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Abstract

Graphene oxide (GO) was synthesized by environmental friendly improved Hummers method.
The para-xylylenediamine (1,4-XDA) and 2,6-diaminopyridine (2,6-DAP) modified frameworks
of graphene oxide (FGO) were synthesized by a facile solution processing. Different samples
were prepared varying the amount of 1,4-XDA and 2,6-DAP. Characterization of graphene oxide
(GO) and framework of graphene oxide (FOG) was performed by different analytical techniques
like UV-Vis Spectroscopy, FTIR, XRPD, SEM, TGA, BET etc. The synthesized FOG materials
were employed as active working electrode materials in three electrode system for the study of
their behaviour as supercapacitor. The electrochemical properties and the mechanism how these
materials improved the electrochemical performance were investigated systematically. 1,4-XDA
and 2,6-DAP molecules incorporated between the graphene sheets demonstrated a loose and
crumpled microstructure. The maximum specific capacitance value was found for FOG-X-A i-e
360 Fg* and minimum for FOG-D-C i-e 29.37 Fg™. The results revealed the role of amine-based
organic additives in graphene supercapacitor materials and verified the FOG-X-A as the

electrode materials of supercapacitor with an excellent electrochemical performance.
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Chapter 1 Introduction

1.1 Brief History of Graphite

The name graphite carbon is derived from the Latin word “carbo” meaning charcoal. This
element is distinctive and form well-known stable allotropes, as its electronic structure allows
for sp, sp’and sp* hybridized networks. Graphite an abundant natural mineral is the most
common crystalline allotropic form of carbon and has been known ever since antiquity
together with diamond. Graphite has a planar, layered structure consists of atomic layers of
sp® hybridized carbon atoms stacked together via van der waals force. The carbon atoms in
every layer are arranged in honey comb like lattice with 0.142 nm separation and d-spacing
between planes is 0.34 nm. All atoms in plane are covalently bonded; merely three of the four
bonding sites are satisfied, however, the fourth electron is allowed freely to move in the plane
making graphite electrically conductive in the direction parallel to the plane. Though the vast
delocalized electrons are available in between the layers, so at right angle to the plane it is

non-conductive in nature [1].
1.2 Graphene

The individual layer of sp® hybridized carbon atoms firmly packed into a two-dimensional
(2D) hexagonal honeycomb like crystal lattice is called graphene [2]. This name was first
introduced by Stumpp, Setton and Boehm, in 1994 [3]. It acts as the basic building block for
graphitic derivatives of all other dimensionalities, such as fullerenes (0D), carbon nanotubes
(1D) and graphite (3D) [4]. Graphene is a semi-metal with zero bandgap due to slight overlap
between the valence and the conduction bands (zero bandgap material). In the graphene layer
each carbon atom form three sigma bonds by overlapping of sp® orbitals with neighboring
carbon atoms whereas the band of filled m-orbital (valance band) and empty n* orbitals (
conduction band) is formed by the overlapping of the remaining p, orbitals which are

accountable for the high in-plane electrical and thermal conductivity.



Carbon

atom o 0 . '
Bond o o . o
between '

atoms ‘ ‘ o

armchair 2ige2ag

a\ h)

Figure 1.2 Graphene geometry

Graphene has the exceptional outstanding properties including high electron mobility i.e,
upto 200,000 cm?v's™ [5], high mechanical strength i.e, Young’s modulus ~1 T Pa [6],
outstanding thermal conductivity i-e 5000Wm™K™, 97.7% optical transparency [7] and large
specific surface area approximately 2630 m?g™ hence, it has drawn marvelous attention from
researchers. Graphene-based sheets have been used in high performance catalysis [8],
nanocomposites [9], high performance energy storage devices [10], chemical and biological

sensors [11], optoelectronics and electronics [12] etc.
1.3 Graphite Oxide and Graphene Oxide

Graphite oxide has a stacked or layered structure like graphite, but in graphite oxide graphitic
carbon is well decorated by oxygenated functionalities, which not only make the graphite
oxide hydrophilic in nature but also enhance its interlayer spacing. These oxidized graphite
oxide layers can exfoliate in water or other solvents under ultrasonication. If the highly
exfoliated sheets like graphene have one or few carbon atom layers, then these are named as
graphene oxide (GO). GO has a mono atomic layered structure composed of carbon, oxygen
and hydrogen molecules synthesized by the oxidation of inexpensive and abundantly existed
graphite crystals. Due to its hydrophilic character it can disperse in water more easily than
other solvents and convenient to process. Most importantly the graphene oxide can be
reduced partially by the reduction of oxygenated groups to graphene sheets. The chemically
derived GO have given many other names as functionalized graphene oxide, frame works of

graphene, reduced graphene or chemically modified graphene.

Graphene oxide (GO) have two significant features: GO can be synthesized or produced with

high yield via cost effective chemical route using cheap graphite as a raw material.



As GO is hydrophilic in nature it can form highly stable aqueous colloids to aid the formation

of macroscopic structures by inexpensive and simple solution process.

The graphene sheets comprise of trigonally bonded sp? hybridized carbon atoms and apart
from micro-ripples it’s completely flat. However, GO sheets partly compose of tetrahedral
bonded sp® hybridized carbon atoms, which are slightly displaced below or above the
graphene plane. Because of the existence of covalently bonded functional moieties and
structural deformation, the sheets of graphene oxide are atomically rough. Several researchers
have investigated and observed that the surface of graphene oxide has defective regions due
to the presence of oxygen and the other areas are almost intact. According to a report honey
comb like lattice structure remain preserved in GO as like graphene, however, slight
displacement of carbon atoms due to attached functional groups but the size of the unit cell
remains the same as that of graphene. Hence forth GO can be defined as irregular oxidized
oxygen containing regions along with non-oxidized areas having sp? hybridized carbon

atoms.

Figure 1.3 Framework of GO



1.4 Graphite Functionalization

As the interplanar distance (d-spacing) between the stacked layers of the graphite valued to
be 0.34 nm and is not adequate to host inorganic and organic ions/molecules or other species.
However, in order to enhance the graphite interlayers spacing from 0.335nm to higher values
numerous intercalation approaches have been applied, depending on the size of the guest
species. Ever since the intercalation of graphite with potassium, a series of chemical species
have been tried to make what we called graphite intercalation compounds (GICs). These
compounds could be formed by the insertion of intercalated species between the graphene
layers via polar or ionic associations without altering the graphene structure. GICs can be
synthesized not only with alkali metals (like sodium, potassium, lithium etc.) but also with

anionic species like bisulfate, nitrate, or halogens.

In some cases, the inserted molecules may interact with covalent bonding through chemical
grafting reactions within the graphite interlayer spacing; this results in the structural changes
of the graphene planes as the hybridization changes from sp? to sp® of the reacting graphitic
carbon atoms. A characteristic example of GICs is the reaction of graphite with strong acids
and oxidizing agents that generates oxygen functional groups not only on the surfaces but
also at the edges of the graphene layers results into the formation of graphite oxide.

First, in 1840 Schafheutl [13] and after 19 years in 1859 Brodie [14] were the pioneers in the
formation of graphite oxide. The earlier fabricated graphite oxide with a mixture of nitric and
sulfuric acid, while the later treated fuming nitric acid and potassium chlorate with raw
graphite material. Staudenmaier [15] modified the Brodie method where oxidation of the
graphite was done by the addition of concentrated H,SO, and HNO3 with potassium chlorate.
After a century Hummers and Offeman [16] in 1958, reported that by immersing graphite in a
mixture of NaNO; H,SO, and KMnO4 oxidation occurs by the reaction of intercalated
anions with carbon atoms of the graphitic layers resulted into the loss of the aromatic
character. The robust oxidative reaction of these species with graphite leads to the generation
of anionic groups mostly carboxylates, hydroxylates and epoxy groups on the surface and
edges of the graphitic layers. The out of plane covalent bonds (like C—O) enhance the spacing
between the graphene layers from 0.34 nm in graphite to around 0.68 nm [17] in graphite
oxide. This newly developed polar or anionic character and enhanced inter spacing due to
oxygen containing groups makes GO strongly hydrophilic in nature, which permits water

molecules to penetrate within the graphene sheets thus forced the layers to further move



apart. Thus graphite oxide can more easily in water than any other solvent. During the
formation of graphite oxide the hybridization of carbon atoms changed from sp? to sp* which
results into the disruption of the delocalized m system and thus electrical conductivity

deteriorates between 103 to 107 Q cm according to the quantity of oxygen [1, 18].
1.5 Graphene Oxide Frame Works

To inhibit the agglomeration of the GO sheets and to enhance the performance of graphene-
based semiconductors [19], numerous methods have been introduced [20, 21]. These methods
modify graphene properties by introducing covalently or non-covalently dopants or fillers to
GO sheets [22, 23]. For example, conducting polymers [24], carbon nanotubes [25, 26],
heteroatoms [24] and transition metal oxides [27] were studied and adopted for graphene
oxide (GO) surface modifications, which would inhibits the aggregation or restacking of
graphene layers or sheets and they may server as the spacers or may add redox active
functional species that would enhance the capacitance of GO. However, some disadvantages
have been associated with non-covalent approaches, like the molecules may slip pass over
each other, and they are unstable and difficult to control in contrast to the covalent
approaches [28]. Therefore, for this purpose the covalent approaches are more promising

way.

As reported previously, phenylenediamine as a good molecule for the graphene oxide
functionalization and it is quite effective to enhance the performance of the SCs [29, 30]. It is
well known that GO has large number of highly reactive functional groups on its surface,
which allows the grafting of small organic molecules covalently on GO layers/sheets by
different reactions [31]. The PPD (p-phenylenediamine) has two amine groups (—-NH,) on the
benzene ring para-position that may react in certain conditions with the functional moieties
present on the surface of GO layers, thus prevents the restacking or aggregation of the GO
sheets by occupying the space between the graphene layers .Though, many researchers find
out PPD as a good redox mediator and it accelerates the pseudocapacitance of SCs by rapid
reversible faradaic reactions. Furthermore, PPD is also viewed as nitrogen doping precursor
for the capacitance enhancement [32]. Here, in our thesis we report the 1,4-XDA and 2,6-
DAP modified GO composite materials by using the solution process. 1,4-XDA and 2,6-DAP
functionalized GO composite materials have been used as the electrodes materials of SCs,
exhibiting excellent electrochemical performance.



1.6 Methods for the production of GO

It is always remain challenging to produce Graphene oxide and modified graphene oxide
materials in massive quantity and of high quality by using inexpensive, cheap and

environmentally friendly methods.

1.6.1 Mechanical Exfoliation

Mechanical exfoliation can be used for the production of the pristine graphene oxide but the
drawback of this method is that its highly complicated and the small amount of product can

be achieved which limits its large scale production.

1.6.2 Chemical Vapor Deposition

CVD technique can also be used for the synthesis of graphene films with one or few layer
thickness. The drawback of this process is that it requires elevated temperature upto1000 'C
along with hydrogen as carrier gas and a flow of hydrocarbon precursor gas which limits or

restricts its application range.

1.6.3 Epitaxial Growth

In this process pure graphene with excellent properties and perfect structure is synthesized.
But it is not east to assemble the product in thin films due to its extremely small size. In
addition to this, high energy is required during this process which restricts its application and

use for large scale production

1.6.4 Chemical Methods

Chemical methods are one of the best method uses now days for the production of the pristine

graphene and graphene modified materials. These methods include:

1.6.4.1 Brodie and Staudenmaier Methods

Graphene oxide (GO) was initially synthesized by Brodie in 1859 during his research work
on graphite [33]. The raw graphite was oxidized by adding potassium chlorate (KCIO3) to the

mixture of graphite and nitric acid (HNO3). The resulting light yellow color graphene oxide



was obtained after repeatedly washing, filtration and drying and the product obtained is stable

to further oxidation.

Staudenmaier modified the Brodie’s work by mixing the graphite and nitric acid (HNO3)
mixture more acidic and followed by the gradual addition of KCIO3 to this mixture. These
variations and modifications simplified the process and improved the GO quality. However,
the drawback of this method is to take long time for KCIO3 addition and as a by-product toxic

gas chlorine dioxide is released.

The mixture of KCIO; and HNO3 was used earlier for the fabrication of nanotubes [34],
fullerenes [35]. However, the oxidation results into the production of many oxygen
containing functional moieties such as lactose, ketones, carboxyl’s and also discharge toxic
gases dinitrogen tetraoxide (N,O,) and nitrogen dioxide (NO;). That’s why this method still

needs modification.

1.6.4.2 Modified and Improved Hammers Methods

Hummer and its coworkers developed a method for the synthesis of GO termed as Hummers
method [16]. In this process the water free mixture of NaNOg3, conc. H,SO, and KMnQO,4 was
maintained for two hours below 45°C. The product obtained had a high degree oxidation as
compared to the previously reported Staudenmaier method, however, in Hummer’s method it
was found that the product has GO sheets along with some un-oxidized graphite. For the
excellent complete oxidation of graphite pretreated hummers method was introduced by
Kovtyukhova. He first added raw graphite material to the mixture of potassium persulfate
(K2S,0g), conc. H,SO,4, and phosphorous pentaoxide (P,Os), this mixture was maintained at
80°C for several hours[36]. This preoxidized product was then washed, filtered and dried in
air. In 2010, Marcano et.al reported modified hummers method [37]. In place of NaNOj they
added phosphoric acid (HsPO,4) and also increase the amount of potassium permanganate.
This minimize the discharge of hazardous gases due to the removal of sodium nitrate thus
prohibits the emission of N,O4, NO, and CIO,. In improved hummers method [38] graphite is
first mixed with conc. H,SO,4 to form GIC and then followed by the gradual addition of
KMnQ, then deionized water is added followed by the addition of H,O,. The product is then
washed with 30% HCI and deionized water and dried to obtain the GO (Figure 1.6.4.2).

In brief summary, the improved hummers method have the potential for the mass production

of GO without the discharge of any sludge or toxic gases.
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Figure 1.6.4.2 Schematic diagram to produce GO sheets by improved Hummer’s

Method

1.7 Applications of GO/ FOG

Recent research indicates the implementation of the graphene based materials in various
fields as it exhibit greater potential for different applications as chemical sensors [39], nano
generators [40], catalysts [41], solar cells [42], photocatalysts [43], hydrogen storage [44] and

the most important supercapacitors.

Amongst these applications, FOG-based electrodes made-up for electrochemical performance
by low cost and reliable methods have gained greater interest owing to their outstanding
properties. For example, rGO sheets having large surface area with potential to substitute
(ITO) indium tin oxide in light emitting diodes and touch screens, however, mass production
can be attained due to electrical conductivity and its transparency [45, 46]. Furthermore, as
compared to the rigid and indium tin oxide, rGO/rGOF is viable in processability and

flexibility for assembly of electronic devices.
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Figure 1.7: The potential applications for graphene and graphene oxide frame works.

1.8 Supercapacitors and Their Properties

Supercapacitor, an electronic device also called ultracapacitors is a high quality capacitor and
its capacitance occupy a niche in-between the batteries and simple capacitors. In simple way,
we can say that supercapacitors store extra energy than simple capacitor, however, discharges
more gradually, and it stores less energy than battery but discharge that energy more quickly.
This difference in the performance of supercapacitors originates from the most fundamental

and important mechanisms of energy storage every technology, demonstrated in Figure 1.8.
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Figure 1.8: Illustration of charge storage mechanism for batteries, capacitors, and
supercapacitors.

In capacitors, two electrodes are separated by a superseding dielectric layer. When a potential
is applied across the electrodes an equal and opposite charge develops on the both electrodes.
However, when a device is powered it introduces a new current path between the two
electrodes for the dissipation of charge and thus resultant current can be consumed. In
contrast to the capacitors, batteries have two electrodes immersed in an ionically conducting
electrolyte. A reversible chemical reaction takes place for the storage of energy on both
electrodes. During charging, on one electrode oxidation takes place while on the other
electrode reduction occurs, however, on discharging the reactions got reversed. Capacitor
works on the principle of electrostatic charge storage without going through chemical

reactions whereas batteries undergo chemical reactions to store energy at the two electrodes.

Supercapacitors utilize both the batteries and capacitors principle of energy storage.
Supercapacitors like batteries have two electrodes and a conducting electrolyte, however, it
stores energy via electrochemical reactions unlike batteries. Upon charging high charge
density area develops near the interface by the migration of electrolyte mobile ions to the
electrode surface. Nowadays, supercapacitor electrodes are synthesized with wide surface

area, leading to more space for charging.

1.8.1 Supercapacitor Theory

The energy storage in supercapacitors occurs at the electrode/electrolyte interface. Two

different mechanisms operative in charge storage are:

12



e Electrostatic double-layer charging

e Faradaic charge transfer (pseudocapacitance)

1.8.1.1 Double-layer Capacitance

Double-layer charging happens when we apply the potential difference across the two
electrodes immersed in an ionically conducting electrolyte. The cations move towards one
electrode and the anions migrates towards the other electrode. For ideally polarized
electrodes, no charge transfer occurs at the electrolyte and electrode; however, this
phenomenon produces interfacial areas at both electrodes, where the positive and negative
charges in the electrolyte balance charges at the both electrodes.

1.8.1.2 Pseudocapacitance

In contrast to the double layer capacitors, pseudocapacitors store charge at the electrode
surface via redox reaction. In an ideal double layer capacitor charge transfer doesn’t occur at

the interface but in case of pseudocapacitance charge transfer occurs in order to store energy.

For example, in case of ruthenium oxide (RuO,) electrodes large amounts of charge have been
stored through many electron-proton transfer reactions [47, 48]. Reactions given in equation

1.1 and 1.2 have been proposed to describe the mechanism of charge storage.

Ru*+ e — Ru* Eq 1.1
O+ H" — OH Eq 1.2

During this reaction electrons are transferred as evident from Eq.1.1; during charging process
these electrons move via external circuit (which is attached to the counter electrode) and the

current generated from the reverse reaction can be used to execute the electrical work.

This reversible process of charge storage via redox reactions is also named “Faradaic,” as

compared to the “non-Faradaic” process that regulates double-layer charging.

i.  However carbon based electrode storage charges primarily by non-Faradic reactions
but overall pseudocapacitance behaviour can be observed for energy storage by three
main methods. Surface functionalization is being introducing by reactive species

(typically nitrogen and oxygen).

13



ii.  Deposition of the electroactive polymers like polypyrrole and polyaniline.

iii.  Deposition of the elctroactive transition metal oxides like MnO,, RuO etc.

These methods can be used to enhance the overall capacitance up to many folds. As reported
when polyaniline was deposited on carbon fibers the gravimetric capacitance increased from
30 Fg™ to 150Fg™,

1.8.2 Supercapacitor Characterization

In order to characterize and illustrates the electrical performance of supercapacitors, different
techniques can be employed. The most important one we have used in our research is three
electrode working system.

1.8.2.1 Two vs. Three electrode Measurements

Before a comprehensive argument of electrochemical characterization methods, a comparison
should be made amongst two and three electrode systems. As demonstrated in Figure 1.8.2.1,
in two electrode measurement assembly which is composed of typically two symmetric
electrodes it involves full device measurements. On the other side, in three electrodes
working setup, the material needs to be analyzed is measured against the counter and the
reference electrode. The counter electrode provides the current required to complete the
circuit during measurements. It is usually inert In nature, such as Pt wire. The reference
electrode is made up of material with a known oxidation reduction (redox) potential, e.g. the
calomel electrode (Hg/Hg,Cl,) or Ag/AgCl; electrode. This reference electrode facilitates the
accurate potential measurements at the working electrode. The two electrode working setup is
usually used to characterize the entire made-up devices, whereas the three electrode working
system is strategic for observing the important electrochemical properties of the working
electrode material. The specific capacitance values (in units of Fcm™, Fem™, Fg™) measured

from the two electrode system is typically 4 times less than the three electrode system.

1.8.2.2 Cyclic Voltammetry

Cyclic voltammetry (CV) is a technique in which the potential (V) at the working electrode is
swept back and forward at constant rate across a given potential window. The resultant
current (1) produced is measured and then plotted against the potential (VA simple

description of the potential (V) plotted against time (t) is illustrated in Figure 1.8.2.2.1(a).
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Figure 1.8.2.1: Schematic illustrations of two and three electrode measurements

In the case of ideal supercapacitor, the capacitance remains constant irrespective of the scan rate

and it can be calculated the formula given by equation 1.2
C = - Eq 1.3

I is the current measured
s is the applied potential scan rate

For an ideal supercapacitor, the resultant current measured is plotted as shown in Figure 1.8.2.2.1
(b, ¢). When the voltage applied is positive, the resultant current must be positive and along
negative voltage sweep the current should be negative constant. Typically, CV plots are presented
as in Figure 2.3c, with the current (1) plotted verses the potential (V). In an ideal supercapacitor,
the CV plot will be rectangular in shape (symmetric about the zero current axis) and it must
follow Eq. 1.2. In reality supercapacitors don’t typically exhibit such ideal behaviour but they do

it under ideal condition of exceedingly low scan rate.
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Figure 1.8.2.2.1: a) Cyclic voltammetry potential sweeps plotted vs. time, b) the resulting
measured current of an ideal supercapacitor plotted vs. time, c) the CV curve, showing the

current plotted vs. potential
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Figure 1.8.2.2.2: Sample supercapacitor CV no idealities: a) sweep rate limitations, b)
potential window that exceeds electrolyte stability window, ¢) pseudocapacitive charge

storage

Supercapacitors show non ideal or realistic behaviour at high scan rates. As shown in Figure
1.8.2.2.2(a) the CV plot has specific leaf like shape due to extremely high scan rates, which leads
to the rounding off of the corners of the CV plot. This behavior originates from the rate-limiting
phenomenon which includes electrolyte ion transport limitations and the limitations of electrical
charge transport at the electrode. Because at extremely high scan rates due to transport limitations
the interfacial double layer fails to form as it doesn’t find much time.
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This behavior originates from the rate-limiting phenomenon which includes electrolyte ion
transport limitations and the limitations of electrical charge transport at the electrode.
Because at extremely high scan rates due to transport limitations the interfacial double layer

fails to form as it doesn’t find much time.

Electrolyte degradation is another non-ideal behaviour observed in supercapacitor. All
electrolytes have a restricted voltage stability window if its value exceeds beyond the limit it
undergoes faradic reactions in the electrolyte. For example, potential window of ~ 1 V have
been observed in aqueous electrolytes. Moreover, at extremely low or high potentials, water
can be easily reduced or oxidized to form hydrogen and oxygen, respectively. These types of
reactions, which lead to the transfer of charges across the interface of the electrode and
electrolyte, add additional current to the system over that of the only double layer charging
current. As shown in Figure 1.8.2.2.2 (b) | excess is the current that refers to the electrolyte
degradation reactions and not to the charge storage, and while calculating the capacitance
(using Eqg. 1.2) it should be subtracted. Moreover, the electrolyte degradation can reduce the

overall performance of the supercapacitor.

Unlike the current produced due to electrolyte degradation (I excess), pseudocapacitive
current subsidize the energy storage competences of a device. Capacitive current produced at
electrode surface due to faradic reversible reactions; enhance the capacitance due to double-
layer charging. Figure 1.8.2.2.2 (c) displays the CV plot of pseudocapacitive system in which

IO represents the capacitive current.

1.8.2.3 Galvanostatic Charge/Discharge

The capacitance of an electrode can be calculated by cyclic voltammetry, however, the

galvanostatic charge/discharge technique is often preferred for this purpose [49]. In this technique,

a constant charging current is applied until and unless a maximum potential is achieved, at that

point discharge current of the same magnitude is applied to reach a minimum potential value. The

potential (V) is observed as function of time (t). In CV constant voltage scan rate is used, however,

galvanostatic charge/discharge curves use constant current and they may test more accurate

performance.

Figure displays some characteristic galvanostatic charge/discharge plots. In an ideal supercapacitor

Figure 1.8.2.3(a) the galvanostatic charge and discharge curves must be symmetrical with
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throughout a constant slop. The formula given in Eq.1.4 can be used to calculate capacitance
C=IAV /At Eq 1.4

I is the applied current magnitude

AV/At is the slope of the discharge curve

The capacitance values calculated by using galvanostatic charge/discharge and CV give us the
approximately similar values. However, the only difference is that in former numerator is kept
constant while denominator is kept constant shown in equation 1.2 and 1.3.

Linear plots are not usually observed in non-ideal conditions in supercapacitors. Such non-ideal
behaviour can be observed in Figure 1.8.2.3 (b) due to exceeding electrolyte stability window. The
decline in the slop of charge/discharge curves generally shows the charge transfer at the
electrolyte/electrode interface. The reactions occur at the electrode and electrolyte give rise to the
charge transfer and when the reactions takes place in the electrolyte it leads to its degradation with

time and indicates that the reduction of potential window within the limits of the electrolyte
stability window.
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Figure 1.8.2.3 Sample galvanostatic charge/discharge plots. a) An ideal charge/discharge
cycle with the slope indicated, b) a charging curve which exceeds the electrolyte stability
window, leading to excess charge transfer, c) a discharge curve which is preceded by a large
IR potential drop.

On the other hand reversible electrode reactions, could contribute to the charge storage

pseudocapacitive behavior; however, irreversible electrode reactions could leads to the
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degradation and it damages the electrode so it is undesirable.

Figure 1.8.2.3(c) is the illustrations of another non-ideal behavior observed at very high current
density for all supercapacitors. When the capacitor switches from charging to discharging an
instantaneous drop in voltage can be measured. This drop in voltage, also term as the IR drop,
originates due to the ohmic resistances in the system. The ohmic resistances are the sum of

electrolyte resistance, electrode resistance, and any other resistance present in the system.

1.8.2.4 Impedance spectroscopy

The third most commonly used technique to probe supercapacitor material is the Impedance
spectroscopy. In this technique, an alternating potential is applied over the wide range of

frequencies and the phase shift and the amplitude of the resultant current is measured.
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Figure 1.8.2.4: Nyquist plot

Figure: 1.8.2.4 represents the Nyquist plot that exhibits the typical behaviour of the
supercapacitor comprising of a porous electrode. In case of ideal RC circuit, the Nyquist plot
look like a vertical line at Z' = R. The term Z (omega) impedance consists of the both
imaginary and the real part. By plotting the real part on the x-axis and imaginary part on the
y-axis we will get the Nyquist plot. The semi-circular region in the plot is the characteristic of
single RC-constant. Often only a small part of semicircular region becomes visible. A straight
line at 45°C region is termed as the Warburg impedance. Whenever the diffusion effect
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dominates the electrochemical reaction process the impedance is termed as Warburg
impedance. The Warburg impedance becomes small at high frequency as the diffusing
reactants not need to move far. However, at low frequency the Warburg impedance increases
as the diffusing reactants have to move far.

Present Work

Synthesis of graphene oxide (GO) was carried out by improved Hummer’s method. Frame
works of graphene oxide were prepared by facial solution method using the para-
xylylenediamine (1,4-XDA) and 2,6-diaminopyridine (2,6-DAP) as linkers. Different samples were
synthesized by varying the ratio of graphene and linkers. The characterization was done using
FT-IR, XRD, TGA, BET and SEM analysis. Electrochemical performance of all synthesized
materials has been observed through Cyclic voltammetry, Galvanostatic charge discharge and
Electrochemical impedance spectroscopy. Among the all synthesized samples FOG-X-A is
proved to be the best material for supercapacitors with Cs, value of 360 Fg™.
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Chapter 2 Experimental
2.1 Reagent and Chemicals
Chemicals Make Chemicals Make Chemicals Make
Graphite Sigma Sulphuric acid Lab Scan Potassium Merck
Powder Switzerland Thailand Permagnate Germany
Hydrogen Merck Para- Sigma 2,6-
Peroxide Germany Xylylenediamine Japan Diaminopyridine Fluka
(1,4-XDA) (2,6-DAP)
Hydrazine Merck Absolute BDH Hydrochloric Lab Scan
Hydrate Germany Ethanol England Acid Thailand
Nylon Filter
Deionized Lab Grade Distilled Water Lab Grade Paper sartorius
Water 0.45 pm Germany
47 mm
2.2 Apparatus and Instruments
Instruments Make Instruments Make Instruments Make
Centrifuge Machine Hermle Sonication Elmasonic Filtration Millipore
Labortechik Bath E30-H Assembly Germany
Germany
Vacuum Oven Memmet FTIR BRUKER uv BMS UV
Germany Analyzer Germany Spectrophotome | 2800
ter
X-Ray Powder Thermo Shimadzu's Scanning
Diffraction (XRPD) STOE gravimetric USA Electron Mira
Germany Analyzer Microscopy
(TGA) (SEM)
Brunauer- Emmett- Cyclic
Teller (BET) Voltammetry

28




2.3 Synthesis of Graphene Oxide (GO)

Graphene oxide (GO) was synthesized by “Modified Hummers,, method” in which a beaker
was placed on ice-bath set temperature < 5 °C, followed by the addition of 140 ml conc.
H.SO, in it. Addition of 3 g of graphite powder in to it with stirring until complete dispersion.
Slowly bit by bit addition of 9 g of KMnOy, in the dispersion to maintained the temperature <
15 °C, for 6 h. Then distilled water (140 ml) was slowly added below 90 °C. After stirring for
1 h 420 ml of distilled water and 30 ml of H,O, were added on continuous stirring overnight.
Reaction mixture poured in falcon tube and centrifuge at 8000 rpm for 3 hours (2 times with
water and one time with 5% HCI washing) to separate the precipitated product. The obtained
product was dried in vacuum oven for 24 hours at 60°C; the dried product was 2.104g
(70.13%)

yield [1, 2].

Graphite KMnO, Dist. Water 30% H,0,  pist. Water

ll3e [l13smL 3miyl [ s20me

Conc. H,S0, Temp < 20°C Temp <98 °C ‘
69 mL

Temp £5°C

(GO-B) Temp 55 °C (24 hours)
2.104g 5 9% HCl , Water Abso.Ethanol

Figure 3.1 GO Synthesis
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2.4 Synthesis of Functionalized Graphene Oxide Frameworks (FOG)

Graphene oxide dispersion prepared by dissolving 300 mg GO into 150 ml deionized water
and sonicates it for 60 minutes. 300 mg Linker molecules (Para-Xylyenediamine and 2, 6-
Diamino Pyridine) dissolved into 150 ml deionized water; pour this mixture into GO
dispersion slowly by continuous stirring. The above dispersion sonicate for 60 minutes and
placed in round bottom flask heating on oil bath at 80 °C with continuous stirring for 1 day.
Addition of Hydrazine Hydrate (10 ml) to the above dispersion drop wise and shifted the
dispersion for reflux at 90 °C for 12 hours. Mixture cooled at room temperature and washed
with deionized water through flirtation assembly, the obtained product dried in vacuum
oven at 60 °C for 24 hours [3, 4]. Similarly as above three different concentration of GO:

Linker dispersion ratios have been prepared.

Sr. |GO: Para-Xylyenediamine (PXDA) GO: 2,6-Diaminopyridine (DAP)
1. 0.5:1 0.5:1

2. L1 1:1

3. [1:1.5 1:15

Sonication
30 min

Dist. Water 150 mL

/\F\

Dist. Water 50 mL

.

1,4-XDA Dispersion-1

Dist. Water 50 mL

= 3 =

1,4-XDA Dispersion-2

GO
Dispersion

Dist. Water 50 mL

1,4-XDA Dispersion-3

2
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Temp 120 °C (24 hours)

v

(FOG-X-A) 65 mg

Temp 120 °C (24 hours)

(FOG-X-B) 60.1 mg

Temp 120 °C (24 hours)

g
E 3

(FOG-X-C) 43.5 mg

2

GO 1,4-XDA
Dispersion Dispersion-1

Temp 80 °C (24 Hours)

Hydrazine Hydrate 1 mL

Reflux
Temp 90 °C
(12 Hours)

GO 1,4-XDA
Dispersion Dispersion-2

Temp 80 °C (24 Hours)

Hydrazine Hydrate 1 mL

Reflux
Temp 90 °C
(12 Hours)

GO 1,4-XDA
Dispersion Dispersion-3

Temp 80 °C (24 Hours)

Hydrazine Hydrate 1 mL

Reflux
Temp 90 °C
(12 Hours)

Figure 3.2 FOG Synthesis
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Chapter 3 Results and Discussion

3.1 FTIR Analysis

3.1.1 FTIR of Graphite and GO

Atomic vibration in molecules provides information about functional groups in material that
was obtained through FTIR technique. Figure 3.1.1.1 show the FTIR spectra of graphite
powder that is featureless, no functional groups present in graphite, while in Figure 3.1.1.2
the GO spectrum shows different bands in the range of 4000-600 cm™ that is confirmation of

GO formation, these bands are due to different groups present on surface of GO [1, 2].

0.5
0.4
0.3
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0.3
0.4
0.5
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Wavenumbers [1/cm]

Figure 3.1.1.1 FTIR Spectrum of Graphite
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Figure 3.1.1.2 FTIR Spectrum of GO
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Table 3.1.1 FTIR of GO

Bands | 930 cm™ 1043 cm™ 1220 cm™ | 1620cm™ | 1720 cm™ | 3258 cm™
C-0 C-0 C-0-C c=C C=0 O-H
Shoulder Str | Str Str Str Str Str
3.2 XRD Analysis

3.2.1 XRD of Graphite and GO

XRD technique mostly used for characterization of crystalline type materials from which we

obtained information about d-spacing between the layers of material. Graphite XRD show
peak (002) at 26 ~ 26.54 with d spacing 3.33 A°, while the GO having new peak (001) at 26 ~
10.37 with d spacing 8.71 A°. Peak value shifting to lower 26 with enhancing d-spacing is in

the favor of GO confirmation, also peak intensity lower in GO as compared to graphite and

peak broadening in GO as compared to graphite, as shown in Figure 3.2.1 [3, 4].
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2
213000
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200 -
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2
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Figure 3.2.1 XRD of Graphite and GO
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Table 3.2.1 XRD of Graphite and GO

Sr# Sample 20 d-Spacing A° Peak Intensity
1. Graphite Powder 26.54 3.33 4150
2. Graphene Oxide (GO) 10.37 8.71 183

3.3 TGA Analysis

3.3.1 TGA of Graphite and GO

TGA technique is used to find the thermal stability of materials, the graphite have only 5.3 %
weight loss up to 700 °C due to removal of absorbed moisture of graphite powder. In GO
having 11.5 % weight loss due to the trapped water molecules on the surface of GO , 25.6 %
weight loss up to 200 °C due to loss of less stable oxygen containing functional groups like
epoxy and 47.3 % weight loss above 300 °C due to pyrolysis of most stable functional groups

like carbonyl as shown in Figure 3.3.1 [5, 6].

10040—u

90 - 5.3 % wt. loss
_ _ 700°C

80 - : 25.6 % wt. loss
.—o.. 4 : Removal of less
i 70 - | stable groups = Graphite
e 1 — G0
£ 60- '
.E') | 11.5%wt. loss
é 50 Moisture

|
: !
' I 47.3%wt. loss
] ' I Removal of most
30 - : : labile groups
i |
20 | ¥ T Y T T T T T T T T 1
100 200 300 400 500 600 700

Temperature (°C)

Figure 3.3.1 TGA of Graphite and GO
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3.4 SEM Analysis

3.4.1 SEM of Graphite and GO

SEM analysis of graphite and GO at different magnification like (100 pum, 50 um, 10 pm, 5
pm and 0.5 pm) is shown in the Figure 3.4.1. Graphite powder have layers firmly stacked and
closed together while in GO layers are loosely stacked with disorder and corrugation,

similarly in GO sheets looks like crumped having enhanced spacing between them [7] [8].

20KV X1,500 10pm 2018 SEI NUST 20k X200 2018 sel

20kv X 5000 5um 2018  SEI

X100 O.5um 2018 SEI NUST

Figure 3.4.1 SEM of Graphite and GO
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3.5 FTIR of Para-Xylylenediamine (1, 4-XDA)

1,4-XDA linker molecule having peak at different region in FTIR spectrum, shown

characteristic primary amine peaks at 3405 and 3361 cm™ , similarly also shown the di-

substituted benzene ring peak at 831 cm™ as shown in the Figure 3.5.1 and described in table

3.5.1.

0.9
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0.45
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0.7/
0.65

06

—1,4-XDA

Figure 3.5.1 FTIR Spectrum of 1, 4-XDA

Table 3.5.1 FTIR of 1, 4-XDA

600

Bands | 3405 and 3361 cm™ 3003 cm™ 1621 cm™ 1501 cm™
Primary amine —NH, C-H Str C-N ben Aromatic Str

Bands 1216 cm™ 1112 and 1060 cm™ | 831 cm™ 705 cm™
C-N-C ben C-H def Di-Subs C-H ben
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3.6 FTIR of 2, 6-Diaminopyridine (2, 6-DAP)

2,6-DAP linker molecule having peak at different region in FTIR spectrum, have

characteristic primary amine peaks at 3345 and 3218 cm™ as shown in the Figure 3.6.1 and
described in table 3.6.1.
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Figure 3.6.1 FTIR Spectrum of 2, 6-DAP

Table 3.6.1 FTIR of 2, 6-DAP

Bands 3345 and 3218 cm™ 2778 cm™ 2128 cm™ 1228 cm*
Primary amine —NH, C-H Str C-N-H ben Aromatic Str
Bands 1420 cm* 1360 cm* 1167 and 1071 cm™ | 814 cm™
1
C-N Str C-N-C ben C-H def C-H ben
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3.7 FOG FTIR Analysis

3.7.1 FOG-X-A

FOG-X-A framework showed bands at different region in FTIR spectrum, with characteristic

vibrations secondary amine peaks at 3329 cm™ indicating the attachment of linker molecule

with GO , C=0 peak at 1621 cm™ is also indication of framework formation as shown in the
Figure 3.7.1 and described in Table 3.7.1 [9, 10].

0.9

0.85
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Wavenumbers [1/cm]

Figure 3.7.1 FTIR Spectrum of FOG-X-A

Table 3.7.1 FTIR of FOG-X-A

Bands | 3329cm™ 1621 cm™ 1506 cm™ 1244 cm™
Secondary amine —NH C=0 Str C=C Aromatic Str C-N-C Str
Bands | 834cm™ 815 cm™
Di-Subs N-H Weg
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3.7.2 FOG-X-B

FOG-X-B framework showed bands at different region in FTIR spectrum, with characteristic

vibrations at 3440 and 3332 cm™ these are due to either primary and secondary amine , in
this framework some side have attached proper with GO to form secondary linkage and some

side have no available groups for intercalation they remain as primary amine , it show also

C=0 band at 1623 cm™ as shown in the Figure 3.7.2 and described in Table 3.7.2 [11].
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Figure 3.7.2 FTIR Spectrum of FOG-X-B
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1200 1000 800

600

Bands | 3440 cm™ 3332cm™ 1623 cm™ 1511 cm™
Primary amine —NH, Secondary C=0 Str Cc=C
amine —NH,
Aromatic Str
Bands 1241 cm™ 834 cm™
C-N-C Str Di-Subs
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3.7.3 FOG-X-C

FOG-X-C framework gave vibrations at different region in FTIR spectrum, without

characteristic bands in the region of primary and secondary amine , because as the

concentration of linker molecules increased reduced the GO, they showed C=0 band at 1655

cm™ and C-O epoxy at 982 cm™ as shown in the Figure 3.7.3 and described in Table 3.7.3

[10].
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Figure 3.7.3 FTIR Spectrum of FOG-X-C

Table 3.7.3 FTIR of FOG-X-C

800

600

Bands

1655 cm™

1411 cm™?

1289 cm™

982 cm

C=0 Str

C-N Str

C-N-C Str

C-O Str
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3.7.4 FOG-D-A

FOG-D-A framework having bands at different region in FTIR spectrum, have characteristic

secondary amine bands at 3342 cm™ s indication for proper linkage of linker molecule in

GO layers , similarly shown C=0 band at 1605 cm™ and benzene di-substituted vibration at
831 cm™ are given in the Figure 3.7.4 and described in Table 3.7.4 [9].
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Figure 3.7.4 FTIR Spectrum of FOG-D-A

Table 3.7.4 FTIR of FOG-D-A

Bands |3342cm’ 1601 cm™ 1511 cm™ 1291 cm™
Secondary amine —NH C=0 Str C=C Aromatic Str C-N Str
Bands | 1241cm™ 831cm™
C-N-C Str Di-Subs
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3.7.5 FOG-D-B

FOG-D-B framework having peak at different region in FTIR spectrum, have no

characteristic peaks in the region of above 3000 cm™ so there is no primary nor secondary

amine peak the linker molecule reduced the GO as shown in the figure 3.7.5 and described in

table 3.7.5 [12].
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Table 3.7.5 FTIR of FOG-D-B

1691 cm*
Bands

1434 cm

1278 cm*

914 cm™

C=0 Str

C-N Str

C-O-C Str

C-O Str
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3.7.6 FOG-D-C

The FTIR spectrum of FOG-D-C framework gave no characteristic primary and secondary
amine bands and it have reduced graphene as shown in the Figure 3.7.6 and described in
Table 3.7.6 [10, 12].
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Table 3.7.6 FTIR of FOG-D-C

Bands | 1604 and 1511 cm™ 1221 cm? 813 cm™

C=C Aromatic Str C-O Str N-H
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3.8 FOG XRD

3.8.1 XRD of FOG-X-A, FOG-X-B and FOG-X-C

GO reacting with 1,4-XDA to form (FOG-X-A) framework having 260 peak shifting to lower
value at 7.17, having decreased intensity and also broadening of peak is evidence for
formation of framework. Framework (FOG-X-B) have small peak at 26~ 7.86 having 145
intensity, similarly for framework (FOG-X-C) have small peak around 206~8.49. From all
these the framework FOG-X-A is proper linkage of 1,4-XDA intercalation with GO [9, 13,
14].(Figure 3.8.1)
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Figure 3.8.1 XRD of FOG-X-A, FOG-X-B and FOG-X-C
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3.8.2 XRD of FOG-D-A, FOG-D-B and FOG-D-C

GO reacting with 2,6-DAP to form (FOG-D-A) framework having 26 peak shifting to lower
value at 7.34 with decreased intensity and also broadening of peak is the evidence for the
formation of framework. Framework (FOG-D-B) has no peak in the range of 20 < 10,
similarly for framework (FOG-X-C) have no peak in the range of 20 < 10. From all these the
framework FOG-D-A is proper linkage of 2,6-DAP intercalation with GO [9, 13, 14].
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Figure 3.8.2 XRD of FOG-D-A, FOG-D-B and FOG-D-C
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Table 3.8.2 Table of XRD

Sr# Sample 20 d-Spacing A° Peak Intensity
1. FOG-X-A 7.17 14.1 70

2. FOG-X-B 7.86 13.5 121

3. FOG-X-C 8.49 12.7 18.7

4, FOG-D-A 7.34 13.4 120

5. FOG-D-B N/A N/A N/A

6. FOG-D-C N/A N/A N/A

3.9 FOG SEM Analysis

3.9.1 FOG-X-A and FOG-D-A

SEM analysis of framework of FOG-X-A and FOG-D-A at different magnification like (0.5
pm, 5 nm and 1 nm) as shown in the Figure 3.9.1, indicate that FOG-X-A have wrinkled
curved morphology having look like stacked separated layers and mesoporous type structure
similarly in FOG-D-A look like layered by layered structure having separated layers, cross-
linked type as shown in figure 3.9.1 [10, 15, 16] .

3.10 FOG TGA Analysis

3.10.1 FOG-X-A and FOG-D-A

Thermal stability of framework FOG-X-A and FOG-D-A have been measured through
thermal gravimetric analyzer shows that FOG-X-A loss 24 % weight loss up to 100 °C due to
absorbed moisture , 30 % weight loss up to 200 °C due to the removal of less stable
molecules while 41 % weight loss up to 300 °C due to removal of more stable molecules in
framework. Similarly for FOG-D-A 12 % weight loss up to 100 °C is due to loss of moisture
and 51 % weight loss is due to less stable molecules on the surface of framework while 57
% weight loss up to 200 °C is due to removal of more stable groups as compared to both
FOG-X-A is more stable as compared to FOG-D-A [10, 17].
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Figure 3.9.1 SEM of FOG-X-A and FOG-D-A
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3.11 FOG BET Analysis

3.11.1 GO, FOG-X-A and FOG-D-A

Surface area of sample was measured by Brunauer-Emmett-Teller instrument was measured
at 77 K using N2 as an adsorption gas. The measured surface area of GO, FOG-X-A and
FOG-D-A, surface area enhance from GO to linker due to more spacing between the layers of
GO are given in Table 4.5 [9, 16, 18].

Table 3.11.1 BET Surface area of GO, FOG-X-A and FOG-D-A

Samples Surface area (mZ/g)
GO 52

FOG-X-A 392

FOG-D-A 284

3.12 Electrochemical performance

In order to examine the performance of as-fabricated graphene materials for supercapacitor
application, three electrode system was used using FOG X-A, FOG X-B, FOG X-C, FOG D-
A, FOG D-B and FOG D-C as working electrode materials, respectively, with Ag/AgCl as a
reference electrode and a platinum (Pt) as counter electrode. The measurements were carried
out at the ambient temperature using 1 M H,SO, aqueous electrolyte. Electrochemical tests
such as cyclic voltammetry (CV), galvanostatic charge discharge and electrochemical

impedance spectroscopy (EIS) were performed.

3.12.1 Cyclic Voltammetry Curves (CV)

CV was done for all synthesized samples from 0.2 to 0.8 at different scan rates i-e 10 mVs™,
50 mVs™ and 100mVs™. The curves indicate the oxidation and reduction behaviour of the
samples used and the prominent faradic redox peaks can be observed in Figure 3.12.1. The
peaks show the pseudocapacitive behaviour. FOG X-A exhibits the highest redox peaks at

any scan rate which is ascribed to the redox behaviour of the intercalated amine groups. By
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increasing the scan rate, the quasi-symmetric redox peaks and the analogous CV curve shapes
are witnessed, proposing the ideal pseudocapacitive performance and the rate proficiencies or
capabilities of the fabricated electrode materials [19, 20]. Furthermore, on increasing scan
rate the cathodic peaks shifts towards the lower potential while the anodic peaks move to
higher potential because of the insufficient of the ions from electrolyte to the graphene layers.
At the same time, the cathodic current density decreases and increase in the anodic current
density occurs which is the indicative of low resistance and rapid redox reaction at the
electrode/electrolyte interface. The specific capacitance values are calculated by using

formula shown in equation (3.1)

[P2isv Eq 3.1

sm-V vl

Csp-=

Where,

Csp: specific capacitance (F gh
s: scan rate (V s7)

m: mass of active material (g)
V: voltage difference (Volt)

i: current (Amp)

V1: lower voltage limit (Volt)
V2: upper voltage limit (Volt)

The specific capacitance for all samples shown in Table 3.12.1 indicates that the sample FOG
X-A has the highest Cs, value i-e 360Fg™ at 20mVs™ whereas the lowest value is observed for
the FOG D-C i-e 29.37 Fg™ at 20mVs™. Figure 3.12.1.1 is the descriptive picture of the

results indicates the maximum specific capacitance value for the FOG X-A.
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Figure3.12.1.1: Specific capacitance values for all samples at scanning rates 20 mVs™,

50 mVs ™t and 100 mVs?

Table 3.12.1 Specific capacitance values for all samples at scanning rates 20 mVs-1,
50 mVs-1 and 100 mVs-1

Scanning | C,value | C,value C,value C,value C,value C,value

rate (Fg?) (Fg?) (Fg?) (Fg?) (Fg?) (Fg)
(mVs') |FOG-X-A |FOGX-B |FOG-X-C FOG-D-A | FOG-D-B | FOG-D-C

20 360 | 158.25 43.06 104.2 59.35 29.37
50 194 107.29 25.95 63.87 38.70 19.74
100 131.62 64.65 15.78 39.66 18.63 15.85

3.12.2 The galvanostatic charge—discharge curves

The galvanostatic charge—discharge is the complimentary technique to justify the above
results. The charging discharging curves observed in Fig 3.12.2 for all the synthesized
samples are non- symmetric [21]. This behaviour attributes to the pseudocapacitive nature of
the materials. If we focus on the curves we can see that the small potential drop or IR drop is
observed for the FOG X-A and the largest for the FOG D-C. IR drop is the sudden potential
drop due to the internal electrode resistance, greater the potential drop lesser will be the
efficiency of the electrode material and smaller will be the specific capacitance. This shows

that FOG X-A is the best material for the supercapacitor with least potential drop.
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Figure 3.12.2 Galvanostatic charge-discharge curves for all samples.

3.12.3 Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) was used to examine the charge transfer
behaviour in GOF (graphene oxide frameworks) based electrodes. Figure 3.12.3 illustrates
the Nyquist plot of fabricated modified graphene materials based electrodes, which we have
recorded at 0.4V in the frequency range of 100 kHz to 0.01Hz. The Nyquist plot comprises of
tiny semi-circular part in the high frequency region and almost vertical line in the low
frequency region. As in high frequency region a semi-circular arc is observed in the plots of
all samples which is associated with the electron transfer mechanism at the interface between
the electrolyte and electrode. It is clear from the plot that FOG X-A shows smallest semi-
circle in high frequency region while FOG D-C shows largest semi-circle at large frequency.
So it is indicative of the small charge transfer resistance in case of earlier FOG X-A as
compared to the FOG D-C. The larger semicircle for FOG D-A suggests that it has a higher
charge transfer resistance because of the restacking and aggregation in the reduction process.
The straight line of the plot which is connected to the semicircular region shown in Figure
3.12.3. is the indicative of Warburg impedance (WI) that is the measure of the resistance to
the diffusion of the electrolyte in the system [22, 23]. It is evident that in case of FOG X-A
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the slop is linear close to x-axis; the WI is minimum which means it facilitates the diffusion
of electrolyte due to having increased spacing between the layers. Whereas, WI is maximum
in case of FOG D-C due to very large linear part which reveals that it has large resistance to
the electrolyte diffusion. These results support the higher specific capacitance value observed
for the FOG X-A (Table 3.12.1). This impedance study clearly demonstrates and validates the

previous results in terms of charge kinetics.
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Figure 3.12.3: Nyquist plots of as-synthesized materials based electrode of all samples.
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3.13 Formation mechanism of graphene oxide

The active species to oxidize graphite is diamanganese heptoxide (Mn,O7) which is obtained
via the reaction of monometallic tetra oxide and MnO>* [24] as shown in the reaction below
[25].

KMnO,4 + 3 H,SO, _— K" + Mn03+ + H30+ + 3 HSO,4 Eq 3.2
MnOs;* + MnOy —>  Mn,0Oy Eq 3.3

The transformation of MnO, into a more reactive form Mn,O; will certainly help oxidize

graphite powder as shown in the reaction below [26]

Mn,O; + H,SO,4 + C(graphite) ——> C O C +MnOs +H,0+S0,
C OH
COOH Eq 3.4

But the bimetallic form of manganese oxide has been reported to detonate when heated up to
55'C temperature or when reacted with organic compounds [27].

3.14 Proposed Mechanism of synthesis of FOG using 1,4-XDA and
2,6-DAP

Graphene oxide has numerous oxygenated groups such as hydroxyl, epoxy and carboxylic
groups. These functional species offer the probability of covalently grafting the active
molecules onto graphene sheets [28]. In our study, 1,4-XDA and 2,6-DAP were adopted to
functionalize GO using the oil bathing process. It has been proposed that the modification of
GO is achieved by epoxy ring-opening reaction [29] between the amine groups of 1,4-XDA
or 2,6-DAP and the epoxy groups on the GO basal plane (Scheme 1). However the carboxyl
groups on the edges might react with 1,4-XDA or 2,6-DAP through amide linkage shown in
(Scheme 2 and 3). FOG was synthesized through ‘Reaction first then Reduction’ process. 1,4-
XDA or 2,6-DAP molecules were inserted into the space of graphene sheets and prevent
them from restacking[23].
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Scheme 1: Synthesis of the FOG using 1,4-XDA or 2,6-DAP via epoxy ring opening

reaction

Scheme 2: Synthesis of the FOG using 1,4-XDA via amide linkage
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Scheme 3: Synthesis of the FOG using 2,6-DAP via amide linkage
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Conclusion

Highly exfoliated and more oxidized graphene oxide sheets obtained by Improved Hummer’s
method. Framework of graphene oxide (FOG) obtained by reflux reaction with three different
ratio of GO: Linker molecules of 1,4-XDA and 2,6-DAP have successfully utilized to
produce framework. Characterization of the synthesized materials through (FTIR, XRPD,
TGA & SEM) proved that the successful synthesis of (FOG) materials. BET surface area
enhanced from graphene oxide (52 m%g) to (FOG) materials (392 m?/g) give route for
supercapacitance application, so we hope that our material is good in the query of
supercapacitance. Electrochemical performance of all synthesized materials has been
observed through Cyclic voltammetry, Galvanostatic charge discharge and Electrochemical
impedance spectroscopy. Among the all synthesized samples FOG-X-A is proved to be the
best material for supercapacitors with Cs, value of 360 Fg™.
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The name graphite carbon is derived from the Latin word “carbo” meaning charcoal. This element is

distinctive and form well-known stable allotropes as its electronic ﬁructure allows for sp. sp?and sp®
hybridization netwo#. Graphite an abundant natural mineral is the most common crystalline allotropic
form of carbon and has been known ever since antiquity together with diamond. Graphite has a planar,
layered structure c&sists of atomic layers of sp? hybridized carbon atoms stacked together vi&van der
Waals force. The carbon atoms in every layer are arranged in honey comb like lattice with 0.142 nm
separation and d-spacing between planes is 0.34 nm. All atoms in plane are covalently bonded: merely
three of the four bonding sites are satisfied however the fourth electron is allowed freely to move in the
plane making graphite electrically conductive in the direction parallel to the plane. Though the vast
delocalized electrons are available in between the layer so at right angle to the plane it is non-conductive

in nature(1).

The individual layer of sp? hybridized carbon atoms firmly packed into a two-dimensional (2D) hexagonal
honeycomb like crystal lal'ﬁe is called graphene(2). This name was first introduced by Stumpp, Setton
and Bochm, in 1994(3). It acts as the basic building block for graphitic derivatives of all other
dimensionalities. such as fullerenes (0D). carbon nanotubes (1D) and graphite (3D) (4). Graphene is a
semi-metal with zero bandgap due to slight overlap between the valence and the conduction bands (zero
bandgap material). In the graphene layer each carbon atom form three sigma bonds by overlapping of sp”
orbitals with neighboring carbon atoms whereas the band of filled n-orbital(valance band) andﬁmpty *
orbitals ( conduction band) is formed by the overlapping of the remaining p. orbitals which are

accountable for the high in-plane electrical and thermal conductivity.

Graphene has the exceptional outstanding properties including high electron mobility i-e upto 200,000
em?V-!st (5), high mechanical strength i-e Young's modulus ~1 T Pa (6). outstanding thermal
conductivity i-e 5000Wm™'K"']. 97.7% optical transparency (7) and large specific surface area
approximately 2630 m’g™ hence, it has drawn marvelous attention from researchers. Graphene -based
sheets have been used in high performance catalysis (8), nanocomposites (9). high performance energy

storage devices (10), chemical and biological sensors (11), optoclectronics and clectronics (12) ctc.

Graphite oxide has a stacked or layered structure like graphite, but in graphite oxide graphitic carbon is
well decorated by oxygenated functionalities, which not only make the graphite oxide hydrophilic in
nature but also en}ﬁnce its inter-layer spacing. These oxidized graphite oxide layers can exfoliate in water
or other solvents un(Er ultrasonication. If the highly exfoliated sheets like graphene have one or few
carbon atom layers, then these are named as graphene oxide (GO). GO has a mono atomic layered
structure composed of carbon, oxygen and hydrogen molecules synthesized by the oxidation of

inexpensive and abundantly existed graphite crystals. Duc to its hydrophilic character it can disperse in
1




ii.

water more easily than other solvents and convenient to process. Most importantly the Graphene oxide can
be reduced partially by the reduction of oxygenated groups to graphene sheets. The chemically derived
GO have given many other names as functionalized graphene oxide, frame works of graphene, reduced

graphene or chemically modified graphene.

Graphene oxide (GO) have two significant features: GO can be synthesized or produced with high yield
via cost effective chemical route usinaheap graphite as a raw material.
As GO is hydrophilic in nature it can form highly stable aqueous colloids to aid the formation of

macroscopic structures by inexpensive and simple solution process.

The graphene sheets comprise of trigoally bonded sp? hybridized carbon atoms and apart from micro-
ripples it’s completely flat. However, GO sheets partly compose of tetrahedral bonded sp® hybridized
carbon atoms, which are slightly displaced below or above the graphene plane. Because of the existence of
covalently bonded functional moieties and structural deformation, the sheets of graphene oxide are
atomically rough. Several resear&ners have investigated and observed that the surface of graphene oxide
has defective regions because of the presence of oxygen and the other areas are almost intact. According to
a report honey comb like lattice structure remain preserved itﬁo as like graphene however, slight
displacement of carbon atoms due to attached functional groups but the size of the unit cell remains the
same as that of graphene. Hence forth GO can be defined as irregular oxidized oxygen containing regions

along with non-oxidized areas having sp? hybridized carbon atoms.
As the interplanar distance (d-spacing) between the stacked layers of the graphite valued to be 0.34 nm

and 1s not adequate to host inorganic and organic ions/molecules or other species. However in order to
enhance the graphitg interlayers spacing from 0.335nm to higher values numerous intercalation approaches
have been applied‘Epending on the size of the guest species. Ever since the intercalation of graphite with
potassium, a series of chemical species have been tried to make what we called graphite intercalation
compounds (GICs). These compounds could be formed by the insertion of intercalated species between the
graphene layers via polar or ionic associations without altering the graphene structure. GICs can be
synthesized not only with alkali metals (like sodium, potassium, lithium etc.) but also with anionic species

like bisulfate, nitrate, or halogens.
In other type of case the mnserted molecules may interact with covalent bonding through chemical grafting

reactions within the graphite interlayer spacing; this results in the structural changes of the graphene
planes as the hybridization changes from sp® to sp-‘ﬂ)f the reacting graphitic carbon atoms. A characteristic

example of GICs is the reaction of graphite with strong acids and oxidizing agents that generates oxygen




functional groups not only on the surfaces but also at the edges of the graphene layers results into the

formation of graphite oxide.

First, in 1840 Schafheutl(13) and after 19 years in 1859 Brodie (14)were the pioneers in the formation of

graphite oxide. The earlier fabricated graphite oxide with a mixture of nitric and sulfuric acid, while the
later treated fuming nitric acid and potassium chlorate with raw graphite ﬂalerial. Staudenmaier
(15)modified the Brodie method where oxidation of the graphite was done by the addition of concentrated
H2S04 and HNO; with potassium chlorate. After a century Hummers and Offeman(16) in 1958, reported
that by immersing graphite in a mixture of NaNOs, H2SO4, and KMnO4 oxidation occurs b}ﬂhe reaction
of intercalated anions with carbon atoms of the graphitic layers resulted into the loss of the aromatic
character. The robust oxidative reaction of these species with graphite leads to the generation of anionic
groups mostly carboxylates, hydroxylates and epoxy groups on the snﬁ"ace and edges of the graphitic
layers. The out of plane covalent bonds (like C—O) enhance the spacing between the graphene layers from
0.34 nm in graphite to around 0.68 nm(17) in graphite oxide. This newly developed polar or anionic
character and enhanceﬁnter spacing due to oxygen containing groups makes GO strongly hydrophilic in
nature, which permits water molecules to penetrate within the graphene sheets thus forced the layers to
further move apart. Thus graphite oxide can more easily in water than any other solvent. During the
formation of graphita)xide the hybridization of carbon atoms changed from sp? to sp* which results into
the disruption of the delocalized = system and thus electrical conductivity deteriorates between 103 to 107

Q cm according to the quantity of oxygen(1, 18).

To inhibit the agglomeration of the GO sheets and to enhance the performance of graphene-based
semiconductors (19) numerous methods have been introduced (20, 21). These methods modify graphene
properties by introducing covalently or non-covalently dopants or fillers to GO sheets (22, 23). For
example, conducting polymers (24). carbon nanotubes (25, 26). heteroatoms (24) and transition metal
oxides (27)were studied and adopted for Graphene oxide (GO) surface modifications, which would
inhibits the aggregation or restacking of graphene layers or sheets and they may server as the spacers or
may add redox active functional species that would enhance the capacitance of GO. However, some
disadvantages have been associated with non-covalent approaches, like the molecules may slip pass over
cach other, and they are unstable and difficult to control in contrast to the covalent approaches (28).

Therefore, for this purpose the covalent approaches are  more promising way.
As reported in previously, phenylenediamine as a good molecule for the graphene oxide functionalization

and it is quite effective to enhance the performance of the SCs (29, 30). It is well known that GO has large
number of highly reacli‘é functional groups on its surface, which allows the grafting of small organic

molecules covalently on GO layers/sheets by different reactions (31). The PPD (p-phenylenediamine) has
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two amine groups (-NH2) on the benzene ring para-position that may react in certain conditions with the
functional moiaies present on the surface of GO layers, thus prevents the restacking or aggregation of the

heets by occupying the space between the graphene layers .Though, many researchers find out PPD
as a good redox mediator and it accelerates the pseudocapacitance of SCs by rapid reversible faradaic
reactions. Furthermore, PPD is also viewed as nitrogen dopingérecursor for the capacitance enhancement
(32). Here, in our thesis we report the 1.4-XDA and 2,6-DAP modified GO composite materiaé by using
the solution process. 1.4-XDA and 2.6-DAP functionalized GO composite materials have been used as the

electrodes materials of SCs, exhibiting excellent electrochemical performance.

It is always remain challenging to produce Graphene oxide and modified graphene oxide materials in

massive quantity and of high quality by using inexpensive. cheap and environmentally friendly methods

Mechanical exfoliation can be used for the production of the pristine graphene oxide but the drawback of
this method is that its highly complicated and the small amount of product can be achieved which limits its

large scale production.

CVD technique can also be used for the synthesis of graphene films with one or few layer thickness. The
drawback of this process is that it requires elevated temperature upto1000C along with hydrogen as carrier

gas and a flow of hydrocarbon precursor gas which limits or restricts its application range.

In this process pure graphene with excellent properties and perfect structure is synthesized. But it is not
east to assemble the product in thin films due to its extremely small size. In addition to this, high energy is

required during this process which restricts its application and use for large scale production

Chemical methods are one of the best method uses now days for the production of the pristine graphene

and graphene modified materials. These methods include:

Graphene oxide (GO) was initially synthesized by Brodie in 1859 during his research work on
graphite(33). The raw graphite was oxidized by adding potassium chlorate (KCIO3) to the mixture of
graphite and nitric acid (HNO3). The resulting light yellow color graphite oxide was obtained after

repeatedly washing, filtration and drying and the product obtained is stable to further oxidation.

Staudenmaier modified the Brodie’s work by mixing the graphite and nitric acid (HNO3) mixture more
acidic and followed by the gradual addition of KCIO3 to this mixture. These variations and modifications
simplified the process and improved the GO quality. However the drawback of this method is it took long

time for KCIO; addition and as a by-product toxic gas chlorine dioxide is released.




The mixture of KCIOs: and HNOs was used earlier for the fabrication of nanotubes(34), fullerenes(35).
However, the oxidation results into the production of many oxygen containing functional moieties such as
lactose, ketones, carboxyl’s and also discharge toxic gases dinitrogen tetraoxide (N204) and nitrogen

dioxide (NO2). That’s why this method still needs modification.

Hummer and its coworkers developed a method for the synthesis of GO termed as Hummers method(16).

In this process the water free mixture of NaNOs, conc.H2SO4 and KMnOs was maintained for two hours
below 45°C. The product obtained had a high degree oxidation as compared to the previously reported
Staudenmaier method however in hummer’s method it was found that the product has GO sheets along
with some un-oxidized graphite. For the excellent complete oxidation of graphite pretreated hummers
method was introduced by Kovtyukhova. He first added raw graphite material to the mixture of potassium
persulfate (K2820s). conc. H2SO4, and phosphorous pentaoxide (P20s), this mixture was maintained at
80°C for several hours(36). This preoxidized product was then washed, filtered and dried in air. In 2010,
Marcano ef.al reported modified hummers method(37). In place of NaNQOs they added phosphoric acid
(H3PO4) and also increase the amount of potassium permanganate. This minimize the discharge of
hazardous gases due to the removal of sodium nitrate thus prohibits the emission of N204, NOz and ClOs..
In improved hummers method(38) graphite is first mixed with conc. H2SO4 to form GIC and then followed
by the gradual addition of KMnOs then deionized water is added followed by the addition of H202. The
product is then washed with 30% HCI and deionized water and dried to obtain the GO.(Figure 1.6.4.2)

In brief summary, the improved hummers method have the potential for the mass production of GO

without the discharge of any sludge or toxic gases.

Recent research indicates the implementation of the graphene based materials in various fields as it exhibit
greater potential for different applications as chemical sensors (39), nanogencratores (40), catalysts (41),

solar cells (42), photocatalysts (43), hydrogen storage (44) and the most important supercapacitors.

Amongst these applications, GOF-based electrodes made-up for electrochemical performance by low cost
and reliable methods have gained greater interest owing to their outstanding properties. For example, rGO
sheets having large surface arca with potential to substitute (ITO) indium tin oxide in light emitting diodes
and touch screens, however mass production can be attained due to electrical conductivity and its
transparency (45, 46). Furthermore. as compared to the rigid and indium tin oxide. rGO/rGOF is viable in

processability and flexibility for assembly of electronic devices.

Supercapacitor, an electronic device also called ultracapacitors is a high quality capacitor and its
capacitance occupy a niche in-between the batteries and simple capacitors. In simple way, we can say that

supercapacitors store extra energy than simple capacitor however discharges more gradually, and it stores
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less energy than battery but discharge that energy more quickly. This difference in the performance of
supercapacitors originates from the most fundamental and important mechanisms of energy storage every

technology. demonstrated in Figure 1.8.

In capacitors. two electrodes are separated by a superseding dielectric layer. When a potential is applied
across the electrodes an equal and opposite charge develops on the both electrodes. However, when a
device is powered it introduces a new current path between the two electrodes for the dissipation of charge
and thus resultant current can be consumed. In contrast to the capacitors, batteries have two electrodes
immersed in an ionically conducting electrolyte. A reversible chemical reaction takes place for the storage
of energy on both electrodes. During charging, on one electrode oxidation takes place while on the other
clectrode reduction occurs however on discharging the reactions got reversed. Capacitor works on the
principle of electrostatic charge storage without going through chemical reactions whereas batteries

undergo chemical reactions to store energy at the two clectrodes.

Supercapacitors utilize both the batteries and capacitors principle of energy storage. Supercapacitors like
batieries have two electrodes and a conducting electrolyte however it stores energy via electrochemical
reactions unlike batteries. Upon charging high charge density area develops near the interface by the
migration of electrolyte mobile ions to the electrode surface. Nowadays, supercapacitor electrodes are

synthesized with wide surface arca, leading to more space for charging,

The energy storage in supercapacitors occurs at the electrode/electrolyte interface. Two different

mechanisms operative in charge storage are;

Electrostatic double-layer charging

Faradaic charge transfer (pseudocapacitance)

Double-layer charging happens when we apply the potential difference across the two electrodes immersed
in an ionically conducting electrolyte. The cations move towards one electrode and the anions migrates
towards the other clectrode. For ideally polarized clectrodes, no charge transfer occurs at the electrolyte
and electrode: however this phenomenon produces interfacial areas at both electrodes, where the positive

and negative charges in the electrolyte balance charges at the both electrodes.

In contrast to the double layer capacitors pseudocapacitors store charge at the electrode surface via redox
reaction. In an ideal double layer capacitor charge transfer doesn’t occur at the interface but in case of

pseudocapacitance charge transfer occurs in order to store energy.
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For example, in case of ruthenium oxide (RuOz2) electrodes large amounts of charge have been
stored through many electron-proton transfer reactions (47, 48). Reactions given in equation

1.1 and 1.2 have been proposed to describe the mechanism of charge storage.

During this reaction electrons are transferred as evident from eq.l1.1: during charging process these
electrons move via external circuit (which is attached to the counter electrode) and the current generated

from the reverse reaction can be used to execute the electrical work.

This reversible process of charge storage via redox reactions is also named “Faradaic,” as compared to the

“non-Faradaic™ process that regulates double-layer charging.

However carbon based clectrode storage charges primarily by non-Faradic reactions but overall
pseudocapacitance behaviour can be observed for energy storage by three main methods. Surface
functionalization by introducing reactive species (typically nitrogen and oxygen)

Deposition of the electroactive polymers like polypyrrole and polyaniline.

Deposition of the elctroactive transition metal oxides like MnOz, RuO:z etc.

These methods can be used to enhance the overall capacitance up to many folds. As reported when

polyaniline was deposited on carbon fibers the gravimetric capacitance increased from 30 Fg™! to 150Fg™".

In order to characterize and illustrates the electrical performance of supercapacitors different techniques

can be employed. The most important one we have used in our research is three electrode working system.

Before a comprehensive argument of electrochemical characterization methods, a comparison should be
made amongst two and three electrode systems. As demonstrated in Figure 1.8.2.1, in two electrode
measurement assembly which is composed of typically two symmetric electrodes it involves full device
measurements. On the other side. in three electrodes working setup, the material needs to be analyzed is
measured against the counter and the reference electrode. The counter electrode provides the current
required to complete the circuit during measurements. It is usually inert n nature, such as Pt wire. The
reference electrode is made up of material with a known oxidation reduction (redox) potential, e.g. the
calomel electrode (Hg/Hg2Cl2) or Ag/AgClz electrode. This reference electrode facilitates the accurate
potential measurements at the working electrode. The two electrode working setup is usually used to
characterize the entire made-up devices, whereas the three clectrode working system is strategic for

observing the important electrochemical properties of the working electrode material. The specific




capacitance values (in units of Fem™, Fem?, Fg'!') measured from the two electrode system will be

typically 4 times less than the three electrode system.

Cyclic voltammetry (CV) is a technique in which the potential (V) at the working electrode is
swept back and forward at constant rate across a given potential window. The resultant current (I)
produced is measured and then plotted against the potential (VA simple description of the

potential (V) plotted against time (t) is illustrated in Figure 1.8.2.2(a).

In the case of ideal supercapacitor, the capacitance remains constant irrespective of the scan rate

and it can be calculated the formula given by equation 1.2

For an ideal supercapacitor, the resultant current measured is plotted as shown in Figure 1.8.2.2
(b, ¢). When the voltage applied is positive, the resultant current must be positive and along
negative voltage sweep the current should be negative constant. Typically, CV plots are presented
as in Figure 2.3c. with the current (I) plotted verses the potential (V). In an ideal supercapacitor,
the CV plot will be rectangular in shape (symmetric about the zero current axis) and it must
follow Eq. 1.2. In reality supercapacitors don’t typically exhibit such ideal behaviour but they do

it under ideal condition of exceedingly low scan rate

Supercapacitors show non ideal or realistic behaviour at high scan rates. As shown in Figure the
CV plot has specific leaf like shape due to extremely high scan rates, which leads to the rounding

off of the corners of the CV plot.

This behavior originates from the rate-limiting phenomenon which includes electrolyte ion transport
limitations and the limitations of electrical charge transport at the electrode. Because at extremely high

scan rates due to transport limitations the interfacial double layer fails to form as it doesn’t find much time.

Electrolyte degradation is another non-ideal behaviour observed in supercapacitor. All electrolytes have a
restricted voltage stability window if its value exceeds beyond the limit it undergoes faradic reactions in
the electrolyte. For example, potential window of ~ 1 V have been observed in aqueous electrolytes.
Moreover, at extremely low or high potentials, water can be easily reduced or oxidized to form hydrogen
and oxygen, respectively. These types of reactions, which lead to the transfer of charges across the
interface of the electrode and electrolyte, add additional current to the system over that of the only double
layer charging current. As shown in Figure 2.4 (b) I excess is the current that refers to the electrolyte
degradation reactions and not to the charge storage, and while calculating the capacitance (using Eq. 1.2) it
should be subtracted. Moreover. the electrolyte degradation can reduce the overall performance of the

supercapacitor.




Unlike the current produced due to electrolyte degradation (I excess), pseudocapacitive current subsidize
the energy storage competences of a device. Capacitive current produced at clectrode surface due to
faradic reversible reactions; enhance the capacitance due to double-layer charging. Figure 2.4 (c) displays

the CV plot of pseudocapacitive system in which /® represents the capacitive current.

The capacitance of an electrode can be calculated by cyclic voltammetry however the
galvanostatic charge/discharge technique is often preferred for this purpose(49). In this technique a
constant charging current is applied until and unless a maximum potential is achieved, at that point
discharge current of the same magnitude is applied to reach a minimum potential value. The
potential (V) is observed as function of time (t). In CV constant voltage scan rate is used however
galvanostatic charge/discharge curves use constant current and they may test more accurate

performance.

Figure displays some characteristic galvanostatic charge/discharge plots. In an ideal supercapacitor
(Figure 1.8.2.3 a) the galvanostatic charge and discharge curves must be symmetrical with

throughout a constant slop. The formula given in Eq.1.3 can be used to calculate capacitance

The capacitance values calculated by using galvanostatic charge/discharge and CV give us the
approximately similar values. However the only difference is that in former numerator is kept

constant while denominator is kept constant shown in equation 1.2 and 1.3.

Liner plots are not usually observed in non-ideal conditions in supercapacitors. Such non-ideal
behaviour can be observed in Figure 1.8.2.3 b due to exceeding electrolyte stability window. The
decline in the slop of charge/discharge curves generally shows the charge transfer at the
electrolyte/electrode interface. The reactions occur at the electrode and electrolyte give rise to the
charge transfer and when the reactions takes place in the electrolyte it leads to its degradation with
time and indicates that the reduction of potential window within the limits of the electrolyte

stability window,

On the other hand reversible electrode reactions, could contribute to the charge storage
pseudocapacitive behavior; however irreversible electrode reactions could leads to the degradation

and it damage the electrode so it is undesirable.

Figure 1.8.2.3 ¢ is the illustrations of another non-ideal behavior observed at very high current
density for all supercapacitors. When the capacitor switches from charging to discharging an
instantancous drop in voltage can be measured. This drop in voltage. also term as the IR drop,

originates due to the ohmic resistances in system. The ohmic resistances are the sum of electrolyte




resistance, electrode resistance, and any other resistance present in the system.

The third most commonly used technique to probe supercapacitor material is the Impedance spectroscopy.
In this technique an alternating potential is applied over the wide range of frequencies and the phase shift

and the amplitude of the resultant current is measured.

Figure represents the Nyquist plot that exhibits the typical behaviour of the supercapacitor comprising of a
porous electrode. In case of ideal RC circuit, the Nyquist plot look lila a vertical line at Z'=R. The term Z
(omega) impedance consists of the both imaginary and the real part. By plotting the real part on the x-axis
and imaginary part on the y-axis we will get the Nyquist plot. The semi-circular region in the plot is the
characteristic of single RC-constant. Often only a small part of semicircular region becomes visible. A
straight line at 45°C region is termed as the Warburg impedance. Whenever the diffusion effect dominates
the electrochemical reaction process the impedanﬁis termed as Warburg impedance. The Warburg
impedance becomes small at high frequency as the diffusing reactants not need to move far. However at

low frequency the Warburg impedance increases as the diffusing reactants have to move far.

Graphene Oxide (GO) have been synthesized by “Modified Hummers,, method” In which placed the
beaker on ice-bath set temperature < 5 °C, poured 140 ml conc.H280s in it. Addition of 3 g of Graphite
powder in to it with stirring until complete dispersion. Slowly Bit by bit addition of 9 g of KMnOQs in the
dispersion to kept temperature control < 15 °C, for 6 hours. Addition of 140 ml distilled water slowly in it
and control temperature below 90 °C. After stirring for 1 hour addition of 420 ml of distilled water in it
with 30 ml of H202 and continue stirring overnight. Reaction mixture poured in falcon tube and centrifuge
at 8000 rpm for 3 hours (2 times with water and one time with 5% HCl Washing) to separate the
precipitated product. The obtained product aas dried in vacuum oven for 24 hours at 60 °C, the dried

product was 2.104 g (70.13%)

Graphene oxide dispersion prepared by dissolving 300 mg GO into 150 ml deionized water and sonicates
it for 60 minutes. 300 mg Linker molecules (Para-Xylyenediamine and 2, 6-Diamino Pyridine) dissolved
into 150 ml deionized water; pour this mixture into GO dispersion slowly by continuous stirring. The
above dispersion sonicate for 60 minutes and placed in round bottom flask heating on oil bath at 80 °C
with continuous stirring for 1 day. Additign of Hydrazine Hydrate (10 ml) to the above dispersion drop
wise and shifted the dispersion for reflux at 90 °C for 12 hours. Mixture coolﬁ at room temperature and
washed with deionized water through flirtation assembly, the obtained product dried in vacuum oven at 60
°C for 24 hours [3. 4]. Similarly as above three different concentration of GO: Linker dispersion ratios

have been preparcd.
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Atomic vibration in molecules provides information about functional groups in material that
was obtained through FTIR techniques. In figure 4.1.1 show the FTIR spectra of graphite
powder that is featureless. no functional groups present in graphite, while in figure 4.1.2 the
GO spectra show different peaks in the range of 4000-600 cm™ that is confirmation of GO

formation. these peaks are due to different groups present on surface of GO [1. 2].

XRD technique mostly used for characterization of crystalline type materials from this we
obtained information about d-spacing between the layers of material. Graphite XRD show
peak (002) at 20 ~ 26.54 with d spacing 3.33 A°, while the GO having new peak (001) at 26 ~
10.37 with d spacing 8.71 A°, Peak value shifting to lower 20 with enhancing d-spacing is in
the favour of GO confirmation, also peak intensity lower in GO as compared to graphite and

peak broadening in GO as compared to graphite. as shown in figure 4.1.3 [3. 4].

TGA technique is used to check the thermal stability of materials,the graphite have only 5.3
% weight loss up to 700 °C due to removal of absorbed moisture of graphite powder. In GO
having 11.5 % weight loss due to the interrupted water molecules on the surface of GO . 25.6
% weight loss up to 200 °C due to loss of less stable oxygen containing functional groups like
epoxy and 47.3 % weight loss at 300 °C due to pyrolysis of most stable functional groups like
carbonyl as shown in figure 4.1.4 [5, 6].

SEM analysis of Graphite and GO at different magnification like (%0 um, 50 pm, 10 pm, 5
pm and 0.5 pm) as shown in the figure 4.1.5, shows that graphite powder have layers firmly
stacked and closed together while in GO layers are loosely stacked with disorder and
corrugation, similarly in GO sheets looks like crumped having enhanced spacing between

them [7] [8].

1.4-XDA linker molecule having peak at different region in FTIR spectrum. shown
characteristic primary amine peaks at 3405 and 3361 cm™ , similarly also shown the di-

substituted benzene ring peak at 831 cm™ as shown in the figure 4.16 and described in table

4.13.

2,6-DAP linker molecule having peak at different region in FTIR spectrum, have
characteristic primary amine peaks at 3345 and 3218 cm™' as shown in the figure 4.1.7 and
described in table 4.1.4 FOG-X-A framework having peak at different region in FTIR

spectrum, have characteristic secondary amine peaks at 3329 cm™! indication of attachment of
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linker molecule with GO , C=0 peak at 1621 cm™' is also indication of framework formation

as shown in the figure 4.1.8 and described in table 4.1.5 [9. 10].

FOG-X-B framework having peak at different region in FTIR spectrum, have characteristic
peaks at 3440 and 3332 cm™! these are due to either primary and secondary amine , in this
framework some side have attached proper with GO to form secondary linkage and some side
have no available groups for intercalation they remain as primary amine , it show also C=0
peak at 1623 cm™ as shown in the figure 4.1.9and described in table 4.1.6 [11].

FOG-X-C framework having peak at different region in FTIR spectrum, have no
characteristic peaks in the region of primary and secondary amine , in this as the
Enoentration of linker molecules increased reduced the GO, they show C=0 peak at 1655
cm™ and C-O epoxy at 982 cm' as shown in the figure 4.10 and described in table 4.1.7 [10].

FOG-D-A framework having peak at different region in FTIR spectrum, have characteristic
secondary amine peaks at 3342 cm™' is indication for proper linkage of linker molecule in
GO layers ., similarly shown C=0 peak at 1605 cm™' and benzene di-substituted peak at 831
cm' as shown in the figure 4.11 and described in table 4.1.8 [9].

FOG-D-B framework having peak at different region in FTIR spectrum, have no

characteristic peaks in the region of above 3000 cm™

so there is no primary nor secondary
amine peak the linker molecule reduced the GO as shown in the figure 4.12 and described in

table 4.1.9 [12].

FOG-D-C framework having peak at different region in FTIR spectrum, have no
characteristic Primary and secondary amine peaks and it have reduced graphene type

spectrum as shown in the figure 4.13 and described in table 4.1.10 [10, 12].

GO reacting with 1,4-XDA to form (FOG-X-A) framework having 20 peak shifting to lower
value at 7.17,having decreased intensity and also broadening of peak is evidence for
formation of framework. Framework (FOG-X-B) have little peak at 206~ 7.86 having 145
intensity, similarly for framework (FOG-X-C) have little peak around 20~ 8.49, from all
these the framework FOG-X-A is proper linkage of 1.4-XDA intercalation with GO [9, 13,
14].

GO reacting with 2,6-DAP to form (FOG-D-A) framework having 20 peak shifting to lower

value at 7.34 with decreased intensity and also broadening of peak is evidence for formation

12




of framework. Framework (FOG;D-B) have no peak in the range of 20 < 10, similarly for

framework (FOG-X-C) have no peak in the range of 20 < 10. from all these the framework
FOG-D-A is proper linkage of 2,6-DAP intercalation with GO [9, 13, 14].

SEM analysis of framework of FOG-X-A and FOG-D-A at different magnification like (0.5
wm, 5 nm and 1 nm) as shown in the figure 4.4.1, shows that FOG-X-A have wrinkled curved
morphology having look like stacked separated layers and mesoporous type structure
similarly in FOG-D-A look like layered by layered structure having separated layers, cross-
linked type as shown in figure 4.13 [10, 15, 16] .

Thermal stability of framework FOG-X-A and FOG-D-A have been measured through
thermal gravimetric analyzer, shows that FOG-X-A loss 24 % weight loss up to 100 °C due
to absorbed moisture , 30 % weight loss up to 200 °C due to the removal of less stable
molecules while 41 % weight loss up to 300 °C due to removal of more stable molecules in
framework, similarly for FOG-D-A 12 % weight loss up to 100 °C due to loss of moisturc

and 51 % weight loss due to less stable molecules on the surface of framework while 57 %

weight loss up to 200 °C due to removal of more stable groups, as compared to both FOG-X-
A is more stable as compared to FOG-D-A [10, 17].

Surface area of sample was measured by Brunauer-Emmett-Teller instrument was measured
at 77 K using N2 as an adsorption gas. The measured surface arca of GO, FOG-X-A and
FOG-D-A, surface area enhance from GO to linker due to more spacing between the layers of
GO are given in table 4.5 [9, 16, 18].

In order to examine the performance of as-fabricated graphene materials for supercapacitor

application, three electrode system was used using FOG X-A, FOG X-B. FOG X-C, FO(E)-
A. FOG D-B and FOG D-C as working electrode materials, respectively, with Ag/AgCl as a
reference electrode and a platinum (Pt) as counter electrode. The measurements were carried
out at ﬂleﬁlbiem temperature using 1 M H2SO4 aqueous electrolyte. Electrochemical tests
such as cyclic voltammetry (CV). galvanostatic charge discharge and electrochemical

impedance spectroscopy (EIS) were performed.

CV was done for all synthesized samples from 0.2 to 0.8 at different scan rates i-c 10 mVs™',
50 mVs! and 100mVs™'. The curves indicate the oxidation and reduction behaviour of the
samples used and the prominent faradic redox peaks can be observed in Figure. The peaks

show the pseudocapacitive behaviour. FOG X-A exhibits the highest redox peaks at any scan
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rate which is ascribed to the redox behaviour of the intercalated amine groups. By increasing
the scan rate, the quasi-symmetric redox peaks and the analogous CV curve shapes are
witnessed. proposing the ideal pseudocapacitive performance and the rﬁe proficiencies or
capabilities of the fabricated electrode materials[19, 20]. Furthermore, on increasing scan rate
the cathodic peaks shifts towards the lower potential while the anodic peaks move to higher
potential because of the insufficient of the ions from electrolyte too the graphene layers. At
the same time, the cathodic current density decreases and increase ihme anodic current
density occurs which is the indicative of low resistance and rapid redox reaction at the
electrode/electrolyte interface. The specific capacitance values are calculated by using

formula shown in equation ()

The specific capacitance for all samples shown in table indicates that the sample FOG X-A
has the highest Csp value i-e 360Fg™" at 20mVs™! whereas the lowest value is observed for the
FOG D-C i-e 29.37 Fg'! at 20mVs™!. The figure is the descriptive picture of the results

indicates the maximum specific capacitance value for the FOG X-A

The galvanostatic charge—discharge is the complimentary technique to justify the above
results. The charging discharging curves observed in Fig 4.12.2 (a).(b) for all the synthesized
samples are non- symmetric[21]. This behaviour attributes to the pseudocapacitive nature of
the materials. If we focus on the curves we can see that the small potential drop or IR drop is
observed for the FOG X-A and the largest for the FOG D-C. IR drop is the sudden potential
drop due to the internal electrode resistance, greater the potential drop lesser will be the
efficiency of the electrode material and smaller will be the specific capacitance. This shows

that FOG X-A is the best material for the supercapacitor with least potential drop.

Electrochemical impedance spectroscopy (EIS) was used to examine the charge transfer
behaviour in GOF (graphene oxide frameworks) based electrodes. Fig.4.12.3 illustrates the
Nyquist plot of @ricated modified graphene materials based electrodes, which we have
recorded at 0.4V in the uency range of 100 kHz to 0.01Hz. The Nyquist plot comprises of
tiny semi-circular part in the high frequency region and almost vertical line in the low
frequency region. As in high frequency Egion a semi-circular arc is observed in the plots of
all samples which is associated with the electron transfer mechanism at the interface between
the clectrolyte and electrode. It is clear from the plot that FOG X-A shows smallest semi-
circle in high frequency region while FOG D-C shows largest semi-circle at large frequency.

So it is indicative of the small charge transfer resistance in case of earlier FOG X-A as
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compared to the FOG D-C. The larger semicircle for FOG D-A suggests that it has a higher

&rge transfer resistance because of the restacking and aggregation in the reduction process.
The straight line of the plot which is connected to the semicircular region shown in Fig. is the
indicative of Warburg impedance (W) that is the measure of the resistance to the diffusion of
the electrolyte in the system [22, 23]. It is evident that incase of FOG X-A the slop is linear
close to x-axis, the WI is minimum which means it facilitates the diffusion of electrolyte due
to having increased spacing between the layers . Whereas, W1 is maximum in case of FOG
D-C due to very large linear part which reveals that it has large resistance to the electrolyte
diffusion. These results support the higher specific capacitance value observed for the FOG
X-A (table). This impedance study clearly demonstrates and validates the previous results in

terms of charge kinetics.

However the carboxyl groups on the edges miga react with 1,4-XDA or 2,6-DAP through
amide linkage shown in (Scheme 2 and 3).£OG was synthesized through “Reaction first then
Reduction” process. 1,4-XDA or 2,6-DAP molecules were inserted into the space of graphene

sheets and prevent them from restacking|23].
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