated from the partial
decomposition of organic groups in the catalyst.***> XPS spectral data
further confirms the formation of heterostructure between TiO, and

CdS.
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Figure 7. 4. XPS spectra of TiO,-CdS10 nanocomposites: (a) The
whole survey spectrum; (b) Ti2p XPS spectrum; (¢) Ols XPS
spectrum; (d) Cd3d XPS spectrum and (e) S2p XPS spectrum.

7.2.5. BET Surface area

Photocatalytic activity of a material is greatly influenced by the change
in surface property of the material. BET-N, gas adsorption studies
were normally used for determining the surface area, and pore size
distribution of the solid materials. The N, adsorption-desorption
isotherms in Figure 7. 5 and BJH pore-size distribution curves of
different catalyst materials were given as inset of Figure 7. 5. BET
surface area, pore sizes and pore volumes were summarized in Table

7. 1. Adsorption isotherm indicates a type IV physisorption curve with
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H3 hysteresis loop, which is the characteristic feature of a mesoporous
material with pore size between 2-50 nm.’® It was observed from
Figure 7. 5 that compared to other samples, capillary condensation or
hysteresis closure was observed at low pressure region for CdS10 and
CdS. This difference in adsorption isotherms may be due to wide range
of pore size distribution in these samples as evident from inset Figure
7. 5. In addition to crystallinity and rate of electron-hole pair
recombination, surface area of the catalyst play a key role in
photocatalysis. It is clearly observable from Table 7. 1 that the surface
area of TiO,-CdS10 composite is greater than that of other catalysts.
The significant increase in photoactivity for TiO,-CdS10 was
attributed to its high surface area which can provide more reactive sites

during photodegradation.
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Figure 7. 5. BET N, adsorption isotherm of various catalysts and
the inset shows their pore size distribution curves.
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Table 7. 1. BET surface area and pore size measurements.

Catalyst BET surface Pore BJH desorption

area/m?g! volume/cm3g!  poresize/nm

Tio, 134 0.48 12.6
TiO,-Cds1 140 0.47 11.2
TiO,-CdS5 126 0.29 8.2

TiO,-CdS10 153 0.31 6.8

Cds 39 0.14 114

7. 2. 6. UV-Visible Absorption Spectra and Tauc Plot

UV-visible absorption spectra and the Tauc plot of all samples were
given in Figure 7. 6. Two distinct absorption edges possessed by the
composite samples strongly support the sensitization of TiO, by the
chromaphoric CdS semiconductor. It can be seen from Figure 7. 6(a)
that the light absorption capability of bare TiO; is limited to ultraviolet
region due to its wide band gap (3.24 eV) and the band edge is around
400 nm. While introducing the CdS phase in TiO; the light absorption
shifted to visible light due to the influence of narrow band gap CdS
which act as a sensitizer to harvest visible region of the spectra. The
light absorption of the composites; CdS1, CdS5, CdS10 were shifted to
405, 565 and 574 nm which corresponds to a band gap of 3.20, 2.15
and 2.12 eV respectively (Figure 7. 6b).
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Figure 7. 6. (a) UV-visible absorption spectra and (b) Tauc plot of
the catalyst samples.

7.2.7. Photoluminescence spectra

Photoluminescence (PL) spectroscopy is a powerful technique to
determine the fate of photo excited charge carriers in semiconductors.®’
To correlate the photocatalytic efficiency with the charge separation
efficiency of the catalysts, fluorescence quenching of the materials
where analyzed at an excitation wavelength of 280 nm (Figure. 7. 7).
The obtained peak at 573 nm for all the samples arises due to the
recombination of excited charge carriers at the band edge.*® Compared
to other samples PL intensity is weaker for TiO,-CdS10, this lower
intensity is ascribed to the lower rate of electron-hole recombination
and effective separation of charge carriers in this particular system.*’
Photocatalytic study showed that among the studied samples, TiO»-
CdS10 exhibit greater photocatalytic efficiency and the results are in
agreement with the fluorescence quenching data. Even though the PL

intensity of bare TiO, is very low, the photocatalytic efficiency was
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found to lesser than TiO,-CdS10 because of the reduced surface area

possessed by bare TiO, catalyst as described in Table 7. 1.

PL intensity

Wavelength (nm)

Figure. 7. 7. Photoluminescence (PL) Spectra of the various
catalysts.

7. 2. 8 Photocatalysis

The degradation curve, C/Co Vs time of MO degradation in presence of
various catalysts is shown in Figure 7. 8(a). TiO,-CdS10 nano hybrid
systems have exhibited an excellent catalytic activity among the
various catalysts and almost complete degradation of the dye solution
was occurred in 40 minutes of sunlight illumination. The
photocatalytic results are in agreement with fluorescence spectral
studies. PL results show a decrease in intensity for the particular hybrid
material TiO,-CdS10 which indicates an effective charge transfer

between the two phases.
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Dye degradation kinetics obeys Langmuir-Hinshelwood first order
equation /n (Co/C)=kt, where Co and C are the concentrations of the
dye solutions before and after exposure to sunlight. Slope of the
straight line obtained by plotting /n (Co/C) Vs time t gives the value of
k (min™). Calculated rate constant of the disintegration reaction for
different catalytic reactions are arranged as bar diagram in Figure 7.
8(b). The rate of the reaction is dramatically enhanced by
incorporating 10 wt% CdS nano crystals in anatase TiO, (TiO»-
CdS10). Highest rate constant of 2.8x102 min™', which is about 3.5
times that of bare TiO, unequivocally supports the superior catalytic

performance of 10 wt % CdS sensitized TiO, nano heterostructure

photocatalyst.
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Figure 7. 8. (a) Photodegradation curve and (b) First order rate
constant (k, min'l) value of methyl orange degradation in presence
of TiO,, TiO,-CdS1, TiO,-CdS5, TiO,-CdS10 and CdS.
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7. 2. 9. Mechanism for MO degradation in presence of CdS

sensitized TiO;

Based on the above results and discussions, a plausible mechanism was
proposed for the sunlight driven photo catalytic degradation of MO dye
over TiO,-CdS nano heterostructure photo catalyst. As depicted in
scheme 7 .1, on illumination with solar radiation, electrons were
ejected from the VB to CB of CdS due to its narrow energy gap of
around 2.2 eV. Since the CB of CdS is about 0.5 eV more positive
than the conduction band (CB) of TiO,, photogenerated electrons are
transferred from the CB of CdS to that of TiO, whereas the valence
band (VB) of CdS acts as hole centers.”® This charge delocalization
remarkably reduces the rate of electron-hole recombination and
thereby facilitates oxidation-reduction process. The CB electrons are
trapped by O, to form reactive oxygen species (0O27) and H,O,. These
intermediates react together to form hydroxyl radical (OH') which is a
powerful oxidizing agent capable of degrading dissolved organic

40-44

pollutants. The possible reactions for the photocatalytic MO

degradation are given as follows:

TiO,/CdS + hy (visible) = e’ cg+h'yg
ecgt 0, 20;,"

h'yg+ OH = OH

0,”+2H"+ 2¢" 2 0,+H,0,

0,”+ H,0 >H,0 + OH"

H,O" + H,0 = H,0, + OH

H,0, > 20H"

OH' + MO dye > CO,+ H,0
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Scheme 7. 1. Schematic illustration of the mechanism of sunlight
driven photocatalysis.

7. 3. Conclusions

In summary, nano crystalline TiO,-CdS nano-hybrid systems were
synthesized by hydrothermal method and the visible light absorption
capability of the bare TiO, nanoparticles were found to be dramatically
improved by CdS incorporation. XRD, Raman studies and TEM
analysis strongly supported the coupling between two heterogeneous
phases. Among the synthesized catalysts, TiO, assembled with 10 wt%
CdS (TiO,-CdS10) shows excellent sunlight driven photocatalytic
activity towards the degradation of methyl orange, with a degradation
rate of 2.8x102 min™', which is about 3.5 times faster than that of bare
Ti10,. From the fluorescence quenching studies and BET results, it can
be concluded that the effective charge separation efficiency, high
surface area and the synergetic action of all these factors are

responsible for the remarkable enhancement in the photocatalytic
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activity of TiO,-CdS10 photocatalyst. The present work may be a good
reference for the development of sunlight harvesting nano
heterostructured photocatalytic materials for energy and environmental

applications.
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8. 1. Overall Conclusions

The population explosion and industrial revolution have a direct
consequence on energy crisis and environmental pollution. A clean
energy and a green environment are inevitable for the sustainable
development of the society.' Keeping this aspect, the objectives of the
present thesis work have divided in to energy objectives and
environmental objectives. The aim of the present research was to
develop nano semiconductor hybrid materials that can be employed in
energy applications as supercapacitor electrodes and/or environmental
remediation applications as photocatalyst and adsorbent materials.
Graphitic carbon nitride (g-CsN4), TiO,, Fe,O; based nano-hetero
structures were selected for the investigations. Chapter 1 of the thesis
deals with the introduction and literature reviews. The experimental
methods and the characterization techniques adopted were discussed in
Chapter 2. The major findings of the research works were included in

Chapter 3 to Chapter 7.

146



In Chapter 3, attempts were made to improve the electrochemical
properties of 2D graphitic carbon nitride (g-C3N4) by suitable addition
of 1D TiO; nanotubes to develop g-C3N4/TiO, nano hybrid materials.
The different composition of the materials were prepared by keeping g-
CsNy4/ TiO; ratio as 1:0, 1:1, 1:2, 1:4. The composite sample with 1:4
compositions has shown excellent electrochemical properties than the
other samples with a specific capacitance of 79.62 F g’ which is much

higher than the specific capacitance of bare g-C3;Ny electrode (50.22 F
-1
g).

In Chapter 4, pseudocapaitive metal oxide nanoparticles(MnO, and
SnO,) were introduced in to the 2D layers of g-C;N4 and fabricated
heterostructures of g-C;N4/MnO, and g-C;N4/SnO,. The materials
were employed as electrodes in symmetric supercapacitor devices and
the properties were compared with bare g-CsNi. g-C3N4/MnO,
electrode exhibited specific capacitance (Csp) of 174 Fg' which is
higher than the Csp of g-C3N4/SnO, (64 Fg™) and g-C3N, (50 Fg). At
a constant power density of 1 kWkg' the symmetric supercapacitors
based on g-C3;Ny4, g-C3N4/Sn0O,, and g-C3N4/MnO; electrodes exhibited
energy densities of 6.9, 8.8 and 24.1 Whkg™' respectively.

In Chapter 5, pseudocapacitive Co3;O4 and CuO nanoparticles were
anchored on the surface of g-C3N4 by direct precipitation method. g-
C3N4/Co304 and g-C3N4/CuO nano hybrid materials were used as a
cost effective electrodes in symmetric supercapacitor devices. The
electrochemical performance of g-CsNs have shown significant
enhancement by coupling with Co3;O4 and CuO with a specific

capacitance of 201 Fg'1 and 95 Fg'1 for g-C3N4/Co304 and g-C3;N4/CuO
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composite materials respectively. The enhancement in electrochemical
properties in composite sample can be attributed to the presence of
pseudocapacitive phases. The g-C3N4/Co304 exhibited a cyclic stability
of 97 % even after 6000 cycles with an energy density of 27.9 Whkg™.

In Chapter 6, Fe,Os@carbon nano-hetero structures were prepared
from discarded razor blades and glucose solution via hydrothermal
method by considering the concept of ‘regenerative economy’. The
material was used as electrode in symmetric supercapacitor device and
also as an adsorbent for the removal of oil-spills from water. At a
constant current density of 1 Ag'; the Fe,Osz@carbon electrode
exhibited a highest specific capacitance of 285.6 Fg" which is almost
two-fold the specific capacitance of the as-synthesized Fe,O; sample
(122.7 Fg). At a constant power density of 1 kWkg', Fe,O; and
Fe,Os@carbon samples have the energy density values of 22.52 Whkg”
'and 37.88 Whkg™', respectively.

In Chapter 7, attempts were made to enhance the sunlight absorption
capability of TiO; by fabricating a nano hetero structure with low band
gap cadmium sulphide (CdS). Different weight percentage (0, 1, 2 and
10) of CdS was introduced into TiO, matrix via hydrothermal method.
The light absorption of TiO, get shifted from UV region to visible
region of the solar spectrum due to the presence of CdS nanoparticles.
The photocatalytic activity of TiO, loaded with 10 weight percentage
of CdS (TiO,-CdS10) have shown excellent photocatalytic activity for
the degradation of methyl orange dye. The degradation rate of the

active material was found to be 2.8x10” min™' which is about 3.5 times
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faster than the rate of bare TiO, catalyst. The photoactivity results are

in good agreement with BET and PL spectral studies.
8. 2. Future Outlook

The innovations in the area of new advanced materials for renewable
energy conversion, storage and also for environmental remediation is
moving forward at a faster rate.” A massive research in newer and
newer functional materials is needed for the sustainable development
of the society with a very low carbon footprint.®> The present research
work may be a reference for the material scientists working in the area
of functional materials for energy storage and environmental cleaning
applications. The current research work may lead the way for the

evolution of the following areas of research.

1. Development of composite materials based on g-CsN4 and
MoS; (conducting and semiconducting) for energy storage and

H; evolution applications.

2. Enhancing the conductivity of g-C3Ns by incorporating
activated carbon (derived from natural source) for

supercapacitor applications.

3. Fabrication of new electrode materials based on carbon
allotropes and micro fibrillated cellulose (MFC) for energy

storage applications.
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Abstract

Herein, we report the synthesis of a hybrid nanocomposite containing one dimensional (1D) TiO, nanotube supported over
a two dimensional (2D) network of conducting graphitic carbon nitride (g-C5N,) nanosheets by a facile hydrothermal strat-
egy. Symmetric supercapacitors based on the hybrid composite electrodes were fabricated and their electrochemical energy
storage performances were evaluated and the results were compared with individual component based supercapacitors. The
symmetric supercapacitor based on the composite with 1:4 weight ratios of TiO, and g-C;N, exhibited a remarkable increase
in the specific capacitance in comparison with the individual components. The improvement in electrochemical behavior
of the composite sample was attributed to the increase in surface area of the composite due to the spacer effect of titania

nanotubes in the 2D g-C;N, nanosheets.

1 Introduction

In the event of the glaring problem of depletion of conven-
tional non renewable energy sources staring at us in the eye,
not to mention the huge amounts of pollution caused by such
sources, the question of global energy demand for a clean
and abundant energy source needs to be solved and requires
an imminent solution. With solar energy being at present
the best promising alternative, the problem associated with
this technology that of storing the energy harvested requires
urgent and detailed attention. It is due to this, energy stor-
age devices such as supercapacitors hold the present day
researcher’s interest. Supercapacitors store energy by incor-
porating high surface area electrodes and thinner dielectrics
rather than chemicals, unlike conventional batteries, and has
been considered as an alternative power source because of
their durability and ability to charge and discharge within
a short period of time [1-3]. Transition metal oxide based
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pseudocapacitors which store energy via faradaic mecha-
nism are having superior electrochemical capacitance as
compared to the carbon based electrical double layer capaci-
tor, as in the latter, the capacitance purely depends on the
limited accumulation of charge at electrode—electrolyte
interface [4-9]. So far reported successful candidates among
the various metal oxides used in supercapacitors, like the
ruthenium oxides, has the disadvantage of being expensive
and are also toxic [10]. Among the low-cost transition metal
oxides, TiO, nanotubes (TNT) has shown promise in elec-
trochemical applications recently [5]. TiO, holds particular
interest due to its environmentally benign chemical nature,
stability and low cost [11-14]. Ramadoss et al. reported the
use of TiO, nanorod arrays prepared on the fluorine doped
tin oxide substrates using a facile hydrothermal method and
the nanostructures were employed as the electrode mate-
rials for supercapacitors with a specific capacitance of f
85 UF cm™2 at a scan rate of 5 Mv s™! in the three electrode
configuration [15]. Zhou et al. reported the fabrication of
supercapacitor electrode using three-dimensional (3D) nano-
porous hydrogenated TiO, network film on titanium sub-
strate by a controllable method, exhibiting a specific capaci-
tance of 1.07 mF cm™ at a scanrate of 50 mV s~ in the three
electrode configuration [16]. Unfortunately, specific capaci-
tance of TiO, nanotube supercapacitors are very small and it
drops continuously on increasing the scan rate due to its low
electrochemical activity and poor conductivity [17-19]. In
order to overcome these limitations, several attempts have

@ Springer
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Carbon materials with layered structures with their unique surface area and charge transport properties
have been attracting significant attention as electrode materials in renewable energy storage devices.
The rapid agglomeration of layered materials during electrochemical processes reduces their shelf life
and specific capacitance, which can be prevented by the introduction of suitable spacers between the
layers. Herein, we report the electrochemical performance of MnO, and SnO, metal oxide spacers
incorporated layered graphitic carbon nitride g-C3N4 in a symmetric two electrode configuration. The
as-prepared g-C3N4/MnO; and g-C3N4/SnO, hybrid nanocomposites act as efficient electrode materials
for symmetric supercapacitors. The performance of the electrode materials is compared with that of
bare g-CsN4. A remarkable increase in specific capacitance was obtained for the g-CzN4/MnO,
composite electrode (174 F g%) when compared to the bare g-CsN, electrode (50 F g™%) and g-CsNa/
SnO, electrode (64 F g™%). At a constant power density of 1 kW kg~ the symmetric supercapacitors
based on g-C3N4, g-C3N4/SnO,, and g-C3sN4/MnO, electrodes exhibited energy densities of 6.9, 8.8 and
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1. Introduction

The storage of renewable energy and its release upon demand
has been a significant technological matter of contention in
recent years."” Lithium-ion (Li-ion) batteries have been
successful for the storage of renewable energy with high energy
density.>* However, next generation hybrid vehicles, regenera-
tive braking systems, and high power electronic devices
demand high power density, large cycle life, and remarkably
high safety and low cost. Supercapacitors have been widely
employed as an alternative or in support of Li-ion batteries to
address these demands.® Supercapacitors possess much
higher power density, excellent cycle stability, a wide tempera-
ture range of performance, intrinsically safe charge storage
mechanism and they can be charged and discharged in
seconds.”® Supercapacitors store charges either non-
faradaically (EDLC capacitors) or faradaically
(pseudocapacitors).®

Nanocarbon materials such as activated carbon, carbon
nanotubes, reduced graphene oxide and graphene oxide are
widely used as electrode materials in EDLCs due to their high
surface area and electronic conductivity.’* Nitrogen or sulphur

“Department of Chemistry, University of Calicut, Kerala, India-673635. E-mail:
rakhiraghavanbaby@niist.res.in
*Chemical and Technology Division, CSIR-National Institute of
Interdisciplinary Sciences (CSIR-NIST), Thiruvananthapuram, 695019, Kerala,
India. E-mail: pperiyat@uoc.ac.in
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doping in carbon-based materials is usually carried out to
increase the wettability of the electrode surface with the elec-
trolyte.”*> However, nonmetal doping creates chemical inho-
mogeneity and thereby reduces the shelf life of the electrode
material.

Graphitic carbon nitride g-C3N, has emerged as an alterna-
tive for purely carbon-based EDLC electrode materials owing to
its low cost, chemical and mechanical stability and intrinsically
high nitrogen content.” The lone pair of electrons present in
the N atom of the ring structure of g-C3N, induces more polarity
in the molecule and enhances the wettability and the charge
carrier mobility of the material.**

Bulk g-C3N, exhibits a very low EDLC specific capacitance of
71 F ¢7' and 81 F g at a current density of 0.5 A g”* and
0.2 A g ! respectively due to its inherently low specific surface
area and conductivity."> Reports suggest that the electro-
chemical properties of bulk g-C;N, can be enhanced dramati-
cally by the incorporation of pseudocapacitive phases into the
matrix of bare g-C;N, which will facilitate the charge transport
by a synergistic effect between faradaic and non-faradaic
processes of electron transport.*>**

Transition metal oxides (TMOs) such as, RuO,, MnO,, V,0s,
TiO,, SnO, etc. and Prussian blue (PB) are widely used as
pseudocapacitive electrode materials. An ultralong V,0s@-
conducting polypyrrole composite exhibited enhanced super-
capacitor performance along with superior rate capability and
improved cycling stability.'* A challenging fabrication tech-
nique was reported on the synthesis of PB and its analogues

This journal is © The Royal Society of Chemistry 2018
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Fe,Os@carbon core-shell nanoparticles were prepared via hydrothermal carbonization method by using dis-
carded razor blade and glucose solution as precursors. The material was employed as electrode in symmetric
supercapacitor device. At a constant current density of 1Ag~?; the Fe,Os@carbon samples exhibit a highest
specific capacitance of 285.6 F g~* which is almost two-fold the specific capacitance of the as-synthesized Iron
oxide sample (122.7 Fg™1). At a constant power density of 1 kW kg™ !, Iron oxide and Fe,Os@carbon samples
have the energy density values of 22.52 Whkg ™! and 37.88 Whkg ~!, respectively. The Fe,O3@carbon sample

has also been applied for the removal of oil from an artificial oil spill. One gram of the material is capable of the
instantaneous removal of 5 g of oil from the spillage with the assistance of an external magnet.

1. Introduction

The industrialization and the population explosion have to lead to
an unparallel explosion and diversity in the generation of waste mate-
rials. The waste management demands an immediate and scientific
approach for socio-economic development and environmental protec-
tion. The concept of “closed economy production model” or re-
generative economy contemplates the garbages as the resource that
promotes a novel and sustainable developmental strategy by mini-
mizing the landfills [1]. Closed economy minimizes the environmental
pollution and depletion of resources by reducing, reusing and recycling
of the waste material. Clean energy technology and a clean environ-
ment are inevitable for the sustainable development of society [2].
Since last few decades, the researchers and policymakers have been
searching for functional materials that can be used for the renewable
energy conversion, storage and simultaneously for environmental re-
mediation.

In recent years, supercapacitors have been received increasing in-
terest in energy storage technology owing to its superior electro-
chemical properties than the conventional batteries [3,4]. As evidenced
from the ‘Ragon-plot’ supercapacitors provide much higher power
density than conventional batteries and energy density than dielectric
capacitors. Supercapacitor technology has been explored tremendously
as an environmentally benign energy resource in recent years surely
due to the development of a wide range of nanostructured materials

* Corresponding authors.

from researchers all over the world [5]. Recently attempts were re-
ported to fabricate supercapacitor electrodes from waste materials as a
green approach to attain the global goal of sustainable development.
Garbages such as tires, biomass, plastic wastes were used as the pro-
spective source of activated carbon for supercapacitor applications
[6-9]. However, to the best our knowledge, there are no reports for the
fabrication of nanosemiconductor hybrid materials from discarded
materials with multifunctional utility in energy storage and environ-
mental applications.

The contamination of water by different chemical substances is one
of the lethal issues faced around the globe. Among the various con-
taminants, oil spills generated from damaged pipelines, tankers, and
rigs are considered as the one of the worst environmental concern
caused by human activity. Oil spills are known to cause severe long-
term damages to the aquatic environment by which the entire aquatic
ecosystem gets destabilized [10]. The conventional methods for the
clean-up process such as skimming, hot water spraying and burning
cause damage to the aquatic organisms. Due to the simplicity in ap-
plication, the organophilic sorbent materials like organic polymers,
zeolites, and graphenes have received considerable attention recently.
To make the process viable, large quantities of oil have to be removed
from the spillage quite instantaneously using a low-cost sorbent. The
most common strategy is to employ magnetic adsorbents which can
instantaneously remove oil from spills utilizing the hydrophobic inter-
actions with oil molecules followed by magnetic separation [11].
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Sunlight harvesting nano heterostructure materials with excellent photocatalytic activity has received
considerable attention in recent years. Here we meticulously investigated the effect of CdS nano crystal
loading on the light absorption capacity and the photocatalytic activity of TiO, nanomaterials by assem-
bling TiO,-CdS heterostructures. A distinct heterostructure was established in the presently reported
hybrid system with 10 wt% CdS incorporation into TiO, and the photocatalytic study showed that TiO,-
CdS10 has 3.5 times higher catalytic activity than bare TiO,. This superior photocatalytic performance
is attributed to the excellent light absorption, high surface area and the slow rate of recombination of
photogenerated charge carriers of TiO,-CdS10 hetero structures. A mechanism was also proposed for the

cds CdS sensitized sunlight driven photocatalytic degradation of methyl orange dye in presence of CdS-TiO,

TiO, nano heterostructure.

© 2018 Published by Elsevier B.V.

1. Introduction

TiO, based heterogeneous catalysis becomes an efficient tech-
nique for the photocatalytic oxidative removal of dissolved organic
and inorganic contaminants in water due to its cost effective-
ness, and the distinctive photocatalytic activity [1-4]. It is the
bandgap energy of TiO; (3.2 eV) that limits its application as solar
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harvesting photocatalyst [5,6]. Visible light response of TiO, has
been modified by various approaches such as metal and nonmetal
doping in an attempt to tailor the band gap [7,8], photosensi-
tization by anchoring organic chromospheres [9] etc. In recent
years heterojunction photocatalyst fabrication via hybridizing TiO,
with suitable narrow band gap semiconductors such as CdS, Cu,0,
ZnO0, etc. had received considerable attention among the scientific
community due to its excellent light absorption ability, improved
photocatalysis and also photo stability [10-12].
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g-C3Ny with plenty of lone pair electrons on the two dimensional (2D) lamellar structures have
attracted remarkable attention as an electrical double layer (EDLC) supercapacitor electrodes due
to their surface polarity and wettability with electrolyte molecule. However, the agglomeration of
the exfoliated g-C3N, sheets during the electrochemical process curtails their accessible electroactive
surface area so that specific capacitance get reduces considerably. Here in for the first time in the
literature, we report a 2D nanohybrid structure of g-C3N4/MoS, having attractive electrochemical
properties than bare g-CsN; and MoS,, owing to the wonderful flower shaped morphology of
the synthesized pseudocapacitive semiconducting MoS, phase which acts as spacers in between
the layers of g-C3N,. The specific capacitance of bare g-C3N4 and MoS,is 10 Fg~! and 14 Fg~!
respectively however hybrid material g-C3N4/MoS; exhibits a specific capacitance value of 45.5 Fg~!.
This remarkable hike in specific capacitance can be attributed to the synergistic effect of both faradaic
and non-faradaic process of energy storage.

© 2019 Published by Elsevier B.V.

1. Introduction energy storage has been a bottleneck in the renewable energy

market and there is a global search for technically viable en-

As the demand for renewable energy sources for fulfilling the
future energy needs of the world is urgently on the rise, the
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ergy storage devices. Although Lithium-ion batteries have been
used as an excellent energy storage device it is unsuitable for
catering the huge power needs of modern electronic devices
and hybrid vehicles [1,2]. The development of novel materials
with high energy density as batteries and power densities as
supercapacitors is the present-day challenge among the scientific
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The effect of conducting polymer matrix, polyaniline (PANI) on the photocorrosion and photochemical activities
of Black Anatase Titania (BAT) has been systematically investigated. PANI-BAT composite has been fabricated by
a modified hydrothermal method and successive in situ polymerization of aniline. This hybrid material has
shown excellent photo catalytic activity than BAT under visible light. The rate constant value of dye degradation
in presence of the PANI-BAT composite was found 2.4 x 102 min

~!, which is 1.5 times greater than that of the

commercially available photocatalyst Degussa P25 and BAT. The study unveils the strong correlation between
electrochemical impedance measurements and the photochemical results.

1. Introduction

Coloured semiconductors with defective structure have been pio-
neered as a promising material for enhanced solar absorption, photo-
activity and hydrogen generation owing to its narrow band gap energy
(Chen et al., 2011; Zheng et al., 2015a, 2015b; Zhu et al., 2014; Qiu
et al., 2014). Recently TiO,., nanoparticles with black colour that are
capable of absorbing IR radiation in addition to UV and Visible radia-
tion have attracted the energy and environmental scientists to develop
such material with crowning properties for various applications (Chen
et al., 2011; Ullattil and Periyat, 2017; Zheng et al., 2015a, 2015b;
Wang et al., 2016). A defective black material arises due to destruction
in the periodicity of the lattice. These imperfections are formed due to
the band tailing created by oxygen vacancies (Vo) and surface hydro-
genation. Such defects are also responsible for the narrowed band gap
energy in TiO,.x (Chen et al., 2015; Qingli et al., 2015). However, the
higher probability of photo excited electron-hole recombination is an
innate shortcoming of tapered band gap semiconductors that limits
their practical utilization. Attempts have been made to overcome this
photocorrosion effect in wide band gap semiconductors using various
methods such as metal doping, non-metal doping (Khan and Berk,
2014; Pelaez et al., 2012; Asahi et al., 2001; Chen and Burda, 2008),
heterojunction catalysis based on narrow band gap semiconductors
(Kalithasan et al., 2017; Suyana et al., 2016; Bessekhouad et al., 2005)
and 7 conjugated conducting polymer matrices (Ghosh et al., 2015;
Zhang and Wan, 2003). Among the conducting polymers poly aniline
(PANI) is a popular candidate because of its easy fabrication, cost ef-
fectiveness and environmental stability (Syed and Dinesan, 1991)
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besides its excellent charge transport properties along with the p-type
semiconducting nature (Shirota and Kageyama, 2007; Min et al., 2007;
Chen et al., 2016; Zhang et al., 2008). Herein for the first time we report
the polyaniline black TiO, (PANI-BAT) composite with improved pho-
toactivity than black TiO, and Degussa P25. The electrochemical
characteristics of the materials were determined in order to analyze the
electron transport properties and these results were in correct agree-
ment with the photocatalytic performance of the PANI-BAT nano
composite.

2. Experimental
2.1. Preparation of black TiO, (BAT)

Black anatase titania (BAT) nanoparticles were synthesized by a
modified hydrothermal method using titanium tertiary butoxide (Sigma
Aldrich), 2-propanol (Merck) and manganese acetate (Merck) as the
only precursors (Ullattil and Periyat, 2015). In a typical experiment
0.2 M Titania precursor was dissolved in 2-propanol with continuous
stirring. 0.02 M solution of manganese acetate in 50 ml hydrogen per-
oxide was added dropwise to the above solution for simultaneous
doping and hydrolysis. Stirring was continued for another 2 h and the
solution was transferred to 100 ml stainless steel autoclave and kept at
a temperature of 160 °C for 24 h. The grey colored sol so obtained was
calcined at 250 °C for 1 h and the resulting black TiO, nanoparticles
were washed with ethyl alcohol and acetone.
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A sol-solvothermal synthetic strategy has been designed and executed for the preparation of black TiO,
nanoparticles and has been implemented as photoanode in dye sensitized solar cell (DSSC) for the first
time. As synthesized yellow anatase titania (YAT) possessed visible light absorption and the black anatase
titania (BAT) exhibited a longer wavelength absorption even at the IR region of the solar spectrum. These

visible light absorbing YAT and the IR absorbing BAT nanoparticles have been employed as photoanode in
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Sol-solvothermal strategy
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DSsC

EIS

dye sensitized solar cell (DSSC) and performance have been compared with DSSC fabricated using com-
mercially available titania, P25. Distinctly, the efficiency of the IR absorbing black anatase TiO, has been
found 50% greater than the yellow anatase TiO, (YAT) and 79% greater than the commercially available

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

One of the most investigated material TiO, has made wonders
in wide variety of applications such as in photocatalysis
(Schneider et al., 2014), self-cleaning devices (Banerjee et al.,
2015), electrochromic displays (Periyat et al., 2010), supercapaci-
tors (Kim et al.,, 2013) and in dye sensitized solar cells (Ullattil
and Periyat, 2017). Among these striking applications of TiO,, as
a photoanode in DSSC have found impetus in enhancing the solar
to electrical energy conversion by utilizing the solar energy
(Mohamed and Rohani, 2011). The solar spectrum consists of 5%
of UV (200-400 nm), 43% of visible light (400-700 nm) and 52%
of IR (700-2500 nm) energy (Ullattil and Periyat, 2015). Due to
the wide band gap energy of anatase TiO, (3.2 eV) the utilization
of solar spectrum has limited to the UV region wavelength
(<388 nm) Periyat et al., 2016. Thus extending its absorption cut-
off and thereby inducing maximum absorption have been intro-
duced by metal doping and non-metal doping (Daghrir et al.,
2013; Chen and Burda, 2008). However, still the visible light
absorption has only been achieved and the higher wavelength
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absorption viz the IR absorption remained as a challenge to the
contemporary science.

Nowadays colored materials have got supreme importance in
the area of light harvesting (Tan et al., 2014). If a materials is col-
ored it can obviously absorb energy from the visible region of the
solar spectrum. In this way yellow (Sakthivel et al., 2004), blue
(Qiuetal., 2014) and red (Liu et al., 2012). TiO, materials have been
synthesized and were found highly light responsive for harvesting
the visible light energy. A black colored material can utilize maxi-
mum solar energy since its absorption onset lies in the IR region. As
we all know TiO, is the most investigated materials because of its
tremendous photoactivity, the discovery of black TiO, by Chen
et al. led the researchers towards facile strategies for the synthesis
of black TiO, nanomaterial that can culminate the maximum effi-
ciency as a sunlight harvester (Chen et al., 2011). To date, black
TiO, nanostructures with wide area absorption have been synthe-
sized by hydrogenation (Leshuk et al., 1892), pulsed laser ablation
(Chen et al., 2015), sol-microwave treatment (Ullattil and Periyat,
2015), one pot gel combustion (Ullattil and Periyat, 2016), etc.
and have been used in photocatalysis (Xin et al., 2015), self-
cleaning (Kim et al., 2016), Li ion batteries (Eom et al., 2015), super
capacitors (Zhi et al., 2016) and in photothermal therapy (Ren
et al., 2015). Among the two synthetic strategies one pot gel com-
bustion (Ullattil and Periyat, 2016) and sol-microwave treatment
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ABSTRACT: Sodium-ion hybrid capacitors are attracting
great attention and are emerging as promising energy storage
devices, with their remarkable footsteps in energy and power
densities. However, the development of efficient electrode
materials that result in a minimum trade-off between their
energy and power densities, and that allow long-term cycling
stability, still remains a challenge for realizing their full
potential as an alternate energy storage system for commercial
applications. Herein, for the first time, we study the sodium-
ion intercalation pseudocapacitance behavior of brown TiO,
nanotubes for their application as an efficient anode material
for Na-ion hybrid capacitors. We synthesized semicrystalline
and crystalline anatase brown TiO, nanotubes, aggregated in a

1
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flowerlike morphology, through a hydrothermal route, and performed detailed electrochemical studies. The kinetic studies reveal
that semicrystalline brown TiO, exhibits a Na-ion intercalation pseudocapacitive behavior with 57% of capacitive storage at 1.0
mV s, whereas crystalline brown TiO, is more faradaic in nature. Further, hybrid Na-ion capacitors are fabricated with brown
TiO, materials as an anode and activated carbon as a cathode, and the fabricated device showed an excellent electrochemical
performance with a high energy density of ~68 Wh kg™" and a high power density of ~12.5 kW kg™' and with a good cycling
stability up to 10000 cycles with ~80% capacitive retention. The obtained results represent a promising approach toward

developing efficient electrodes for hybrid Na-ion capacitors.

KEYWORDS: Energy storage, Semicrystalline brown TiO, nanotubes, Pseudocapacitance, Hybrid sodium-ion capacitor

H INTRODUCTION

Energy is one of the biggest challenges of this century, and with
the development of renewable energy sources, tremendous
efforts are being devoted to design efficient energy storage
systems. Electrochemical storage of energy by using batteries
and supercapacitors is a mature technology; however, this
approach still needs improvement in terms of energy and power
densities and long-term cycling stability." ™ The concept of
hybrid Li/Na-ion capacitors that combine the virtue of faradaic
and double layer processes is quite promising and results in an
improved electrochemical performance in terms of both energy
and power densities. Amatucci et al.” integrated the high surface
area carbonaceous material as a cathode and the crystalline Li-
intercalating material as an anode in a Li-based nonaqueous
electrolyte. Here the cathode provides a high power density by
virtue of the double layer capacitive behavior, while the
intercalation behavior of the anode results in a higher energy
density. Such a hybrid energy storage device achieves a higher
energy density than a supercapacitor and achieves a higher

ACS Publication © 2018 American Chemical Society 5401
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power density than a lithium-ion battery (LIB), thus placing it
at the upper right position in the Ragone plot.”~’

With the ongoing thrust on sodium chemistry, owing to their
huge abundance over lithium and similar electrochemical
property with that of lithium,*™'" the hybrid ion capacitor
based on a Na-ion intercalation/redox anode electrode with a
double layer capacitive cathode is gaining increasing interest
among the energy storage research community.'' ™' Several
sodium-based oxide materials have been initially studied for a
Na-ion battery, expecting a direct translation of lithium
chemistry. However, developing efficient sodium storage
materials for the development of high performance Na-ion
capacitor systems still remains a challenge. Though hard
carbonaceous materials are reported to be a decent anode
candidate, its random structure inhibits the Na-insertion
capacity at high rates."” Several conversions as well as alloying
electrodes, for example, tin- and antimony-based materials, have
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