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ABSTRACT

Supercapacitors are well known for their improvised power density compared to
batteries. Ongoing research is mainly focused on improving the energy density of
supercapacitors by using different electrode material nanocomposites. The recent
research has revealed that graphene (G)-polyaniline (PANI) nanocomposite could be a
promising material for supercapacitor applications. The supercapacitor is also associated
with self-leakage current regardless of any electrode material. The main objectives of the
project are to: (i) synthesize highly fabricate supercapacitor based of G-PANI electrode;
(i) improve the energy density of supercapacitor by applying ultrathin
mono layer/monolayers film electrode surface. It is crucial to either improve or retain the
effective capacitance of the dielectric film. The dielectric material chosen is
polyvinylidene fluoride (PVDF) due to its dielectric constant and electrochemical
properties. Langmuir-Schaefer (LS) technique is used to deposit the PVDF film onto the
substrate. The optical properties of electrode materials were measured by UV-vis
spectrophotometer. The surface morphology of the fabricated electrode material has been
investigated using scanning electron microscopic (SEM) and atomic force microscopic
(AFM) studies. The supercapacitor with and without dielectric layer have been studied
using cyclic voltammetry, charging and discharging, and electrochemical impedance
techniques, respectively. The specific capacitance has been found to increase by
application of one monolayer of PVDF film of G-PANI electrode. However, the LS film

of PVDF does not show the minimization of leakage current but revealed an increase in
viii
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the specific capacitance due to enhancement in surface area associated with the electrode
besides PVDF is also an electrochemical active material. The electrochemical
investigation of various layers of PVDF on G-PANI in symmetric and asymmetric
supercapacitor configuration has been presented in thesis. The future scope of the project
could be designing the electrode with various number of layers of dielectric material that
could reduce the leakage current, and retaining the specific capacitance of G-PANI

nanocomposite electrodes.
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CHAPTER 1: OVERVIEW OF SUPERCAPACITORS

1.1 Introduction: Supercapacitors

The need for energy resources is increasing day by day in the present world. Fossil fuels
and batteries served the purpose for many years, and the increase in demand resulted in
high cost of materials and depletion of natural resources [1-5]. Alternate energy is very
essential to satisfy the present crisis in the world. Supercapacitors are energy storage
devices that work based on the principle of double layer capacitance and
pseudocapacitance. They serve the purpose for alternate energy due to their low cost and
environmental friendliness [6-10]. Electrochemical capacitors (ECs) also known as
supercapacitors or ultra-capacitors are well known for their improvised power density
compared to batteries [11-14]. The main advantages are higher power density, hence
quick charging and discharging without much degrading unlike batteries, recycle
capability, less toxic, environmental friendly, low cost, operate over wider temperature
ranges, very light weight compared to batteries and fuel cells [15-17]. Some
disadvantages include high self-discharge rate, lower energy density compared to
batteries and fuel cells, lower cell voltage and poor voltage regulation. They find
extensive usage in hybrid wvehicle cars, power supplies, generators, inverters, load
leveling, electricity storage, etc. [1]. The usage of capacitors includes coupling alternate
current (AC) and direct current (DC). The ability of high power density is useful in

filtering, backup and timer circuits. Capability of blocking DC is used in filters [2]. The
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ECs do not possess high energy density unlike the batteries. Ongoing research is mainly
based on improving the energy density by enhancing the material properties. Enhancing
the performance of supercapacitors emphasizes on longer life cycle, extension in rated
voltage, voltage range improvements in operating temperature, improvement in energy

and power density and decrease in self-leakage current.

The aim of the present work is based on understanding the application of
monolayer/multilayers PVDF dielectric layer over G-PANI electrode for supercapacitor
applications. The increase of specific capacitance with application of one monolayer
PVDF dielectric layer shows a way to enhance the performance of supercapacitors for
practical applications. The thesis also presents the experimental findings of various

applications of LS films on supercapacitor properties of the G-PANI based electrodes.

1.2 Types of Capacitors

Electrostatic capacitors contain two electrical conductors separated by a dielectric media.
Capacitance is in the range 1 pF to 1uF with a voltage range of (50V to 400V).
Electrolytic capacitors are the aluminum and tantalum capacitors where solid/ liquid
electrolytes are used with a separator between the electrodes [3]. Capacitance lies in the
range 0.1 to 10000 uF with a voltage range of (16V to 50V). Electric Double Layer
Capacitors (EDLCs) are the carbon based electrode materials. They could store charge up

to 10° Farads [2].
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lytic capacitor Electrochemical Double Layer

Electrostatic capacitor Electro

Current collector

Separator i
Electmlr,rtep Activated carbon

Figure 1: Schematic sketch of electrostatic capacitor, electrolytic capacitor and
electrical double layer capacitor [2]

A capacitor is a device which stores energy in an electric field. It mainly consists of two
electrode plates separated by a dielectric medium. When some voltage is applied across
the plates, charges are accumulated on the electrodes causing an electric field to be
generated in between the plates, which makes the capacitor to store energy [4].The

capacitance C is given by:
=9
= (1)

where, C = capacitance, Q = charge accumulation across the plates, and V = voltage

applied to the capacitor.

The capacitance of the parallel plate capacitors is given by:

C= €€ )

D

where, gy = permittivity of free space, g, = permittivity of dielectric layer in between the

electrodes, A = area of the electrodes, and D = distance between the electrodes.

The performance of a capacitor can best be known by finding the power density and

energy density.
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Energy density is given by:

1

E=_CV? (3)
and power density is given by:
b= 4ESR 4

where, ESR is the equivalent series resistance. ESR is primarily responsible for limiting

the maximum power of the supercapacitor.
The power loss during charge or discharge process is calculated using
P, = I?.ESR (5)

Conventional capacitors have higher power density (<100,000 W/kg) and lower energy
density (<0.1 Wh/kg) i.e. they charge and discharge very rapidly, but store less energy
compared to batteries and fuel cells. Electrochemical capacitors have higher energy
density but lower power density in comparison to conventional capacitors [5]. This can

best be shown in the Ragone Plot [6].

i

7

N

Electrochemical “\‘x
Capacitors

|

[T [ K] 1 "0 ) 1000

Energy Density [Wh/kg)

&

&

Power Density [W/kg)

2

Figure 2: Ragone plot for different energy storage devices (modified [6])
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1.3 Supercapacitor Mechanism

Supercapacitors generally consist of a carbon based electrode material. The electrode
material can be carbon nanotubes (CNTs), multi-walled-carbon nanotubes (MWCNTS),
metal oxides or polymer nanocomposites. Supercapacitor term is coined for electric
double layer capacitor. When an electric charge is applied to the electrode, positive ions
and negative ions get attracted to opposite charges on both the electrodes. This creates a
thin molecule size double layer which acts as a parallel plate capacitor with dielectric in
between them. When sufficient voltage is applied, the current begins to flow to charge the

capacitor.

Discharging

I

Charging

Positive charge

Negative charge

Positive ion

Negative ion

/7

Cathode
Anoie Electrolyte

Separator

Figure 3: Schematic sketch of a supercapacitor during charging and discharging mode

Typical charging and discharging states are shown in the above figure (3) [7].

Performance of a supercapacitor is based on two mechanisms: non faradic charge storage

—
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and faradic charge storage. Electric double layer capacitors (EDLCs) store electric charge
at the electrode/electrolyte interface i.e. non faradic charge storage which is due to
attraction of opposite charges on the electrode surface forming a thin double layer of
electrostatic charges. The associated capacitance is called double layer capacitance.
Carbon based materials exhibit this behavior due to no chemical or compositional
changes associated during charging or discharging. Electrochemical double layer
capacitors or pseudocapacitors sustain faradic reaction or redox processes with electro-
sorption or intercalation (doping/dedoping) that takes place at the electrolyte/electrode
interface. Supercapacitors can be made of incorporating both carbon based materials and
pseudocapacitive materials such as conducting polymers to form carbon based
conducting polymer nanocomposites. Such mechanism can have faradic and non faradic
charge storage. The electrode material can consists of transition metal oxides, carbon
based materials, polymer based materials, and metal oxides/polymer based carbon
composites. The associated capacitance is pseudocapacitance along with double layer
capacitance. Pseudocapacitance is responsible for faradic reactions that take place at the

interface.

The capacitance value changes with concentration and type of electrolyte (aqueous or
organic based) used for cell configuration. The specific capacitance of most carbon based
electrodes in organic electrolytes is less compared to the ones in aqueous electrolytes.
This is due to low dielectric constant of organic electrolytes which leads to low energy
density [1]. An advantage of using organic electrolytes is they give wider operating

voltage window compared to aqueous electrolytes [1]. Typical construction of an EDLC
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iIs shown in the figure (4) [8]. Specific capacitance of a supercapacitor is directly

proportional to the specific area.

Separator

Porous Electrode

Current collector Current collector

Electrolyte

Supercapacitor cell
Design

Figure 4: Schematic sketch of an electrical double layer capacitor

There are other factors like structure of carbon, pore size, size of the particle,
conductivity associated with the electrolyte and some surface functionality which
influence capacitance [2],[5]. The reason for development of pseudocapacitors exhibiting
faradic charge storage mechanism is because double layer capacitors exhibit lower charge
storage in comparison to pseudocapacitors, hence low capacitance per unit surface area.
There is a high need for improvement in energy storage leading to the development of
hybrid capacitors. They include both double layer capacitance and pseudocapacitance

resulting in higher capacitance output.
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1.4 Self-Discharge and Leakage Current

The self-discharge in a supercapacitor is important for the use of the device in long term
electrochemical energy storage system [4]. The self-discharge in a supercapacitor is due
to faradic redox reactions that take place at the electrode/electrolyte interface when the
electrical supply is disconnected [4]. Self-discharge or leakage current minimization is
important for the applications of a supercapacitor as an energy storage device [9]. The
application requires that the device be able to deliver power with a performance but not
degrading with time. The leakage current also causes the voltage drop with time of a
charged capacitor at open circuit potential [3]. The leakage current is linked to faradic
redox reactions, ionic charge diffusion or/and electronic partial discharge through the
separator [10]. The self-discharge is determined by measuring the current required to
maintain a constant voltage, or by measuring the capacitor voltage with change in time
[3]. According to the voltage-time dependency, if the voltage drops with logarithmic law,
the mechanisms are under control by faradic self-discharge either from overcharge or due
to redox reactions of impurities presents in the anode or cathode electrode materials [10].
If the voltage drops with the square of time, the mechanism is due to control of diffusion
processes at the electrode/electrolyte interface [10]. The leakage current of the
supercapacitor increases with the increase of temperature and results in compromising the

power capability of the device [9].
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Figure 5: Equivalent circuit for self-discharge

The circuit in figure (5) describes the leakage current associated with the electrode
material at open circuit potential [3],[11]. Vs= voltage source, Rs= series resistance, C=
capacitance, Rj= leakage resistance. The leakage resistance associated is not constant; it
changes with voltage and properties of the electrode material [12]. For a pseudocapacitor,
it changes with redox reactions that occur at the electrode interface which may react with
the electrode or electrolyte [13]. Leakage current is measured by charging the capacitor to
a fixed voltage and measuring the change in potential with respect to time at open circuit
potential of the capacitor during self-discharge [3],[14]. The leakage current is inversely
proportional to leakage resistance, the more the leakage resistance the less the leakage
current. Applying an interfacial dielectric layer on top of the electrode material changes
the kinetic rate at which electrochemical reactions occur at the electrode/electrolyte
interface. Onapplication of dielectric layer, the kinetic rate decreases leading to a drop in

leakage current. Hence, the insulating layer can be modeled as larger resistance.
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1.5 Supercapacitor Electrode Materials

The specific energy below 10 Wh/kg for carbon based EDLCs , 35-40 Wh/kg for

batteries (lead acid based) and 150 Wh/kg for lithium ion batteries [2] are available in

literature. There is a need for improving the energy density of the supercapacitors so that

it could take the place of batteries. Lot of ongoing research is based on synthesis of

different electrode materials and analysis of their capacitive behavior using different

electrolytes. Over the years, cost per Farad kept on decreasing which shows significant

improvement in commercially available supercapacitors [15]. Table 1 gives the cost

analysis of supercapacitors [15]. Table 2 provides significant differences between various

energy storage systems [16].

Table 1: Cost trend of supercapacitors [15]

Year Cost/Farad ($)  Cost /kJ($)
1996 0.75 281.55
1998 0.4 151.23
2000 0.01 32
2002 0.023 7.51
2006 0.01 2.85
2010 0.005 1.28

Table 2: Comparison of conventional storage devices [16]

Lead
acid Conventional
Performance Battery Supercapacitor  Capacitor
The charging time 1 -5 hours 0.3 - 30 sec 102 -10°
03-3
The discharging time hours 0.3-30s 10°-10®
Energy in Wh/kg 10-100 1-10 <01
The cycle life 1000 > 500,000 > 500,000
Spedific power (W/kg) < 1000 < 10,000 < 100,000
Charge /discharge efficiency 0.7 - 0.85 0.85-0.98 > 0.95
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Table 3 shows various characteristics in comparison between Lithium ion batteries and

electrochemical capacitors [17].

Table 3: Differences between lithium ion battery and electrochemical capacitor [17]

Characteristics  Lithium lon Battery Electrochemical Capacitor

!Charge Time ~3-5 minutes ~1 second
Cycle Life <5,000 @1C rate >500,000
Specific Energy
(Wh/kg) 70-100 5
Specific Power
(kW/kg) 20.5-1 5t0 10
Cycle Efficiency <50% to > 90 % <75t0> 95 %
Cost/Wh $1-2/Wh $10-20/Wh
Cost/kW $75-150/kW $25-50/kW

"1t is the time taken for discharge and charge of the useable total energy
stored in the devices

% 1t is the power capability of the battery for short duration partial at 90%
efficiency

Electrochemical
itors

Electric double Layer Capacitors Pseudo-Capacitors

Activated Carbons Carbon Aerogels Copductine Ms'ftal

CarbonNanotubes

Hybrid Capacitors

Composite Hybrids Battery type Hybrids

Figure 6: Taxonomy of supercapacitors
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As discussed earlier, different types of electrochemical capacitors [18] include double
layer capacitors and pseudocapacitors. The double layer capacitors based on carbon
materials are carbon nanotubes (CNTs) and activated carbons which exhibit high specific
area and low mass density. The different forms of nanotubes such as single-walled and
multi-walled allow high accessibility of electrolyte due to their surface morphology, high
surface area and extreme good mechanical properties [19]. The conducting polymers and
metal oxides exhibit pseudocapacitance due to their redox properties giving high specific
capacitance values. Hybrid capacitors are formed by incorporating conducting polymers
into carbon based compounds using various technigques, thereby improving the device
performance in terms of conductivity, stability and specific energy density. Composite
hybrids include two different types of electrode materials forming nanocomposites,
enhancing the capacitor performance. Asymmetric type hybrids are constructed with two
different types of nanocomposites for anode and cathode. This configuration makes use
of operating voltages of each material. High stability devices can be configured using
such method [5]. Battery type hybrids make extensive usage where energy density and
power density is of high importance. The overall performance in both the terms can be

improved using such design compared to individual single components [1].

Table 4 [20] provides useful information regarding operating voltage and specific
capacitance values of each different electrode material in different electrolytes. We could
see that the conducting polymers exhibit better specific capacitance values compared to
carbon based composites which is due to the effect of pseudocapacitance. Transition
metal oxides show relatively higher capacitance values, but since they are rare earth

metals, they are expensive and are not readily available [20].
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Table 4: List of specific capacitance values for various types of electrode materials [20]

Specific
Working Capacitance
Electrode Material Electrol yte Voltage(V) | (F/g)

Activated carbon (AC) 1M Et4sNBF, +PC 15 40

Graphite 1M EyyNBF,; +PC 3 12

carbon aerogels(CA Gs) 1.5M EtMeNBF, + PC 3 160

Mesoporous carbon 30 wt% KOH 0.9 180

Carbon Meso/macroporous carbon 6M KOH 0.8 130
based Coo-loaded AC fiber 0.5M H,S0; 1 172
AC fiber cloth 6 M KOH 208

Single-walled-CNTs EMITFSI 2.3 50

Multi-walled CNTSs sheet 1.96 M TEMABF, +PC 2.5 13
CNTs/polypyrrole(ppy)/MnO, 1M Na,SO, 0.9 281

RuO,.H,0 0.5M H,S0O, 1 650

Ruthenic acid nanosheet/Au 0.5M H,S0, 1.2 620

Hy2,RUO, ;1.nH,0 0.5M H,SO, 1.2 390
RuO,/carbon PVA hydrogel 0.8 1000
Amorphous Ru;.,Cr,0,/TiO, 1M KOH 0.9 1272

MnO, 0.5M K,S0O,4 0.8 261

MnO,/AC 0.65 M K;SO, 2.2 29

Transition SnO,/carbon aerogel 1M H,SO, 1 68
::32' Ni(OH), 3% KOH 0.8 578
Ni(OH),/AC 6 M KOH 0.9 194

cobalt-nickel oxides/CNTs 1M KOH 1 569

Nickel-based mischmetal/AC BMIM -PFg 3 357

Mo,N/Ta,05 3.5M H,S0O, 0.8 106

W(ClJcarbon 1 M H,SO,4 0.9 477

MnFe, 0, 1M LiPFg + EC/EMC 2.5 126

TiN 1M KOH 0.2 238

V,05 2M KCI 0.7 262

Poly(3-methylthiophene) PYR;14TFSI 3.6 25
poly(3-methylthiophene)/MnO, 1M Na,SO, 1 381

0.5 M pyrrole+0.5M -

polypyrrole/AC NSA 0.9 345

Conductive PANI/MnO, 0.1 M Na,SO, 1.2 715
polymers PANI/AC 6M KOH 0.9 588
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A lot of research is being done to improve the specific capacitance values of electrode
materials of conducting polymers by incorporating them with carbon based materials

forming nanocomposites.

Expansions of acronyms listed above: Tetraethylammonium tetrafluroborate (EtsNBF,),
propylene carbonate (PC), triethyl methyl ammonium tetrafluoroborate (EtsMeNBF,),
potassium hydroxide (KOH), sulphuric acid(H,SO4), 1-ethyl-3-methylimidazolium bis-
(trifluoromethylsulfonyl)-imide (EMITFSI), triethylmethylammonium tetrafluoroborate
(TEMABF;), sodium sulphate (Na,SO4), ruthenium dioxide (RuO3), polyvinyl alcohol
(PVA), manganese dioxide (MnQO5), tin dioxide(SnO,), nickel hydroxide (Ni(OH),), gold
(Au), potassium sulphate (K2SO4), 1-butyle-3-methylimidazolium hexafluorophosphate
(BMIM-PFg), molybdenum nitride (MozN), tantalum pentoxide (Ta;Os), tungstun
carbide/carbon (WC/carbon), manganese ferrite(MnFe,O,4), lithium hexafluro phosphate
(LiPFg), ethyl carbonate (EC), ethylene methyl carbonate (EMC), titanium nitride (TiN),
vanadium pentoxide (V20s), 1-butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl

(PYR14TFSI), naphthalene sulphonic acid (B-NSA).

1.6 Electrochemical Measurements and Methods

1.6.1 Cell Configuration

An electrochemical cell setup to analyze the capacitive behavior of any electrode material
generally consists of either two electrode system or three electrode system. A two
electrode cell setup consists of two electrodes of same type are connected in series
connection with electrolyte solution in between them. Three electrodes cell setup contains

the working electrode with electrode material for capacitance evaluation, counter
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electrode such as platinum wire or mesh, and reference electrode. The capacitance has
been examined using three electrode system. In case of a series connection of a two
electrode system, the overall capacitance would be half of the individual capacitances due

to the reciprocal relationship as shown in figure(7) [21].

=141
=t (6)

Figure 7: Simplified equivalent circuit of a two electrode system

1.6.2 Cyclic Voltammetry (CV)

The CV shows the potential window in the plot of current vs. potential. The potential is
scanned from a certain initial voltage to a certain final potential to charge the
supercapacitor and again scanned back in the reverse direction to discharge it. The
resulting current density is plotted against potential with respect to reference electrode.
The voltage limits are designed based upon the electrolyte decomposition limits [3],[5]. It
can also be used to estimate the cycle life of the supercapacitor. The CV curve of an
electric double layer capacitor would be a rectangular shape, in absence of faradic
reaction. In presence of faradic redox reactions, the CV curve said to have peak currents

which are due to the effect of pseudocapacitance exhibited by the electrode material.
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The capacitance is calculated using

c=2 ™
where, I, = peak current and vs = scan rate applied.
Diffusion coefficient is calculated using the Randles-Sevcik equation i.e.
I, = (269000)n*?ACD"?v1/2 (8)

where, i, = peak current, n = number of electrons involved in the faradic redox reaction,
A = area of the electrode (cm?), C = concentration of the electrolyte (mol/cm®), D =
diffusion coefficient, v = voltage scan rate (mV/sec) [22]. This equation gives insight of
the peak current depending not only on concentration and diffusion properties of the
electrochemical active species but also on the value of scan rate. It is directly

proportional to the electrolyte concentration and square root of the scan rate.

1.6.3 Charge-Discharge Method: Chronopotentiometry

Onapplying constant current to electrode material in contact with the solution electrolyte,
there is some potential difference developed linearly with time [23]. The specific
discharge capacitance can be calculated for electric double layer capacitor using the

below equation

= 1T
C =I5 ©)
where, | = discharge current, T; = time where discharging starts, T, = time where

discharging ends, V1 = voltage at start of discharge, V, = voltage at end of discharge.
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1.6.4 Self Leakage Measurement

Self leakage current is dependent on the leakage resistance associated with electrode
material. The low leakage resistance results in high self leakage current. The electrode
material is made to charge for a longer time with definite amount of current for it to reach
the maximum potential (rated voltage), and then it is made to discharge with zero current
for certain number of hours. The drift in voltage is due to the internal leakage current.
The leakage current can be calculated by multiplying the capacitance value with the
change in voltage across the time [3]. The more the leakage current, the more the loss in
energy and power density coupled with the supercapacitor. So, there should be much

importance on how to reduce the leakage current [23].

1.6.5 Electrochemical Impedance Spectroscopy (EIS)

The ideal impedance |Z¢| is useful in determining the capacitance of the supercapacitor.

1
2nfC

1Z| = (10)

EIS gives valuable information on solution resistance, double layer capacitance, electrode
kinetics (charge transfer behavior) and diffusion control processes [24]. A Nyquist plot is
very useful in analyzing and measuring the solution resistance and the polarization

resistance. A Bode plot is used to see how impedance is changing with respect to the

frequency. It can be used to calculate the apparent capacitance at any specific frequency.
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Figure 8: (a) Randle's circuit model, (b) Randle’s circuit model with constant phase
element

The figure 8(a) represents the Randle’s model with R = leakage resistance, C as ideal
capacitance, ESR = series resistance (solution resistance) [11]. It is used to model a
double layer capacitor. The leakage resistance or the polarization resistance is the
combination of charge transfer resistance (Rct) and the Warburg impedance (W) [25] .
The straight line at low frequencies corresponds to the diffusion process occurring at the
electrode/electrolyte interface and is called as the Warburg impedance. The equivalent
circuit describing phase constant model as shown in figure 8(b) comprises the solution
resistance (Rs), double layer capacitance (Cgq) , leakage resistance (R.) , charge transfer
resistance (R¢) and Q (phase constant element). It is used to model a supercapacitor

exhibiting double layer capacitance along with pseudocapacitance.

A nanocomposite of high energy density and surface area is considered to be an effective
electrode material for enhancing performance of a supercapacitor. Recent research
revealed (G-PANI) nanocomposite to be an excellent electrode material to be explored in
terms of specific capacitance, energy and power density values. The G-PANI has been
synthesized and the supercapacitor has been fabricated and studied. The Langmuir-

monolayer/multilayers of thin dielectric film of PVDF is studied in the next chapters.
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CHAPTER 2: ELECTRODE MATERIALS
2.1 Graphene and Conducting Polymers

Graphene is an allotrope of carbon with sp? bonded structure in the form of a honey comb
lattice. The unique surface morphology of arrangement of 2D carbon atoms of a single
layer results in very high surface area [26]. This property makes it a suitable material for
electrochemical double layer capacitor fabrication. The graphene exhibits specific
capacitance of about 100~200 F/g, energy density of 28.5 Wh/kg and power density of
10 kW/kg in aqueous electrolytes [27]. The surface area of about 2630 m?/g is seen for
graphene as an electrode material [28]. This makes it very different from EDLC’s
developed from activated carbons [5]. Graphene is said to exhibit very high chemical
stability, mechanical strength, higher electrical conductivity and thermal conductivity
[26]. Further, graphene can be used along with other pseudocapacitive materials such as
conducting polymers and metal oxides that exhibit good energy density values to form
graphene based nanocomposites that contribute to very high and improved energy
densities [5]. They give rise to very high surface areas. The graphene with conducting
polymer is easy to synthesize and can be done in bulk using oxidative polymerization [7].
The graphene-conducting polymers exhibit superior chemical stability with high rate of
charge-discharge processes at the electrode surface, and exhibit a wider electrochemical
window. They are low cost materials and produce environmental friendly energy storage

devices. Metal oxides are another type of pseudocapacitive materials where graphene can
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be incorporated to enhance the specific capacitance values. Extensive research was done
on RuO, based metal oxide. The high specific capacitance of 720-900 F/g are shown in
RuO, based material. Since it is expensive, the main usage is in military and aerospace
applications. One other such metal oxide is IrO, Rarity of this metal oxide made
researchers to focus on other transition metal oxides such as nickel(ll) oxide (NiO),
nickel(1) hydroxide (Ni(OH),), manganese dioxide (MnQO;), cobalt(l1l) oxide (C0,03),
iridium(1V) oxide (IrO,), ferrous oxide (FeO,), titanium dioxide (TiO,), tin dioxide
(SnO3), vanadium pentaoxide (V,0s) and molybdenum dioxide (MoO3). These are still
under lab scale analysis. MnO; thin film supercapacitors exhibited 600 F/g [2]. Lot of
research is focused on just metal oxide, or making a composite of metal oxide along with
graphene, or mixing of two metal oxides with graphene. Conducting polymers include
PPy, PANI, PEDOT and their derivatives are very efficient pseudocapacitive materials
owing to their high redox properties and high doping levels. They are easy to synthesize,
are low cost and have higher electrical conductivity allowing them to be extensively used
in electrochemical capacitors [5]. They can be synthesized by oxidative polymerization or
electrochemical deposition. In order to improve the energy density and to decrease the
mechanical stress, carbon based materials are incorporated in conducting polymers. A
specific capacitance of about 380 F/g has been reported for G-PEDOT. It is said to show
columbic efficiency of about 95% for 800 cycles, suggesting remarkable stability in the
composite [29]. A specific discharge capacitance of about 154 F/g is observed for
graphene (G)-polythiophene (PTh) nanocomposite in different electrolytes with faster
discharge rates allowing it to be an ideal supercapacitor electrode material [30]. Specific

discharge capacitance in 2M HCI for G-PEDOT and G-PTh were estimated to be around
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160 F/g to 400 F/g making them very suitable electrode materials for supercapacitor
applications [31]. A different approach of grafted polyaniline nanofibers onto graphene
forming a PANI-G hybrid exhibited specific capacitance of 623.1 F/g at a current density
of 0.3 A/g [32]. Graphene with polyaniline and its derivatives such as graphene-poly (o-
anisidine) (G-POA) and graphene-poly (o-toluidine) (G-POT) exhibited specific
capacitances of about 400 F/g, 380 F/g and 425 F/g, respectively. These nanocomposites
are said to be considered effective and safe electrode materials for supercapacitor
applications [33],[34]. Graphene incorporated with polyaniline is said to exhibit better
specific capacitance as high as 1046 F/g in 6M KOH [35]. G-PANI exhibited specific
capacitance as high as 400 F/g [36],[37],[38] in aqueous electrolytes. It is very important
to understand the different forms of PANI existence in order to have better knowledge of
its conducting behavior. The PANI has four different redox states depending upon the
applied potential. The PANI is in reduced state leucoemeraldine form (-0.2 V),
emeraldine base and emeraldine salt (0.4 to 0.6V) and pernigraniline form (>0.8V). The
figure (9) shows the protonated and deprotonated pernigraniline, protonated and
deprotonated emeraldine, protonated and deprotonated leucoemeraldine form of
polyaniline. It is possible to change one protonated to deprotonated states by giving or

taking the two protons (2H") and two electrons (2¢°), respectively.

21

www.manaraa.com



A A'

/_\\\ il o Wl }N_
: L//—Q_ﬁ\\\_// Fr— \_/_N—\ —<_/:’:

Protcnated prenigraniline ] l +e Depratonated pemigraniline
A.
H A // \ D h
WA O )=
Protonated emeraldine | l +e Deprotonated emeraldine
+\/_\HT\ N'{2\/ +—Q#//—H\/N_R/H_
Pratonated leucoemeradine Depratonated leuccamerddine

Figure 9: Different oxidation and reduction states of PANI (Reprinted with permission
from [39])

The figure (9) describes different oxidation and reduction states of polyaniline

conducting polymer [39].

Practical applications include reducing the leakage current with the application of a
dielectric layer on top of the nanocomposite material. This ensures a potential barrier to
decrease the rate of reaction. One such dielectric material is Barium Strontium Titanate
(BST), which can be deposited using sputtering, is used for reducing the self leakage
effect [40],[41]. The issue of leakage current is addressed by depositing a high dielectric
film using the Langmuir Blodgett technique. The novel approach of using a ferroelectric
polymer such as polyvinylidene fluoride (PVDF) with a very high dielectric constant of
about (8-9.5) is used to reduce the self-leakage current, at the same time due to dipole
alignment of the PVDF structure , there might be an increase in surface area resulting in

high specific capacitance.
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2.2 Polyvinylidene Fluoride (PVDF)

PVDF is a ferroelectric polymer which exhibits piezoelectric and pyroelectric properties
[42]. Ferroelectric materials possess both piezoelectric and pyroelectric properties and
they exhibit sudden switching in electric polarization on application ofelectric field [43].
These are very useful in sensor applications such as acoustic transducers,
electromechanical actuators, heat sensors, etc. [44]. The strength of the electric dipoles of
a ferroelectric material depends on material lattice structure [45]. Any change in the
lattice results in change of dipole polarization, which changes the surface charge [45].
Force and temperature can change the lattice dimensions resulting in generation of
surface charge, such changes correspond to piezoelectric and pyroelectric properties
respectively [46]. The molecular formula of PVDF is (CH2CF2), with molecular weight
of 64.022 gram/mol [47]. PVDF exhibits two phases in material lattice 1) alpha phase 2)

beta phase [48]. Figure 10 (b) and (c) shows the alpha and beta phases of PVVDF.

- N H FHFH A S A S A
L T AR ARV
¢ —c—t‘:—C—(‘Z—(‘Z— /C\c/’c\c/c’\c/ .
J. F‘ H FHEF H /N /A /A

L _In H H H H H H
(a) (b) (c)

Figure 10: (a) Molecular structure of PVDF, (b) Alpha phase of PVDF, (c) Beta phase of
PVDF
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Figure 11: 3D view of PVDF molecules (Reprinted with permission from [49])

The figure (11) represents the 3-dimensional view of the PVDF molecules in alpha and
beta phase [49]. Alpha phase is the initial phase, and using Langmuir Blodgett (LB)
technique (on compressing barriers) alpha phase can be converted to beta phase [50].
PVDF exhibits a piezoelectric property in beta phase which is useful for sensor
applications [51]. It expands or contracts based upon the direction of applied electric
field. It can store electric charge when pressure is applied [51]. Ferroelectrics such as
PVDF can be used as tunnel barriers in Metal/Ferroelectric/Metal junctions since they
exhibit dynamic switching of dielectric polarization on application of an electric field
[52],[53]. PVDF along with copolymer trifluoroethylene which forms P(VDF-TrFE) is
considered to be the best actuator [49]. PVVDF exhibits potential properties in ferroelectric
and piezoelectric thin film devices compared to its copolymer P(VDF-TrFE) [54]. PVDF
is used as a binder for making electrode materials [55]. When taken in 10:1 ratio of
activated carbon (AC):PVDF, it shows better capacitance when compared to only AC

[19]. It can be used along with NMP solvent as a binder to make slurry like mixture
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[56],[55],[57]. Study shows that, with increase in dielectric constant, there is
improvement in energy density. To increase the energy storage in the electrochemical
capacitors, highly polarizable nanocomposites are used [58]. The improved dielectric
constant of the composite material results in very high energy density [58]. We see that,
on solution mixing and further processing with other materials like graphite
nanoplatelets, PVDF enhances the dielectric constant and electrical conductivity of the

formed nanocomposite [59].

Energy density in the dielectric material is directly proportional to the product of the
dielectric constant and the square of the electrostatic field present [58]. Moreover,
dielectrics are very useful in acting as tunnel barriers and could avoid the self leakage
effect seen in supercapacitors. All these properties are an added advantage to the PVVDF
material used as dielectric layer for supercapacitor applications. G-PANI nanocomposite
exhibits very high surface area and very high specific capacitance [37],[36]. The surface
area of the material may be improved by coating the G-PANI with a material exhibiting
polarizable nature such as PVDF with high dielectric constant. The polarization of the
PVDF is achieved by alignment of permanent dipoles and this can be done by horizontal
deposition using the LB [50]. The mechanism and the mode of deposition are covered in
detail in the next section. The change of material lattice resulting in change of alpha
phase to beta phase can be achieved without any poling treatment using the LB technique
[50]. The ferroelectric polymer PVDF (C-C) main chains are arranged parallel to the
subphase and the dipole moment is perpendicular to the subphase surface [50]. Since
PVDF is not completely amphiphilic in nature, they are arranged differently from what

we see in normal Langmuir film where the hydrophobic end is towards air and the
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hydrophilic part is towards water. The C-F groups of PVDF molecule form hydrogen
bonds with O-H groups of water molecule. The C-F groups are arranged towards the
water and the C-H groups are away from the water. Hence we see the C-C main chains
are parallel to the water surface [60]. Figure (12) depicts the schematic sketch of the

proposed alignment.
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Figure 12: (a) Beta phase on water subphase, (b) Schematic sketch of alignment of
PVDF on substrate

The following chapters give detailed study on specific capacitance with and without the
presence of PVDF monolayer. A self leakage experiment is conducted to understand the
leakage effect on the electrode material with the presence of monolayer/monolayers of

PVDF.
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Figure 13: Schematic sketch of PVDF chain on G-PANI substrate as electrode material
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2.3 Langmuir Blodgett (LB) /Langmuir-Schaefer (LS) Techniques

PVDF monolayer is deposited using the LB technique. This is very useful in changing the
phase of PVDF from alpha to beta [50],[60]. LB technique is one of the most promising
technologies to deposit very thin and uniform molecular level monolayers of different
organic materials [61]. It gives very precise control over the monolayer thickness and
state of phase [62]. It is used to deposit very homogeneous monolayer over large surface
area. Multilayer films can be prepared. Structures with two different surfactants of
different orientation or layer composition can be defined. Large varieties of surfactants
can be deposited over different substrates [63]. Exploitation of organic materials in
electronic and optoelectronic devices at the molecular level can be done using LB
technique [61]. Surfactants are a huge class of molecules which are amphiphilic in nature
having hydrophobic (water hating) and hydrophilic (water loving) parts. This amphiphilic
nature is due to the formation of micelles, bilayers, vesicles, etc. When surfactant comes
in contact with any solution such as water, the physical and chemical properties of the
surfactants affect the association behavior and their affinity for interface with the
solution. Surfactant needs to be insoluble in water. It can be spread onto the trough
carrying subphase with help of any volatile and water insoluble solvent as shown in

figure (14).
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Figure 14: LB trough carrying subphase

When surfactant comes in contact with water, it accumulates at the interface causing a
decrease in surface tension of water [61]. The dielectric constant of water at 20° C is 80.1.
Dielectric constant can measure the solvent’s ability to reduce the field strength of the
electric field surrounding a charged particle immersed in it. Polar compounds mix with
only polar solvents whereas non-polar compounds mix with non-polar solvents. Surface
tension is the measure of energy per unit area. The interface possesses some free energy
due to the difference in the environment of the molecules at the surface and inside the
water. This free energy can be defined using the surface tension. Surface tension of water
is 73 mN/m at 20 °C. Any material spread over water cannot exhibit surface pressure
more than this value. Surface pressure is the difference between the surface tension
without the surfactant molecules and surface tension with the molecules spread onto the

subphase. Surface tension can be measured with the help of Wilhelmy balance shown in

28

www.manaraa.com



figure (15). The software program directly gives the value of surface pressure. A
Wilhelmy plate is very thin, and is generally made of platinum, quartz or a filter paper.
Paper plates are generally used as Wilhelmy balance for LB measurement since they
become saturated with water, both the receding and the advancing contact angles will
become zero. The mean molecular area can be calculated by monitoring over the distance
covered by the barriers in the trough of known dimensions. Isotherm taken is the surface
pressure measured with respect to the mean molecular area. The figure (16) shows
different phase states on compression of barriers. This is due to increase in surface
pressure. Initially, the molecules are in gaseous state, and then liquid—gaseous state, then
liquid state, and finally solid state [64]. Further compression would lead to collapse of the
film. At this solid phase, film can be easily transferred onto the substrate. At this point,
there is high cohesion maintained in the molecules resulting in smooth transfer without

falling apart. Hence a constant surface pressure is maintained during deposition.

Wilhelmy plate
dipped in subphase
Contact angle
| with subphase
[

———

J

Figure 15: Wilhelmy plate in subphase.
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Figure 16: Stearic acid isotherm

Stearic acid isotherm is generated using 1 mg/ml concentration solution of chloroform
solvent to understand the phase state transition on compression of barriers. Different
phase states are shown in the figure (16). 25 mN/m is the appropriate surface pressure at
which the film can be deposited onto the substrate. On compression of barriers, phase
state transition takes place from gaseous state to liquid state and from liquid state to solid
state. For stearic acid isotherm, the mean molecular area (mma) is observed above 30
A/mole in gaseous state and mma from 20 to 30 A/mole represents the liquid state. Below
mma 20 A/mole is the solid state. Deposition of the film onto any substrate is done at this
point in order to have smooth and complete transfer of the film. Above this point, the film
breaks. Any material surface can be hydrophobic or hydrophilic based upon the surface
chemistry and surface roughness. Materials of low energy are considered to be

hydrophobic and materials of high energy are hydrophilic in nature.
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Figure 17: Water droplet on hydrophobic and hydrophilic surface

Water droplets on hydrophobic and hydrophilic substrate depict the nature of the surface.
Contact angle (0) defines the nature of the surface of any material. If 0>90°, surface is
hydrophobic else hydrophilic. If 6>150°, surface is superhydrophobic and if 0<5° it is
superhydrophilic in nature. Two types of depositions are possible with LB, which are
vertical deposition and horizontal deposition. Films based on vertical deposition are
called LB films whereas on horizontal deposition are called LS films. The film formed on

the subphase surface on compression of barriers is called Langmuir film.

Langmuir Bledgett Films
Vertical Deposition

Langmuir Films

Langmuir Schaefer Films

Figure 18: Types of deposition using LB

Transfer Ratio (TR) is the ratio of the area decrease on the sub-phase surface to the area
covered by the dipped substrate. It is the measurement for efficiency in vertical
deposition technique. Value ranges from 0 to 1, where 1 indicates perfect deposition.
Three different types of configurations with LB deposition are possible. X type
configuration is where depositions occur only on down strokes for a substrate which is
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hydrophobic in nature. Z type configuration is where depositions occur only on up
strokes for a substrate which is hydrophilic in nature. Y type configuration is where
depositions occur on up stroke and then down stroke, repeatedly for a substrate which is
hydrophilic in nature. Langmuir Schaefer film depositions are done by horizontally
dipping the substrate onto the subphase surface. If the substrate is hydrophobic, X type

configuration is possible. If the substrate is hydrophilic, Z type configuration is possible.

Polar Head

Q/-\_,

Mon-Polar head

Figure 19: Amphiphilic molecule

X type Ztype

Hydrophobic | ) ————< ~——— Hydrophilic
Substrate D D D Substrate

T
T
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Figure 20: X and Z type configurations
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Figure 21: Y type configuration
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Vertical deposition for hydrophilic substrates is done by immersion of substrate
beforehand in subphase water and then isotherm is generated. Optimum surface pressure
is maintained for deposition. Dipping starts on programming the setup. Odd number of
layers can be deposited. Vertical deposition for hydrophobic substrates is done by
hanging the substrate in the air with the hold of dipper. Isotherm is generated and

deposition is done at optimum surface pressure. In this case, even number of layers can

be deposited.
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CHAPTER 3: EXPERIMENTAL SETUP

3.1 List of Materials used for Experiments

Aniline (>99.5%), ammonium persulfate (>98%), sodium hydroxide (>97%) and
hydrochloric acid (37%) were all purchased from Sigma—Aldrich (USA) and were ACS
graded. N-N-dimethylformamide (99.8%) and 1-methyl-2-pyrrolidinone (99.5%) were
also purchased from Sigma-Aldrich in anhydrous form. Poly (vinylidene fluoride)
(pellets) with dielectric constant (8-9.5) was also purchased from Sigma-Aldrich. Pristine
graphene powder (platelets with thickness ranging from 50-100nm) was purchased from
Angstrom Materials (USA). The materials and chemicals were procured from
commercial companies which were used without further purification unless and until it is

specified.

3.2 Langmuir Films of PVDF

PVDF platelets were dissolved in dimethylformamide (DMF) solvent using sonication for
speed dissolution [50]. The concentration of the PVDF-DMF solution was taken to be 1
mg/ml. The Langmuir isotherm of PVDF was studied by spreading different amount of
solution on Langmuir trough at constant temperature. The solvent (DMF) was made to
evaporate by spreading known quantity of PVDF solution on trough for 30 minutes.
Programming was done to compress the barriers and to get an isotherm of the PVDF. The

compressed monolayer PVDF film on top of the water subphase is called the Langmuir
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film. Suitable surface pressure for deposition is known from different isotherms
generated by taking different volumes of the mixed solution (PVDF-DMF) using
KN2001 small LB deposition trough from KSV NIMA Group. The perfect isotherm is
established using 50 pl of solution and the optimum surface pressure for deposition is
selected as 25 mN/m. The surface pressure of the monolayer steeply decreased upon
reaching 25 mN/m which indicates a condensed state of the film. Hence surface pressure

of 25 mN/m is chosen for deposition.

PVDF ISOTHERMS

——10 microltr
—— 25 microltr
——50 microltr
——75 microltr
—— 100 microltr

Surface Pressure (mN/m)
N
o

T T T T T T T T -
o 10 20 30 40 50 60 70 80 90
Area(cm.sq)

Figure 22: PVDF isotherms as a function of amount of material distributed at air/water
subphase

(@) (b)

Figure 23: (a) LB instrument in lab, (b) Trough carrying water subphase
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3.3 Synthesis of Graphene-Polyaniline Nanocomposite

Chemical oxidative polymerization technique is used to synthesize the G-PANI
nanocomposite [37]. It is synthesized by oxidative polymerization of 0.2M aniline with
0.05M ammonium persulfate (NH4)2S20g in 1M HCI. Graphene to aniline weight is taken
in the ratio of 1:2. Ammonium persulfate solution is added slowly drop by drop to the
aniline and graphene mixture maintained in an ice bath at 4 °C under constant stirring. It
is then stirred for 24 hrs continuously and it is kept still for 8-10 hours for the entire
polymerized material to settle down. It is then filtered and washed with DI water, ethanol
and methanol to remove any unwanted low molecular weight polymers and oligomers.
The recovered material is then heated at 100 °C constant temperature in an oven for about
8 hrs and then cooled down to room temperature 50°C for about 12 hrs. The yield
obtained is 7.026 g out of 13.965 g. The obtained is in doped form. To make it un-doped,
it is immersed in 1M sodium hydroxide (NaOH) for 24 hrs. It is then filtered, washed and
dried as mentioned above. The material can be drop-casted on to any substrate like
silicon, 1TO, glass, graphite, etc. using solvent 1-methyl-2-pyrrolidinone (NMP). It

basically acts as a plasticizer to get a very smooth film of G-PANI nanocomposite.

Figure 24: Schematic sketch of G-PANI synthesis [37]
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3.4 Electrochemical Cell Setup

Electrochemical cell setup consists of three electrodes with sample for testing as the work
electrode, platinum mesh as the counter electrode and Ag/AgCl as the reference electrode

with 1M HCl as the electrolyte, unless specified a different concentration of electrolyte.

e ] L

(@) (b) ()

Figure 25: (a) Schematic sketch of a cell setup, (b) Laboratory cell setup, (c) Active
surface area defined on sample

3.5 Sample Preparation

Desired sample is prepared and it is then coated with a stop off lacquer to define the
active surface area to be dipped inside the electrolyte solution. This ensures the correct
calculation of surface area in contact with the electrolyte. All electrochemical

measurements are done using Volta lab 40 analyzer from Radiometer Analytical

Company.
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Figure 26: Voltalab analyzer in lab
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CHAPTER 4: ELECTROCHEMICAL INVESTIGATION

4.1 Graphene Polyaniline Nanocomposite (G-PANI)

Graphite is chosen as the substrate for the electrode material. It is cleaned thoroughly
using ethanol, methanol and DI water. It is then dried at 100 °C to evaporate the absorbed
solvents. It is then weighed to get the desired weight of the graphite. G-PANI is a
nanocomposite material which can be drop casted onto the substrate with the help of N-
Methyl-2-pyrrolidone (NMP) solvent. It is then dried at 100 °C to make sure that the
entire NMP solvent is evaporated. It is then weighed again to get the desired amount of
G-PANI material present on the substrate. It is then doped with 1M HCI. A thin film is

deposited onto the substrate.

Figure 27: Schematic sketch of the sample-G-PANI

The area of the sample used is 1.23 cn? and the mass was found to be 1.07 mg. The

cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and charge-
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discharge experiments are done in 1M HCI electrolyte in a three electrode system

configuration.

60
G-PANI P N
40 P &
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Figure 28: Cyclic voltammetry of G-PANI at different scan rates 1) 200 mV/sec, 2) 100
mV/sec, 3) 50 mV/sec, 4) 20 mV/sec, 5) 10 mV/sec and 6) 5 mV/sec

Cyclic voltammetry is a useful technique to understand the capacitive behavior of the
electrode material. This is done by cycling a repetitive linear potential sweep across the
two fixed and defined voltages. The current flowing through the electrochemical cell is
measured with respect to potential. A constant sweep potential rate (scan rate) is used to
calculate the flow of current. The experiment is conducted at different scan rates. Lower

scan rates take longer time for testing compared to time taken for higher scan rates.

We see the cyclic voltammetry of G-PANI exhibiting a pseudocapacitive behavior
involving charge transfer mechanism which is due to the incorporation of the polyaniline

conducting polymer in the nanocomposite material. Interestingly, in addition, graphene
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also exhibits the electrochemical behavior in the aqueous and organic electrolytes [37].
G-PANI under diffusion controlled system sustaining reversible redox processes
contributes both electric double layer capacitance and pseudocapacitance, indeed
increasing the overall capacitance of the electrode material. The voltage limits are from -
0.3V to 1.2V, optimum enough to avoid electrolyte decomposition and breakdown of
electrode material consequently. The NMP solvent acts as a very good binder for
graphene-polyaniline nanocomposite material. The specific capacitance values calculated
at different scan rates 200 mV/sec, 100 mV/sec, 50 mV/sec, 20 mV/sec, 10 mV/sec and 5
mV/sec are listed below. The CV response of all scan rates is observed to follow a certain
trend; time dependent current values changes with the change in scan rate, depicting the
behavior of an electrochemical material completely reversible in nature as shown in
figure (28). It has been observed that a decrease in scan rate is related to the increase of
specific capacitance, likely due to getting more time for ions to diffuse through the
nanopores of the electrode material in electrochemical reactions. The film deposited is
very thin; hence the specific capacitance values are higher in number comparatively. We
observe that the specific capacitance values increase with decrease in scan rate depicting
the complete usage of the electrode material during the electrochemical redox processes.
G-PANI exhibits oxidation and reduction peaks which are attributed to the different
forms of polyaniline. Estimation of capacitance from figure (28) is found using the

formula C=Iy/vs, where 1, is the peak current and vs is the scan rate.

Table 5: G-PANI: The specific capacitance vs. scan rate

Scan rate (mV/sec) 200 100 50 20 10 5
G-PANI (F/qg) 284.57 338 406 519.25 | 610.5 | 713
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Figure 29: Bode plot of G-PANI

Electrochemical impedance spectroscopy is a useful technique to study the material
properties under time dependent current conditions, measuring the overall impedance |Z|
as a function of frequency and related to overall capacitance of the electrochemical cell.
It proves to be very useful in capacitive behavior analysis. The measurement is done
again in the three electrode system configuration with 1M HCI with Ag/AgClI reference
and platinum mesh electrodes at open circuit potential. It is measured over 100 kHz to 10
mHz frequency range. The corresponding impedance values |Z| (ohms) and phase (deg)
are plotted versus each frequency value. The figure (29) depicts the Bode plot, showing
capacitive behavior of the G-PANI electrode material. It is very useful in measuring the
series resistance (Rs), apparent capacitance corresponding to each frequency and leakage
resistance (Ry). Internal resistance is evaluated from bode plot at higher frequency (10
kHz) and capacitive behavior at low frequency (0.01 Hz).The inductive effect at 100 kHz
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is due to usage of long enough wires that act as inductors. Using the Software, the

parameters are determined to be Rs=1.42 ohms, C=0.04 F, Ri=53.53 ohms.
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Figure 30: Nyquist plot of G-PANI

Nyquist plot is another form of representing EIS data. The Nyquist plot in figure (30)
depicts the excellent capacitive behavior of the G-PANI nanocomposite. The behavior at
very high frequency depicts the diffusion controlled system. The Rs is very small in the
order of few ohms (1-1.5) suggesting much less internal series resistance, which is
depending on conductivity or molar concentration of the electrolyte used. The low

impedance values indicate the highly capacitive nature of the G-PANI electrode material.
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Figure 31: Charge-discharge curves for G-PANI at 1-mA charging and discharging
currents

Charge-discharge tests are conducted using chronopotentiometry technique as a part of
electrochemical characterization. This technique is based on charging the electrode
material by applying constant current and measuring the potential difference linearly with

respect to time across the cell.

A higher series resistance results in large IR drop, which reduces the power density of the
supercapacitor. The specific discharge capacitance based on the discharge profile is
determined to be 81.1 F/g from voltage difference between (a) and (b) in figure (31).The
capacitor is charged at 1 mA for 100 sec and discharged completely for 160 sec. The

charging and discharging times are much less, adding additional advantage to the
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electrode material enhancing capacitor performance. The energy density and power
density can be evaluated with charge discharge curves. They become useful parameters in

capacitor performance as an energy storage device.

4.2 PVDF Film on Graphite (PVDF)

Clean graphite is taken as the substrate. PVVDF Langmuir film is prepared as mentioned

previously with the use of LB Instrument. Horizontal dipping of the substrate onto the

water subphase is done to obtain LS film of PVDF monolayer.

" L] L
m g, id

Figure 32: Schematic sketch of the PVDF film on graphite

Areas of the graphite substrate with PVDF monolayer and of graphite are taken to be 1
cm’. CV and EIS measurements are done to study the capacitive behavior of the PVDF
monolayer and to compare the results with plain graphite. This study will be very useful
in analyzing the capacitive behavior of PVDF, since it is a ferroelectric polymer. The CV
measurement proved to be very useful in understanding the electrochemical nature of the
PVDF. The curves at different scan rates follow a trend of decrease of time dependent
current with respect to different scan rates as shown in figure (33). The peak current is
directly proportional to the square root of the scan rate. This clearly shows it is exhibiting
electrochemical behavior suggesting it is an electroactive material undergoing reversible

electrochemical reactions. The monolayer PVDF is exhibiting high peak redox currents
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which are shown in the CV curve. This material is exhibiting very interesting
electrochemical behavior in diffusion controlled system with charge transfer phenomena
in play. The CV clearly shows the electrode material is completely reversible in aqueous
electrolyte. The voltage range is taken from -0.3V to 1.2V, which is used as the optimum
potential limits for G-PANI. The PVDF monolayer as an electrode material is effectively
working without any breakdown in this voltage window. So this material can be used
along with G-PANI efficiently. The oxidation peak and reduction peaks are at 0.97V and
0.6V with a peak current of 4 mA at 5 mV/sec scan rate. Interestingly, at 200 mV/sec
scan rate, two oxidation and reduction states are observed. Moreover due to the dipole
alignment of the PVDF molecules in beta phase, there is a possibility to increase the
surface area, increasing the specific capacitance of the electrode material. The C-F
molecules are dipole arranged towards the electrolyte, resulting in high surface area. A
very interesting behavior is observed here, the change in current density with respect to

scan rate is much less.
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Figure 33: Cyclic voltammetry of PVDF at different scan rates 1) 200 mV/sec, 2) 100
mV/sec, 3) 50 mV/sec, 4) 20 mV/sec, 5) 10 mV/sec and 6) 5 mV/sec
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Figure 34: Cyclic voltammetry at 10 mV/sec scan rate for 1) Graphite and 2) PVDF

The figure (34) represents comparing the CV curves for PVDF versus graphite at 10
mV/sec scan rate. This depicts the complete redox system of PVDF under diffusion
controlled environment. The charge transfer mechanism undergoing suggests PVVDF to be
an electrochemical material. The reversible redox system with oxidation peak at 1V and
reduction peak at 0.6V respectively at 10 mV/sec scan rate is observed in the CV. It
shows a wider and larger potential window in comparison to only graphite substrate
which clearly proves high specific capacitance resulting with the use of PVDF very

aligned molecular dipole monolayer.
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Figure 35: Bode plot for 1) Graphite and 2) PVDF

The Bode plot is made using the data from EIS study. The measurement is done in 100
kHz to 0.01 Hz frequency range and the corresponding |z| and phase values are plotted
here. From the above Bode plot in figure (35), it clearly indicates the capacitive behavior
of PVDF with respect to graphite. For instance, the impedance value at 1 Hz for PVDF is
less compared to the impedance value for graphite, suggesting higher capacitance of
PVDF due to the inverse relation between the apparent capacitance with the impedance
value at that frequency. The plot show highly conducting and capacitive PVDF

monolayer, hence we do not expect lower leakage current.
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Figure 36: Nyquist plot for graphite and PVDF

Nyquist plot proved to be an excellent parametric design to understand the behavior of
PVDF. The plot in figure (36) clearly indicates the increase in capacitance with the
presence of PVDF layer on a graphite substrate. The graphite is said to show high
impedance value, depicting a lower capacitive nature, whereas PVDF is exhibiting lower
impedance values resulting in a higher capacitance. This proves that, PVDF is an
excellent material to be used for enhancing the supercapacitor performance in terms of

capacitance, but not better for reducing the leakage current.
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The data in 1 Hz to 100 kHz frequency range is analyzed using software to get the
parameters of Randle’s circuit, to better understand the supercapacitor electrochemical

cell.

Table 6: Randle's model parameters for graphite and PVDF on graphite

Sample Rs ohms Cal R| ohms
Graphite 2.79 240.5 uF 1363
PVDF 1.289 936.4 uF 759.8

On application of PVDF, we see that the double layer capacitance was increased, which
might be due to the increase in surface area because of muchaligned and dipole structure
of PVDF on graphite and due to the electrochemical nature of the material. The model
will help us to understand the impedance behavior of the supercapacitor. The series
resistance is also observed to be very small limiting the power loss, there by contributing

to the high power density.

4.3 Graphene- Polyaniline Nanocomposite with PVDF as Prime Layer

Clean graphite is taken as substrate for electrode. PVDF monolayer is deposited by
horizontal deposition using Langmuir Blodgett technique to obtain a Langmuir Schaefer
film. The G-PANI nanocomposite is drop casted on top of the monolayer using NMP
solvent. It is then dried at 100 °C. The PVDF layer is said to be the prime layer to G-

PANI.

Figure 37: Schematic sketch of the G-PANI with PVDF as the prime layer
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The apparent area of the substrate was defined to be 1.65 cm” and mass found to be 1.65
mg. Electrochemical measurements such as CV, EIS and charge-discharge tests are
conducted to analyze the capacitive behavior on applying PVDF monolayer as a prime
layer to the G-PANI nanocomposite. The CV curves are obtained for different scan rates.
The voltage limits are kept from -0.3V to 1.2V, suitable and optimum potential limits for
G-PANI and same cell configuration is used for comparison purposes. We observe a very
nice CV profile as shown in figure (38), depicting the same as G-PANI nanocomposite
with the oxidation and reduction peaks. This suggests that the peaks are due to the
different forms of polyaniline existing due to the incorporation of PANI conducting
polymer in the nanocomposite. We also observe a nice flow of trend between all the scan
rates, stating the electrode material to be electrochemically active in nature. We also
observe that the specific current at a certain scanrate 10 mV/sec is almost same as that of
G-PANI as shown in figure (50). Suggesting the use of PVDF as prime layer did not
prove to be of much use as an enhancement to the capacitance of the electrode material.
The area of the voltage window gives the intuition of the surface area and hence the
specific capacitance of the electrode material. The area of the window seems to be same
as in the case of G-PANI. This might be due to the very nice and smooth NMP based G-
PANI film, which is not allowing the PVDF to be in contact with the electrolyte to
exhibit its property. However, the use of PVDF as prime layer did not degrade the
performance of the G-PANI nanocomposite. We observe the wide voltage window here

depicting the specific capacitance is almost same as that of the G-PANI electrode.
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Figure 38: Cyclic voltammetry of PVDF (PL) G-PANI at different scan rates 1) 200
mV/sec, 2) 100 mV/sec, 3) 50 mV/sec, 4) 20 mV/sec, 5) 10 mV/sec and 6) 5 mV/sec
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igure 39: Bode plot of PVDF (PL) G-PANI
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Bode plot and Nyquist plot depict the capacitive nature of the electrode material. Useful
data regarding the series resistance, overall capacitance and leakage resistance can be
interpreted. PVDF acts as a very good binder to the G-PANI electrode. The Nyquist plot

depicts diffusion controlled system.
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Figure 40: Nyquist plot of PVDF (PL) G-PANI

4.4 Graphene- Polyaniline Nanocomposite — PVDF Monolayer

Clean graphite is taken as the electrode substrate. A thin film of graphene-polyaniline
nanocomposite (G-PANI) is drop casted using NMP. It is then coated with PVDF

monolayer Langmuir Schaefer film by horizontal deposition using Langmuir Blodgett

technique to get G-PANI PVDF.
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Figure 41: Schematic sketch of the G-PANI PVDF

Area defined on the substrate to be 1.65 cm? and mass found to be 1.11 mg on loading the

substrate with the electrode material.
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Figure 42: Cyclic voltammetry of G-PANI PVDF at different scan rates 1) 200 mV/sec,
2) 100 mV/sec, 3) 50 mV/sec, 4) 20 mV/sec, 5) 10 mV/sec and 6) 5 mV/sec

Cyclic voltammetry tests are run on the sample at different scan rates to identify the
specific capacitance corresponding to each scan rate. The voltage limits are -0.3V and
1.2V, the perfect voltage window to avoid electrolyte decomposition and breakdown of
electrode material. Interestingly, the application of PVDF on G-PANI shows an increase

in specific capacitance than G-PANI based supercapacitor. It was calculated to be almost
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doubled at each and every scanrate. The profile of the CV curve in figure (42) depicts the
pseudocapacitive nature of the electrode material involving redox mechanisms
undergoing charge transfer reactions. The peak currents are proportional to the square
root of the scan rate. This effect explains the reversible electron transfer reactions
undergoing in diffusion controlled system. PVDF is an electroactive chemical in nature
sustaining faradic reactions, at the same time due to the dipole alignment of PVDF
molecules, there is a possibility to have high surface area electrode material enhancing
specific capacitance. The wider potential window depicts an increase in specific
capacitance of the material compared to G-PANI. Interestingly, the CV curve here can
also be used to interpret the unknown states existing in between the fully reduced
leucoemeraldine state, emeraldine salt and base, between the fully oxidized pernigraniline
states due to the incorporation of very thin monolayer of PVDF. The CV characteristics

might depict some information on careful analysis and interpretation.

Table 7: G-PANI PVDF: The specific capacitance vs. scan rate

Scan rate (mV/sec) 200 100 50 20 10 5
G-PANI PVDF (F/g) | 679.55| 876.25| 1098.3 | 1384.25 1480 | 1506
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Figure 43: Bode plot of G-PANI PVDF

The EIS study is done at open circuit potential in the three electrode cell configuration
gives valuable information regarding the ESR, capacitive effect and leakage resistance.
The semi circle at high frequency in the Nyquist plot depicts the diffusion controlled
system. The G-PANI PVDF electrode material is said to be more capacitive in nature
qualitatively with respect to G-PANI, which is proved with the EIS study. The main
advantage of such measurement is time dependent response. It saves the electrode
material from damage due to high currents used as in case of CV and charge-discharge
measurements. The EIS study proved that with the application of dielectric thin film

PVDF aligned monolayer, the capacitance is increased greatly contributing to the

electrode performance.
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Figure 44: Nyquist plot of G-PANI PVDF
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Figure 45: Charge discharge curves for G-PANI PVDF at 1 mA charging and
discharging currents

The electrode material G-PANI with PVDF monolayer is charged with a charging current
of 1 mA for about 5 min to attain a rated voltage of about 1V and made to discharge with
discharging current of 1 mA for 15 min to attain OV. The time taken to charge and
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discharge is more relatively compared to the time taken for G-PANI. This clearly proves
the increase in energy density for the electrode material where PVDF is incorporated. The
specific discharging capacitance of 248.94 F/g is observed at 1 mA specific current. This
value is quite impressive in comparison to the G-PANI specific discharging capacitance

which is 81.8 F/g.

4.5 Comparison Study between G-PANI and G-PANI PVDF

It is highly important to analyze the capacitive behavior of G-PANI, both with and
without the presence of PVDF monolayer. The thin molecular size PVDF dipole aligned
monolayer on the G-PANI substrate is making a lot of difference in specific capacitance
values and is responsible for storing high energy per unit time, increasing the energy
density of the electrode material. The CV, EIS study and charge-discharge tests are
conducted to study the nature of these electrodes. All the measurements helped in

understanding the change in behavior of the systems.
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Figure 46: Cyclic voltammetry of 1) G-PANI PVDF and 2) G-PANI at 10 mV/sec scan
rate
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We can observe that the specific capacitance is higher for G-PANI PVDF when
compared to only G-PANI as shown in figure (46). A molecular monolayer of PVDF is
responsible for high increase in surface area and also due to its electrochemically active

nature results in an increase in specific capacitance value.

The CV measurement gives the identity of the faradic reactions, in both G-PANI and G-
PANI PVDF. Due to the undergoing redox mechanisms, as expected the CV curve
exhibited the deviations in the profile. The potential window limits depend on the nature
of the electrode material. For comparison purposes, the limits are taken as same in both
the cases ie. -0.3V to 1.2V. We observe that PVDF material on graphite can work
efficiently without breaking down in this potential window. Electrolyte molar
concentration is responsible for any deviations in the profile. Hence 1M HCI is used to
compare results. The CV clearly shows the effect of pseudocapacitance which is due to
polyaniline-conducting polymer and graphene incorporation; moreover as from previous
results, we also observe that PVDF is electrochemical in nature exhibiting the reversible
electrochemical reaction. Hence G-PANI PVDF exhibits the same behavior with increase
in redox peak currents comparatively. The CV profile shows a larger voltage window
depicting higher surface area and higher specific capacitance for G-PANI PVDF.
Moreover the oxidation and reduction states which are due to different forms of
polyaniline i.e. leucoemeraldine fully reduced form, emeraldine base and salt and fully

oxidized form of pernigraniline states are visible in both the G-PANI and G-PANI PVDF.
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Figure 47: Charge discharge curves for 1) G-PANI PVDF and 2) G-PANI at 1 mA
charging and discharging currents

Area of the substrate is defined as 1.23 cm® and mass found to be 1.07 mg for G-PANI
electrode, whereas area of 1.65 cm? and mass of 1.11 mg is defined for G-PANI PVDF.
G-PANI reached a rated voltage of 1.1V within 100 sec and time taken to discharge
through OV is 150 sec, whereas G-PANI PVDF reached a rated voltage of 1V with 5min
and time taken to discharge through OV is 15 min as shown in figure (47). This indicates

the high energy storage in G-PANI PVDF.

The specific discharge capacitance obtained for G-PANI at 1 mA current density is 81.1
F/g and where as for G-PANI PVDF is 248.94 F/g. The area under the charging and
discharging curve indirectly depicts the surface area, hence the associated specific
capacitance and specific energy density can be known. It is quite evident from the figure
(47) the discharge time taken for G-PANI PVDF to reach OV from the maximum rated

voltage is more, indicating increase in specific energy density. This might be due to the
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increase in surface area due to the dipole alignment of the PVDF molecules on the G-
PANI. The electrochemical nature of PVDF is another added advantage to the
effectiveness of the electrode material G-PANI.
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Figure 48: Comparison of specific capacitance for G-PANI and G-PANI PVDF at
different scan rates

Table 8: Comparison of specific capacitance for G-PANI & G-PANI PVDF

Scan rate (mV/sec) 200 100 50 20 10 5
G-PANI (F/g) 284.57 | 338 406 519.25 | 610.5 713
G-PANI PVDF (F/g) | 679.55 | 876.25 | 1098.3 | 1384.25| 1480 1506

The figure (48) and table (8) depicts the comparison of specific capacitance values
obtained from cyclic voltammetry for G-PANI and G-PANI PVDF. High specific
capacitance values are obtained with the presence of PVDF monolayer on G-PANI

nanocomposite.
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Figure 49: Charge discharge curves for 1) G-PANI PVDF and 2) G-PANI at 0.1mA
charging and discharging currents

Area of the substrate is defined as 1.17 cnm? and mass of 0.94 mg for the G- PANI
electrode, whereas area of 1.7 cm’ and mass of 1.5 mg for the G-PANI PVDF electrode.
The charging and discharging profile at 1 mA for both G-PANI and G-PANI PVDF
shows a very nice capacitive nature of the electrode materials. For comparison purposes,
the charging time and discharging times of 6 min each is kept constant for both the types.
As shown in figure (49), the G-PANI achieved higher voltage compared to G-PANI
PVDF suggesting G-PANI PVDF has the higher energy storage capability; hence a
higher specific capacitance is associated with G-PANI PVDF which is the same as

observed in the discharge profile.

Below are results obtained from processing the EIS files using ZsimDemo 3.20 version

software (ZsimpWin) from Princeton Applied Research [65].
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Table 9: Randle's circuit model parameters for G-PANI and G-PANI PVDF

Sample Rs ohms Cal(F) R| ohms
G-PANI 1.42 0.04458 53.32
G-PANI PVDF 1.282 0.08474 45.2

The frequency range from 0.1 Hz to 100 kHz is considered for analysis of impedance
behavior for the supercapacitor. The solution resistance is almost the same in both the
cases, in the range of 1-1.5 ohms. The double layer capacitance was increased on
application of PVDF dipole aligned monolayer which might be due to enhancement in

surface area due to the much aligned molecular structure of PVDF.

Table 10: Randle’s circuit model with constant phase element parameters for G-PANI
and G-PANI PVDF

Sample | Rs(ohm) | Cai(F) | Ry (ohms) Q n R(ohms)
G-PANI 1.401 0.038 1163 0.0288 0.8844 2151
G-PANI 1.261 0.066 2246 0.03752 | 0.8784 6.708
PVDF

The frequency range from 0.01 Hz to 100 kHz is considered for impedance behavior
analysis of the supercapacitor. Using the constant phase element model, it is seen that the
value of n is around 0.8, suggesting nearly ideal double layer capacitance. We also see
the double layer capacitance increased on application of PVDF monolayer on G-PANI

nanocomposite. It is almost double the capacitance of G-PANI.
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4.6 Comparison Study between G-PANI, PVDF (PL) G-PANI, GPANI PVDF
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Figure 50: CV of 1) G-PANI PVDF, 2) PVDF (PL) G-PANI and 3) G-PANI at 10 mV/sec
rate

From the figure (50) of cyclic voltammetry, we see that PVDF (PL) G-PANI is having
the same specific capacitance as that of G-PANI. This might be due to very smooth layer
of NMP (acting as a plasticizer) casted G-PANI, which is not allowing the PVDF
monolayer to have electrolyte contact and hence there is no enhancement in specific
capacitance. PVDF on G-PANI nanocomposite shows significant increase in area of the

voltage window, depicting higher surface area and specific capacitance.
4.7 Graphene-Polyaniline Nanocomposite —2 Layers of PVDF Coating

G-PANI nanocomposite is drop casted onto the substrate, and then 2 layers of PVDF is

deposited using horizontal deposition technique to have Langmuir Schaefer films. Area
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of the substrate is defined as 1.7 cm? and mass found to be 0.9 mg for G-PANI PVDF2
electrode. CV tests are conducted in aqueous medium of 1M HCI using the three
electrode cell maintaining the same conditions. Potential sweeps are done at different
scan rates from -0.3V to 1.2V, which is the optimum range to avoid electrolyte
decomposition. The CV profile in figure (51) shows deviations due to the
pseudocapacitive effect of both graphene and polyaniline (PANI) conducting polymer
and due to the presence of very thin monolayers of PVDF, an electrochemical active
material which is showing redox properties. 2 layers of PVDF on G-PANI contributed to
the overall specific capacitance due to its participation in faradic redox reactions at the
electrode/electrolyte interface under diffusion controlled environment. The CV area
depends upon the electrochemical reactions and surface area of the electrode material.
Redox peak currents are proportional to the square root of scan rate, indicating that
reversible electrochemical reactions took place, suggesting electrode material is
electrochemically reversible in nature. The oxidation and reduction peaks observed which
are due to the highly reversible conducting polymer —polyaniline existing in different
forms. We see that the specific capacitance is not as high as the G-PANI PVDF; this
might be due to the presence of second layer of PVDF which is hindering the surface area
covered in the G-PANI PVDF. It is studied to see the effect on specific capacitance and

in the latter section to understand the behavior of self leakage.
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Figure 51: Cyclic voltammetry of G-PANI PVDF2 at different scan rates 1) 200 mV/sec,
2) 100 mV/sec, 3) 50 mV/sec, 4) 20 mV/sec, 5) 10 mV/sec and 6) 5 mV/sec
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Figure 52: Bode plot of G-PANI PVDF2
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Figure 53: Nyquist plot of G-PANI PVDF2

Bode and Nyquist plots are extracted from the EIS measurement done at open circuit
potential. Nice capacitive behavior as shown in figure (52) and (53) is observed in this
case too, suggesting PVDF of 2 layers contributed to the G-PANI nanocomposite. The
semi circle at the high frequency depicts the diffusion controlled system. The frequency
range from 100 kHz to 0.01 Hz is taken to interpret the solution resistance, capacitive
behavior and leakage resistance. The solution resistance is observed to be very minimum,

suggesting very good power density value for the electrode material.
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Figure 54: Charge discharge curves for G-PANI PVDF2 at 1 mA charging and
discharging currents
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Figure 55: Charge discharge curves for G-PANI PVDF2 at 0.1mA charging and
discharging currents

A very nice profile of charge-discharge curves as shown in figures (54) and (55) are seen
to understand the rate of charging and discharging of G-PANI PVDF2. These curves

suggest good energy density and power density values, along with high specific
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capacitance values. Further analysis can give a better picture of performance for G-PANI

PVDF?2 as a supercapacitor electrode material.

4.8 Self Leakage Measureme nt

Table 11: Area and mass specifications of samples for self leakage experiment

Sample Area (cm’) Mass (mg)

G-PANI 1.17 0.94
G-PANI PVDF 1.7 15
G-PANI PVDF2 1.7 0.9

Figure 56: Discharging profile at open circuit potential for 1) G-PANI, 2) G-PANI

PVDF and 3) G-PANI PVDF2

The self leakage experiment is done to understand the behavior of the system in aspect of

leakage current. The electrode material is charged to the maximum extent, attaining the
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highest rated potential for about 10 hrs. It is then discharged by applying zero current to
the cell. The voltage change with respect to time is taken at open circuit potential. The
discharge profile gives intuition regarding leakage effect in supercapacitor. The change in
potential is measured after 5 hrs, and discharging time is kept constant for all the samples
for comparison purposes. From figure (56), it is seen that G-PANI showed continuous
discharge profile and within 5 hours it reached from rated voltage 1.2V to 0.55V, almost
reaching half of the rated voltage. G-PANI PVDF decreased from 1.1V to OV within 5
hours time, and G-PANI PVDF2 decreased from 0.85V to OV in the same time period.
This clearly shows a lot of effort is required to conduct a lot more experiments on these
samples using different electrolyte and molar concentrations to understand the behavior
of self leakage. The experiment clearly proves that on application of PVDF on the G-
PANI nanocomposite, there is a different discharging profile existing indicating the

presence and role of PVDF monolayer on electrode material.

We see that, on application of PVDF layer on G-PANI of 1 layer or 2 layers, is not very
useful in limiting the self leakage current associated with supercapacitor. One good
approach is to increase the number of layers, so as to see the change in self leakage

current at the same time retaining the capacitance value of G-PANI.

4.9 G-PANI PVDF (Multilayers)

The active surface area is around 1 cn? and the weight of G-PANI is considered around
0.1~0.5 mg. The CV measurements are done in 1M HCI electrolyte with Ag/AgCI
reference electrode with symmetric configuration using same type of electrodes as work

and counter electrodes. The CV curves at different scan rates for each type of electrode
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materials are shown in the figures (57, 58, 59 & 60). The CV curves follow defined
profile exhibiting the pseudocapacitive nature due to the redox reactions taking place at
the electrode/electrolyte interface in a diffusion controlled environment. 1M HCI is a
good conducting electrolyte resulting in high specific capacitance values to the electrode
materials. The PVDF layers on G-PANI nanocomposite are horizontally deposited using
the LB technique as Langmuir Schaefer films. The deposition of molecular sized
monolayers proved to be effective for supercapacitor application. The specific
capacitance is observed to be good enough for energy storage devices. This provides a
scope to enhance the supercapacitor behavior by decreasing the self leakage current
associated with the electrode material by depositing more than 2 layers of PVDF. A
design to optimize the number of layers deposited on G-PANI will be helpful to
understand and calculate the self leakage current associated with each electrode. Future
work on this project could include optimization in number of PVDF monolayers on G-
PANI nanocomposite to reduce the leakage current at the same instance retaining or
improving the specific capacitance of the electrode material. As a part of the study,
different layers of PVDF are deposited on G-PANI nanocomposite and CV
measurements are done to understand the behavior of each type. CV curves of each type
exhibited distinct profile deviations which might be due to the varied number of
monolayers of PVDF present. They proved to be useful on application; they did not
degrade the material performance and hence further research can be done to conduct the
self leakage experiment to analyze the leakage effect. Moreover, such type of samples

might give more intuition or information regarding the intermediate states in between the
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oxidation and reduction states of polyaniline. This might be a very good study to

understand the conducting polymer behavior in more detailed structure.
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Figure 57: The CV of G-PANI PVDF2 as working electrode and counter electrode in 1M
HCI where Ag/AgCl is the reference electrode at 1) 200 mV/sec, 2) 100 mV/sec, 3) 50
mV/sec, 4) 20 mV/sec, 5) 10 mV/sec and 6) 5 mV/sec.
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Figure 58: The CV of G-PANI PVDF3 as working electrode and counter electrode in 1M
HCI where Ag/AgCl is the reference electrode for different scan rates 1) 200 mV/sec, 2)
100 mV/sec, 3) 50 mV/sec, 4) 20 mV/sec, 5) 10 mV/sec and 6) 5 mV/sec
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Figure 59: The CV of G-PANI PVDF5 as working electrode and counter electrode in 1M
HCI where Ag/AgCl is the reference electrode for different scan rates 1) 200 mV/sec, 2)
100 mV/sec, 3) 50 mV/sec 4) 10 mV/sec and 5) 5 mV/sec
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Figure 60: The CV of G-PANI PVDF6 as working electrode and counter electrode in 1M
HCI where Ag/AgCl is the reference electrode for different scan rates 1) 200 mV/sec, 2)
100 mV/sec, 3) 50 mV/sec, 4) 20 mV/sec, 5) 10 mV/sec and 6) 5 mV/sec
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Figure 61: The CV of G-PANI with 2 layers of PVDF (LS) as working electrode in 1M
HCI where Ag/AgCl is the reference electrode and G-PANI with 3 layers of PVDF (LB)
as counter electrode for different scan rate (1) 200 mV/s (2) 100 mV/s (3) 50 mV/s (4) 20
mV/s (5) 10 mV/s and (6) 5 mV/s

The electrochemical cell was designed with the work electrode and counter electrode
made up of different layers of PVDF on G-PANI nanocomposite to understand the
asymmetric nature of a supercapacitor. G-PANI nanocomposite with 2 monolayers of
PVDF (LS) films is taken as the work electrode and G-PANI with 3 Layers of PVDF
(LB) films is taken as the counter electrode. The cell configuration is maintained the
same for comparison purposes. The 1M HCI of high conductivity is a suitable electrolyte
for high material performance in terms of capacitance and high energy density. The
voltage limits are set from -0.3V to 1.2V and potential sweep at different scan rates is
done to understand the change of current flow in the electrode at different instances of
potential. The profile in figure (61) indicates excellent pseudocapacitance effect due to
the role of faradic redox mechanisms undergoing at the electrode/electrolyte interface.
This is due to the polyaniline, a highly conducting polymer, and due to the effect of the
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monolayers of PVDF, which is electrochemically active. This clearly shows that any
number of PVDF monolayers deposited using either LS or LB deposition can be used as
electrode material, and asymmetric configuration consisting of different number of
monolayers deposited in two ways can be used as the work and counter electrodes. Such
asymmetric supercapacitors are very important to study the effect of overall capacitance
of the electrochemical cell involving different types of electrodes. These supercapacitors
perform differently from regular symmetric type due to their imbibed nature of two
different types. These might give better capacitance values along with good energy

density and power density ranges.
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CHAPTER 5: CHARACTERIZATION USING DIFFERENT

SPECTROSCOPY METHODS

5.1 Scanning Electron Microscopy (SEM)

The SEM images of GPANI (left) and GPANI PVDF (right) films coated on graphite
substrates are shown in figure (62). The SEM images of graphene shows the flake like
structure along with a wvery porous structure of the nanocomposite consisting of

polyaniline (PANI). The SEM images of G-PANI PVDF in figure (62) represent the

enhanced area for monolayer deposited PV DF.
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The PVDF structure on graphite has also been studied using SEM pictures. Figure 63
shows the SEM images of PVDF on graphite substrate. We also see the distinguished
film of PVDF enhancing the surface area of graphite. This also reveals the presence of

PVDF monolayer on graphite substrate.

Figure 63: SEM images for PVDF on Graphite

5.2 Atomic Force Microscopy (AFM)

Figure 64: AFM images for (a) G-PANI and (b) G-PANI PVDF
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The mean roughness measured for G-PANI is 116 nm where as for G-PANI PVDF it is
391.22nm. The mean roughness increased due to high surface area. Figure 64 (a) and (b)

shows the AFM images for G-PANI and G-PANI PVDF films.

5.3 Ultra Violet Visible Spectroscopy

UV confirms the presence of PVDF monolayer on G-PANI nanocomposite. The sample
with 1 layer of PVDF show less absorbance level compared to the sample with 3 layers of

PVDF. As the number of layers increase, absorbance level also increases as shown in

figure (65).
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Figure 65: UV-vis for 1) G-PANI PVDF3, 2) G-PANI PVDF2, and 3) G-PANI PVDF
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CHAPTER 6: CONCLUSIONS

The thin dielectric monolayer PVDF is used to understand the specific capacitance and
leakage current of a supercapacitor. The LS monolayer/multilayers film of PVDF was
deposited over G-PANI electrode to understand the properties of the fabricated
supercapacitor. The G-PANI based supercapacitor reveals high specific capacitance in
aqueous based electrolytes (example: HCI). The application of thin dielectric dipole
aligned monolayer of PVDF on G-PANI has been shown to increase surface area of the
electrode thus enhancing the specific capacitance of the supercapacitor. This
supercapacitor configuration based on PVDF (prime layer) G-PANI and G-PANI PVDF
has provided higher specific capacitance compared to G-PANI. However, the PVDF as a
prime layer on graphite electrode has not shown any appreciable change in the
electrochemical properties or an increase in the average capacitance. The LS film of
PVDF on G-PANI has not shown the minimization of leakage current but revealed an
increase in the specific capacitance due to enhancement in surface area associated with
application of PVDF monolayer LS film. The Langmuir monolayer/multilayer PVVDF
film has also shown the control of redox properties of G-polyaniline film. The PVDF has
also shown the defined closed cyclic voltammetric hysteresis curve similar to redox
material. The increase of specific capacitance could also be due to the electrochemical
properties of PVDF film. The specific capacitance values obtained from cyclic
voltammetry for G-PANI and G-PANI PVDF in presence of PVDF monolayer on G-

PANI nanocomposite have been found to be nearly twice than the G-PANI film. The self-
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leakage tests were conducted on supercapacitors consisted of one monolayer and two
monolayers of G-PANI PVDF and G-PANI electrodes. The application of one or two
monolayers of PVDF has not shown the minimization of leakage related to uniformity of
the film. The equivalent circuit has been drawn based on electrochemical properties to
understand the double layer capacitor based on G-PANI PVDF and G-PANI based
electrodes. Future scope could include optimization in the number of layers of PVDF on
top of the G-PANI based electrode or application of real dielectric polymer (polyimide)
or metal oxide (barium strontium titanate), so that the self leakage could be reduced and

at the same time maintaining desired level of specific capacitance of the supercapacitor.
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