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Abstract
This work concerns with the synthesis, characterization and applications of nano
structured materials in the field of supercapacitor applications, for better photocatalytic
applications and for efficient drug delivery carriers as given below.
In the first part of this research work, nanocomposites of carbon based materials like
carbon dots, multiwall carbon nanotubes and graphene oxide were prepared and their
electrochemical studies were carried out to find out their supuercapacitive behavior.
Second part of this work focuses on the preparation of nanocomposite materials for better
photocatalytic applications. I propose a physical assembling method to deposit Ce-/Scodoped TiO2 nanoparticles (NPs) on water-soluble sulfonated graphene (SGE), which
guarantees a direct contact and satisfactory electron transfer between semiconductor and
graphene. This promoted performance can be attributed to the synergistic effects of Ceand S- codoping toward TiO2 and the composite action between TiO2 NPs and SGE.
Third part of this work comprises of the synthesis of reversibly cross-linked polymercoated mesoporous silica nanoparticles (MSNs) by a versatile one-pot strategy via surface
reversible addition–fragmentation chain transfer (RAFT) polymerization. The more
reactive cross-linker N,N′-cystaminebismethacrylamide (CBMA) and the less reactive
monomer oligo (ethylene glycol) acrylate (OEGA) are chosen to be copolymerized on the
external surfaces of RAFT agent-functionalized MSNs to form the cross-linked polymer
shells. As disulfide bonds show the reversible cleavage and restoration property via
reduction/oxidation reactions, the polymer shells can control and regulate the drug loading
and release by the on/off switching of the nanopores. The release of doxorubicin (DOX)
from the resulting drug carrier is realized by redox-responsive method. The protein
adsorption, in vitro cytotoxicity assays and endocytosis studies demonstrate that this
biocompatible vehicle is a potential candidate for delivering drugs.
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Chapter 1

Introduction

Chapter 1
Introduction
This chapter contains literature analysis and the current eminence of supercapacitor
research. The importance and application of current research related to electrochemical
devices has also been explored. The detailed discussion of the energy storage
mechanism in electrochemical capacitors has been described. Moreover, in order to
meet the current challenges in the performance and commercialization of the
electrochemical capacitor, the need and importance of different electrode materials has
also been investigated.

1.1.

Introduction
The growing global energy crisis over the past two decades is due to the high rate

of materials depletion of natural resources and severe ecological and environmental
concerns based on the consumption of fossil fuels has triggered the keen concern in the
progress of substitute for energy production. The critical role of high power energy in
energy storage devices related applications made it indispensable to meet the future
energy necessities by looking into the alternative options for reliable low cost.
The electrical energy storage devices which are most commonly used are
supercapacitors, fuel cells and batteries. The storage mechanism of electrical energy
and delivery mechanism in batteries and fuel cells depends on the transformation of
chemical energy into electrical energy. Unlike batteries, storage mechanism of energy
in supercapacitors also called electrochemical capacitor (EC) depends on the interface
of the electrode and electrolytes at which the formation of electric double layers takes
place. Comparison among the energy storage devices can be well understood by
examining the power density as well as the energy density of the devices as described
in Figure 1.1 as ragone plot [1].
Up to date there are three main types of capacitors that are widely known as; i)
Electrostatic capacitor ii) Electrolytic capacitor and iii) Electrochemical capacitor (EC).
All types of capacitors perform the basic common function to store stationary electrical
energy [2]. The electrostatic capacitor is comprised of two metallic plates separated
physically by an insulating medium e.g., air or ceramic. The charge starts to build up

1

Figure 1.1 Comparison of several storage devices with combustion engine which can
store electrical energy. [1]

across the two plates when voltage is applied to these plates. One plate is given a
positive and the other is given the negative potential.Electrostatic capacitors have been
used for nearly a century. Capacitance in the electrostatic capacitor is usually in the
order of pico and nano farads expressed in equation 1.1 [2].

𝐂=

𝚫𝐐
𝚫𝐕

(1.1)

The second generation of capacitor is named electrolytic capacitor which is
available at large scale commercially. The assembly of electrolytic capacitor is quite
different from electrostatic capacitor. It consists of two electrodes one is made of a
metallic plate either aluminum or tantalum and the other electrode is comprised of a
conducting liquid electrolyte which helps in polarization during the charging process
[3]. A remarkably thin metal oxide layer is introduced e.g. Al2O3 between two
electrodes in the electrolytic capacitor to improve the retention of charge for a
reasonably longer time. The capacitance in the electrolytic capacitor is comparatively
higher than in the electrostatic capacitor which is in the range of milli-farad [3, 4].
2

The third generation of capacitor which has shown promising trend in the
overall performance of the device is known as EDLC (electric double layer capacitor).
In such capacitors carbon may be used as the electrode material for both the anode and
cathode encapsulated with organic or aqueous electrolytes. Differences in the
configuration of all three types of capacitor are given in figure 1.2 [2, 5, 6]. This chapter
encompasses the history, current status, energy storage mechanism types of
supercapacitor and motivation for the present research.

Figure 1.2 Differences in the configuration of the three types of capacitor. [6]

3

1.2.

History and Current Status of Supercapacitor
Since the late eighteenth and early nineteenth century the charge storage mechanism

at the interface of electrolyte and metal electrodes has been studied by chemist. But the
practical access of the electric double layer capacitors (EDLC) has only been realized
after the first patent was written by Becker at General Electric Corp in 1940 for an
electrolytic capacitor using carbon electrodes [2,6,7]. SOHIO in 1969 made the first
attempt to display the electric double layer capacitors (EDLC) with porous carbon
materials consisting of tetralkylammonium salt based electrolyte in the market place [2,
8]. However the EDLC suffered from low energy density. Conway and coworkers made
a significant effort in the late 80’s in supercapacitor research by introducing the RuO2
with low inherent resistance and high specific capacitance electrode materials [9]. In
late 90’s, the supercapacitor research gained tremendous attention after being realized
the use and importance of supercapacitors in the application of hybrid electric vehicle.
The physical interface between the electrode and electrolyte could store electrical
charge in the order of ~105 farad in supercapacitor [9].
The specific capacitance in EDLC enhances 10-100 times, when transition metal
oxides and conducting polymers are being used to fabricate the electrode materials. The
energy storage principles in transition metals and conducting polymer electrodes are
known as electro-sorption or redox process which is quite different from the electric
double layer mechanism [10]. This type of capacitor is referred to fourth generation
capacitor which simultaneously has the combined effect of two kinds of energy storage
behavior i.e., non-faradic mechanism as in EDL capacitors and faradic process similar
to batteries. According to the latest commercial report, the annual revenue generated in
the USA for electrochemical EC devices used only in electronic circuitry is around
$150-200 million [2, 5, 6]. The electrochemical capacitors in the current market are
based on the porous carbon materials having high surface area along with high
capacitance RuO2 transition metal [11].The unique high power characteristic of
supercapacitor leads to the new concept of hybrid charge storage devices which has the
combined effect of supercapacitor interfaces with the fuel cell or battery. Table 1.1
provides the detailed comparison on the supercapacitor and battery [12].

4

1.3.

Energy Storage Principles of Supercapacitor
Energy storage mechanisms in conventional capacitor depend on the pair of parallel

metallic plates separated by a distance d and having equal area A in vacuum media is
expressed by equation 1.2 [1, 13].

𝐂=

𝐀£

(1.2)

𝟒𝛑𝐝

Where C is known as the device capacitance. If the dielectric medium is used to separate
the plates then capacitance of the device incorporates the medium influence in overall
capacitance of the device named as permittivity, given in equation 1.3. [1, 2].

𝐂=

𝐀££𝐫

(1.3)

𝟒𝛑𝐝

Table 1.1 Detailed parametric comparison of battery, capacitor and supercapacitor. [12]
Parameters
Charge Time

Discharge Time

Energy density
(Wh/kg)
Power Density
(W/kg)

Capacitor
10-6 ~ 10-3
sec
10-6 ~ 10-3
sec

Supercapacitor

Battery

1 ~ 30 sec

0.3 ~ 3 hrs

Comparison
Moderate
charging time
Moderate

1 ~30 sec

1 ~ 4 hrs

discharging
time

< 0.12

1 ~ 10

20 ~ 100

> 10,000

1000 ~ 2000

50 ~ 200

High energy
density
Moderate
Power density
Reasonable

Cycle Life

> 500,000

> 100,000

500 ~ 2000

good cycle
life

Charge/Discharge
Efficiency

~ 1.0

0.90 ~ 0.96

0.7 ~ 0.84

High
efficiency

The electrical double layer capacitor (EDLC) have similar energy storage
mechanism as that of conventional capacitor but the charge accumulation process does
5

not occur on two metallic electrodes. Instead the charge accumulation phenomena
directly associated with the thickness of the double layer space which is a few
nanometers established at the electrode and electrolyte interface.
Moreover, when the potential is applied on two electrodes of supercapacitor the
negative and positive ions diffuse through the electrolytes towards positive and negative
electrodes. Ion migration in electrolytes creates two layers of charge storage around
electrodes which is primarily responsible for energy density. W in electrochemical
double layer capacitor given by equation 1.4 [1, 4].

𝐖=

𝟏
𝟐

𝐂𝐕 𝟐

(1.4)

In this equation, C represents the specific capacitance and the voltage develops at
electrolyte and electrode interface is represented by V. In general, supercapacitors have
long charge-discharge cycle life due to development of electrostatic double layer. With
the addition of double layer charge separation, supercapacitor capacitance is also
associated with the oxidized state change reactions occur on the electrode surface which
is called pseudo-capacitance [13-14].The difference between double-layer capacitor
and pseudo-capacitor energy storage mechanisms is discussed in the following section.

1.4.

Electrical Double Layer Capacitor (EDLC)
In 1879 Helmholtz first time noticed the double–layer capacitance in

supercapacitor. According to his theory, the formation of electrical double layer is due
to the strong interactions between the ions/molecules at electrolyte interface and
electrode and onto carbon electrode. The reversible ion adsorption is responsible for the
storage of energy in electrochemical capacitors [15, 16, 19]. Since no redox behavior is
involved in electrochemical capacitors, the capacitance proposed by Helmholtz model
does not change with the surface potential or concentration, which is different from the
energy storage mechanism in batteries. The capacitance in double layer capacitor is
calculated by using equation 1.5 [1, 17].

𝐂𝐝𝐢 =

𝛆𝐨 𝛆𝐫 𝐀
𝐝

(1.5)

where εr is the dielectric constant of the electrolyte, εo is the permittivity of free space,
d is the thickness of electrical double-layer depending on the size of the ions and the
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electrolyte concentration and A is the surface area of the electrode [17]. The electric
double layer energy storage mechanism schematic is described in Figure 1.3. [1, 17].
The separation distance, d is usually in angstrom range for EDLC while the
separations for the conventional capacitors are in the micro-meter range. However,
capacitance in electrochemical capacitor is significantly larger than calculated by
conventional capacitor. A displacement current has been observed due to the
arrangement of charges which clearly explains the nonfaradic nature of the electrical
double-layer process due to negligible charge transfer across the interface. Thus
oriented polarization of charge species exists at the electrode-solution interface due to
the excess or deficiency of electrons, cations or anions in solution which is the prime
reason for the forming of the double layer capacitance [18].

Figure 1.3 Electrochemical double layer energy storage mechanism. [1]
The complex formation mechanism of the electrical double layer is not fully
understood yet. It could be caused by several other factors e.g., shape and size of cation
and anion in electrolytes, concentration of electrolyte, packing or type of electrolyte,
7

diffusion rate of charge as well as the morphology of electrode materials and shape of
electrodes. However, several models have been proposed to understand the controlled
potentiostatic behavior of electrode in solution. The electrical double layer can be
characterized by several layers explained by the Gouy-Chapman theory, as shown in
Figure 1.4 [19]. According to this model, the electric double layer EDL space is divided
into two main layers. The inner layer which is defined as the Helmholtz layer or
compact layer which comprises of counter ions absorbed on the charged surface.

Figure 1.4 Electrochemical model describing the extension of double layers from the
electrode surface into bulk of liquid electrolyte. [19, 33]

Beyond this another layer is observed which is generally called the “diffuse”
layer. The counter ions do not specifically adsorbed in the diffusive layer, instead it is
the long range electrostatic forces interaction which allow them to be adsorbed between
8

the solvated ions and charged metals and do not rely on the chemical properties of the
ions [20]. The electric double layer model is based on several layers and is explained
in Figure 1.4. Therefore, the overall calculated EDL capacitance is the series
capacitance of the compact layer and the diffusive layer is given in equation 1.6 [20].
𝟏
𝐂𝐭𝐨𝐭𝐚𝐥

=

𝟏
𝐂𝐇

+

𝟏
𝐂𝐝𝐢𝐟𝐟

(1.6)

Both layers have a potential difference. The outer layer due to thermal agitation of
the electrolyte is surrounded by the three dimensional diffusive layer. The total charge
density of electrical double layer is assumed due to the charge density of excessive ions
in diffusive layer as well as the charge density of the inner layer [21]. The electric
double layer capacitance also strongly depends on the shape of the electric double layer
space which can be in different forms e.g., bell-shape, convex, concave, or camel-like
shape [22]. An extensive amount of work has been carried out on the carbon electrodes
to understand the electric double layer mechanism in detail.

Figure 1.5 Difference in electric double layer and pseudocapacitance. [9, 19]
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1.5.

Pseudo-Capacitor
The energy storage mechanism which involves the effect of the ions flow due to the

change in electrochemical state of the material is called faradic process e.g., in batteries,
the chemical energy is being carried out by flow of ions when the potential is applied
across the two electrodes of battery. The difference in EDL and pseudocapacitance is
given in Figure 1.5 [9, 19]. The capacitance in pseudo-capacitor depends on the
reversible and fast faradic reactions taking place at the appropriate potentials on the
electroactive materials of electrode surface which assists in fast charge/discharge rate
and high reversibility.
In pseudocapacitors transfer of the charge take place across the double layer of
the electrolyte and electrode interphase. The energy storage mechanism in
pseudocapacitors is indirect and to some extent analogous to battery charging and
discharging principle. The pseudocapacitance is then calculated by following equation
1.7 [1, 9, 20].

𝐂𝐩 =

∆𝐪
∆𝐕

(1.7)

Where (Δq) represents charge stored which is proportional to ΔV (potential difference).
Advantages and drawbacks of the double layer and pseudo capacitance are discussed
in Table 1.2. [9]. The cause of developing pseudocapacitance depends on the three types
of electrochemical reactions e.g., a) It may be developed due to the redox reactions of
ions adsorption on the electrode surface from the electrolyte b) redox reactions develop
due to changes in transition metals oxidation state e.g., RuO2, MnO2 and IrO2 used as
the active electrode materials c) doping and de-doping of the conducting polymer
material also gives rise to reversible redox reaction and thus build pseudocapacitance
d) the self-discharge degradation of the supercapacitor due to irreversible reactions. The
charge movements in the above electrochemical faradic reactions are voltage dependent
which is same to that of charging/discharging in batteries [19].
Many factors can influence the pseudocapacitance e.g., surface area of the
electrode, particle sizes, porosity of materials, conductivity of electrode materials,
packing of electrolyte, design of cell and etc. Generally the pseudocapacitance shows
10 times more capacitance than the electric double layer capacitance. On the other hand,
it has some draw backs e.g., life-cycle and reliability of a device [23, 24].
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During the oxidation and reduction of these materials, the insertion and removal of
counter ions to the electrode surface from an electrolyte solution helps in maintaining
the charge neutrality. Another important difference between electrochemical double
layer capacitors and pseudocapacitors is that the material’s entire mass is used to store
charge. The following sections are the types of capacitor based on pseudocapacitance
mechanism and are discussed in detail as;

Table 1.2 Advantages and disadvantages of electrical double layer capacitor and
pseudocapacitor. [9]
Electric Double Layer

Pseudocapacitor

Capacitor

1.6.

Difference
More transmission like

Phase angle 90o

Phase angle 45o

Low specific energy

High specific energy

Good capacity of charge

density

density

storage

High reversibility

Moderate reversibility

Capacitance remains

Capacitance changes with

constant with voltage

voltage

Narrow potential window

Large potential window

Broad range of

(1-3V)

(1-5V)

applications

High Power due to good

Low Power due to kinetic

diffusion

limitations

behavior

Reasonably good cyclic
life
Small leakage effect

High diffusion resistance

Types of Pseudocapacitors
So far three types of Pseudocapacitors are widely known. In the following section

these three types are discussed.
(a) Type I
In type I both supercapacitor electrodes are fabricated from identical material.
Usually the capacitor either is comprised of the same p type conducting polymer or
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both electrodes can be made of the same n type conducting polymers and transition
metals. This type of pseudo-capacitor is called symmetric capacitor. The capacitance in
this type of supercapacitor depends on the individual capacitance of each electrode,
which is given in equation 1.8 [1, 25].
𝟏
𝐂𝐭

=

𝟏
𝐂𝟏

+

𝟏
𝑪𝟐

(1.8)

Where Ct is the overall capacitance of the cell which is calculated by adding the
individual capacitance of two electrodes in series. Since both electrodes are alike so C1
= C2. This means that the same amount of charge is utilized by each electrode for doping
or undoping of the electrode materials. However this type of capacitor is limited in
capacitance and has a narrow potential window [26]. Besides this, the capacitance in
this type of capacitor also depends on the concentration, nature of the electrolyte and
mass of electrodes.
(b) Type II
In type II, since it is consisted of two different p-type conducting polymer
electrodes. It exhibits a larger potential window than type I. Configuration of type II
supercapacitor is known as an asymmetric device. This device could have the hybrid
system based on the composite material consisted of transition metals e.g., RuO2, IrO2,
MnO2, Ce2O3, and even non-redox carbon materials (graphite, carbon nanotubes,
activated carbon, porous carbon etc.) combined with p or n type conducting polymers
[25]. Type II supercapacitors have greater capacity than type I due to the usage of
different p, n-type polymer electrodes. In this type the capacitance participation and the
amount of charge utilized in overall capacitance of each electrode is not the same. Type
II shows an increase in energy density due to higher working cell voltage and is the
most common type in practical use today [26].
(c) Type III
Configuration of the type III is different from type I and type II capacitors as it is
based on two of the same or different conducting polymers with one of the electrodes
comprised either of an n type or p type doped polymer. Due to having both electrodes
in its doping states, it provides the less resistance, large voltage window and high
specific capacitance. The only drawback of type III is that it mostly consists of
12

conducting polymers which are available as p-type in nature and few of them are of n
type doped [25]. Therefore, among the three types of pseudocapacitors commercially
favorable types are of type 1 or type II.

1.7.

Hybrid Capacitor
In order to exploit the full advantages of EDLCs and pseudocapacitors

improvements in the overall performance of a device, the third type of capacitor was
attempted which is called hybrid capacitor. The hybrid system renders higher power
and energy density without sacrificing the cycle stability and life of the device. Since
in hybrid, the energy storage procedure depend on both non-faradic and faradic
processes. In a hybrid system, electrode configurations are based on either composite
electrodes (which is integrated with conducting polymer, carbon-based materials) or
metal oxide materials lead the benefit of chemical and physical charge storage
mechanisms combine in a single electrode [27]. The coupling of electrodes having
carbon based material with pseudo-capacitor electrodes has gained an immense
importance due to substantial enhancement in total capacitance of the device.

1.8.

Electrode Materials for Supercapacitor
Supercapacitor electrodes can be fabricated by utilizing its inherent capacitance

properties of a variety of materials in different types of supercapacitors as illustrated in
Figure 1.6 [28]. The first group of materials, which is most frequently used in
commercial supercapacitor electrodes is carbon. Carbon has gained considerable
interest due to its various properties including the existence of different allotropies,
accessibility, low cost, high surface area, high conductivity, superior corrosion
inhibition property, high temperature stability, environmental friendliness and easy
processibility. It exists in various micro-textures (powder, fibers, foams, fabrics,
nanocomposites) and in different dimensionality from 0 to 3D [29, 30]. The unique
adaptable porosity of carbon with various surface functionality is preferred it to use as
conductive additives in active materials of supercapacitor substrates for current leads.
So far the forms of carbon, which are well recognized in the use of the supercapacitor
electrodes are activated carbon, carbon aerogels, carbon nanotubes (CNTs), carbon
fibers and graphene [30]. The different forms of carbon are depicted in Figure 1.7.
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Figure 1.6 Types of supercapacitor. [28]
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Figure 1.7 Schematic of carbon family in 0-dimensional fullerene, 1-dimensional
carbon nanotube, 2-dimensional graphene, 3-dimensional graphite. [30].

1.8.1. Activated Carbon
Activated carbon is a widely known material used for supercapacitor electrodes
due to its highly economical processing method and large surface area (BET) which
has reported in the range of 500 to 3000 m2g-1 [31]. It has shown a good capacitive
trend for electrochemical applications. In the electrochemical capacitor (EC), the
specific capacitance (SC) obtained by activated carbon is in the range of 25 to 150 F/g
in both aqueous and organic electrolyte [32]. It has shown the higher capacity tendency
due to existence of three different pore types in activated carbon e.g., macropores
(diameter >50 nm), mesopores (diameter from 2-50 nm), micropores (diameter < 2 nm)
[33]. However in order to have all pores accessible electrochemically, the size of the
pores should be essentially bigger than the electrolyte ion’s size. Besides the material’s
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porosity, charge rate is another key factor in the overall enhancement of the specific
capacitance of activated carbon based electrode.
Other than activated carbon, another attractive material for supercapacitor
electrodes is carbon black, which is more conducting than activated carbon and have
high surface area to volume ratio. The conductivity range in carbon black is from 0.1
to 100, which is mainly due to the graphitic conduction mechanism in carbon black [33,
34]. Not only being suitable for supercapacitor electrode material but it can also be used
as conducting additive to improve the overall conductivity and performance of the
material.
1.8.2. Carbon Aerogels
Carbon aerogels is considered as a promising material for supercapacitor
electrodes and so far the maximum reported specific capacitance (SC) value for carbon
aerogel is 180 F/g [35, 36]. Carbon aerogels are composed of interlinked colloidal like
polymeric chains or carbon particles and thus forms a highly porous solid materials. So
far the large surface area for carbon aerogels has been reported approximately (4001000 m2g-1) with uniform pore size (3-60 µm), high packing density and possess good
electrically conductivity [35]. Carbon aerogels are existing in different forms e.g.,
monoliths, thin films, composites, microspheres or powders. Furthermore, the surface
area of aerogels can be substantially increased by surface activation.
1.8.3. Carbon Nanotubes (CNTs)
Carbon nanotubes (CNTs) are one of the important forms of carbon, which were
first observed by Iijima in carbon soot in 1991 [36]. CNTs are classifieds in two types,
known as multiwall carbon nanotubes (MWCNTs) and single wall carbon nanotubes
(SWCNTs). Due to its amazing electronic and mechanical properties CNTs have
captured the attention of researchers worldwide. It has an elastic modulus that is greater
than diamond, which is one of the hardest materials. It has also shown a capacity to
carry and generates an electric current 1000 times greater than copper wire [36, 37].
The most notable characteristic of CNTs is the diameter of a tube, which is usually in
the range of 1-3nm in length in the order of tens of microns. CNTs naturally show
capacitive behavior in their pure form. CNTs have supercapacitor electrodes due to
mesopore structures and allow easy diffusion of ions within and provides lower ESR
(equivalent series resistance) than activated carbon and shows the enhancement in
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energy density and power density of the supercapacitor. However, the high cost in the
production of CNTs limits its use in different applications. So far, the maximum
specific capacitance has been reported for SWCNTs electrodes is 160 F/g as well as
achieved power density was 20 kW/kg for supercapacitor device [37]. Moreover, CNTs
show high resiliency due to the nanotubular structure, which could be useful in the
formation of composite materials with either conducting polymers or transition metals
e.g., MnO2, Ni(OH)2 to improve overall capacitance and stability of supercapacitor
electrodes [37, 38].
In addition to CNTs, another attractive material for supercapacitor electrodes is
carbon fiber. Carbon fiber has superior charge transportation property due to one
dimensionality. It provides high adsorption capacities to ions due to the existence of
large number of pores at the surface of the fiber and proves to be the best candidate for
EDLC electrodes [39]. Recently, graphene is expected one of the most promising new
material used in an electrochemical double layer capacitor. The intrinsic properties such
as high conductivity, high flexibility, large porosity, large surface area and excellent
mechanical and thermal properties make graphene the best candidate. Graphene is
recognized mostly as a single sheet of graphitic carbon, however it shows lower
columbic efficiency in the beginning due to large surface to volume ratio but beyond
number of the cycles it renders constant capacity [40].
1.8.4. Transition Metal Oxides
A transition metal oxide due to its superior pseudocapacitive behavior besides
carbon, is a potential candidate material for a supercapacitor. Extensively researched
metal oxides for supercapacitor applications so far are ruthenium oxide, nickel oxide,
manganese oxide and cobalt oxide, etc. [41]. Since 1970, RuO2 was deeply investigated
due to its excellent pseudocapacitive and stability characteristics. So far the SC of RuO2
in an aqueous system has been observed as high as 1000 F/g in H2SO4 electrolyte at
room temperature [42]. The limited commercial availability of RuO2 due to the high
cost made it a concern to exploit the potential of several other metal oxides as the
supercapacitor electrodes. Other potential candidates MnO2, IrO2 and NiO are
considered potential candidates as the supercapacitor electrodes due to low cost,
environmental compatibility, high theoretical specific capacitance 1370 to 1390 F/g and
excellent capacitive behavior.
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The specific capacitance for MnO2 and NiO metal oxides are reported as 250
F/g to 280F/g [43]. Different intrinsic properties of various metal oxides are categorized
in several advantages and limitations. However, in order to exploit the full advantage
of metal oxides, the composite materials, made of one or more materials including:
metal oxides, CNTs, activated carbon and conducting polymers as supercapacitor
electrodes have also been studied to enhance the performance of a device.
1.8.5. Conducting Polymers
The third group of material, which has already been investigated in detail as a
new choice for supercapacitor electrodes is conducting polymers. The most common
types of conducting polymers tested in supercapacitor are [polyaniline (PANI),
polypyrrole (PPY), poly (3,4-ethylenedioxythiophene) (PEDOT), polythiophenes
(PTh), poly(3-arylthiopene), p-dopedpoly(pyrole), poly(1,5-diaminoanthraquinone),
poly-3-(3,4-difluorophenyl) thiophene, poly-3-(4-cyanophenyl) thiophene, poly-(3parafluorophenyl) thiophene and poly [bis(phenylamino)disulfide]. Conducting
polymers are different than carbon and metal oxides. They have their own unique
properties mainly it is low cost, large scale, easy to process, have fast redox reactions,
are substrate independent and have high conductivity. The charging-discharging
mechanism in conducting polymers either n type or p type, is different from carbon
material: it is solely associated with the faradic reaction process of ions, cations,
electrons at the electrodes/electrolyte interface [44].
Unlike the cyclic voltammogram (CV) of carbon, CV of conducting polymers is not
in rectangular shape, instead current peaks at the particular redox potential of polymers
are observed [45]. The only main drawback of the conducting polymers is the poor
mechanical stability. Since cycling polymers undergo a series of physical changes e.g.,
swelling, shrinkage, doping and undoping, which degrades the performance of material
over the time. Thus to increase the mechanical property of conducting polymer,
synthesis of composite materials can be a good choice.

1.9.

Target of Research
The lashing inspiration overdue this research work is to realize the role of

nanocomposite materials as electrodes in supercapacitors. The supercapacitor device is
recognized as a well characterized device but when it comes to high power density and
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high energy density applications, it is still facing issues that need to be resolved. There
is a need to improve electrode engineering aspects including the chemical and physical
properties (such as different electrolytes, solvent, and binders) of the supercapacitor.
The prime purpose of this doctoral exertion is to study the scope of nanocomposite
materials for electrodes in supercapacitor. Several nanocomposite materials are being
synthesized and exploited in this research to encounter the growing demand for
competent electrochemical energy storage devices. Some of the research surveys which
have been discussed in this doctoral document are briefly outlined below.
Chapter 1 contains a thorough literature review and the current status of supercapacitor
research. Further, the importance and application of current research related to
electrochemical devices has been explored. The detailed discussion of the energy
storage mechanism in electrochemical capacitors has been described. Moreover, in
order to meet the current challenges in the performance and commercialization of the
electrochemical capacitor, the need and importance of different electrode materials has
also been investigated.
Chapter 2 contains the synthesis, characterization techniques and application of
aromatic based conducting polymer nanocomposites with different loadings of
GO@SiO2 nanoparticles by mass. The structural and capacitive behavior of aromatic
based conducting polymer nanocomposites for electrochemical energy storage devices
was analyzed using Fourier Transform Infrared (FTIR) spectroscopy, X-ray diffraction
(XRD), Transmission electron microscopy (TEM), Scanning electron microscopy
(SEM), Thermal gravimetric analysis (TGA), Cyclic voltammetry (CV), Galvanostatic
charge-discharge cycling and electrochemical impedance spectroscopy (EIS)
techniques.
Chapter 3 contains the detailed investigation of the carbon dots for supercapacitor
application via Galvanostatic charge-discharge cycling and cyclic voltammetry (CV).
The structural behavior was investigated by using Transmission electron microscopy
(TEM), Fourier Transform Infrared (FTIR) spectroscopy, X-ray diffraction (XRD) and
Thermal gravimetric analysis (TGA).
Chapter 4 contains the detailed investigation of the amino functionalized silica
anchored to multiwall carbon nanotubes as hybrid electrode material for
Supercapacitors. The materials are tested using surface morphological and structural
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techniques like SEM, TEM, XRD, TGA and FTIR. The spherical SiO2 nanoparticles of
~200 nm diameter are anchored on the surface of MWCNTs. Electrochemical studies
of sample electrodes have been done using galvanostatic charge-discharge, cyclic
voltammetry and electrochemical impedance analysis. The specific power density,
energy density and capacitance behavior have been compared at various current
densities.
Chapters 5 contains physical assembling method to deposit Ce-/S- codoped TiO2
nanoparticles (NPs) on water-soluble sulfonated graphene (SGE), which guarantees a
direct contact and satisfactory electron transfer between semiconductor and graphene.
The Ce/S-TiO2 nanoparticles are homogeneously fixed on the surface of SGE sheets
with the average size of ~ 7 nm. The resulted composites shows an improved
photocatalytic activity in photodegradation of methyl orange (к = 0.425 h-1). This
promoted performance may be due to the synergistic effects of Ce- and S- codoping
toward TiO2 and the composite action between TiO2 NPs and SGE.
Chapter 6 contains the detailed study of redox responsive polymers coated mesoporous
silica nanoparticles by one pot synthesis method and their controlled drug delivery. A
handy one-pot synthesis of mesoporous silica nanoparticles (MSNs) coated by
reversibly cross-linked polymer by surface reversible addition–fragmentation chain
transfer (RAFT) polymerization. is presented for the first time. The less reactive
monomer oligo (ethylene glycol) acrylate (OEGA) and the more reactive cross-linker
N,N′- cystaminebismethacrylamide (CBMA) are selected to copolymerize to form the
cross-linked polymer shells on the external surfaces of RAFT agent-functionalized
MSNs. As the reversible cleavage and restoration property of disulfide bonds show via
reduction/oxidation reactions, the drug loading and release by polymer shells can be
controlled and regulate the on/off switching of the nanopores. The redox-responsive
release of doxorubicin (DOX) from this drug carrier is realized. The protein adsorption,
in vitro cytotoxicity assays, and endocytosis studies demonstrate that this
biocompatible vehicle is a potential candidate for delivering drugs. It is expected that
this versatile grafting strategy may help fabricate satisfying MSN-based drug delivery
systems for clinical application.
Chapter 7 is the summary of the doctoral work presented by providing some incentives
and suggestions for future work related to nanocomposite materials. This doctorial
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study reveals that the use of carbon based materials show good potential towards the
supercapacitor applications and their supercapacitive character may further be
enhanced by making nanocomposites of these carbon based materials with a
mesoporous substrate which provides larger surface area to interact. Moreover
nanocomposites of mesoporous substrate may greatly increase the efficient drug release
and photocatalytic activity.

1.10.

References
1. Kötz, R.; Carlen, M., Principles and applications of electrochemical capacitors.
Electrochimica acta. 2000, 45, 2483-2498.
2. Wang, Y., Song, Y. and Xia, Y., Electrochemical capacitors: mechanism,
materials, systems, characterization and applications. Chemical Society
Reviews, 2016, 45 (21), 5925-5950.
3. Lin, C.-C.; Yang, C.-L., Carbon nanotubes grown on nanoporous alumina
templates/aluminum foil for electrodes of aluminum electrolytic capacitors.
Journal of the Electrochemical Society. 2010, 157, A237-A241.
4. Burt, R., Breitsprecher, K., Daffos, B., Taberna, P.L., Simon, P., Birkett, G.,
Zhao, X.S., Holm, C. and Salanne, M., Capacitance of Nanoporous CarbonBased Supercapacitors Is a Trade-Off between the Concentration and the
Separability of the Ions. The Journal of Physical Chemistry Letters, 2016, 7
(19), 4015-4021.
5. Kim, J., Young, C., Lee, J., Park, M.S., Shahabuddin, M., Yamauchi, Y. and
Kim, J.H., CNTs grown on nanoporous carbon from zeolitic imidazolate
frameworks for supercapacitors. Chemical Communications, 2016. 52 (88),
13016-13019.
6. http://energyphysics.wikispaces.com/Ultracapacitors.
7. Adams, C. E.; House, W. T., Hydrodesulfurization of heavy petroleum
distillates, 1970, Google Patents.
8. D. I. Boos. U.S. Patent 3, 1970, 536-963.
9. Conway, B. E., Transition from “supercapacitor” to “battery” behavior in
electrochemical energy storage. Journal of the Electrochemical Society. 1991,
138, 1539-1548.
10. Zhang, X.; Shi, W.; Zhu, J.; Kharistal, D. J.; Zhao, W.; Lalia, B. S.; Hng, H.
H.;Yan, Q., High-power and high-energy-density flexible pseudocapacitor
21

electrodes made from porous CuO nanobelts and single-walled carbon
nanotubes. ACS nano. 2011, 5, 2013-2019.
11. Hu, C.-C.; Chang, K.-H.; Lin, M.-C.;Wu, Y.-T., Design and tailoring of the
nanotubular arrayed architecture of hydrous RuO2 for next generation
supercapacitors. Nano letters. 2006, 6, 2690-2695.
12. http://batteryuniversity.com/learn/article/whats_the_role_of_the_supercapacit
or.
13. A. Schneuwly and R. Gallay,“Properties and applications of supercapacitors
from the state-of-the-art to future trends” PCIM Proceedings Europe Official
Proceedings of the Forty-First International Power Conversion Conference,
115, 2000, 150.
14. Conway, B.; Gileadi, E., STEADY-STATE THEORY OF ADSORPTION
PSEUDOCAPACITANCE

IN

ELECTROCHEMICAL

RADICAL-ION

REACTIONS. Canadian Journal of Chemistry. 1964, 42, 90-106.
15. Conway, B.; Birss, V.;Wojtowicz, J., The role and utilization of
pseudocapacitance for energy storage by supercapacitors. Journal of Power
Sources. 1997, 66, 1-14.
16. Huang, J.; Sumpter, B. G.;Meunier, V., A universal model for nanoporous
carbon supercapacitors applicable to diverse pore regimes, carbon materials,
and electrolytes. Chemistry–A European Journal. 2008, 14, 6614-6626.
17. Ruch, P.; Kötz, R.;Wokaun, A., Electrochemical characterization of singlewalled carbon nanotubes for electrochemical double layer capacitors using nonaqueous electrolyte. Electrochimica acta. 2009, 54, 4451-4458.
18. Braun, A.; Bärtsch, M.; Merlo, O.; Schnyder, B.; Schaffner, B.; Kötz, R.; Haas,
O.;Wokaun, A., Exponential growth of electrochemical double layer
capacitance in glassy carbon during thermal oxidation. Carbon. 2003, 41, 759765.
19. Valleau, J.; Torrie, G., The electrical double layer. III. Modified Gouy−
Chapman theory with unequal ion sizes. The Journal of Chemical Physics.
1982, 76, 4623-4630.
20. Zheng, J.; Huang, J.;Jow, T., The limitations of energy density for
electrochemical capacitors. Journal of the Electrochemical Society. 1997, 144,
2026-2031.

22

21. Georgi, N.; Kornyshev, A. A.;Fedorov, M. V., The anatomy of the double layer
and capacitance in ionic liquids with anisotropic ions: Electrostriction vs. lattice
saturation. Journal of Electroanalytical Chemistry. 2010, 649, 261-267.
22. D.C. Grahame. “The electrical double layer and the theory of electrocapillarity”
Chem. Rev, 1947, 4, 441.
23. Conway, B.; Pell, W., Double-layer and pseudocapacitance types of
electrochemical capacitors and their applications to the development of hybrid
devices. Journal of Solid State Electrochemistry. 2003, 7, 637-644.
24. Feng, G., Molecular physics of electrical double layers in electrochemical
capacitors, 2010, CLEMSON UNIVERSITY.
25. Rudge, A.; Davey, J.; Raistrick, I.; Gottesfeld, S.;Ferraris, J. P., Conducting
polymers as active materials in electrochemical capacitors. Journal of Power
Sources. 1994, 47, 89-107.
26. Ahonen, H. J.; Lukkari, J.;Kankare, J., n-and p-doped poly (3, 4ethylenedioxythiophene): two electronically conducting states of the polymer.
Macromolecules. 2000, 33, 6787-6793.
27. Liu, J.; Essner, J.;Li, J., Hybrid supercapacitor based on coaxially coated
manganese oxide on vertically aligned carbon nanofiber arrays. Chemistry of
Materials. 2010, 22, 5022-5030.
28. Hadjipaschalis, I.; Poullikkas, A.;Efthimiou, V., Overview of current and future
energy storage technologies for electric power applications. Renewable and
sustainable energy reviews. 2009, 13, 1513-1522.
29. Eikerling, M.; Kornyshev, A.;Lust, E., Optimized structure of nanoporous
carbon-based double-layer capacitors. Journal of the Electrochemical Society.
2005, 152, E24-E33.
30. Novoselov, K.; Geim, A., The rise of graphene. Nat. Mater. 2007, 6, 183-191.
31. Tian, Y.; Yan, J.; Xue, R.;Yi, B., Capacitive properties of activated carbon in
K4Fe (CN) 6. Journal of the Electrochemical Society. 2011, 158, A818-A821.
32. Zhao, X.-Y.; Cao, J.-P.; Morishita, K.; Ozaki, J.-i.;Takarada, T., Electric
double-layer capacitors from activated carbon derived from black liquor.
Energy & Fuels. 2010, 24, 1889-1893.
33. Qu, D.; Shi, H., Studies of activated carbons used in double-layer capacitors.
Journal of Power Sources. 1998, 74, 99-107.

23

34. Frackowiak, E.; Beguin, F., Carbon materials for the electrochemical storage of
energy in capacitors. Carbon. 2001, 39, 937-950.
35. Saliger, R.; Fischer, U.; Herta, C.;Fricke, J., High surface area carbon aerogels
for supercapacitors. Journal of Non-Crystalline Solids. 1998, 225, 81-85.
36. http://en.wikipedia.org/wiki/Carbon-nanotube.
37. Emmenegger, C.; Mauron, P.; Sudan, P.; Wenger, P.; Hermann, V.; Gallay,
R.;Züttel, A., Investigation of electrochemical double-layer (ECDL) capacitors
electrodes based on carbon nanotubes and activated carbon materials. Journal
of Power Sources. 2003, 124, 321-329.
38. Izadi-Najafabadi, A.; Yamada, T.; Futaba, D. N.; Yudasaka, M.; Takagi, H.;
Hatori, H.; Iijima, S.;Hata, K., High-power supercapacitor electrodes from
single-walled carbon nanohorn/nanotube composite. ACS nano. 2011, 5, 811819.
39. McDonough, J. R.; Choi, J. W.; Yang, Y.; La Mantia, F.; Zhang, Y.;Cui, Y.,
Carbon nanofiber supercapacitors with large areal capacitances. Applied
Physics Letters. 2009, 95, 243109.
40. Vivekchand, S.; Rout, C. S.; Subrahmanyam, K.; Govindaraj, A.;Rao, C.,
Graphene-based electrochemical supercapacitors. Journal of Chemical
Sciences. 2008, 120, 9-13.
41. Zheng, J.; Cygan, P.;Jow, T., Hydrous ruthenium oxide as an electrode material
for electrochemical capacitors. Journal of the Electrochemical Society. 1995,
142, 2699-2703.
42. Sugimoto, W.; Iwata, H.; Yokoshima, K.; Murakami, Y.;Takasu, Y., Proton and
electron conductivity in hydrous ruthenium oxides evaluated by electrochemical
impedance spectroscopy: the origin of large capacitance. The Journal of
Physical Chemistry B. 2005, 109, 7330-7338.
43. Hu, C.-C.; Tsou, T.-W., Ideal capacitive behavior of hydrous manganese oxide
prepared by anodic deposition. Electrochemistry Communications. 2002, 4,
105-109.
44. Frackowiak, E.; Khomenko, V.; Jurewicz, K. t.; Lota, K.;Beguin, F.,
Supercapacitors based on conducting polymers/nanotubes composites. Journal
of Power Sources. 2006, 153, 413-418.

24

45. Suppes, G. M.; Deore, B. A.;Freund, M. S., Porous conducting
polymer/heteropolyoxometalate

hybrid

material

for

electrochemical

supercapacitor applications. Langmuir. 2008, 24, 1064-1069.

25

Chapter 2
Mesoporous Silica Wrapped with Graphene
Oxide Composite with Polyaniline (PANI)
Nanowires as Novel Hybrid Electrode for
Supercapacitors

Chapter 2
Mesoporous Silica Wrapped with Graphene Oxide
Composite with Polyaniline (PANI) Nanowires as Novel
Hybrid Electrode for Supercapacitors
The high charge-carrier transport is an important aim in the synthesis of
nanostructures for applications in supercapacitors. This chapter includes the synthesis
and characterization of a novel hybrid electrode material with mesoporous silica
nanoparticles as core and graphene oxide as shell doped with conducting polymer
nanowires for supercapacitor applications. The mesoporous silica nanoparticles as core
significantly increase the specific surface area and provide high electroactive regions
for both ion and charge transport. The enfolding of graphene oxide sheets on the
mesoporous core may provide more conductive passageways by linking between
mesoporous silica nanoparticles and polyaniline nanowires, thus enabling the cycling
and rate performance of supercapacitor. The specific capacitance at a current density of
1 A g‒1 of the resulting nanocomposite can extent 412 F g‒1. The supercapacitive
behavior of these composites was examined with electrochemical impedance
spectroscopy, charge–discharge tests and cyclic voltammetry. The incorporation of
polyaniline nanowires and wrapping of graphene oxide onto the mesoporous silica
nanoparticles significantly improve electrochemical performance suggesting that the
mesoporous core wrapped graphene oxide/conducting polymer nanowires as novel
hybrid electrode materials may have potential applications in high performance energy
storage devices.

2.1.

Introduction
The adverse changes in climate and depletion in the fossil fuel reservoirs increase

the demand of renewable and sustainable energy resources with large energy densities
and high power densities [1]. Electrochemical capacitors, also known as
supercapacitors show great strength in replacing the traditional electrostatic capacitors
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and batteries due to their longer life, fast charge-discharge rate, low maintenance as
well as high power density and large energy density [2]. Owing to these properties,
supercapacitors are predicted to have numerous applications in the field of
microelectronics, hybrid electrical automobiles to huge industrial power demands [3].
Based on the different mechanism of energy storage, supercapacitors are divided into
two categories like pseudocapacitance and electrical double layer capacitance (EDLC)
[4]. EDLC

capacitors store charges

at the electrode/electrolyte interface

electrostatically through reversibly absorption of ions and are generally carbon
materials having good electrical conductivity and large surface areas [5]. Carbon
materials like carbon nanotubes (CNTs), activated carbon (AC) and mesoporous carbon
(MC) normally show good stability but their capacitance is usually limited due to the
microstructures [6]. EDLC have the benefits of longer cycle life (>106 cycles) and
higher power density greater that10 kW kg−1 [7] but, they still have the problems of
lower energy density less than 5 kWh/ kg [8] as well as low areal capacitance (10 to 40
μF cm−2) because of low density and gravimetric capacitance of carbon.
In contrast, in the pseudocapacitors also known as redox supercapacitors the
electroactive materials store charges at the surfaces and show reversible and fast
Faradaic redox reaction [9]. The carbon-based materials as Faradaic electrodes have
large specific pseudocapacitance due to double layer charge storage mechanism.
Transition metal oxides [10] and electrically conducting polymers (CPs) [11] are
characteristic pseudocapacitive materials. The transition metal oxides show higher
electrical resistance which limits their use. In contrast, CPs show comparatively higher
conductivity and lower cost related to carbon based electrode materials but the
pseudocapacitors of CPs show reduced stability in the cycling redox reactions and the
characteristic response times are considerably longer than the EDLC [12] which shorten
their applications. So, in order to enhance the cycle life and specific capacitance of
supercapacitors, the pseudocapacitance and EDL capacitance may be coupled. This
combination results in supercapacitors with high performance because of the synergetic
qualities of both pseudocapacitance and EDL capacitance [13].
Polyaniline has got extraordinary attention due to its exciting properties like facile
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polymerization in aqueous [14] and non-aqueous media [15], low cost, environmental
friendliness, and high pseudocapacitance [16]. Silicon dioxide (SiO2) is one of the
commonly used substrates in numerous fields like photodynamic therapy, electronics
manufacturing, sensing, bone regeneration, drug delivery and catalysis due to its unique
properties including optical transparency, biocompatibility and chemical inertness [17].
In addition, SiO2 is also used for fabrication of stable composites, which can withstand
tough atmospheres, i.e., strong acids/bases and high temperatures [18].
In recent times, graphene oxide (GO) has fascinated great consideration for
electrode materials [19]. GO layers are essentially 2D hexagonal lattice of sp2
hybridized carbon atoms. GO displays remarkably good mechanical properties,
electrical conductivity, thermal conductivity as well as high specific surface area of
2675 m2 g‒1 [20]. More importantly, the graphene oxide show intrinsic capacitance of
21 μF cm‒2,[21] which is much higher value when compared for all carbon based
materials used for EDL capacitance and form the upper limit of EDL capacitance and
emphasizes that GO may be an important candidate as a carbon electrode material that
may be used in EDL supercapacitors. Therefore it is great beneficial to combine the
distinctive characteristics of GO and its derivatives to form composites [22]. In recent
times, researchers have made efforts to incorporate GO into the polyaniline to form
nanocomposites for supercapacitor electrodes materials [23-26]. However, maximum
nanocomposites were made in the presence of chemically reduced graphene oxide
(RGO) or GO by in situ polymerization of aniline [26-28] and PANI is in different
forms [29, 30]. These PANI/GO composites display low electrolyte transport resistance
with high surface area leading to enhanced supercapacitor performance. Core/shell
micro/nanostructured materials with plentiful applications in energy-related fields are
considered as favorable material [31] These nanostructures which may be hollow or
porous structures, may deliver great benefits due to high surface to volume ratio and
decreased mass and charge transport to supercapacitors industry [32, 33].
The fascinating properties of graphene oxide (GO), mesoporous silica (SiO2) and
polyaniline can be combined in the form of composite structure, which can present great
potential as supercapacitors electrode material. In this study, a novel hybrid electrode
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material with mesoporous silica nanoparticles (MSNs) as core and pure graphene oxide
as shell doped with CPs nanowires has been reported for supercapacitor applications.
The MSNs were first synthesized followed by their surface modification by NH2 group.
The resultant surface modified mesoporous silica was positively charged and
consequently the wrapping of the negatively charged GO sheets was via electrostatic
interactions onto it. The GO@SiO2 nanoparticles were mixed with positively charged
PANI nanowires in emeraldine form to get the final composite material. The prepared
electroactive nanocomposites have porous structure that greatly enlarges the energy
density and the specific capacitance of the electrodes due to ease access of electrolyte.
The GO@SiO2/PANI composites at a current density of 1 A g−1 acquires the value of
specific capacitance of 412 F g−1. This value suggests that the GO@SiO2/PANI
composite electrode materials may have potential applications in the field of highperformance energy storage devices because this value of specific capacitance in
comparable to those of reported values for graphene-polyaniline based supercapacitors.

2.2.

Experimental Section

2.2.1.

Chemicals

Toluene (99%) was purchased from Sinopharm Chemical Reagent Co and was
distilled prior to use after refluxing it for 24 h over sodium and. tetraethyl orthosilicate
(TEOS),

N-cetyltrimethylammonium

bromide

(CTAB,

Aldrich,

99%),

3-

Aminopropyltriethoxysilane (APTES, Aldrich, 98%) were used as received. Aniline
monomer (AR grade) was purified and the other reagents, including ammonia,
methanol, ammonium peroxydisulfate (APS) and acetone were of analytical grade.
Graphite flakes (< 20 μm, synthetic) from Sigma-Aldrich were used as starting material
for preparation of graphene oxide. Milli-Q water (18.2 MΩ) was used in this study.
2.2.2.

Synthesis of Mesoporous Silica Nanoparticles

The synthesis of mesoporous silica nanoparticles were carried out by the sol-gel
method similar to the reported method [34]. Briefly, 500 ml solution of CTAB (2.7 x
10-3 M) was prepared in distilled water and was heated to 80 oC in water bath. To this
hot solution, the addition of 4 ml of 2.0 M NaOH was carried out slowly and the
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resulting solution was stirred for 5 min to have a homogeneous solution. 5.0 ml of
TEOS (2.5 x 10-2 M) was added to hot solution in a dropwise manner and the solution
was kept on stirring. After the addition of TEOS, resulting solution was continuously
stirred for 4 h. The MSNs was obtained in form of white precipitates which were
separated. After repeated washings with methanol, the white precipitates were kept for
drying at 40 oC under vacuum for 12 h.
2.2.3. Surface Modification of Mesoporous Silica Nanoparticles by Amino
Groups (MSN-NH2)
0.6 ml of APTES (2.6 mM) was added to the 30.0 ml of dry toluene and the solution
was stirred for 5 min after which 1.5 g of MSNs were dispersed and the resultant
mixture was refluxed in nitrogen atmosphere for 24 hours. The MSN-NH2 was
seperated by filtration and were thoroughly washed with dry toluene as well as dried at
40 oC overnight under vacuum. To eliminate any remaining CTAB template as well as
metal ions, in 160 ml of methanol having 1.5 g of the MSN-NH2 was completely
dispersed and 9 ml of 12 M HCl was added and was refluxed for another 24 h. After
collecting MSN-NH2 by filtration, these nanoparticles were thoroughly washed with
methanol and under vacuum were for 24 h they were kept at 40 oC for complete dryness.
2.2.4.

Synthesis of Polyaniline Nanowires

The synthesis of PANI nanowires was carried out by interfacial polymerization.
The aqueous phase was taken as 100 ml of 1.0 M HCl solution in a 250 ml beaker, to
which 0.58 g of ammonium per sulphate was dissolved. Then, the organic phase was
taken as 100 ml of toluene in a separate 250 ml beaker having 1 ml of aniline monomer.
The organic phase was carefully added along the side of aqueous phase to form a clear
interface of both solutions. The polymerization of aniline begins at interface as both
solutions come in contact and the reaction was carried out for 24 h, after which upper
organic phase was carefully removed and lower aqueous phase was filtered. The residue
was washed with distilled water many times and finally with acetone until the washings
become colorless. The solid residue was dried under vacuum at 60 oC overnight to
obtain the acid-doped PANI nanowires. Emeraldine base polyaniline nanowires were
obtained by rinsing the obtained acid-doped nanowires to 1.0 M aqueous solution of
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ammonia.
2.2.5.

Synthesis of Graphene Oxide

The synthesis of GO was carried out by a modified Hummer’s method. The method
involves two steps. In a typical first step, 7.5 ml of concentrated H2SO4 was taken in a
100 ml beaker and 2.5 g of K2S2O8 was carefully dissolved in the solution followed by
the careful addition of 2.5 g of P2O5. The resulting mixture was kept at 80 oC and was
allowed to stir for 3 h to which 5 g of graphite powder was added. Afterward the
solution was allowed to cool to room temperature and dilution was carried out with
distilled water to the dark blue mixture. It was separated by filteration and washed
several times to make the neutral pH of the residue. The obtained pre-oxidized graphite
powder was dried at room temperature in air.
The second step involves the preparation of graphene oxide from pre-oxidized
graphite. In this typical process, 23 ml of concentrated H2SO4 was cooled down to 0 oC
by placing it onto an ice-water bath to which 1.0 g of pre-oxidized graphite was added
and was stirred vigorously to have homogeneous dispersion. Afterwards 3.0 g of
KMnO4 was added and the solution was kept under slow stirring for 2 h at 35 oC and
then 46 ml of distilled water was added. After 15 min of stirring, 140 ml of water was
added to the reaction to terminate it and followed by the addition of 2.5 ml of H2O2
(conc. 30 %). By the addition of H2O2, the color of the solution quickly transformed to
bright yellow which represents the formation of GO. The mixture was filtered and
washed many times with 250 ml of dilute aqueous HCl solution (1:10 v/v) so that metal
ions can be removed from residue. Finally, the GO was dispersed in 300 ml of water
and the dispersion was centrifuged at 12000 rpm/mint for 30 min. The supernatant was
carefully collected after filtration and sediments were discarded. The supernatant
showed the high quality single layer sheets of GO which were very stable and highly
dispersed in aqueous solution. Eventually, this dispersion of GO solution was subjected
to ultrafiltration for 6 days by using the filter membrane with a cut molecular weight of
5000 to remove residual salts and acids.
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2.2.6.

Preparation of Graphene Oxide Wrapped Silicon dioxide (GO@SiO2)
Nanoparticles

The MSN-NH2 nanoparticles were dispersed in 50 ml aqueous solution under
ultrasonication for 30 mintues to which 10 ml of graphene oxide suspension was added
having the concentration of 0.5 mg ml−1 and the final solution was sonicated for another
2 hours. In the resultant nanoparticles, the mass ratio of GO to MSN-NH2 was
calculated to be 1:2 (m/m). After many time centrifugation and repeatedly washing with
ethanol and water, the resulting nanoparticles were collected and were kept overnight
at 40 °C under vacuum to dry them.
2.2.7.

Preparation of Graphene Oxide Wrapped Silicon Dioxide Nanoparticles
Composite with Polyaniline Nanofibers (GO@SiO2/PANI Composite)

The nanocomposites of GO@SiO2/PANI were prepared via simple sonication
method. Concisely, 0.5 g of GO@SiO2 nanoparticles were dispersed in 100 ml of water
and was mechanically stirred for 60 minutes in ice water bath. Then, the PANI
nanowires were added to the above dispersion and the resulting solution was further
mechanically stirred as well as sonicated for again 1 hour while keeping that solution
in ice water bath for better mixing. The resulting nanocomposite was separated by
filtration and composite material was repeatedly washed using deionized water. To
remove any possible existing oligomers, the collected precipitates was further washed
with methanol. Finally, the GO@SiO2/PANI nanocomposite of dark green color were
achieved and were kept in a traditional oven at 60 °C overnight to completely dry them.
The GO@SiO2/PANI nanocomposite with varying composition were prepared having
initial loading of GO@SiO2 nanoparticles ranging from 10.0% to 100 %.
2.2.8.

Fabrication of Electrode with GO@SiO2/PANI Composite

The nanocomposite material modified electrode was prepared by using glassy
carbon electrode (GCE) as the substrate having diameter 3 mm. The surface of GCE
was firstly polished using alumina powder (0.3, 0.05 μm) on a polishing cloth. Between
each polishing step, the electrode was rinsed thoroughly with deionized water,
sonicated in ethanol and water and was finally kept at room temperature for overnight
to be completely dried. Then onto the clean surface of GCE, the nanocomposites were
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drop casted to make the electrode as working electrode. Typically, dispersion of
GO@SiO2/PANI nanocomposites having volume of 10 μl with a concentration of 1.0
mg ml−1 was dropped onto the cleaned surface of

GCE and then it was allowed to

naturally dry at room temperature to form the nanocomposite adsorbed GCE. This
process was repeated by using different loadings of MSNs (from 10 % by weight to
100 %) to form GO@MSNs/PANI nanocomposite electrodes.

2.3.

Characterizations
To observe the morphology of the nanocomposites, many characterization

techniques were carried out like scanning electron microscope (SEM) of the model
JSM-6700F, Hitachi-600 TEM operating at 100 kV was used to obtain Transmission
electron microscopy (TEM) images. To characterize the surface functionalities of the
nanocomposites, a Fourier-transform infrared (FT-IR) spectrometer was used in the
range of 500−4000 cm−1 coupled with an ATR accessory (Bruker Inc. Vector 22) at a
resolution of 4 cm−1. TA Instruments TGA Q-500 was used to study the
thermogravimetric analysis (TGA) from 30 to 800 °C by at a heating rate of 10 °C min−1
under an air flow rate of 60 ml min−1.
2.3.1.

Electrochemical Measurements

The cyclic voltammetry (CV), galvanostatic charge-discharge measurements and
electrochemical impedance spectroscopy (EIS) were carried out on an VersaSTAT 4
potentiostat (Princeton Applied Research) electrochemical working station. A usual
electrochemical cell containing a counter electrode, a reference electrode and a working
electrode was used. A platinum (Pt) wire was the counter electrode and a saturated
calomel electrode (SCE) was as reference electrode. The cyclic voltamettry was
scanned in 1.0 M H2SO4 aqueous solution from −0.2 to +0.8 V vs SCE at a series of
scan rates. The stability of the nanocomposite was evaluated at a current density of 1 A
g‒1 by using charge-discharge measurements.
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2.4.

Results and Discussion

2.4.1.

Structure and Morphology Characterizations

The morphologies of pristine MSNs, PANI and GO were observed with TEM and
are shown in Figure 2.1. The prepared MSNs have a thin spherical structure with
particle size ranging from 80 to 100 nm. The GO sheets appear transparent to the beam
suggesting the formation a dispersible single layer GO. The PANI nanowires were
observed to have diameters in the range of 40‒60 nm and lengths varying from 500 to
700 nm. The TEM images of the composites in Figure 2.2 clearly show that several
individual sheets of GO fully wrap the MSNs and that the PANI nanowires make a
homogenous nanocomposite with GO wrapped MSNs.
It can also be observed that the three individual phases in the nanocomposite are in
intimate contact to give a uniform structure. The morphologies of the MSNs, GO, PANI
nanowires and of the nanocomposites were also observed with SEM and TEM and are
shown in Figure 2.3 and figure 2.4. The bonding characteristics of the MSNs, GO, PANI
nanowires and their nanocomposites were studied with FT-IR and the spectra obtained
are shown in Figure 2.5. For the pure PANI nanowires, the characteristic C=C stretching
mode corresponds due to the presence of strong signals at 1566 and 1485 cm−1 to of the
quinoid and benzenoid rings, respectively [35]. The in-plane and out-of-plane bending
peaks at 1150 and 795 cm−1 are assigned to that of C−H [36, 37] The C−N and C=N
stretching mode peaks were observed at 1295 and 1237 cm−1 [38]. The FTIR spectra of
the GO@MSNs/PANI nanocomposites show the shifting of these peaks to higher
wavenumbers (about 3−25 cm−1), which may be due to the charge delocalization on the
polymer backbone. This shifting of peaks indicate the strong interactions between the
hosting PANI and the GO@MSNs [39]. In the FT-IR spectra of MSNs, the peaks at
about 1066 and 800 cm−1

may be assigned to the stretching and

bending vibrations

of Si−O bonding [40]. The peak of PANI appearing at 800 cm−1, which overlaps the
peak at 795 cm−1, gets more projecting in the final nanocomposite.
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Figure 2.1 (a, b) HR-TEM images of the synthesized pure mesoporous silica
nanoparticles (c, d) TEM of graphene oxide and (e, f) TEM of
polyaniline nanowires
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Figure 2.2 TEM images of (a, b) graphene oxide wrapped mesoporous silica
nanoparticles, and (c,d) GO@SiO2/PANI composite

Figure 2.3 TEM of mesoporous silica nanoparticles (a,b)
36

Figure 2.4 SEM microstructures of the synthesized mesoporous silica nanoparticles
(a,b,c) and TEM of the polyaniline nanofibers (d,e,f)
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Crystalline structure of the pristine MSNs, GO, PANI and of the nanocomposites
were investigated with XRD and the patterns recorded are shown in Figure 2.6. In the
XRD pattern of GO, the characteristic reflection at 2θ = 10.6° indicate the complete
oxidation of graphite. For PANI nanowires, the peaks at 2θ = 19.4° and 25.2°,
corresponds to emeraldine salt form of PANI due to the diffraction from (020) and (200)
planes, respectively [41]. The XRD pattern of GO@SiO2/PANI nanocomposites shows
crystalline peaks as that of SiO2 and PANI, which reveals that the nanocomposite shows
no additional crystalline order. Whereas, GO sheets were completely interrelated with
SiO2 and PANI-nanowires confirmed by diffraction peaks that appeared at 2θ = 10.6°.
Thermal stability of the products was also determined and the TGA curves of the
individual substances and the nanocomposite with 20% GO@MSNs loading are shown
in Figure 2.7. The weight percent residues of the samples at 300 °C were found to be
88, 55, 61, 69 and 91 wt % for PANI nanowires, GO, MSNs, GO@SiO2/PANI
nanocomposite, respectively. The differences in the weight residues clearly show the
enhanced thermal stability of the nanocomposite.
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Figure 2.5 FTIR spectra of graphene oxide, mesoporous silica nanoparticles,
polyaniline nanofibers, GO@SiO2 nanoparticles and GO@SiO2/PANI
composite
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Figure 2.6 XRD data of the mesoporous silica nanoparticles, graphene oxide,
polyaniline nanowires, GO@SiO2 nanoparticles and GO@SiO2/PANI composite.

Figure 2.7 TGA curves of the mesoporous silica nanoparticles, graphene oxide,
polyaniline nanowires, GO@SiO2 nanoparticles and GO@SiO2/PANI composite.
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2.4.2.

Cyclic Voltammetry Studies

Figure 2.8 depicts the CV curves of prepared samples. Pure PANI and
GO@MSNs/PANI nanocomposites exhibit typical pseudocapacitance characteristic
due to the appearance of three well-defined redox peaks, I/I′, II/II′, and III/III. The
peaks indicates the presence of PANI matrix [42, 43]. the transition to emeraldine salt
(ES)from leucoemeraldine salt (LS)

may result the I/I ′ peak in the cyclic

voltammogram and III/III′may originate from the transition from emeraldine salt (ES)
to pernigraniline salt (PS) [44]. The existence of phenazine rings formed due to the
insertion of nitrenium cations of aniline in the polymer matrix or by a cross-linking
reaction between the polyamine chains may result in the formation of II/II′peak [45].
The presence of less intensity of these redox peaks at higher GO@MSNs
nanoparticle loadings, i.e., 30.0 wt % to onwards can be well explained on the basis of
insulating character of MSNs incorporated in GO@MSNs/PANI conductive matrix that
lowers the conductivity due to the disruption in the chain linearity/planarity,[46] which
is unfavorable in the electrode material, for the conversion between various oxidation
states [47]. It may also be noticeable that in the nanocomposites intensity ratio of these
redox peak of I/I′to III/III′gets lower that of pure PANI nanowires.
This demonstrate that at lower potentials, it becomes more difficult for the
nanocomposites to be oxidized and at higher potentials, it becomes more susceptible
for the nanocomposites to be oxidized. The prime reason may be the less conjugated
and less planar structure in the polymer matrix [48]. The comparatively slower ion
diffusion with increasing the scan rate may cause a drop in the specific capacitance [38].
It is known that during the oxidation-reduction process the protons will be consumed
more rapidly at higher scan rate than the ion diffusion to the electrolyte/electrode
interface from the electrolyte.[49, 50] The other reason may be due to reduced
utilization efficiency of electrode materials as at higher scan rates, ions may penetrate
into relatively large pores only [51].
The nanocomposites with 20.0 wt % GO@MSNs loading into PANI matrix display
a capacitance of 412 F g‒1, that is relatively higher than the capacitance shown by PANI
(384 F g‒1). The capacitance starts to decrease rapidly with the increasing concentration
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of GO@MSNs.

Figure 2.8 Cyclic Voltammograms of (a) graphene oxide (b) mesoporous silica
nanoparticles (c) polyaniline nanofibers (d) GO@SiO2 nanoparticles (e)
20% GO@SiO2/PANI composite and (f) different loading of GO@SiO2
nanoparticles in polyaniline nanofibers at a scan rate of 100 mV s‒1
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The high specific capacitance for 20.0 wt % GO@MSNs may be due to the ion
transport over a large surface area of spherical light weight GO@MSNs, [52] while
keeping comparatively great conductivity. At higher loading of GO@MSNs due to the
nonconductive nature of MSNs, the effective electron transportation is impeded even
though the surface area is increased and resulting in much lower capacitances in the
nanocomposites as the pseudocapacitance due to the PANI polymer reduces
dramatically.
2.4.3.

Galvanostatic Charge-Discharge Measurements

The electrochemical capacitance of the materials may also be obtained under
controlled current conditions by using galvanostatic charge-discharge measurement.
Chronopotentiometry (CP) was carried out to find out galvanostatic charge-discharge
in aqueous solution of 1.0 M H2SO4. The gravimetric capacitance of the pure PANI
nanowires and its GO@MSNs/PANI nanocomposites were measured in a potential
range from −0.2 to +0.8 V by using equation (2.1).

𝑪𝐬 =

𝑰𝒕
𝐦𝜟𝑽

(2.1)

Cs is the specific gravimetric capacitance in F g‒1, t is the discharge time in s, I is the
discharge current in A, ΔV is the scanned potential window in V and m is the mass of
the active materials in the single electrode in g. Figure 2.9 displays the charge-discharge
measurements of the nanocompostes under different current densities. It was detected
that the capacitance decreases because of slow ion diffusion by increasing the current
density,[53]. The GO@MSNs/PANI nanocomposites with a loading of 20.0 wt %
GO@MSNs NPs demonstrate higher capacitance of 412 F g‒1 at a current density of
1.0 A g‒1. It may be suggested that ion adsorption occurs between the electrolyte and
electrodes interfaces from the EDLCs due to non-Faradic process and by the increase
of the GO@MSNs nanoparticles, it starts to participate supplementary to the whole
capacitance and hence smaller capacitances is observed. The charge-discharge
measurements show similar results as that of CV results.
The specific power density P and the specific energy density E were also calculated
from equation (2.2) and (2.3).
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𝐄=
𝐏=

𝟏
𝐂 𝚫𝐕 𝟐
𝟐 𝐬

𝟑.𝟔
𝟑𝟔𝟎𝟎𝐄
𝐭

(2.2)

(2.3)

Where, Cs is the specific capacitance in F g‒1, E is the specific energy density in Wh
kg‒1, ΔV shows the operational potential (without IR drop at the start of discharge) in
V, P is the specific power density in W kg‒1 and t is the discharge time in s. Table 2.5
shows the specific energy density and specific power density values of the
nanocomposites at 1.0 A g‒1 of current density.
The nanocomposites with a loading of 20.0 wt % GO@MSNs NPs into the PANI
matrix show a higher value of specific energy density whereas maintaining
comparatively larger power density values. The maximum value of E and P at a current
density of 1.0 A g‒1 was calculated to be 57.22 Wh kg‒1 and 500 W kg‒1 respectively.
This data is in good agreement as that of reported in literature (Pure PANI having a
energy density of 24.1 Wh kg‒1 and a power density of 399 W kg‒1 [54]. With the
increase in concentration of GO@MSNs NPs, both P and E decrease, signifying an
optimal concentration of the GO@MSNs to accomplish improved electrochemical
properties. As earlier reported for polypyrrole and GO composites, the possible reason
for this is related to synergistic effect between inorganic particles and the conductive
polymers [55].
The representative Nyquist plots of the samples in Figure 2.11 show a vertical line
perpendicular to the real axis at low frequency and a small depressed semicircle in the
high frequency region. All the samples show a trend towards vertical line along
imaginary axis exhibiting pure capacitive characters. The vertical line is also a
representative for ion-diffusion in the structure of electrode materials and the slope of
this line is related to speed of electrical double layer formation. Due to rapid and highly
reversible faradic reactions on 20%-GO@SiO2/PANI, it is in most proximity to
imaginary axis in the low frequency part confirming most ideal supercapacitor along
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Figure 2.9 Charge-discharge curves of (a) graphene oxide (b) mesoporous silica
nanoparticles (c) polyaniline nanofibers (d) GO@SiO2 nanoparticles (e)
20% loading of GO@SiO2 nanoparticles with polyaniline nanofibers at
different current densities, and (f) combine graph of individual materials
and nanocomposite at a current density of 1 A g‒1
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Figure 2.10 (a, c) Current density dependent specific capacitance and energy density
of graphene oxide, mesoporous silica nanoparticles, polyaniline
nanofibers, GO@SiO2 nanoparticles, 20% loading of GO@SiO2
nanoparticles with polyaniline nanofibers and (b, d) specific capacitance
and energy density of composite materials with different loading of
GO@SiO2 nanoparticles in polyaniline nanofibers
with largest slope indicating most rapid electrical double layer formation. At higher
frequency area, all sample electrodes display almost similar solution resistance with
some variation for PANI electrode. The solution resistance in graphene based samples
is due to resistance between graphene sheets [56]. Clearly, the electrochemical
performance of nanocomposite electrode has remarkably improved after association
with 20%-GO loadings.
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Table 2.1 Specific capacitance, energy density and power density of graphene
oxide, mesoporous silica and polyaniline nanowires at different current densities.
Graphene Oxide

SiO2

Polyaniline nanowires

Current
Specific

Energy

Power

Specific

Energy

Power

Specific

Energy

Power

capacitance

density

density

capacitance

density

density

capacitance

density

density

(F g‒1)

(Wh kg‒1)

(W kg‒1)

(F g‒1)

(Wh kg‒1)

(W kg‒1)

(F g‒1)

(Wh kg‒1)

(W kg‒1)

0.2

462

64.1

125

281

39

100

‒

‒

‒

0.3

343

47.6

188

132

18.3

150

‒

‒

‒

0.4

‒

‒

‒

64

8.9

200

‒

‒

‒

0.5

277

38.5

313

53

7.4

250

‒

‒

‒

0.6

‒

‒

‒

47

6.5

300

‒

‒

‒

0.8

236

32.8

500

40

5.5

400

‒

‒

‒

1.0

218

30.2

625

34

4.8

500

384

53.3

500

1.2

‒

‒

‒

31

4.3

600

‒

‒

‒

2.0

182

25.3

1250

24

3.4

1000

290

40.2

1000

3.0

163

22.7

1875

20

2.8

1500

241

33.5

1501

4.0

‒

‒

‒

19

2.6

2000

205

28.4

2000

5.0

‒

‒

‒

17

2.4

2500

182

25.3

2500

6.0

‒

‒

‒

‒

‒

‒

164

22.8

3000

7.0

‒

‒

‒

‒

‒

‒

154

21.4

3500

8.0

‒

‒

‒

‒

‒

‒

144

20

4000

10

‒

‒

‒

‒

‒

‒

129

18

5000

15

‒

‒

‒

‒

‒

‒

108

15

7500

density
(A g‒1)
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Table 2.2 Specific Capacitance, energy density and power density of GO@SiO2,
10% GO@SiO2/PANI and 20% GO@SiO2/PANI at different current densities.
GO@SiO2

10%GO@SiO2/PANI

20%GO@SiO2/PANI

Specific

Energy

Power

Specific

Energy

Power

Specific

Energy

Power

capacitance

density

density

capacitance

density

density

capacitance

density

density

(F g‒1)

(Wh kg‒1)

(W kg‒1)

(F g‒1)

(Wh kg‒1)

(W kg‒1)

(F g‒1)

(Wh kg‒1)

(W kg‒1)

0.5

211

29.3

250

‒

‒

‒

‒

‒

‒

1.0

145

20.1

500

‒

‒

‒

412

57.2

500

2.0

‒

‒

‒

61.1

8.5

1000

351

49

1000

3.0

‒

‒

‒

35.2

5

1509

331

46

1500

5.0

98

13.5

2500

22.6

3.1

2499

313

43.4

2500

10

82

11.4

5000

‒

‒

‒

‒

‒

‒

Current
density
(A g‒1)

Table 2.3 Specific capacitance, energy density and power density of 30%
GO@SiO2/PANI, 50% GO@SiO2/PANI and 90% GO@SiO2/PANI at different
current densities.
30%GO@SiO2/PANI

Current
density

Specific

Energy

capacitance

density

‒1

50%GO@SiO2/PANI

‒1

Power

Specific

Energy

density

capacitance

density

‒1

‒1

‒1

90%GO@SiO2/PANI

Power

Specific

Energy

density

capacitance

density

‒1

‒1

Power
density
‒1

(F g )

(Wh kg )

(W kg )

(F g )

(Wh kg )

(W kg )

(F g )

(Wh kg )

(W kg‒1)

2.0

157

21.8

1000

51.4

7.1

999.4

16.4

2.8

1220.5

3.0

135

19

1500

44

6.1

1500

16

2.2

1497

5.0

122

17

2500

39.2

5.4

2498

15

2.04

2498

(A g‒1)

48

Table 2.4 Specific capacitance, energy density and power density of the polyaniline
nanofibers and different loading of GO@SiO2 nanoparticles in polyaniline
nanofibers at a current density of 2.0 A g‒1
Samples

PANI

Specific capacitance

10%

20%

30%

50%

90%

GO@SiO2/PANI

GO@SiO2/PANI

GO@SiO2/PANI

GO@SiO2/PANI

GO@SiO2/PANI

290

61

351

157

51.4

16.4

40.2

8.5

48.7

21.8

7.1

2.8

1000

1000

1000

1000

999

1221

(F g‒1)
Energy density
(Wh kg‒1)
Power density
(W kg‒1)

Table 2.5 Specific capacitance, energy density and power density of the individual
substances and GO@SiO2/PANI composite at a current density of 1.0 A g‒1
Samples

PANI

GO@SiO2

GO

SiO2

20%
GO@SiO2/PANI

(composite)
Specific capacitance
(F g‒1)

384

145

218

34

412

53

20

30

5

57

500

500

625

500

500

Energy density
(Wh kg‒1)
Power density
(W kg‒1)
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Figure 2.11 Nyquist plot of graphene oxide, mesoporous nanoparticles, polyaniline
nanofibers, GO@SiO2 nanoparticles and 20%-GO@SiO2/PANI
composite

2.5.

Conclusions

GO@MSNs/PANI composites with varying concentrations of GO@SiO2 nanoparticles
were prepared and were tested as supercapacitor electrode materials. It was found that
the composites with a loading of 20.0 wt % of GO@SiO2 nanoparticles display an
optimum supercapacitive performance in an acid (H2SO4) electrolyte. The maximum
gravimetric capacitance was calculated to be 412 F g‒1 at a current density of 1 A g‒1
(384 F g‒1 for pure PANI). Meanwhile, at a current density of 1 A g‒1, a power density
of 500 W kg‒1 with maximum energy density of 57.2 Wh kg‒1 (53.3 for pure PANI) is
observed from charge-discharge measurements. The higher loadings of GO@MSNs
NPs were resulted in reduced conductivity and lower capacitances of the
nanocomposites and was unfavorable to the veracity of the polymer matrix.
50

2.6.

References

1.

Brousse, T., Bélanger, D., Chiba, K., Egashira, M., Favier, F., Long, J., Miller,
J.R., Morita, M., Naoi, K., Simon, P. and Sugimoto, W., Materials for
Electrochemical Capacitors. In Springer Handbook of Electrochemical
Energy, Springer Berlin Heidelberg, 2017, 495-561

2.

Cericola, D.; Kötz, R., Hybridization of rechargeable batteries and
electrochemical capacitors: Principles and limits. Electrochimica Acta. 2012, 72,
1-17.

3.

Zhi, M.; Xiang, C.; Li, J.; Li, M.;Wu, N., Nanostructured carbon-metal oxide
composite electrodes for supercapacitors: a review. Nanoscale. 2013, 5,

72-

88.
4.

Yu, G.; Hu, L.; Vosgueritchian, M.; Wang, H.; Xie, X.; McDonough, J. R.; Cui,
X.; Cui, Y.;Bao, Z., Solution-processed graphene/MnO2 nanostructured textiles
for high-performance electrochemical capacitors. Nano letters. 2011, 11,
2905-2911.
5.

Burt, R., Breitsprecher, K., Daffos, B., Taberna, P.L., Simon, P., Birkett, G.,
Zhao, X.S., Holm, C. and Salanne, M., Capacitance of Nanoporous CarbonBased Supercapacitors Is a Trade-Off between the Concentration and the
Separability of the Ions. The Journal of Physical Chemistry Letters, 2016, 7
(19), 4015-4021.

6.

Aboutalebi, S. H.; Chidembo, A. T.; Salari, M.; Konstantinov, K.; Wexler, D.;
Liu, H. K.;Dou, S. X., Comparison of GO, GO/MWCNTs composite and
MWCNTs as potential electrode materials for supercapacitors. Energy &
Environmental Science. 2011, 4, 1855-1865.
7.

Kim, J., Young, C., Lee, J., Park, M.S., Shahabuddin, M., Yamauchi, Y. and
Kim, J.H., CNTs grown on nanoporous carbon from zeolitic imidazolate
frameworks for supercapacitors. Chemical Communications, 2016. 52 (88),
13016-13019.
51

8.

Lee, S. W.; Gallant, B. M.; Byon, H. R.; Hammond, P. T.;Shao-Horn, Y.,
Nanostructured carbon-based electrodes: bridging the gap between thin-film
lithium-ion batteries and electrochemical capacitors. Energy & Environmental
Science. 2011, 4, 1972-1985.

9.

Lang, J.-W.; Yan, X.-B.; Yuan, X.-Y.; Yang, J.;Xue, Q.-J., Study on the
electrochemical properties of cubic ordered mesoporous carbon for
supercapacitors. Journal of Power Sources. 2011, 196, 10472-10478.

10.

Xia, X.; Tu, J.; Zhang, Y.; Wang, X.; Gu, C.; Zhao, X.-b.;Fan, H. J., High-quality
metal oxide core/shell nanowire arrays on conductive substrates for
electrochemical energy storage. Acs Nano. 2012, 6, 5531-5538.

11.

Lokhande, V. C.; Lokhande, A. C.; Lokhande, C. D.; Kim, J. H.;Ji, T.,
Supercapacitive composite metal oxide electrodes formed with carbon, metal
oxides and conducting polymers. Journal of Alloys and Compounds. 2016, 682,
381-403.

12.

Rakhi, R.; Chen, W.; Cha, D.;Alshareef, H. N., High performance
supercapacitors using metal oxide anchored graphene nanosheet electrodes.
Journal of Materials Chemistry. 2011, 21, 16197-16204.

13.

Ramya, R.; Sivasubramanian, R.;Sangaranarayanan, M., Conducting polymersbased

electrochemical

supercapacitors—progress

and

prospects.

Electrochimica Acta. 2013, 101, 109-129.
14.

Zhu, J.; Gu, H.; Luo, Z.; Haldolaarachige, N.; Young, D. P.; Wei, S.;Guo, Z.,
Carbon nanostructure-derived polyaniline metacomposites: electrical, dielectric,
and giant magnetoresistive properties. Langmuir. 2012, 28, 10246-10255.

15.

Osaka, T.; Nakajima, T.; Naoi, K.;Owens, B. B., Electroactive Polyaniline Film
Deposited from Nonaqueous Organic Media II. Effect of Acid Concentration in
Solution. Journal of The Electrochemical Society. 1990, 137, 2139-2142.

16.

Bhadra, S.; Khastgir, D.; Singha, N. K.;Lee, J. H., Progress in preparation,
processing and applications of polyaniline. Progress in Polymer Science. 2009,
34, 783-810.
52

17.

Lee, D. W.; Yoo, B. R., Advanced silica/polymer composites: Materials and
applications. Journal of Industrial and Engineering Chemistry. 2016, 38, 112.

18.

Peng, H.; Jain, M.; Peterson, D. E.; Zhu, Y.;Jia, Q., Composite carbon
nanotube/silica fibers with improved mechanical strengths and electrical
conductivities. Small. 2008, 4, 1964-1967.

19.

Li, Y.; Van Zijll, M.; Chiang, S.;Pan, N., KOH modified graphene nanosheets
for supercapacitor electrodes. Journal of Power Sources. 2011, 196,

6003-

6006.
20.

Rao, C. e. N. e. R.; Sood, A. e. K.; Subrahmanyam, K. e. S.;Govindaraj, A.,
Graphene: The New Two‐Dimensional Nanomaterial. Angewandte Chemie
International Edition. 2009, 48, 7752-7777.

21.

Xia, J.; Chen, F.; Li, J.;Tao, N., Measurement of the quantum capacitance of
graphene. Nature nanotechnology. 2009, 4, 505-509.

22.

Huang, X.; Qi, X.; Boey, F.;Zhang, H., Graphene-based composites. Chemical
Society Reviews. 2012, 41, 666-686.

23.

Sahoo,

S.;

Karthikeyan,

graphene/polyaniline

G.;

Nayak,

nanocomposites

G.;Das,

for

C.

K.,

supercapacitor

Modified
application.

Macromolecular Research. 2012, 20, 415-421.
24.

Chen, F.; Liu, P.;Zhao, Q., Well-defined graphene/polyaniline flake composites
for high performance supercapacitors. Electrochimica Acta. 2012, 76, 62-68.

25.

Zhang, J.; Zhao, X., Conducting polymers directly coated on reduced graphene
oxide sheets as high-performance supercapacitor electrodes. The Journal of
Physical Chemistry C. 2012, 116, 5420-5426.

26.

Mao, L.; Zhang, K.; Chan, H. S. O.;Wu, J., Surfactant-stabilized
graphene/polyaniline

nanofiber

composites

for

high

performance

supercapacitor electrode. Journal of Materials Chemistry. 2012, 22, 80-85.
27.

Kumar, N. A.; Choi, H.-J.; Shin, Y. R.; Chang, D. W.; Dai, L.;Baek, J.-B.,
Polyaniline-grafted reduced graphene oxide for efficient electrochemical
supercapacitors. Acs Nano. 2012, 6, 1715-1723.
53

28.

Liu, Y.; Deng, R.; Wang, Z.;Liu, H., Carboxyl-functionalized graphene oxide–
polyaniline composite as a promising supercapacitor material. Journal of
Materials Chemistry. 2012, 22, 13619-13624.

29.

Chen, K.; Chen, L.; Chen, Y.; Bai, H.;Li, L., Three-dimensional porous
graphene-based composite materials: electrochemical synthesis and application.
Journal of Materials Chemistry. 2012, 22, 20968-20976.

30.

Wang, Y.; Yang, X.; Qiu, L.;Li, D., Revisiting the capacitance of polyaniline by
using graphene hydrogel films as a substrate: the importance of nanoarchitecturing. Energy & Environmental Science. 2013, 6, 477-481.

31.

Lai, X.; Halpert, J. E.;Wang, D., Recent advances in micro-/nano-structured
hollow spheres for energy applications: from simple to complex systems.
Energy & Environmental Science. 2012, 5, 5604-5618.

32.

Chen, J. S.; Wang, Z.; Dong, X. C.; Chen, P.;Lou, X. W. D., Graphene-wrapped
TiO 2 hollow structures with enhanced lithium storage capabilities. Nanoscale.
2011, 3, 2158-2161.

33.

Chen, H.; Zhou, S.; Chen, M.;Wu, L., Reduced graphene oxide–MnO 2 hollow
sphere hybrid nanostructures as high-performance electrochemical capacitors.
Journal of Materials Chemistry. 2012, 22, 25207-25216.

34.

Sun, J. T.; Piao, J. G.; Wang, L. H.; Javed, M.; Hong, C. Y.;Pan, C. Y., One‐Pot
Synthesis

of

Redox‐Responsive

Polymers‐Coated

Mesoporous

Silica

Nanoparticles and Their Controlled Drug Release. Macromolecular rapid
communications. 2013, 34, 1387-1394.
35.

Kellenberger, A.; Dmitrieva, E.;Dunsch, L., Structure dependence of charged
states

in

“linear”

polyaniline

as

studied

by

in

Situ

ATR-FTIR

spectroelectrochemistry. The Journal of Physical Chemistry B. 2012, 116,
4377-4385.
36.

El-Said, W. A.; Yea, C.-H.; Choi, J.-W.;Kwon, I.-K., Ultrathin polyaniline film
coated on an indium–tin oxide cell-based chip for study of anticancer effect.
Thin Solid Films. 2009, 518, 661-667.

37.

Zhu, J.; Wei, S.; Zhang, L.; Mao, Y.; Ryu, J.; Haldolaarachchige, N.; Young, D.
54

P.;Guo, Z., Electrical and dielectric properties of polyaniline–Al2O3
nanocomposites derived from various Al2O3 nanostructures. Journal of
Materials Chemistry. 2011, 21, 3952-3959.
38.

Li, Y.; Zhao, X.; Xu, Q.; Zhang, Q.;Chen, D., Facile preparation and enhanced
capacitance of the polyaniline/sodium alginate nanofiber network for
supercapacitors. Langmuir. 2011, 27, 6458-6463.

39.

Zhu, J.; Wei, S.; Zhang, L.; Mao, Y.; Ryu, J.; Karki, A. B.; Young, D. P.;Guo, Z.,
Polyaniline-tungsten oxide metacomposites with tunable electronic properties.
Journal of Materials Chemistry. 2011, 21, 342-348.

40.

Baù, L.; Bártová, B.; Arduini, M.;Mancin, F., Surfactant-free synthesis of
mesoporous and hollow silica nanoparticles with an inorganic template.
Chemical Communications. 2009, 7584-7586.

41.

Chaudhari, H.; Kelkar, D., Investigation of structure and electrical conductivity
in doped polyaniline. Polymer international. 1997, 42, 380-384.

42.

Rudge, A.; Davey, J.; Raistrick, I.; Gottesfeld, S.;Ferraris, J. P., Conducting
polymers as active materials in electrochemical capacitors. Journal of Power
Sources. 1994, 47, 89-107.

43.

Fusalba, F.; Gouérec, P.; Villers, D.;Bélanger, D., Electrochemical
characterization of polyaniline in nonaqueous electrolyte and its evaluation as
electrode material for electrochemical supercapacitors. Journal of The
Electrochemical Society. 2001, 148, A1-A6.

44.

Wang, Y. G.; Li, H. Q.;Xia, Y. Y., Ordered whiskerlike polyaniline grown on the
surface of mesoporous carbon and its electrochemical capacitance performance.
Advanced Materials. 2006, 18, 2619-2623.

45.

Genies, E.; Lapkowski, M.;Penneau, J., Cyclic voltammetry of polyaniline:
interpretation of the middle peak. Journal of electroanalytical chemistry and
interfacial electrochemistry. 1988, 249, 97-107.

46.

Dallas, P.; Moutis, N.; Devlin, E.; Niarchos, D.;Petridis, D., Characterization,
electrical and magnetic properties of polyaniline/maghemite nanocomposites.
Nanotechnology. 2006, 17, 5019.
55

47.

Dhawale, D.; Vinu, A.;Lokhande, C., Stable nanostructured polyaniline
electrode for supercapacitor application. Electrochimica Acta. 2011, 56, 94829487.

48.

Zang, J.; Li, X., In situ synthesis of ultrafine β-MnO 2/polypyrrole nanorod
composites for high-performance supercapacitors. Journal of Materials
Chemistry. 2011, 21, 10965-10969.

49.

Wang, Z.-L.; Guo, R.; Li, G.-R.; Lu, H.-L.; Liu, Z.-Q.; Xiao, F.-M.; Zhang,
M.;Tong, Y.-X., Polyaniline nanotube arrays as high-performance flexible
electrodes for electrochemical energy storage devices. Journal of Materials
Chemistry. 2012, 22, 2401-2404.

50.

Yan, J.; Khoo, E.; Sumboja, A.;Lee, P. S., Facile coating of manganese oxide on
tin oxide nanowires with high-performance capacitive behavior. Acs Nano.
2010, 4, 4247-4255.

51.

Xing, W.; Qiao, S.; Ding, R.; Li, F.; Lu, G.; Yan, Z.;Cheng, H., Superior electric
double layer capacitors using ordered mesoporous carbons. Carbon. 2006, 44,
216-224.

52.

Niu, Z.; Luan, P.; Shao, Q.; Dong, H.; Li, J.; Chen, J.; Zhao, D.; Cai, L.; Zhou,
W.;Chen, X., A “skeleton/skin” strategy for preparing ultrathin free-standing
single-walled carbon nanotube/polyaniline films for high performance
supercapacitor electrodes. Energy & Environmental Science. 2012, 5, 87268733.

53.

Wang, H.; Tang, Z.; Sun, L.; He, Y.; Wu, Y.;Li, Z., Capacitance performance
enhancement of TiO2 doped with Ni and graphite. Rare Metals. 2009, 28,
231-236.

54.

Peng, H.; Ma, G.; Ying, W.; Wang, A.; Huang, H.;Lei, Z., In situ synthesis of
polyaniline/sodium carboxymethyl cellulose nanorods for high-performance
redox supercapacitors. Journal of Power Sources. 2012, 211, 40-45.

55.

Konwer,

S.;

Boruah,

R.;Dolui,

S.

K.,

Studies

on

conducting

polypyrrole/graphene oxide composites as supercapacitor electrode. Journal of
electronic materials. 2011, 40, 2248-2255.
56

56.

Wang, Y.; Shi, Z.; Huang, Y.; Ma, Y.; Wang, C.; Chen, M.;Chen, Y.,
Supercapacitor devices based on graphene materials. The Journal of Physical
Chemistry C. 2009, 113, 13103-13107.

57

Chapter 3

Carbon Quantum Dots from Glucose
Oxidation and Their Supercapacitive Studies

Chapter 3
Carbon Quantum Dots from Glucose Oxidation and Their
Supercapacitive Studies
This chapter includes the synthesis and supercapacitive charge-discharge properties
of 3-5 nm carbon dots prepared via glucose oxidation route. The method we adopted for
the synthesis introduced several polar functionalities onto the surface of carbon dots which
when assembled on the glassy carbon electrode provided fast electron transfer and good
stability to the carbon dots electrode. As a consequence the carbon dots electrode exhibited
good electrochemical performance with an energy density of 15.4 Wh/kg at a power
density of 500W/kg and a specific capacitance of 110.6 Fg-1 at a current density of 1 Ag-1,
indicating their potential use in energy storage devices.

3.1.

Introduction
Carbon based electrode materials for super capacitors have been the subject of

considerable research interest mainly due to their easy availability in various forms, easy
process ability and relatively low costs [1, 2]. The high surface area and easily accessible
pores in carbon based electrodes provide them with easy polarizabilty as well as thermal
and chemical stability in both basic and acidic electrolytes [3, 4]. Carbon based super
capacitors as energy storages devices finds potential applications in hybrid electric
vehicles, memory backups and other emergency power supply devices [5, 6]. Since
supercapacitors store charges electrostatically at the surface, their energy density and
potential window in which they can be operated is inferior to the batteries and thus needs
further improvements.
Carbon quantum dots (CDs), a relatively new class of zero dimensional materials
with sizes below 10 nm, have attracted much attention due to their excellent aqueous
solubility, variable surface states, ease of surface functionalization and strong
photoluminescence [7]. The CDs are being explored in various fields such as photocatalysts
for hydrogen evolution reaction [8], organic photovoltaics [9], fluorescent probes in
biological imaging [10-12] and in sensors [13, 14]. For use in supercapacitors, the CDs
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have mostly been used to decorate the surface of another active electrode material such as
conducting polymers, metal oxides and even other carbon structures itself [15, 16]. For
example, graphene quantum dots (GQDs) prepared by the electrochemical oxidation of
graphene have been used to decorate the nanotubes on a foil supported on anodic aluminum
oxide membrane [17], composites with MnO2 [18], NiO nanowires [19] and CDs decorated
RuO2 [20]. Various carbon structures such carbon nanotubes when used in combination
with graphene quantum dots showed a 200% increase in capacitance over the bare carbon
nanotubes [21]. Only a limited work has been reported on the use of pure CDs to enhance
the capacitance of the carbon based supercapacitors. An interdigitated finger electrode
fabricated using pristine graphene quantum dots demonstrated a specific capacitance of
534.7 μ F cm−2 and a rate capability of up to 1000 Vs−1 [22].
Herein, we report on the cyclic charge discharge properties of pristine water soluble
CDs prepared via glucose oxidation route. The CDs modified electrode provided fast
electron transfer and good stability upon cycling with a specific capacitance of 110.6 F/g.

3.2.

Materials
The analytical-reagent grade of sulfuric acid (H2SO4), nitric acid (HNO3) and

sodium carbonate (Na2CO3) were obtained from the Beijing Chemical Plant, China and
were used as such. D(+)-Glucose was acquired from Sigma. Ultrapure water (.18 MV cm)
was used in all experimental procedure.

3.3.

Experimental

3.3.1. Synthesis Procedure of Carbon Dots
The synthesis of carbon dots was carried out from glucose by following the
procedure reported by Peng et al [23]. In detail, 2.0 g of glucose was dissolved in 5 ml
distilled water in a 100 ml beaker and the resulting solution was ultrasound to support
thorough dissolution of glucose. The solution was cooled down to a temperature of 0-5 oc.
Then 8 mL of concentrated H2SO4 was added dropwise to that chilled solution and was
vigorous stirred. The reaction was carried out for 40 min to which 40 ml of distilled water
was by added to terminate the reaction. The black carbonaceous material was observed at
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the bottom of the beaker which was separated by centrifugation and was washed repeatedly
with water to eliminate the additional reagents. Then in 50 ml of 2 M HNO3 solution, the
resulting black substance was dispersed and was sonicated for 30 min followed by
defluxion for 12 h. Subsequently the solution was cooled to normal temperature and acidity
of the mixture was neutralized by the addition of Na2CO3 aqueous solution. The resulting
CDs were obtained after removing the remaining solvent by rotary evaporation. The large
excess of reaction ions were removed by dialysis of CDs for 4 days. The synthesized CDs
were diluted with water for further use.
3.3.2. Fabrication of Electrode with Carbon Dots
The carbon dots modified electrode was prepared by using glassy carbon electrode
(GCE) as the substrate having diameter 3 mm. The surface of GCE was firstly polished
using alumina powder (0.3, 0.05 μm) on a polishing cloth. Between each polishing step,
the electrode was rinsed thoroughly with deionized water, sonicated in ethanol and water
and was finally kept at room temperature for overnight to be completely dried. Then onto
the clean surface of GCE, the carbon dots were drop casted to make the electrode as
working electrode. Typically, dispersion of carbon dots having volume of 10 μl with a
concentration of 1.0 mg ml−1 was dropped onto the cleaned surface of GCE and then it
was allowed to naturally dry at room temperature to form the carbon dots adsorbed GCE.

3.4.

Characterizations
To observe the morphology of the carbon dots Hitachi-600 TEM operating at 100 kV

was used to obtain Transmission electron microscopy (TEM) images. To characterize the
surface functionalities of the carbon dots, a Fourier-transform infrared (FT-IR)
spectrometer coupled with an ATR accessory (Bruker Inc. Vector 22) was used in the range
of 500−4000 cm−1 at a resolution of 4 cm−1. TA Instruments TGA Q-500 was used to study
the thermogravimetric analysis (TGA) from 30 to 800 °C by at a heating rate of 10 °C
min−1 under an air flow rate of 60 mL min−1. The pH-values of the solution was measured
by using commercial pH sensor of model pHs-2C obtained from Shanghai Aiyiqi, China.
3.4.1. Electrochemical Measurements
The electrochemical measurements together with galvanostatic charge-discharge
measurements, electrochemical impedance spectroscopy (EIS) and cyclic voltammetry
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(CV) were carried out on a VersaSTAT 4 potentiostat (Princeton Applied Research)
electrochemical working station. A usual electrochemical cell containing a saturated
calomel electrode (SCE) was as reference electrode, platinum (Pt) wire was a counter
electrode and GCE was the working electrode. The cyclic voltammetry was scanned in 1.0
M H2SO4 aqueous solution from −0.2 to +0.8 V vs SCE at a series of scan rates. The
stability of the nanocomposite was evaluated at a current density of 1 A g‒1 by using chargedischarge measurements.

3.5.

Results and Discussion
The procedure we adopted for the synthesis of CDs involve the conversion of the

starting glucose into carbonaceous materials followed by the breakdown of the
carbonaceous material into the CDs. The low and high magnification TEM images of the
CDs thus produced are in Figure 3.1. From the low magnification TEM images. It can be
observed that the CDs are well dispersed spherical particles having a narrow size
distribution in the range of of 3-5 nm. The high resolution images of the CDs shows distinct
parallel planes indicating the crystalline nature of the CDs. These parallel planes with
lattice spacing of 2.1 Å and 3.1 Å corresponds to the (100) and (002) planes in graphite
[24, 25]. That the CDs are crystalline in nature was further confirmed from their diffraction
studies as shown in Figure 3.2a. The XRD patterns of CDs exhibit a more intense
diffraction peak at 28.25 degrees two theta that matches well with the stacking in graphitic
carbon structure, which may cause to increase in electrical conductivity of the carbon.
To characterize the surface functionalities of the carbon dots, a Fourier-transform
infrared (FT-IR) spectrometer was used and obtained spectrum is shown in Figure 3.2 (c),
A shoulder peak demonstrates the presence of C=O stretching vibration at 1703 cm-1 and
a broad peak shows the presence of O–H stretching vibration centered at around 3414 cm1

. The existence of these peaks reveal the presence of carboxylate and hydroxyl groups on

the surface of the CDs. A peak at about 1124 cm-1 presented the presence of C–O stretching
vibration which indicate the partially oxidization of surfaces of the CDs. Furthermore the
presence of peaks appeared at 1604 and 1381 cm-1 may be assigned to the asymmetric and
symmetric vibrations of C–O in the carboxylic ion. Figure 3.2 (b) shows the TG behaviors
of carbon dots in air. The TG analysis gives three pieces of information. Firstly, the weight
61

loss at about < 120 oC of carbon dots may be due to the complete removal of the adsorbed
water. Secondly, the weight loss at about 150~270 oC of carbon dots may be due to the

Figure 3.1 High and low magnification TEM images of the carbon dots drop-costed onto
TEM grid showing their non-aggregative behavior
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Figure 3.2 (a) XRD pattern of Carbon dots (insects shows a magnified portion along xaxis), (b) TGA curve.
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Figure 3.2 (c) FT-IR and (d) digital photograph of as synthesized carbon dots after a year
showing the ready dispensability of the carbon dots.
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complete removal of the water of crystallization. Thirdly, the observation of the TG curve
above 270~700 oC indicates that there are two kinds of carbon species in sample. The
higher combustion temperature may be due the presence of graphitic carbon whereas the
lower combustion temperature may be due to the presence of amorphous carbon [26].
3.5.1. Electrochemical Performance of the Composite Electrodes
The electrochemical properties of samples are compared in Figure 3.3. The cyclic
voltammetry (CV) curves of the carbon dots exhibited a rectangular shape at sweep rates
ranging from 5 to 120 mV s-1. The above results reveal an improved charge transmission
behavior and ion response [27].
3.5.2. Galvanostatic Charge−Discharge Measurement
The electrochemical capacitance of the materials may also be obtained under
controlled current conditions by using galvanostatic charge-discharge measurement which
is a reliable way. Chronopotentiometry (CP) was carried out to find out galvanostatic
charge-discharge in 1.0 M H2SO4 aqueous solution. The gravimetric capacitance of the
carbon dots were measured in a potential range from −0.2 to +0.8 V by using equation
Cs = it/mΔV., where i is the discharge current in A, Cs is the specific gravimetric capacitance
in F/g, t is the discharge time in s, ΔV is the scanned potential window in V and m is the
mass of the active materials in the single electrode in grams.
The specific energy density E and the specific power density P were also calculated
from equation E = 3.6(0.5CsΔV2) and equation P = 3600E/t, respectively. Where Cs is the
specific capacitance in F/g, P is the specific power density in W/kg and E is the specific
energy density in Wh/kg, t is the discharge time in s and ΔV is the scanned potential
window in V. The brilliant capacitive presentation of the carbon dots electrode may be
clearly seen from Figure 3.3. The meaningfully enhanced capacitance of the carcon dots is
ascribed to the operative pseudocapacitive contribution in the electrode. The carbon dot
sample exhibit an elevated capacitance value (158.5 F g-1) at a current density of 0.1 Ag-1.
When the current density was increased, a decreased in specific capacitance can be
observed due to the fact that the electrolyte ions have enough response time to reach the
active surface of the sample at a low current density and vice versa. Therefore carbon dots
show specific capacitance of 110.6 Fg-1 at a current density of 1.0 Ag-1 having energy
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Figure 3.3 (a) cyclic voltamograms of carbon dots at different scan rates, (b) chargedischarge curves at higher current densities, (c) charge-discharge curves at lower current
densities
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Figure 3.3 (d) current density dependent capacitance under a potential range from −0.2 to
+0.8 V in 1.0 M H2SO4 aqueous solution.
density of 15.4 Wh/Kg and power density of 500 W/Kg. When the current density is further
increased to 2, 3 and 5 Ag-1, the specific capacitance decreases to 75.2, 62.1 and 52 Fg-1
and have specific energy density of 10.4, 8.6 and 7.2 Wh/Kg while having specific power
density of 1000, 1500 and 2501 W/Kg.

3.6.

Conclusion
Here we have demonstrated an approach to the facile synthesis of carbon dots with

an average particle size of 3-4 nm having excellent electrocapacitive properties. The
carboxyl groups located at the edges allow CDs to have negative charges due to the
ionization of –COOH, promoting the excellent dispersion of CDs in water. In an acid
H2SO4 electrolyte, the CDs exhibit an optimum supercapacitive performance with a
maximum of gravimetric capacitance of 159 F/g at a current density of 0.1 A/g. Meanwhile,
a maximum energy density of 22 Wh/kg at a power density of 50 W/kg is also obtained
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from the charge−discharge measurement at a current density of 0.1 A/g. The idea presented
in this work may be utilized for making other carbon dots - based designs for applications
beyond supercapacitors by bearing in mind the simple synthesis method and wide-range
potential applications.
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Chapter 4
Amino Functionalized Silica Anchored to Multiwall Carbon
Nanotubes as Hybrid Electrode Material for
Supercapacitors
In this chapter, mesoporous silica nanoparticles (SiO2) have been prepared by
using sol-gel synthesis technique and are amino functionalized by treating with (3Aminopropyl)- triethoxysilane followed by composite formation using acid
functionalized multiwall carbon nanotubes (MWCNTs). The materials are tested using
surface morphological and structural techniques like SEM and TEM, XRD, TGA and
FTIR. The spherical SiO2 nanoparticles of ~200 nm diameter are anchored on the
surface of MWCNTs. Electrochemical studies of sample electrodes have been done
using galvanostatic charge-discharge, electrochemical impedance analysis and cyclic
voltammetry. The specific capacitance, energy density and power density have been
compared at different current densities. The MWCNTs electrode exhibit max specific
capacitance of 128.4 Fg‒1 with power density of 1000 W kg‒1 and energy density of
17.8 Wh kg‒1 at 2 Ag‒1 compared to 11.8 Fg‒1, 1.64 Wh kg‒1 and 1000 Wkg‒1,
respectively for SiO2/MWCNTs electrode at the same current density. High charge
propagation is observed for MWCNTs electrode due to conducting and mesoporous
nature along with good resilience. Apparently, the MWCNTs electrode display lower
internal resistance with higher capacitive performance compared to SiO 2/MWCNTs
composite electrode. It has been observed that the power density of electrodes is
strongly dependent on current density and reaches upto 1000 W kg‒1 for
SiO2/MWCNTs composite as current density is increased upto 2 Ag‒1.

4.1.

Introduction
Today, the research community is continuously striving for new energy

conversion and storage devices considering the ever decreasing fossil fuel reserves,
dependence of renewable energy production on climatic conditions and limited
hydroelectric projects. In this direction, supercapacitors due to their fast
charging/discharging, high specific capacitance, long cycle life, instant high power
density, increased safety and minor environmental effects have attracted real attention
on scientific and commercial levels [1-7]. Based on the charging mechanism of
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supercapacitors, these can either be pseudocapacitors or double-layer capacitors
(EDLCs). Carbon based materials having high surface area like carbon aerogels,
activated carbon, ordered mesoporous carbons, activated carbon fiber cloth, graphene
nanosheets and carbon nanotubes (CNTs) along with some transition metal oxides
(TMOs) and polymers are most frequently used electrode materials for supercapacitors
[6-13].
Silicon based materials offer high specific capacity with the benefit of large
abundance and environment safety which makes them extremely cost effective
materials. In comparison to elemental silicon, silicon oxides present more cyclic
stability with reduced capacity decay problems over cycling. Silicon dioxide (SiO2)
with a metal center in a tetrahedral oxygen environment is widely used in electronics
industry, as catalyst, drug delivery, sensors and for fabricating composites for various
energy applications [14-16]. The problem with metal oxide based supercapacitors is
their high resistance which results in decreased power density after few cycles [17-19].
The issues like low operating voltage, reduced stability and poor rate performance limit
the use of such materials in practical devices.
The most convenient strategy to tackle such capacity issues is to develop
effective composites of materials which will result in increased faradic redox kinetics
due to co-existence of both pseudocapacitance and EDLC materials in one structure
[20, 21]. CNTs are highly beneficial in this regard as they offer high electrochemically
accessible surface area, fast conductivity, mesoporous flexible structure with high
mechanical and chemical strength and maximum number of active sites for anchoring
TMO nanoparticles. However, due to electrostatic adsorption mechanism and
hydrophobic nature of pristine CNTs, usually display a low capacitance (~38 F g‒1),
which can be improved by introducing defects on CNTs surface by harsh acid treatment
and attaching metal oxide nanoparticles [13, 22-26]. The highly dispersed three
dimensional network of CNTs supported with TMOs offers a quick diffusion of ions
and facilitate the faradic processes by making an electrically conducting pathway.
There are numerous reports where TMOs (MnO2, NiO, Fe3O4, Co3O4, CoO, RuO2,
TiO2, IrO2, In2O3, SnO2, V2O5) have been previously used with CNTs for
supercapacitors with useful outcomes [27-35].
In this work, we have synthesized SiO2 nanoparticles and immobilized them on
the surface of functionalized MWCNTs in form of SiO2/MWCNTs composite. To the
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best of our knowledge, the incorporation of SiO2 with MWCNTs for supercapacitors
application has not been studied yet.

4.2.

Experimental

4.2.1. Synthesis of Mesoporous Silica Nanoparticles (SiO2)
Silica nanoparticles were synthesized using sol-gel method as reported in the
literature [36]. First of all surfactant solution was formed by dissolving 1.00 g
Cetyltrimethylammonium bromide (CTAB) (2.7 × 10‒3M) in 500 ml of distilled water
followed by addition of 4 ml aqueous solution of NaOH (2.00 M). The surfactant
solution was gently heated at 80 °C for 30 min, after which 5.00 ml of tetraethyl
orthosilicate (TEOS) (2.5 × 10‒2 M) was added dropwise to the solution. The mixture
was stirred for another 4 h after the addition was completed. The white precipitates of
SiO2 were filtered, washed repeatedly with methanol and were kept at 40 °C overnight
under vacuum to completely dry them.
4.2.2. Synthesis of Amino-functionalized Mesoporous Silica Nanoparticles
Amino functionalization of SiO2 was carried in a solution mixture formed by
dissolving 0.6 ml of (3-Aminopropyl)triethoxysilane (APTES) (2.6 mM) in 30.0 ml
dehydrated toluene with 1.5 g SiO2. The solution was refluxed for 24 h under the
environment of nitrogen. The particles so formed were separated by filtration and dried
under vacuum after repeated washings with toluene. Removal of the CTAB template
was carried out by suspending 1.5 g of functionalized SiO2 in 160 ml methanol to which
9 ml HCl (12 M) was added and the solution was refluxed for 24 h. The aminofunctionalized SiO2 were separated by filtration followed by thoroughly washing with
methanol and were kept for 24 h in vacuum oven to have completely dry sample.
4.2.3. Functionalization of Multiwall Carbon Nanotubes (MWCNTs)
MWCNTs with > 95% purity and 10–20 nm diameter and ~30 μm length were
purchased from Chengdu organic Chemics Co., Ltd. A round bottom flask containing
raw MWCNTs (1g) was placed in an ice bath. An ice cold mixture of concentrated
sulfuric acid and nitric acid (2:1 v/v) was added to raw MWCNTs. Then temperature
was raised slowly and the mixture was refluxed for 6 h at 80 °C. The solution was then
centrifuged and washed several times with deionized water until the residual acid was
completely removed from MWCNTs. Finally, the oxidized MWCNTs were dried at

73

100 °C and stored at room temperature. This procedure presumes to opens the ends of
MWCNTs and creates functional groups at surfaces of the tubes.
4.2.4. Synthesis of Functionalized SiO2/MWCNTs Composites
The functionalized SiO2 particles (1.0 mg ml−1) were dispersed in aqueous
solution under ultrasonication for 0.5 h followed by the addition of 10 ml of MWCNTs
suspension having concentration of 0.5 mg ml−1 to 50 ml of functionalized SiO2
suspension. The sonication of the resulting dispersion was carried out for further 2 h to
have a homogeneous nanocomposite. The mass ratio of MWCNTs and functionalized
SiO2 in the final composite was measured and was found to be 1:2. Afterward multiple
centrifugations and washing step with water and finally with ethanol, the final
nanocomposite was separated and was kept for 12 h at 40 °C under vacuum to
completely dry it.
4.2.5. Material Characterization
XRD measurements were carried out to confirm the crystallographic
orientations using Bruker- D8 diffractometer with Cu-Kα radiation (l = 1.5418 Å). To
confirm the surface functionalities of prepared samples, fourier-transform infrared (FTIR) spectrum of samples in the range of 500−4000 cm−1 was obtained using Bruker Inc.
Vector 22-FT-IR spectrometer coupled with an ATR accessory. Thermal behavior of the
samples from 50 to 800 °C was determined from thermogravimetric analysis (TGA)
conducted on TA Instruments TGA Q-500. The heating rate was maintained at 10 °C
min−1 in air flow of 60 ml min−1. The morphology of the samples was estimated using
JEOL field emission scanning electron microscope (SEM) and Hitachi-600
transmission electron microscope (TEM) operating at 100 kV.
4.2.6. Electrochemical Measurements
The electrochemical studies of as prepared samples were conducted using cyclic
voltammetry (CV) and galvanostatic charge-discharge measurements on an
electrochemical working station VersaSTAT 4 potentiostat (Princeton Applied
Research). A typical three electrode setup consisting of working electrode, saturated
calomel electrode (SCE) as reference and platinum (Pt) wire as counter electrode was
used. CV studies were conducted in 1.0 M H2SO4 aqueous solution from −0.2 to +0.8
V vs SCE at series of scan rates. Specific capacitance of electrodes was measured from
galvanostatic charge-discharge tests conducted at various current densities. The
electrochemical impedance spectroscopy (EIS) measurements were carried out in the
frequency range from 0.01 Hz to 10 KHz at open circuit potential.
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4.3.

Results and Discussion
The XRD results of the synthesized samples are displayed in Figure 4.1. A

diffused peak centered at 2θ = 22o is characteristic for SiO2 in the XRD spectrum of
SiO2 [37]. This is a confirmation that most of SiO2 particles are crystalline with no
indications for amorphous structure. This is in good agreement with some reported
results [37-39]. A characteristic diffraction peak due to graphitic carbon of MWCNTs
is located at 26.1o corresponding to (002) hkl plane (JCPDS card files, no. 41-1487),
which is significantly reduced in composite structure due to SiO2 particles successfully
deposited on to the MWCNTs network [40]. The SiO2/MWCNTs composite does not
exhibit any additional peak due to a new emerging crystalline phase of SiO2.
The surface functional groups of MWCNTs, amino-functionalized SiO2
particles and SiO2/MWCNTs composite samples are evaluated using FTIR spectra and
displayed as Figure 4.2. After amination process of SiO2 particles, the nitrogen bearing
groups are recorded at 3416.2 cm‒1 for N‒H stretching and 1477.4 cm‒1 for N‒H
bending vibrations [41]. The symmetrical, Si‒O‒Si stretching vibrations appear at
575.3cm‒1 and asymmetrical stretchings are noted as sharp band at 1063.6 cm‒1 while
other vibrations due to network structure of SiO2 are observed at 793.4, 1228.1 and
1585.6 cm‒1 [41]. Two strong transmittance peaks at 2851.7 and 2922.3 cm‒1 are
allocated to C‒H stretching. After composite formation, these peaks are significantly
reduced in intensity indicating the involvement of some functional groups with
MWCNTs. Appearance of a new peak at 1636.9 and 1731.6 cm‒1 in composite structure
is a confirmation of –CONH‒ linkage between MWCNTs and functionalized SiO2
particles [42]
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Figure 4.1. XRD pattern of synthesized samples
For MWCNTs, an intense and broad peak appearing between 3300 to 3500 cm‒
1

is due to –OH stretching vibrations while corresponding bending vibrations of

molecular water appear at 1635 cm‒1 [43]. Prominent functional groups located on
functionalized MWCNTs surface include C‒OH, C‒O, C=C and C‒H positioned at
1048, 1386, 1576, 1707, 2924 cm‒1, respectively [43].
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Figure 4.2. FT-IR of synthesized samples

Figure 4.3 presents a comparison of the mass losses of samples from 50 to 800
o

C. For temperature below 150 oC, amino grafted SiO2 particles show small weight loss

of 3% due to evaporation of moisture and residual solvent. Second weight loss of ~37%
is observed upto 310 oC possibly due to degradation of amino functionalities and the
decomposition of silica bonded groups such as –OH groups and siloxane groups [44].
Above 450 oC, another weight loss of about 3% indicates the high strength of siloxane
groups [44]. Thermograph of MWCNTs shows a slow weight loss, initially due to loss
of some moisture content and little amorphous carbon. At higher temperature of up to
400 oC the loss is due to breakdown of carboxyl functional groups attached to
MWCNTs and any disordered carbon. As reported, above 500 oC the weight loss is
possibly due to decomposition of graphitic structure via oxidation [45]. The weight loss
of SiO2/MWCNTs composite sample below 200 oC is 5.9% attributed to physisorbed
water molecules followed by a steep weight loss of 17% up to 300 oC due to
decomposition of functionalized organic moieties on MWCNTs surface along with
amino groups of SiO2 particles. A sharp weight loss of 29.8% starting from 330 oC and
77

going up to 680 oC is due to breakdown of both graphitic structure and siloxane groups
[45, 46]. Therefore, it can be revealed that due to thermal instability functional groups
on MWCNTs and SiO2 particles decompose below 350 oC and association of MWCNTs
act as effective reinforcement to increases the overall thermal stability of SiO2 particles.

Figure 4.3. TGA curves of synthesized samples

The SEM micrograph of composite structure demonstrates typical spherical
morphology of aggregated small SiO2 particles embedded in tubular network of
MWCNTs providing an extended connectivity between SiO2 particles. SEM image also
shows that the MWCNTs are nicely dispersed within metal oxide particles. The
coexistence of MWCNTs and SiO2 particles is further confirmed from TEM analysis.
Figure 4.4b depicts distinct MWCNTs identification with average diameter of 10-20
nm and length extending up to several micrometers. The MWCNTs are closely bound
78

to SiO2 particles in composite samples with an average size of 200 nm. In previous
reports, it has been stated that this 3d-MWCNTs network enhance the stability of metal
oxide particles and

help

suppress

pulverization problems

over

extended

charging/discharging [29-31]. The high resolution TEM image (HRTEM) demonstrates
crystalline nature of SiO2 particles with interplanar spacing of 2.564 nm. These results
are in accordance with the XRD results regarding the composite association of
MWCNTs with SiO2 particles.
Figure 4.5 shows the CV curves for samples within a potential range of ‒0.2 to
0.8 V and scan rates from 5 to 100 mVs‒1. Importance information like current
magnitude, symmetric peak behavior, rectangular shape of voltammogram guide
towards ideal capacitive behavior [47]. A rectangular current-potential profile of
MWCNTs and SiO2/MWCNTs electrode is indicative of electrical double layer
capacitance (ELDC) of these samples [13, 47, 48]. Larger peak current and integrated
peak area is observed for MWCNTs electrode in comparison to SiO2 and
SiO2/MWCNTs composite electrode at corresponding current rates due possibly to the
higher surface area of MWCNTs along with tubular morphology acting as ion and
electron permeating highway, allowing more electrolyte penetration and reducing the
ion-diffusion length. The lowest peak current is noted for SiO2 electrode due to high
dielectric strength and insulating properties of pure SiO2. As reported, the redox
reaction rate can be inferred from the value of peak potential separation (Epp) between
cathodic and anodic peaks in CV measurements [49]. Two redox peaks centered at
0.430 V and 0.355 V appear in CV curve of MWCNTs with Epp of 0.075 V while for
SiO2/MWCNTs composite the similar peaks appear at 0.462 V and 0.360 V with Epp of
0.102 V. The reduced Epp is a confirmation of lower polarization and hence faster
kinetics of electrode processes [49].
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Figure 4.4. (a) SEM micrograph of SiO2/MWCNTs composite (b) TEM image of
MWCNTs (c) TEM image of SiO2/MWCNTs composite (d) HRTEM images of SiO2
particles

The redox peaks in voltammogram are characteristics for oxygen containing
functional groups on MWCNTs surface introduced after functionalization procedure
[47]. At higher scan rate larger current with more area under the curve is observed
which confirms capacitive behavior of MWCNTs based electrodes however, the
specific capacitance decreases due to fast utilization of electrode materials which drains
the electrodes in smaller time. The discharge curves of voltage (‒0.2 - 0.8 V) versus
time for all samples at different current densities are displayed in Figure 6 and voltage
profile matches well with the CV curves indicating pseudocapacitive character of
electrodes.
On the basis of mass loading of samples the specific capacitance (Csp), power
density (P) and energy density (E) of active samples is calculated by using Eq. 4.1, 4.2
and 4.3, respectively.
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Csp =
E=
P=

I X ∆t
m X ∆V

0.5 X Csp X ∆V
3.6
E X 3600
∆t

(4.1)
(4.2)
(4.3)

Where, ∆t is discharge time (s), I is discharge current (A), m is mass of active sample
on electrode (g) and ∆V is operational potential window (V). The specific capacitance
of MWCNTs electrode is 143.3, 134.7, 128.4, 125.7 and 70.3 Fg‒1 at 0.5, 1.0, 2.0, 3.0,
and 5 Ag‒1, respectively. The high specific capacitance values for MWCNTs are
attributed to the higher surface area.

Figure 4.5 Cyclic votammograms of (a) MWCNTs (b) SiO2 nanoparticles (c)
SiO2/MWCNTs composite at different scan rates
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For MWCNTs, SiO2 and SiO2/MWCNTs electrode the discharge time is 134.6,
35.3 and 16.2 sec at 1 Ag‒1. The specific capacitance, energy density and power density
of prepared samples as a function of discharge current density is shown in Table 4.1.
The MWCNTs electrode maintains good specific capacitance even at higher current
densities with high capacity retention from 0.5 to 5 Ag‒1. A stable current density vs
specific capacitance is observed for both MWCNTs and SiO2/MWCNTs composite
electrode as shown in Fig. 4.6a,c. A much sturdier electrochemical performance of
composite electrode ascertains the reliability of the electrode structure with SiO2
particles embedded inside the cushion of MWCNTs however the lower specific
capacitance and energy density for composite electrode is possibly due to the inherent
nonconducting feature of SiO2 particles which seems to block the passage of charge
flow through MWCNTs network and hence results in non-cooperative linkage between
the two and reduces the specific capacitance and energy density of composite electrode
as compared to MWCNTs and SiO2 particles alone. The most reports in the literature
suggest a synergistic behavior between metal oxides and MWCNTs however, in this
study we have observed a reverse case where the electrochemical profile of
SiO2/MWCNTs composite demonstrate that SiO2 particles have negatively affected the
overall electrode performance and have been unable to develop links between
conducting MWCNTs and adding up to some capacity. Rather, SiO2 has somewhat
obstructed the conduction through MWCNTs causing severe losses in specific
capacitance and energy density.
At higher current densities the discharge time decreases accordingly due to
faster utilizations of electrode to keep pace with fast redox reaction, loss of active
surface area of materials, higher resistance offered at higher current rates and
morphology changes at electrode surface. From the Ragone plot in Figure 4.7b, the
power density and energy density of MWCNTs and SiO2/MWCNTs electrodes are
estimated to reach 1.64 WhKg‒1 with 1000 WKg‒1 and 17.8 WhKg‒1 with 1000 WKg‒
1

, respectively at 2 Ag‒1 indicating that electrodes are not crumbled even at higher

current rates confirming the effect of MWCNTs as a support for metal oxide particles.
With the aim to obtain information on capacitive behavior, solution resistance
and charge transfer resistance the EIS measurements are performed from 0.01 Hz to 10
KHz. For all the samples the Nyquist plot in Fig. 4.8 shows a depressed semicircle in
high frequency end due to faradic reactions with a straight line along the imaginary axis
in the low frequency region indicating diffusion impedance [49, 50]. The solution
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Figure 4.6 Charge discharge curves of (a) MWCNTs (b) SiO2 particles (c)
SiO2/MWCNTs composite at different current densities
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Table 4.1 Specific capacitance, energy density and power density of MWCNTs, SiO2
and SiO2/MWCNTs composites at different current density
MWCNTs

Current
density
‒1

(A g )

SiO2

SiO2/MWCNTs

Specific

Energy

Power

Specific

Energy

Power

Specific

Energy

capacitance

density

density

capacitance

density

density

capacitance

density

‒1

‒1

‒1

‒1

‒1

‒1

‒1

Power
density
‒1

(F g )

(Wh kg )

(W kg )

(F g )

(Wh kg )

(W kg )

(F g )

(Wh kg )

(W kg‒1)

0.1

‒

‒

‒

‒

‒

‒

96.3

13.4

50

0.2

‒

‒

‒

281

39

100

‒

‒

‒

0.3

‒

‒

‒

132

18.3

150

‒

‒

‒

0.4

‒

‒

‒

64

8.9

200

‒

‒

‒

0.5

143.3

20

250

53

7.4

250

24

3.3

250

0.6

‒

‒

‒

47

6.5

300

‒

‒

‒

0.8

‒

‒

‒

39.5

5.5

400

18.3

2.5

400

1.0

134.7

18.7

500

34.4

4.8

500

16.2

2.3

500

1.2

‒

‒

‒

30.8

4.3

600

‒

‒

‒

1.5

‒

‒

‒

‒

‒

‒

13.5

1.9

748

2.0

128.4

17.8

1000

24.2

3.4

1000

11.8

1.6

1000

3.0

125.7

17.5

1500

20.1

2.8

1500

‒

‒

‒

4.0

‒

‒

‒

18.8

2.6

2000

‒

‒

‒

5.0

70.3

9.8

2500

17

2.4

2500

‒

‒

‒

Figure 4.7 (a) Relationship between current density and specific capacitance (b)
Ragone plot of MWCNTs, SiO2 and SiO2/MWCNTs composite
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resistance comprising of intrinsic resistance of the active materials, the ionic resistance
offered by the electrolyte and the contact resistance of the active material/current
collector interface is calculated from the intercept of semicircle on real axis [49, 50].
The charge transfer resistance between electrode and electrolyte interface is
calculated from the diameter of semicircle. The straight line at low frequency region
signifies the diffusion phenomenon of ions hence, for ideal capacitors the straight line
is parallel to imaginary axis [49, 50]. Although, all the samples have similar EIS spectra
but there is obvious difference in terms of semicircle diameter and phase angle of
vertical line. The SiO2 is well known for its inorganic semiconductor properties with
bulking property of electronic and ionic transfer therefore, showing high charge transfer
resistance. MWCNTs are intrinsically conductive so offer less resistance. In our
samples MWCNTs are closest to imaginary axis indicating closeness to ideal behavior
with high diffusion and reactivity with lowest semicircle diameter signifying good
intrinsic conductivity and interfacial charge transfer in the electrode. The
SiO2/MWCNTs electrode shows highest resistance indicating that the incorporation of
SiO2 in MWCNTs not only reduces the conductivity but also the capacitive behavior of
the electrode. The low diffusivity of composite electrode results in severe capacity
losses at higher current rates due to higher resistance at offered at higher current rates.
The good stability of MWCNTs electrode can be credited to higher mechanical
and chemical strength lowering chemical dissolution of MWCNTs, larger conductivity
due to π-electron cloud along the length of tubes, higher surface area which increases
the mass transfer efficiency by properly wetting the electrode-electrolyte interface. The
composite electrode shows insufficient electrochemical performance in comparison to
bare electrodes due to insulating characteristics of pure SiO2. This work can be
beneficial in carrying out any further research on SiO2 based materials.
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Figure 4.8 Nyquist plot of MWCNTs, SiO2 and SiO2/MWCNTs composite

4.4.

Conclusion
SiO2 particles decorated on MWCNTs have been successfully synthesized using

sol-gel method and investigated for supercapacitor application. The XRD results
confirm the crystalline nature of SiO2 particles while HRTEM confirms spherical
morphology with a particle size of ~200 nm. The prominent characters of MWCNTs,
offering effective penetration of electrolyte and transport passage for ions and electrons
with large surface area and strain accommodation during cycling resulted in high
specific capacitance, power density and energy density. The CV and charge-discharge
indicated that MWCNTs display enhanced electrochemical activity as compared to
SiO2/MWCNTs composite. The specific capacitance of MWCNTS is achieved to be
143.3, 134.7 and 128.4 at 0.5, 1 and 2 Ag‒1 as compared to specific capacitance of only
at 24, 16.2 and 11.8 for SiO2/MWCNTs composite at same current rates. The anchoring
of insulating SiO2 blocks the conductive pathway of MWCNTs and results in lowering
of electrochemical performance for composite electrode.
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Chapter 5

Ce-/S-Codoped TiO2/Sulfonated Graphene
for Photocatalytic Degradation of Organic
Dyes

Chapter 5
Ce-/S-Codoped TiO2/Sulfonated Graphene for Photocatalytic
Degradation of Organic Dyes
Titanium dioxide (TiO2) as an abundant and environmentally benign material equips a
wide band gap which confines its applications in photocatalysis. Doping and materialcomposition are both generally used to change and control the photocatalytic activity of
semiconductor. In this chapter, we propose a physical assembling method to deposit Ce/S- codoped TiO2 nanoparticles (NPs) on water-soluble sulfonated graphene (SGE), which
guarantees a direct contact and satisfactory electron transfer between semiconductor and
graphene. The Ce/S-TiO2 nanoparticles are homogeneously fixed on the surface of SGE
sheets with the average size of ~ 7 nm. The resulted composites shows an improved
photocatalytic activity in photodegradation of methyl orange (к = 0.425 h-1). This promoted
performance can be ascribed to the synergistic possessions of Ce- and S- codoping toward
TiO2 and the composite action between TiO2 NPs and SGE.

5.1.

Introduction
TiO2 is regarded as promising photocatalyst material due to its high photostability,

nontoxicity, and economical availability. Nevertheless, the large band gap (3.0 ~ 3.2 eV)
of TiO2 makes it active only in UV region which only accounts for 4% in the natural
sunlight [1-6]. Doping has been wildly applied to promote the photocatalytic performance
of TiO2 in visible light region [7-10]. Among that, metal doping could suppress the
recombination of the photogenerated electrons and holes as the doped metal ions always
act as the electron traps, and non-metal doping could reduce the band gap to make TiO2
active in visible light range through modulating the energy band [11-14]. Sulfur has been
the preferred non-metal dopant due to its multiple oxidation states located in bulk TiO2 [13,
15]. When cerium is applied as the metal dopant, it can not only give rise to enhanced
optical properties due to its redox pair (Ce3+/Ce4+) but inhibit the crystal growth of TiO2
due to the formation of Ce-O-Ti chemical bonds [8, 16]. Thus the combination of metal
and non-metal doping may lead to a synergistic effect in promoting the properties of TiO2.
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Owing to its unique structure and properties, graphene has been widely investigated
and has shown great potential in the synthesis of composite nanomaterials [17, 18]. So far,
despite various strategies have been used to design the graphene-based semiconductor
photocatalysts, [15,17,19-23] directly anchoring the as-synthesized nanoparticles (NPs) on
graphene sheets has seldom been reported. The key reason is that NPs and graphene should
possess adequate surface-active-sites for effective contact between each other, and the
binding force should be equipped to make NPs adhere to the graphene plane firmly enough
[18, 24, 25].
Whereas, the high van der Waals energy makes the graphene prone to aggregate, which
hampers the contact between graphene and NPs [18, 24, 26, 27]. Due to the p-phenyl-SO3H
groups at the edges of graphene sheets, SGE not only equips with the high water-solubility
but also has excellent charge conductivity [28-31]. Hence, the SGE shows the potentiality
to support NPs on the basis of preserving the superiority of graphene. In the limited reports,
researchers synthesized the graphene based composite through the bridging molecules [17,
32]. However, due to the indirect contact between NPs and graphene, the transport of the
photo-induced carriers from the semiconductor NPs to graphene is limited. Electrostatic
interaction as a combining treatment might be worth considering in the composition
synthesis [33].
In this work, Ce-/S-codoped TiO2 NPs were prepared via a sol-gel method and then
deposited directly on SGE nanosheets by means of electric attraction. The Ce/S-TiO2 NPs
are distributed homogeneously on the surface of SGE sheets and the average size is ~ 7
nm. The resulted nanocomposite (Ce/S-TiO2/SGE) showed enhanced photocatalytic
activity (к = 0.425 h-1) in degradation of methyl orange (MO). This promoted performance
can be attributed to the synergistic effects of Ce- and S- codoping toward TiO2 and the
composite action between TiO2 NPs and SGE. A possible mechanism for photocatalytic
behaviour of Ce/S-TiO2/SGE system was also proposed.
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5.2.

Experimental

5.2.1. Chemicals and Materials
All chemical reagents applied in experiments were AR grade and used as received.
Cerium nitrate hexahydrate were obtained from Aladdin industrial Corporations using as
cerium precursor. Titanium (IV) butoxide (TBOT) using as titanium was obtained from
Sigma-Aldrich. Thiourea and ethanol were used as sulfur precursor and solvent,
respectively. Graphite powder (99.9 %, 325 mesh) and sodium borohydride (NaBH4) were
obtained from Beijing Chemical Factory (Beijing, China). Deionized water was used as
aqueous solution with a resistivity of 18.2 MΩ cm.
5.2.2. Synthesis of Ce/S-TiO2/SGE Nanocomposites
The Ce/S-TiO2 nanoparticles were obtained by sol-gel method which was
particularly suitable to achieve the incorporation of various dopants in the TiO2 structure,
and the total synthesis process is simply depicted in Scheme 1. 15.65 mg thiourea as sulfur
precursor and 19.14 mg Cerium nitrate hexahydrate as cerium precursor were dissolved in
900 mL deionized water and the pH was adjusted to 2 with nitric acid. 100 mL ethanol
solution of TBOT (ethanol / TBOT = 95 / 5) was injected slowly into above solution with
vigorous stirring. We continued the stirring for 4 h to complete the hydrolysis of TBOT
and then dried the dispersion at 100 °C for 24 h. The sample was calcined at 500 °C for 1
h with a heating rate 3 °C min-1 to get better crystallization and meantime to remove the
impurities. We know that the higher the crystallinity, the fewer bulk defects, the better
photocatalytic performance. The sulfonated graphene was synthesized similar with the
procedure described by Yongchao Si and Guixia Zhao [28, 34]. For Ce/S-TiO2/SGE, 2 mg
SGE was added to 20 mL deionized water and 10 mL ethanol by mild sonication for 2 min.
Afterwards, 0.2 g Ce/S-TiO2 was added to the suspension to sonicate for another 5 min and
then stirring for 30 min. After rinsing with water, the final production was dried at room
temperature. The Ce-doped TiO2 and S-doped TiO2 was prepared by using the only Cerium
nitrate hexahydrate or thiourea as doping agent and the pure TiO2 without doping agents.
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5.2.3. Characterization
D8 Focus diffractometer (Bruker) was used to measure X-ray diffraction (XRD)
measurements with Cu Kα radiation (λ = 0.15405 nm). The Scherrer equation D = K λ / β
cos θ, in which D represents the crystallite size, K is the coefficient 0.89, λ is the
wavelength of X-ray, β is the half-height width of the diffraction [101] peak of anatase and
θ is the diffraction angle, is applied to estimate the NPs size. Hitachi-600 TEM was used
to measure high-resolution transmission electron microscopy (HRTEM), STEM and
element mapping images with an accelerating voltage of 100 kV. ESCALAB MKII X-ray
photoelectron spectrometer eas used to measure the X-Ray photoelectron spectroscopy
(XPS) analysis using monochromated Al Kα X-rays. Hitachi U-3900 spectrometer was
used to measure the Ultraviolet visible (UV-Vis) absorption and UV-Vis diffuse
reflectance spectra (using BaSO4 as the reference). Raman system model 2000
spectrometer was used to measure the Raman spectra on a Renishaw using a 514.5 nm
argon ion laser and calibrating referenced to the 520 cm-1 line of silicon. Bruker Tensor 27
spectrometer was used to measure Fourier transform infrared spectra (FTIR). Zetasizer
NanoZS (Malven Instruments) was used to measure zeta potential measurements.
5.2.4. Evaluation of Photocatalytic Activity
The photodegradation of methyl orange (MO) was used to measure the
photocatalytic activity by taking 50 mg of photocatalyst suspended in MO solution (10 mg
L-1) basing on the absorption spectroscopic technique. To obtain the adsorption
equilibrium, the dispersion was kept stirring in the dark for 30 min before the degradation
reaction. The photoreaction light source was a 500 W xenon arc lamp (CHF-XM35-500w,
Beijing Trusttech Co. Ltd, China) equipped with a UV cut off filter (λ > 420 nm). At given
time intervals, a specified volume dispersions (1 mL) were pipetted to be analyzed by
recording variations of the absorption band maximum (463 nm) in the visible spectra of
MO.
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5.3.

Results and Discussion

5.3.1. Targeted synthesis of Ce/S-TiO2/SGE
As described in figure 5.2, the Ce/S-TiO2 NPs were obtained by the simple sol-gel
method which was particularly suitable for the incorporation of dopants in the TiO2
structure [35]. Many works have verified the impacts of S and Ce in TiO2 toward
photocatalysis [11, 13, 15, 36, 37]. Therein, the S could shrink the band gap of TiO2 while
the Ce3+ with 4f1 5d0 and the Ce4+ with 4f0 5d0 electronic configuration would lead to
different optical properties. Nataliya Murafa proved that the rare earth Ce would form the
Ce-O-Ti chemical bonds on the surface of the sample inhibiting the growth of the crystal
grains [38] which is also certified in the XRD measurement. This property just benefits for
our targeted synthesis in that the smaller NPs is easier to deposit. Probably owing to the
existence of Ce3+/Ce4+ on the surface of NPs, the Ce/S-TiO2 NPs (Zetal potential (ZP) =
11.6 mV) demonstrate positive electricity, which make the NPs prefer accessing to
negative SGE (ZP = -30.3 mV) with p-phenyl-SO3H. The SGE with edges covalently
bonded with p-phenyl-SO3H demonstrate a satisfied water-soluble performance, so the
NPs can obtain an extensive contact toward SGE and freely disperse on the hydrophobic
graphitic core planes without additional functional groups.
5.3.2. Morphology and chemical composition
XRD patterns were recorded to confirm the crystallographic phase of the samples. As
shown in Figure. 5.1, the XRD patterns of S-TiO2, Ce/S-TiO2 and Ce/S-TiO2/SGE samples
display distinct peaks (2θ) at 25.7°, 37.8°, 48.1°, 53.9° and 62.85°, which represent the
anatase crystal planes of [101], [004], [200], [105] and [204], respectively [1, 18, 25]. With
the help of Scherrer equation D = K λ / β cos θ, the crystalline sizes of S-TiO2, Ce/S-TiO2
and Ce/S-TiO2/SGE are figured out to be about 14, 7 and 7 nm. It can infer that the
participation of Ce played a vital role in preventing the growth of the NPs [39, 40].
Moreover, there are hardly distinctions between the XRD curves of Ce/S-TiO2 and Ce/STiO2/SGE, which prove the physically introduced SGE has no impact on the structure
properties of NPs.
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Figure 5.1 XRD patterns of pure S-TiO2, Ce/S-TiO2, Ce/S-TiO2/SGE

In order to investigate the homogenous distribution of Ce/S-TiO2 NPs on the surface
of SGE, typical HRTEM image and element mapping of Ce/S-TiO2/SGE are shown in
Figure 5.4. As shown in Figure 5.4a, the Ce/S-TiO2 NPs with an average size about 7 nm
agreed with the XRD calculation are deposited on the surface of SGE. This demonstrates
that it can also acquire a nice combination of SGE and Ce/S-TiO2 NPs through the way of
electrostatic bonding. Therein the Ce/S-TiO2 NPs (ZP = 11.6 mV) is positively charged
while the SGE (ZP = -30.3 mV) is negative. Figure 5.4b shows a well-defined crystalline
lattice which can be identified with a d spacing of 0.35 nm matching the [101] plane of
anatase TiO2 (JCPDS card no. 04-0477). Figure 5.4c, d, e, f show the elemental mappings
of the above-mentioned Ce/S-TiO2/SGE sample, which reveal the uniform element
distribution of Ce (d), S (e), Ti (c) and C (f). In addition, the corresponding STEM is shown
in figure 5.3. The homogeneous distribution of all above elements indicates that Ce and S
are well distributed within the Ce/S-TiO2 NPs while Ce/S-TiO2 NPs are well attached to
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SGE. The above-mentioned morphology is in good line with the assumptive structure of
Ce/S-TiO2/SGE shown in figure 5.2.

Figure 5.2 Illustration of the formation of Ce/S-TiO2/SGE

Figure 5.3 The STEM of Ce/S-TiO2/SGE.
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Figure 5.4 (a) Typical TEM of Ce/S-TiO2/SGE photocatalyst. (b) High-resolution
TEM image. (c-h) Element Mapping Analysis of Ce/S-TiO2/SGE, Ti (c), Ce (d), S (e),
C (f)

The well-known characteristics of carbon materials in Raman spectra are the D band
(~1353 cm-1) and the G band (1603 cm-1), which relates to the vibrations of sp3 carbon
atoms of defects and E2g phonon of sp2 bonds of carbon atoms, respectively. The intensity
ratio of the two bands (ID / IG) can reflect the defects and disorders of the graphitized
structures [34, 41, 42]. From Figure 5.5a, it is found that the ratios (ID /IG) of SGE and
Ce/S-TiO2/SGE are 0.98 and 1.00, respectively, which confirm that no defects and
disorders were introduced during the physical mixing of SGE and Ce/S-TiO2 NPs during
the formation of the hybrid of Ce/S-TiO2/SGE [19]. Nevertheless, the typical D-band and
G-band at ca. 1353.2 and 1345.9 cm-1 moves to a lower frequency at ca. 1345.9 and 1599.1
cm-1, respectively, which confirm the mutual effect between Ce/S-TiO2 and SGE.
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Figure 5.5 (a) Raman spectra of SGE and Ce/S-TiO2/SGE in range from 900-2000 cm-1;
(b) Raman spectra of Ce/S-TiO2 and Ce/S-TiO2/SGE in range from 300-1000 cm-1; (c)
XPS spectrum of Ti 2p of Ce/S-TiO2,Ce/S-TiO2/SGE; (d) XPS spectrum of C 1s of Ce/STiO2/SGE
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Meanwhile, Figure 5.5b displays three main bands in the spectra at ca. 392.7, 513.4
and 634.4 cm-1 assigning to A1g, B2g and Eg of the anatase TiO2, respectively. The surface
chemical compositions and chemical states of Ce/S-TiO2/SGE, Ce/S-TiO2 are confirmed
from their XPS spectra (Figure 5.5c, d and 5.6a, b). The XPS spectrum of the Ti species
(Figure 5.5c) displays two bands at ca. 458.4 and 464.1 eV that can be attributed to Ti
2p3/2 and 2p1/2 binding energies with a spin-orbital doublet splitting of 5.7 eV (∆) (Ti
2p1/2－Ti 2p3/2) in line with the 4+ oxidation state of titanium [39]. The Ti 2p binding
energy of the Ce/S-TiO2/SGE sample increases as compared to that of Ce/S-TiO2. That is
because Ce/S-TiO2 NPs serve as electron donors and SGE facilitates the charge transfer,
the CB electrons of Ce/S-TiO2 may transfer to the SGE, which results in a decrease in the
outer electron cloudy density of Ti ions [41].
Figure 5.6a reveals that a distinct peak at 168.5 eV that represents the S6+ exists in the
Ce/S-TiO2. And the existential state of S6+ in Ce/S-TiO2 crystal lattice is mainly acting as
the substitution of Ti4+ [15, 37, 39]. From the comparison of Ce/S-TiO2 and Ce/STiO2/SGE, a much broader peak was observed as the introduction of SGE, which can be
ascribed to the S4+ in the p-phenyl-SO3H. The spectrum (Figure 5.6b) of Ce encounters
little change from Ce/S-TiO2 to Ce/S-TiO2/SGE. The C 1s XPS of Ce/S-TiO2/SGE (Figure
5.5d) shows four types of carbon which are observed as C=C-C (284.6 eV), C-N (285.2
eV), C-O (286.3 eV) and O=C-O (288.8 eV). The low intensities of the oxygen functional
groups confirm the reduction of GO and the peak of C=C-C indicates the intact existence
of the graphitized conjugated sp2 carbon network [19, 43]. Meanwhile the presence of CN at 285.2 eV manifests the existence of diazonium p-phenyl-SO3H groups which ensures
the water solubility of SGE [28, 34]. And the presence of the SGE in the composite of
Ce/S-TiO2/SGE is also testified in FTIR spectra in Figure 5.7.
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Figure 5.6 (a) XPS spectrum of Ce 3d. (b) XPS spectrum of S 2p.
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Figure 5.7 (a) FTIR spectra of Ce/S-TiO2 and Ce/S-TiO2/SGE (b) FTIR spectra of
sulfonated graphene (SGE) and chemical reduced graphene oxide (RGE).
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Figure 5.7 (a) shows the FTIR spectra of Ce/S-TiO2 and Ce/S-TiO2/SGE prepared
by depositing Ce/S-TiO2 NPS on SGE. The broad absorption for samples at low frequency
(below 1000 cm-1) is due to the stretching vibrations of Ti-O-Ti bonds in Ce/S-TiO2 NPs.
The peaks at ca. 3430 and 1629 cm-1 are ascribed to the bending vibrations and the
stretching of O-H from surface-absorbed water molecules and the surface-bound hydroxyl
groups. From Figure 5.7 (a), we can notice that the surface of Ce/S-TiO2/SGE absorbed
the higher number of water molecules and hydroxyl groups. The reason could be attributed
due to two aspects. One is that the existence of sulfonic groups (-SO3H) attaching to SGE
can build the hydrogen bonds with water molecules and hydroxyl groups. Another is that
as the S doped in Ce/S-TiO2 nanoparticles, there are sulfur oxides presenting on the surface
and make the circumstance acidic, so that more hydroxyl groups and hydrones are inclined
to gathering to it. Peaks at ca. 1000-1500 cm-1 are the response of the skeletal vibration of
sulfonated graphene whose properties can be also explained in Figure 5.7 (b) under the
comparison with chemical reduced graphene oxide. As shown in Figure 5.7 (b), FTIR
spectra are performed to confirm the presence of –SO3H units groups with the peaks
displayed at 1033, 1124 and 1175 cm-1, which stand for the bending vibrations and the
stretching of S-phenyl, S-O groups. In addition, the characteristic vibrations of the pdisubstituted phenyl group (υC-H in-plane bending) have their peak at 1007 cm-1.
5.3.3. Optical property and photocatalytic performance
It is well known that the absorption range of light plays an important role in the
photocatalytic activity of semiconductor catalysts. Figure 5.8a illustrates the UV-Vis
diffuse reflectance spectra of the preformed S-TiO2, Ce/S-TiO2 and Ce/S-TiO2/SGE
samples. As shown by the curve of Ce/S-TiO2/SGE, a red shift occurred as the
incorporation of SGE suggesting a narrower band gap of the Ce/S-TiO2/SGE. We also can
see a strong visible light absorption of Ce/S-TiO2/SGE sample in the range from 417 nm
to 700 nm compared with the sample of Ce/S-TiO2 as SGE is a good visible light absorber
[31]. A plot of the transformed Kubelka-Munk function (Figure 5.8b) shows that the energy
gaps of S-TiO2, Ce/S-TiO2 and Ce/S-TiO2/SGE are 3.18, 3.07 and 2.95 eV, respectively.
This supports the qualitative observation of the red shift described in Figure 5.8a.
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Figure 5.8 (a) UV-Vis diffuse reflectance spectra of S-TiO2, Ce/S-TiO2 and Ce/STiO2/SGE (b) Plot of transformed Kubelka-Munk function versus the energy of light

105

As always, photodegradation of organic dyes is used to investigate the photocatalytic
activity. Here, we utilized the photocatalytic degradation of 10 mg l-1 MO to verify the
enhanced photocatalytic performance of the semiconductor-graphene nano-composites of
Ce/S-TiO2/SGE. The degradation experience was performed under irradiation in the visible
light (λ > 420 nm), the degradation results are revealed in Figure 5.9a. In accordance with
the Lambert-Beer law, the real-time concentration variations (C/C0) of MO during the
photodegradation are in direct proportion to the normalized maximum absorption values
(A/A0) (Figure 5.9b).44, 45 C and C0 refer to the concentration of MO at real time t and at
10 mg L-1, respectively.
Pure TiO2, Ce-TiO2, S-TiO2 and Ce/S-TiO2 were served as the standard photocatalysts
in the comparable experiences. The adsorptive capacity of the samples has been measured
through keeping the degradation system in the dark for 0.5 h to obtain adsorption
equilibrium before the photocatalytic test (Figure 5.9b). Figure5.9a displays that Ce/S-TiO2

Figure 5.9 (a) Photodegradation dynamic curves of MO over TiO2, S-TiO2, Ce/S-TiO2 and
Ce/S-TiO2/SGE (b) Bar plot shows the absorbing capacity of TiO2, Ce-TiO2, S-TiO2, Ce/STiO2, Ce/S-TiO2/SGE samples after reaching the adsorption equilibrium in the dark for 30
min.
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has a promoted photocatalytic ability when contrasted with pure TiO2, S-TiO2 and CeTiO2, which attributed to the synergistic effect of Ce and S. we know that when light
illuminate on TiO2 NPs, the electrons possessing higher or equal energies than the energy
band gap intend to excited from the valence band into the conduction band, which result in
the generation of excited electrons in the conduction band and positive holes in the valence
band [35]. As S doped, the S 3p would mix with and increase the valence band of TiO2,
thus narrows the band gap, which leads to the separation of photo-induced charges easier
[35, 46]. Meanwhile, the Ce4+/Ce3+ pairs acting as the electron scavenger further promote
the segregation of electrons and holes. The Ce-O-Ti at the crystal surface makes the NP
size smaller so the adsorption capacity gain some augment (Figure 5.9b) [38, 39].

Figure 5.10 Typical real-time absorption spectra of MO dye during the photodegradation
process over Ce/S-TiO2/SGE under visible irradiation (λ > 420 nm). The curves marked as
(a) to (g) are the adsorption spectra of MO in the irradiation time.
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Due to the synergistic effect of Ce/S-TiO2 and SGE, Ce/S-TiO2/SGE (к = 0.425 h1

) obtains an ascension in photodegradation ability compared to Ce/S-TiO2 (к = 0.259 h-1).

The greater photocatalytic activity of Ce/S-TiO2/SGE hybrid compared to Ce/S-TiO2 NPs
is attributed to three factors [35, 41]. (1) The better utilization of solar energy. As described
above, the introduction of SGE made more visible-light absorbed, which meant more
photon energy would be used in exciting the electrons into the conduction band from the
valence band. (2) The high-efficiency photo-induced charge carries parting and transport.
Due to high movement of the electrons in the central portion of SGE sheets, the injected
electrons can easily move throughout the vast majority of sheet, thus the recombination
probability of the photoexcited electron-hole pairs efficiently decreases, leaving more
charge carriers to form the reactive sites. (3) The good adsorption capacity of MO
molecules for degradation. The adsorption of MO by the sample of Ce/S-TiO2/SGE is not
merely the simple physical adsorption, but also through the π-π conjugation between SGE
and MO molecules which have two benzene rings in the molecule structure. As a result, an
obviously enhancement adsorption of MO was achieved by the sample of Ce/S-TiO2/SGE
(Figure 5.9b). Only through adsorbing the more MO molecules can more reactive sits be
applied to efficiently degrade the MO molecules.
A possible mechanism was proposed to better understand the photocatalytic process of
Ce/S-TiO2/SGE (Figure 5.11). When light illuminate on TiO2 NPs, the impinging photons
possessing higher or equal energies than the band gap energy of TiO2 excites the electrons
from valence band to conduction band, which results the generation of excited elections in
the conduction band and positive holes in the valence band. S dopant leads to the narrowing
of band gap, so it becomes easier to separate the photo-induced charges under the same
energy [13, 37]. SGE serving as the electron acceptor and donor would succeed suppressing
the charge recombination and making more reactive species to promote the degradation of
MO. As the analysis by the previous achievement [41, 47-49] the separated electrons and
holes play important roles in bringing forth the radicals and the activated oxygen species
in the photocatalytic system, which are the considerable elements in decomposing the
organic molecules. In our system, according to the same principle, the radicals and
activated oxygen species may be achieved. For examples, O2 + e- → O2-, h+ + H2O → HO•
+ H+, 2H2O + 2h+ → H2O2 + 2H+ [35, 39, 41]. Among that Ce4+/Ce3+ pairs on the surface
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of NPs acts as an electron scavenger would transmit electrons to the oxygen to produce O2[39]. Due to the multi-channel of the production of radicals and the promotion of the
adsorptive capacity of MO, the photocatalytic ability of Ce/S-TiO2/SGE has been
obviously augmented.

Figure 5.11 Schematic illustration of photocatalytic enhancement mechanism of Ce/STiO2/SGE.

5.4. Conclusion
In summary, a high performed visible-light-driven photocatalyst Ce/S-TiO2/SGE
has been synthesized depending on the combination of synergistic effects of Ce-/Scodoping and the incorporation of SGE. The effective and reliable characteristic methods
have been used to confirm the morphologies and physical structures of the hybrid of Ce/STiO2/SGE. The photocatalytic activity is measured by photodegradation of MO. A
photocatalytic enhancement mechanism is supposed to give an illustration for better
understanding the photocatalytic process, which would stimulate the development of doped
and graphene-involved photocatalysts for addressing environment problems.
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Chapter 6
One-Pot Synthesis of Redox-Responsive Polymers-Coated
Mesoporous Silica Nanoparticles and Their Controlled Drug
Release
This chapter includes the preparation of a reversibly cross-linked polymer-coated
mesoporous silica nanoparticles (MSNs) by a versatile one-pot strategy via surface
reversible addition–fragmentation chain transfer (RAFT) polymerization is presented for
the

first

time

in

this

work.

The

more

reactive

cross-linker

N,N′-

cystaminebismethacrylamide (CBMA) and the less reactive monomer oligo (ethylene
glycol) acrylate (OEGA) are chosen to be copolymerized on the external surfaces of RAFT
agent-functionalized MSNs to form the cross-linked polymer shells. As disulfide bonds
show the reversible cleavage and restoration property via reduction/oxidation reactions, the
polymer shells can control and regulate the drug loading and release by the on/off switching
of the nanopores. The release of doxorubicin (DOX) from this drug carrier is realized by
redox-responsive method. The protein adsorption, in vitro cytotoxicity assays, and
endocytosis studies demonstrate that this biocompatible vehicle is a potential candidate for
delivering drugs. It is expected that this versatile grafting strategy may help fabricate
satisfying MSN-based drug delivery systems for clinical application.

Figure 6.1 Schematic representation of redox-responsive release of DOX from reversibly
cross-linked POEGA-coated MSNs via surface RAFT polymerization.
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6.1.

Introduction
A smart controlled release system for intracellular drug delivery is crucial for

cancer therapy due to the severe adverse effects of the most anticancer drugs on healthy
tissues on their way to the tumor target. The assembly of smart drug delivery systems
(DDS) usually requires combination of good biocompatibility, high capacity for drug
loading, and stimuli-responsive/targeted release of drugs. [1] The biocompatible
mesoporous silica nanoparticles (MSNs) due to their large pore volume are therefore
measured as ideal vehicles for drug delivery. Surface functionalization of MSNs for the
fabrication of smart DDS has attracted great attention in recent years. [2-5] Supermolecular
nanovalves, inorganic nanoparticles, small organic molecules, and polymers are grafted
onto the surfaces of MSNs to cap the nanopores and block the encapsulated drugs. [6,7]
The release of trapped payloads can be triggered by a specific external stimulus, for
instance, the change of pH, temperature or light, or addition of enzymes or other bioactive
molecules.
According to the differences of triggered release mechanisms, several strategies
including labile covalent linkages (photo-labile, pH-labile, redox-labile bonds, or enzymescatalyzed degradation) [8-14] unstable noncovalent interactions (electrostatic or
supramolecular interactions) [15-18] and reversible volume phase transitions (temperatureor pH-responsive transitions) [19-24] are mainly employed to realize the off–on switch for
drug release. Generally speaking, when the external trigger coincides with the condition of
target tissues or could be operated harmlessly on the human body, it is favorable to
accomplish the intracellular drug delivery. [25] For example, some acid responsive release
systems are prone to deliver drugs into tumor cells because some tumor tissues possess
lower extracellular pH compared with the normal tissues. Instead, considering intracellular
concentration of glutathione (GSH) which is thousand times greater than the extracellular
concentration. That is why tumor tissues display greater concentrations of GSH levels
compared to normal tissues, [26, 27] on the basis of the cleavage of disulfide bonds the
redox responsive drug release strategy induced by disulfide-reducing agents is also
promising in cancer treatment.
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The cleavable disulfide bonds are not only used to anchor inorganic nanoparticles
[10-12] onto the pore outlets of MSNs but also employed to form the cross-linked
polymeric layers that act as gatekeepers to modulate molecular transport. Feng and coworkers

[28]

reported

the

first

example

of

cystamine-cross-linked

poly(N-

(acryloxy)succinimide) (PNAS)-coated MSNs as drug containers and acquired redoxcontrolled release of a model drug in the presence of disulfide-reducing agent dithiothreitol
(DTT). Based on the similar redox-sensitive subsystem, dual- or multiresponsive
nanocarrier systems were later constructed successfully. [29, 30] However, the procedure
of grafting cross-linked polymeric networks onto external surfaces of MSNs is restricted
to the cross-linking of PNAS and the polymerization-cross-linking two-step method is
used, there is still much room for improving the construction of MSNs-based redoxtriggered drug release systems.
Matyjaszewski and co-workers [31] subtly developed one pot synthesis of crosslinked polymer shell-stabilized gold nanoparticles via surface-initiated atom transfer
radical copolymerization (SI-ATRP) of monomer and bifunctional cross-linker. On the
basis of selecting a proper monomer/ cross-linker pair with different reactivities, the
crosslinker with higher reactivity was consumed faster than monomer and was
preferentially incorporated into the cross-linked shell on gold nanoparticles without
resulting in cross-linking in the whole polymerization media. However, ATRP requires
heavy metals that are sometimes hard to be gotten rid of and influence the bio-applications
of resultant materials.
Here, we propose a novel one-pot strategy for the preparation of cross-linked
polymer shell-capped MSNs via surface reversible addition–fragmentation chain transfer
(RAFT) polymerization. The synthetic route to the reversibly cross-linked polymer-coated
MSNs is shown in figure 6.2. By choosing oligo (ethylene glycol) acrylate and N,N ′cystaminebismethacrylamide (OEGA/ CBMA) as a suitable monomer/cross-linker pair,
we successfully grafted the cross-linked poly(oligo(ethylene glycol) acrylate-co-N,N ′cystaminebismethacrylamide) (poly(OEGA-co-CBMA)) onto MSNs. Because the
cleavage and restoration of disulfide bonds are reversible via reduction and oxidation
reactions, [32-34] it is facile to load drugs in the nanopores after cleaving the disulfide
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bonds and then oxidate the produced mercapto groups to block the encapsulated drugs. The
curves for the release of doxorubicin (DOX) exhibit a typical redox-responsive release
behavior. The MSN–poly (OEGA-co-CBMA) vehicle shows good protein resistance when
bovine serum albumin (BSA) is used as a model protein to study their interactions. The in
vitro cytotoxicity and cellular internalization studies show that these biocompatible
nanocarriers have potential application in drug delivery.

Figure 6.2 The synthetic procedure of reversibly cross-linked POEGA-coated MSNs via
surface RAFT polymerization.

6.2.

Experimental Section

6.2.1. Materials
Oligo (ethylene glycol) acrylate (OEGA, Aldrich, 98%, Mn = 480 g mol-1) was
purified for removal of inhibitor by passing it through an alumina column. tetrahydrofuran
(THF) and Toluene (Sinopharm Chemical Reagent Co, 99%) were refluxed for 24 h over
sodium and was distilled before to use it. Doxorubicin hydrochloride (DOX•HCl) was
purchased from Aladdin Reagent Corporation. Dichloromethane was dried for 24 h over
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calcium hydride followed by distillation. Azobis(isobutyronitrile) (AIBN, Sinopharm
Chemical Reagent Co., 98%) was recrystallized from methanol and dried under vacuum.
GLYMO (Aldrich, 98%) and CTAB (Aldrich, 99%) were used as received. Bovine serum
albumin (V) was purchased from Aladdin Reagent Corporation. Milli-Q water (18.2 MΩ)
was prepared using a Milli-Q Synthesis System (Millipore, US). The S-1-dodecyl-S′-(α,α′dimethyl-α′′-acetic acid) trithiocarbonate was synthesized according to the literature.1 1H
NMR data (300 MHz, CDCl3, δ, TMS): 0.89 (t, 3H, -C11H22CH3), 1.2-1.47(m, 18H, CH2CH2C9H18CH3), 1.68 (m, 2H, -S-CH2CH2-C10H21), 1.73 (s, 6H,-S-C(CH3)2COOH),
3.3 (t, 2H,-S-CH2-C11H23). All other reagents were of analytical grade and used as received.
6.2.2. Synthesis of N, N-cystaminebismethacrylamide (CBMA)
In a 250 mL flask having 60 ml of aqueous solution of NaOH (4 g, 100 mmol), 5.8
g of 25 mmol Cystamine dihydrochloride was added to which a solution of methacryloyl
chloride (5.2 g, 50 mmol) in 5 ml of dichloromethane was dropwise added keeping
continuously stirring at 0 °C. After that the mixture was stirred for 3 h at room temperature.
The solid product was obtained by filtration and was washed with abundant distilled water.
The final product was separated as a white solid after vacuum drying at room temperature.
The 1H NMR spectrum of CBMA in CDCl3 is shown in Figure 6.7.
6.2.3. Synthesis of RAFT Agent-Functionalized mesoporous silica nanoparticles
The sol–gel method was used to synthesize MSNs [19]. Briefly 1.75 g of MSNs
were dispersed in 50 ml of toluene followed by the addition of 0.7 ml of 3.0 mM (3Glycidyloxy-propyl) trimethoxysilane (GLYMO). Under nitrogen atmosphere, the
reaction mixture was allowed to reflux for 12 hours. The resulting material was separated
by filtration and was thoroughly washed with dry toluene and methanol to remove the
unreacted GLYMO and finally was kept at room temperature for 8 h under vacuum to
completely dry it. The excess amount of N–cetyltrimethylammonium bromide (CTAB)
template was removed by using the following method. In a 160 mL methanol solution of
hydrochloric acid (0.6 M), the glycidyl-functionalized silica nanoparticles were dispersed,
sonicated and finally the mixture was reflux for 24 h with continuously stirring. In the
meantime under acidic condition, the epoxy groups on the surface of MSNs were converted
into dihydroxy groups. The resultant hydroxyl-functionalized MSNs (MSN-OH) were
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collected by vacuum filtration and were extensively washed with methanol and were kept
under vacuum for 12 hours to completely dry them.
Esterification reaction of MSN-OH was carried out to anchoring RAFT
functionalities onto the exterior surface of MSNs. Briefly 0.5 g of MSN-OH were allowed
to react with 1.82 g of 5 mmol S-1-dodecyl-S′-( α ,α′-dimethyl-α′′-acetic
acid)trithiocarbonate (DDATC) in the presence of 1.025 g of 5 mmol N,N′dicyclohexylcarbodiimide (DCC) and 0.36 g of 3 mmol 4-dimethylaminopryidine
(DMAP)in 30 ml of dried dichloromethane at room temperature for 30 h. The resulting
MSN-RAFT was separated by filtration and was extensively washed with distilled water,
methanol, and acetone, and then was kept at room temperature under vacuum for 24 h to
completely dry it.

Figure 6.3 Digital photographs of aqueous dispersions of MSNs (a) and poly (OEGA-coCBMA)-coated MSNs (b) at different times
6.2.4. One-Pot Synthesis of MSN–Poly (OEGA-co-CBMA)
Briefly 1.8 g of 3.75 mmol of OEGA, 144 mg of 0.5 mmol of CBMA, 50 mg of
MSN-RAFT, 1.0 mg of 0.006 mmol of AIBN and 6.0 ml of THF were taken in a 20 ml of
polymerization tube. This tube was sealed after three freeze pump thaw cycles and finally
it was kept at 65 °C in a thermostated oil bath for 24 h. The polymerization was quenched
by liquid nitrogen. The mixture was diluted with THF and then centrifuged at 10,000 rpm
for six times to get ensure that no free polymer or reagents were mixed in the product. The
product was dried overnight under vacuum.to obtain MSN–poly(OEGA-co-CBMA).
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6.2.5. DOX Loading and Release
The DOX loading in MSN–poly (OEGA-co-CBMA) was carried out as follows. 50
mg of MSN–poly (OEGA-co-CBMA) was first dispersed in 10 ml aqueous solution of
DTT (20 × 10−3 M) with sonication, and stirred for 4 hour at ambient temperature. After
washed with water by centrifugation, the reduced MSN–poly (OEGA-co-CBMA) was
dispersed in 4 ml aqueous solution of DOX (1 mg ml−1) and stirred for 24 h to load DOX.
Then, MSN–poly (OEGA-co-CBMA) loaded with DOX were seperated by centrifugation,
washed slightly with Milli-Q water to remove the surface adsorbed DOX, and was dried
under vacuum. The dried powders were exposed to air for 2 d to cross-link the polymer
layers. The encapsulated amount of DOX was measured by the difference in the
concentration of the separated medium after centrifugation and that of the initial solution
of DOX.
The discharge study was directed as described; Two aliquots (3 mg) of the DOXloaded MSN–poly (OEGA-co-CBMA) were soaked in 10 mL of phosphate-buffered saline
(PBS; pH 7.4) solution with CDTT = 0 and 20 × 10−3 M, respectively. The two aliquots were
stirred at the same speed at 25 °C in the sealed centrifugation tubes. At the predetermined
time, the mixtures were centrifuged and 1 mL of the supernatant liquids was withdrawn,
respectively, to record the fluorescence spectrum ( λex = 520 nm) and then 1 mL of new
same liquids ( CDTT = 0 and 20 × 10−3 M) was made up for further release.
6.2.6. Protein Adsorption
To determine protein adsorption, 20 mg of MSNs or MSN–poly (OEGA-coCBMA) was dispersed in 9 mL of the PBS solution, and 1 mL of the BSA solution (5 mg
ml−1) was added and stirred vigorously at 37 °C. The nanoparticles were centrifuged (10
000 rpm, 5 min) after predetermined time intervals and the concentration of BSA in the
supernatant was determined according to a prepared calibration curve using UV–visible
spectroscopy by measuring the absorbance maximum at 280 nm. The percentage of protein
adsorbed (Q) on the nanoparticles was calculated using following equation

𝐐=

(𝐂𝐢 − 𝐂𝐟 )𝐕
𝐦

=

(𝐂𝐢 − 𝐂𝐟 )𝐕
𝐂𝐢 𝐕

=

𝐂𝐢 − 𝐂𝐟
𝐂𝐢

=𝟏−

𝐂𝐟
𝐂𝐢

(6.1)
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Where Ci and Cf are the initial BSA concentration and the BSA concentration in the
supernatant after adsorption studies respectively, V is the total volume of the solution and
m is the total weight of BSA added into the solution.
6.2.7. In Vitro Cytotoxicity Assays and Endocytosis
The cytotoxicities of pure and modified MSNs were evaluated in vitro using a
methyl thiazolyl tetrazolium (MTT) assay. The COS-7 cells (African green monkey kidney
cells transformed with a Simian Vacuolating Virus 40) were seeded in 96-well plates at 10
000 cells per well in 100 μl of Dulbecco’s modified Eagle’s medium (DMEM) containing
10% fetal bovine serum and incubated at 37 °C in a 5% CO2 atmosphere for 24 h. The
culture medium was replaced with 100 μl of a fresh medium containing tested nanoparticles
at different concentrations. Cells were further incubated for 24 h and then the culture
medium was withdrawn.
After washed with 50 μl of PBS, each well was refilled with 100 μl of fresh culture
medium, followed by the addition of 25 μl of MTT stock solution (5 mg ml−1 in PBS) to
achieve a final concentration of 1 mg ml−1 . After incubation for an additional 4 h, the
medium was replaced with 200 μl of dimethyl sulphoxide (DMSO) and the plate was
shaken up. The absorbance of the solution was then measured at 570 nm using a Bio-Rad
680 microplate reader. The cell viability was normalized to that of COS-7 cells cultured in
the culture medium without nanoparticles. For microscopic imaging, COS-7 cells were
seeded in a 4-well cell culture plate. After 24 h of culture, the cells were then incubated
with 268 μg ml−1 of DOX@MSN–poly(OEGA-co-CBMA) in a DMEM medium for 3 h.
Cells were observed using a Leica Microsystems fluorescence microscopy after washing
with PBS for three times.

6.3.

Characterization
Bruker DMX-300 instrument was used to measure hydrogen nuclear magnetic

resonance (1H NMR) spectra by using CDCl3 as solvent. Bruker VECTOR-22 IR
spectrometer was used to measure the Fourier transform infrared (FT-IR) spectra. Hitachi
7650 transmission electron microscope was used to measure the transmission electron
microscopy (TEM) images operated at an accelerating voltage of 100 kV. Philips X’ Pert
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PRO SUPER X-ray diffractometer system was used to measure the powder XRD patterns
with a Cu Kα radiation source. Perkin-Elmer Diamond TG/DTA instrument was used to
measure the thermal gravimetric analyses (TGA) with a heating rate of 10 °C/min in a
nitrogen flow. ASAP 2020 micromeritics porosimeter was used to measure the nitrogen
adsorption isotherms at 77 K using a 10 s equilibrium interval. BET (Brunauer-EmmettTeller) method was used to measure the specific surface area. The total pore volume at a
relative pressure of 0.99 was calculated from the amount adsorbed. The pore size
distribution was computed using the BJH (Barret-Joyner-Halenda) model. Fluorescence
spectra were recorded on a Hitachi F-4600 FL Spectrophotometer. UV–visible spectra
were recorded on a Shimadzu UV-2401PC Spectrophotometer. Confocal laser scanning
microscopic images were recorded on a Leica Microsystems fluorescence microscopy.
Elemental analyses were performed on elemental analyzers (Elementar Vario EL cube and
Vario EL III, Germany). The dynamic laser light scattering measurement was conducted
on a commercial spectrometer (Malvern Zetasizer Nano ZS-90). Scanning electron
microscope (SEM) images were recorded in a field emission scanning electron microscope
(FEI Sirion200).

6.4.

Results and Discussion

6.4.1. Preparation and Characterization of MSN–Poly(OEGA-co-CBMA)
The sol–gel method was used to firstly prepare the MSNs and then on the surface
of MSNs, epoxy groups were introduced by the reaction of the silane-coupling agent
GLYMO with the silanol of MSNs. Since the mesopores of MSNs were filled with the
template molecules CTAB, the modification reaction exclusively occurred on the exterior
surface and outlets of the pores. The epoxy functionalized MSNs were refluxed in a
methanol solution of hydrochloric acid to remove the surfactant CTAB inside the
nanopores, meanwhile, the epoxy groups grafted on MSNs were changed to hydroxyl
groups. The MSN-RAFT was formed through the esterification of DDATC with the
hydroxyl units on the surface of MSNs under the catalysis of DCC and DMAP. The key
step was grafting cross-linked copolymer onto the surface of MSNs via one-pot surface
RAFT copolymerization of OEGA and CBMA using AIBN as the initiator. In order to
form the cross-linked polymer shell around the surface of MSN-RAFT, it is crucial to select
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an appropriate monomer/cross-linker pair with unequal reactivities. Since the reactivity of
OEGA is lower than that of CBMA, [13] CBMA is consumed faster than OEGA and is
predominantly polymerized to form the cross-linked shell. Owing to the more feed of
OEGA (molar ratio of OEGA/CBMA = 7.5), the subsequent polymerization of the residual
OEGA formed the outer layer of the polymer shell. Thus, the gradient poly(OEGA-coCBMA)-grafted MSNs can be obtained. As shown in Figure 6.4, in contrast to the bare
MSNs (a), the TEM image of MSN–poly(OEGA-co-CBMA) (b) shows a apparent core–
shell structure after surface RAFT copolymerization, and the uniform mesopores in the
core can also be observed clearly. The SEM images also show that the surfaces of MSNs
(c) are smoother than that of MSN–poly(OEGA-co-CBMA) (d), and the larger size of the
latter further confirms that polymers are grafted onto MSNs. MSNs in the aqueous
dispersion precipitate after only 20 min of standing, while for MSN–poly(OEGA-coCBMA) after 11 h, no apparent change happens due to the stabilization of soluble POEGA
(Figure 6.3).
In order to prevent the interparticle-coupling reaction, the concentration of MSNRAFT in the polymerization media was kept low (<10 mg ml−1). The excessive OEGA was
fed for further growth of POEGA chains on the formed cross-linked layer in order to
stabilize the single MSN and also avoid the interparticle cross-linking as possible. To
differentiate the aggregates of nanoparticles in TEM and SEM images from the
interparticle cross-linking, dynamic laser light scattering was employed to measure the size
and size distribution of MSN–poly (OEGA-co-CBMA). As shown in Figure 6.8 a, it
exhibits a unimodal size distribution with a mean particle diameter of approximately 250
nm and the polydistribution index is 0.204. This result indicates that the polymer-grafting
step did not result in severe interparticle cross-linking. To further prove that the grafted
polymer shell was cross-linked, the HF aqueous solution (40%) was used to etch the silica
core of MSN–poly (OEGA-co-CBMA). The TEM images (Figure 6.8 b,c) show the stable
polymeric shells (indicated by red arrows) clearly after complete removal of MSNs.
In the powder X-ray diffraction patterns (Figure 6.5), three well-resolved reflection
peaks (100), (110), and (200) of the characteristic diffraction pattern of hexagonal MCM41-type MSNs can be seen for MSN-RAFT and MSN–poly(OEGA-co-CBMA), which
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also indicates that the pore channels in the core are remained after the copolymerization of
OEGA and CBMA. The Fourier transform infrared (FT-IR) spectra of MSN-OH, MSNRAFT and MSN–poly(OEGA-co-CBMA) are shown in Figure 6.5 b. Compared with the
FT-IR spectrum of MSN-OH (a), the absorption bands of the characteristic C–H stretching
and deformation vibrations of MSN-RAFT (b) increase obviously, and the new absorption
band of C=O in the formed ester groups also indicates that the RAFT groups have been
successfully attached to the exterior surface of MSNs. After surface RAFT
copolymerization of OEGA and CBMA on MSN-RAFT, the absorption bands of stretching
vibration of C=O and C–H are both strengthened (c). The characteristic band of N–H in
amide group at 1525 cm−1 proves that CBMA was incorporated into the polymer shells.

Figure 6.4 a,c) TEM and SEM images of MSNs and b,d) poly(OEGA-co-CBMA)-coated MSNs.
The inserts in a,b) are magnification images.
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Figure 6.5 (A) Powder X-ray diffraction patterns of MSN-RAFT (a) and MSN-poly
(OEGA-co-CBMA) (b). (B) FT-IR spectra of MSN-OH (a), MSN-RAFT (b) and MSNpoly (OEGA-co-CBMA) (c).
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Figure 6.6 (A) TGA curves for MSN-OH (a), MSN-RAFT (b) and MSN-poly (OEGA-coCBMA) (c). (B) Adsorption/desorption isotherms for MSN-OH and MSN-poly (OEGAco-CBMA). The insert is BJH pore size distribution plots of MSN-OH and MSN-poly
(OEGA-co-CBMA).
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Figure 6.7 The 1H NMR spectrum of CBMA in CDCl3.

Thermal gravimetric analyses (TGA) of the MSN-OH, MSN-RAFT, and MSN–
poly (OEGA-co-CBMA) were further performed to estimate the grafting efficiencies. The
results in Figure 6.6 A show that the weight losses of MSN-OH, MSN-RAFT, and MSN–
poly(OEGA-co-CBMA) are 21%, 35% and 46% respectively, when the samples were
heated to 800 °C. Based on the difference of weight loss between MSN-OH and
MSNRAFT, the graft density of RAFT groups can be calculated to be about 0.74 mmol g−1
of SiO2. The density plays an important role and guarantees the successful graft of crosslinked polymer shells on the surface of MSNs. In order to confirm that CBMA was
incorporated into the grafted polymer shells, elemental analyses were used to measure the
elemental compositions of the samples. The results are shown as follows (instrumental
deviation: 0.3%), MSN-RAFT (%): C 22.06, H 3.96, N 0.20, S 2.39; MSN– poly(OEGAco-CBMA) (%): C 27.77, H 5.03, N 1.10, S 3.87.
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Figure 6.8 The size distribution of MSN–poly (OEGA-co-CBMA) in water a) measured
by dynamic laser light scattering at 25 °C. b,c) TEM images of poly(OEGA-co-CBMA)coated MSNs after HF treatment. All scale bars are 80 nm.

Table 6.1 Mesopore parameters of MSN-OH and MSN-poly(OEGA-co-CBMA).
Sample

SBET [m2g-1]

DBJH [Å]

VP [cm3g-1]

MSN-OH

667.9

34.8

0.58

MSN-poly(OEGA-co-CBMA)

20.1

424.0 a)

0.05

a)

Mesopores were almost inaccessible for nitrogen gas.
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The increases of element percentages of N and S indicate that CBMA is
polymerized onto the surface of MSNs. Some amounts of RAFT end groups are inferred
to be lost after the polymerization on the basis of the inconsistent increase of N and S
elements, which is regular for the surface RAFT polymerization. The pore structures of
MSN-OH and MSN–poly(OEGA-co-CBMA) were analyzed with the nitrogen adsorption/
desorption measurement, and the results are shown in Figure 6.6 B and Table 6.1. The
Brunauer-Emmett-Teller (BET) isotherm of MSN-OH exhibits the characteristic Type-IV
adsorption/desorption pattern, and the Barret-Joyner-Halenda (BJH) pore size distribution
of MSN-OH is narrow. The specific surface area is 667.9 m2g−1 for MSN-OH but only 20.1
m2g−1 for MSN–poly(OEGA-co-CBMA), and the BJH analysis of MSN– poly(OEGA-coCBMA) demonstrates that the nanopores are almost inaccessible to nitrogen gas due to the
compact polymer coating. [20]
6.4.2. DOX Loading and Release
The anticancer drug DOX is chosen to study the redox-responsive drug release from
MSN–poly(OEGA-co-CBMA). The MSN–poly(OEGA-co-CBMA) (50 mg) was first
dispersed in 10 mL aqueous solution of DTT (20 × 10−3 M ) for 4 h for cleaving the
disulfide bonds in the cross-linked copolymer shells and opening the pores for the drug
loading. After isolated by centrifugation and washed with deionic water, the resulting
MSN–poly(OEGA-co-CBMA) was redispersed in 4 ml aqueous solution of DOX (1 mg
ml−1) and then stirred for 24 h. The DOX-loaded MSN–poly(OEGA-co-CBMA) was
isolated, vacuum-dried, and exposed to air for oxidation of the formed mercapto groups to
close the pores. The drug loading content and drug loading efficiency were calculated to
be 0.93% and 11.6% respectively which depend on the concentrations of MSN–
poly(OEGA-co-CBMA) and DOX in the loading solution. The two aliquots of recrosslinked DOX-loaded MSN–poly(OEGA-co-CBMA) were placed, respectively, in PBS
solutions with CDTT = 0 and CDTT = 20 × 10−3 M for the drug release study. At
predetermined time intervals, the fluorescent intensity of the collected supernatant solution
was measured and the amounts of released DOX were computed from each calibration
curve. The accumulative release percentages of DOX against time are shown in Figure 6.9
a. About 32% of the loaded DOX was released in the pure PBS after 25 h, which is probably
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due to the diffusion of DOX adsorbed in the copolymer shells that stretched in a certain
extent in aqueous solution. In the PBS solution of DTT (20 × 10−3 M), the disulfide linkages
can be cracked owing to the reduction of DTT. 85% of drug release was achieved after 10
h and it displays a burst drug release profile. The release experiment demonstrates that the
cross-linked polymer shells induced by oxidation can effectively block the entrances of the
pores and can be cleaved with DTT, GSH, or other cell-produced antioxidants. Thus, this
redox-triggered nanocarrier should be a promising vehicle for drug delivery.
6.4.3. Protein Adsorption
Since the interaction between drug carriers and proteins plays a key role on their in
vivo application, [36] BSA is chosen as a model protein to investigate the protein-resistant
property of MSN–poly (OEGA-co-CBMA). The percentage of adsorbed protein on MSN–
poly (OEGA-co-CBMA) within 1 h is 3.0%, which is significantly lower than that on
MSNs (19.5%). Only 3.4% of BSA is adsorbed after 4 h of incubation with MSN–poly
(OEGA-co-CBMA) while the absorbed BSA on MSNs obviously increases (23.4%)
(Figure 6.9 b). It is evident that the grafted POEGA improves the hydrophilicity of MSNs
and reduces the interaction with protein. This result is in agreement with the reported
protein resistance of branched PEG. [37]
6.4.4. In Vitro Cytotoxicity Assays and Cellular Internalization
The POEG(M)A has been studies extensively in biomedical applications due to its
biocompatibility. [38, 39] Therefore, the less reactive OEGA was selected to functionalize
the MSNs in this study. The in vitro cytotoxicity against COS-7 cells was investigated to
evaluate MSNs and MSN–poly (OEGA-co-CBMA) by a MTT viability assay. It could be
seen from Figure 6.10 a that MSNs and MSN–poly (OEGA-co-CBMA) showed no obvious
cytotoxic effects on the COS-7 cells even at 250 μg mL−1 after incubation for 24 h. In
addition, the in vitro inhibition of free DOX and DOX@ MSN–poly (OEGA-co-CBMA)
to proliferation of COS-7 cells were also evaluated using a MTT assay. The COS-7 cells
were treated with free DOX and DOX@MSN–poly (OEGA-co-CBMA) at different DOX
concentrations from 0.078 to 2.5 μg ml−1. As shown in Figure 6.10 b, the DOX-loaded
MSN– poly (OEGA-co-CBMA) exhibits similar inhibition to COS-7 cell proliferation in
comparison with free DOX.
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Figure 6.9 (a) Time evolution of DOX release from MSN–poly(OEGA-co-CBMA) in the
absence and presence of DTT (20 × 10−3 M). (b) BSA adsorption on MSNs and MSN–poly
(OEGA-co-CBMA) after incubation at 37 °C in PBS (pH 7.4) for different periods of time.
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Figure 6.10 (a) In vitro viability of COS-7 cells incubated with different concentrations of
MSNs and MSN–poly (OEGA-co-CBMA) and incubated with different concentrations of
free DOX and DOX@MSN–poly (OEGA-co-CBMA) (b) for 24 h. The corresponding
concentrations of MSN poly (OEGA-co-CBMA) are 0, 8.375, 16.75, 33.5, 67, 134, and
268 μg ml−1, respectively.
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Figure 6.10 Representative CLSM images of COS-7 cells after 3 h incubation with a
DMEM solution of DOX@MSN–poly (OEGA-co-CBMA) (268 μgml−1, CDOX = 2.5 μg
ml−1) under (c1) bright field and (c2) excitation at λex = 514 nm, (c3) merged image of (c1)
and (c2). The scale bars are 15 μm.
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Since the GSH content in the cytosol is probably sufficient to cleave the disulfide
linker of the polymeric network on internalized MSN–poly (OEGA-co-CBMA), the loaded
DOX could be released to kill the cells. Considering that the enhanced permeation and
retention (EPR) effect can help accumulate nanoparticles in tumor tissue [40] the DOXloaded MSN–poly (OEGA-co-CBMA) would further minimize the systemic toxicity
caused by DOX and improve the efficiency in cancer treatment.
To investigate the cellular internalization property of MSN–poly (OEGA-coCBMA), 268 μg ml−1 of DOX@ MSN–poly (OEGA-co-CBMA) was incubated with COS7 cells for 3 h and the confocal laser scanning microscopic (CLSM) images are shown in
Figure 6.10 c. The DOX@MSN–poly (OEGA-co-CBMA) nanoparticles can be observed
clearly due to the red fluorescence of encapsulated DOX. Owing to the existence of
nanoparticles around the nucleus, it can be concluded that the DOX@MSN–poly (OEGAco-CBMA) nanoparticles are endocytosed and located in the cytoplasm of cells, so this
nanocarrier could be taken up by cells easily.
6.5.

Conclusions

In summary, a biocompatible redox-responsive drug delivery system has been successfully
prepared via one-pot surface RAFT copolymerization of the less reactive OEGA and the
more reactive CBMA. The reversibly cross-linked polymer shells offer a redox-responsive
property for on/off switch of the nanopores. The release of DOX from MSN–poly (OEGAco-CBMA) could be triggered by adding DTT in the release media. The grafting of POEGA
can resist nonspecific protein adsorption. The results of MTT assay and cellular
internalization further confirmed its effectiveness as a drug carrier. Due to the feasibility
for further modification by the RAFT polymerization, this promising drug carrier could be
endowed with property of targeting or other advantages. The related work about targeted
drug release is underway. We envision that the versatile grafting strategy in this study may
contribute to the fabrication of satisfying MSN-based DDS for clinical application.
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Chapter 7
Conclusions and Future Horizon
The objective of this doctoral study was to explore the role and deepen the knowledge of
the nanoparticles and their nanocomposites regarding its electrochemical properties used as
supercapacitor electrodes as well as a part of this research work also included to explore the
behavior and effect of nanoparticles and their nanocomposites for photocatalytic degradation of
organic dyes and for their controlled drug release study. In order to understand the role of
nanocomposites in detail they were studied by means of physical, structural and applied
approaches. The nanocomposites show several advantages due to the high surface area, large
flexibility, high reactivity and shorter ionic diffusion paths. The main advantage of the carbon
based nanocomposites material is high conductivity which tailors the electron transport within the
electrode material and enhances the cycle life and high rate capability. Following is the summary
of the outcomes related to nanocomposites research discussed in this doctoral dissertation.

7.1 Supercapacitor
The main aspect of this research is to explore the synergetic effect of nanocomposites in
order to analyze the performance of the supercapacitor. The selection of stable and widely used
conducting polymer was made to see its potential in the enhancement of the efficiency and stability
of the supercapacitor. During this research, a lot of nanoparticles were studies for their
supercapacitive behavior like mesoporous silica nanoparticles, GO sheets, polyaniline nanowires,
MWCNTs and carbon dots. Moreover the effect of mesoporous silica and its nanocomposites with
the selection of several carbon based materials has also been studied and tested.
GO@MSNs/PANI nanocomposites with varying concentrations of GO@MSNs were
prepared and were tested as supercapacitor electrode materials as described in chapter 2. It was
found that the nanocomposites with a loading of 20.0 wt % of GO@MSNs display an optimum
supercapacitive performance an acid (H2SO4) electrolyte. The maximum gravimetric capacitance
was calculated to be 412 F g‒1 at a current density of 1 A g‒1 (384 F g‒1 for pure PANI). Meanwhile,
at a current density of 1 A g‒1, a power density of 500 W kg‒1 with maximum energy density of
57.2 Wh kg‒1 (53.3 for pure PANI) is observed from charge-discharge measurements. The higher
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loadings of GO@MSNs NPs were resulted in reduced conductivity and lower capacitances of the
nanocomposites and was unfavorable to the veracity of the polymer matrix.
The facile synthesis of carbon dots with an average particle size of 3-4 nm having excellent
electrocapacitive properties as described in chapter 3. The carboxyl groups located at the edges
allow CDs to have negative charges due to the ionization of –COOH, promoting the excellent
dispersion of CDs in water. In an acid H2SO4 electrolyte, the CDs exhibit an optimum
supercapacitive performance with a maximum of gravimetric capacitance of 159 F/g at a current
density of 0.1 A/g. Meanwhile, a maximum energy density of 22 Wh/kg at a power density of 50
W/kg is also obtained from the charge−discharge measurement at a current density of 0.1 A/g. The
idea presented in this work may be utilized for making other carbon dots - based designs for
applications beyond supercapacitors by bearing in mind the simple synthesis method and widerange potential applications.
SiO2 particles decorated on MWCNTs have been successfully synthesized using sol-gel
method and subsequent HRTEM confirms spherical morphology with a particle size of ~200 nm.
The prominent characters of MWCNTs, offering effective penetration of electrolyte and transport
passage for ions and electrons with large surface area and strain accommodation during cycling
resulted in high specific capacitance, power density and energy density. The CV and chargedischarge indicated that MWCNTs display enhanced electrochemical activity as compared to
SiO2/MWCNTs composite. The specific capacitance of MWCNTS is achieved to be 143.3, 134.7
and 128.4 at 0.5, 1 and 2 Ag‒1 as compared to specific capacitance of only at 24, 16.2 and 11.8 for
SiO2/MWCNTs composite at same current rates. The anchoring of insulating SiO2 blocks the
conductive pathway of MWCNTs and results in lowering of electrochemical performance for
composite electrode as described in chapter 4.

7.2.

Photocatalytic Activity
A high performed visible-light-driven photocatalyst Ce/S-TiO2/SGE has been synthesized

depending on the combination of synergistic effects of Ce-/S- codoping and the incorporation of
SGE as described in chapter 5. The effective and reliable characteristic methods have been used
to confirm the morphologies and physical structures of the hybrid of Ce/S-TiO2/SGE. The
photocatalytic activity is measured by photodegradation of MO. A photocatalytic enhancement
mechanism is supposed to give an illustration for better understanding the photocatalytic process,
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which would stimulate the development of doped and graphene-involved photocatalysts for
addressing environment problems.

7.3.

Controlled drug release
A biocompatible redox-responsive drug delivery system has been successfully prepared

via one-pot surface RAFT copolymerization of the less reactive OEGA and the more reactive
CBMA as described in chapter 6. The reversibly cross-linked polymer shells offer a redoxresponsive property for on/off switch of the nanopores. The release of DOX from MSN–poly
(OEGA- co-CBMA) could be triggered by adding DTT in the release media. The grafting of
POEGA can resist nonspecific protein adsorption. The results of MTT assay and cellular
internalization further confirmed its effectiveness as a drug carrier. Due to the feasibility for further
modification by the RAFT polymerization, this promising drug carrier could be endowed with
property of targeting or other advantages. The related work about targeted drug release is
underway. We envision that the versatile grafting strategy in this study may contribute to the
fabrication of satisfying MSN-based DDS for clinical application.

7.4.

Future Horizon
The nanocomposites materials have advantages to being used in the commercial sector. I

have studied the synthesis of nanomaterials, characterizations as supercapacitor electrode
materials, the photodegradation of organic dyes and controlled drug release in detail over selected
important nanocomposites materials. I have observed that the larger surface area and small particle
size, in nanocomposites systems leads to higher reactivity due to excessive side reactions with the
surrounding medium. Therefore, it is important to control the shape as well as the size of
nanocomposites during synthesis. Besides the correct size of the particles, the surface modification
of the synthesized material should be investigated to prevent the disadvantages of nanocomposites
and enhance the overall performance of the device.
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