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Abstract

Fast decease of fossile energy along with its inevitable and irreversible
detrimental effect on environment makes renewable energy sources as the only
messiah for sustainable living for a better tomorrow. However, intermittent nature of
such renewable energy sources imposes efficient energy storage and converting
devices as integral part of the power electronics meant for the renewable energy
technologies. Majority of the stationary and portable energy storage and conversion
requirements are effectively satisfied by electrochemical devices such as batteries,
supercapacitors, dye-sensitized solar cells (DSSCs) etc. Heart of such a system
comprises a highly dynamic and augmented electrode-electrolyte interface, which
requires facile ionic and electron transport throughout the materials in use. Tunable
physical and chemical properties of the electrode materials via nanosizing look
fascinating due to their possibilities in electrochemical interfaces to address the
pertaining issues related to performance and durability. However, nanostructuring
typically results in low electric and ionic conductivity along with stability. An
ingenious way to overcome the low electric and ionic conductivity along with stability
is with the help of a support material which comprises high conductivity and surface
area. Among the various supported materials, 1-dimensional (1-D) structure holds
superior advantages such as higher surface area with continuous electron path and
facile ion transport etc. Such confined conducting fibers/tubes can be utilized to grow
active materials with tunable morphology and multifunctional properties along with
augment in conductivity, low charge transfer resistance and improved stability. Apart
from that, high surface area associated with the 1-D structuring provides easy ion flex
and buffer volume between the structures which alleviates the mechanical stress for
the materials. The present thesis has successfully addressed some of the issues related
to the low electrode-electrolyte interfaces of the charge storage electrodes for the
supercapacitors and the counter electrodes (CEs) for DSSCs by utilising 1-D carbon
supported nanomaterials. Further, fabrication of efficient solid-state supercapacitors
could be accomplished by extending the same strategy based on the 1-D carbon
support owing to its ability to form better interfaces with the gel-polymer electrolytes.
Along with the efficient switchover from the liquid- to the solid-state devices, future
flexible electronic devices also require system flexibility for supercapacitors and
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DSSCs to attain better adaptability during device fabrications. This demands highly

efficient and flexible electrode materials, where a breakthrough could be achieved
during the work by developing a simple and scalable method for making a highly
flexible paper like electrode. The applications of this thin paper like electrode could
be validated by fabricating a flexible solid-state supercapacitor and by applying as a
flexible counter electrode for DSSC.

The entire thesis is spread into six chapters and an abstract of each chapter is given

below:

Chapter-1: This chapter starts with an overview of the double layer structure of the
electrode-electrolyte interfaces which is the heart of all electrochemical devices
including supercapacitors and dye sensitized solar cells (DSSCs). This is followed by
a detailed discussion about supercapacitors, their historical background, working
principles, types, challenges, electrode materials, electrolytes etc. Further, a brief
introduction is dedicated to DSSCs, followed by a discussion about the counter
electrode reactions in DSSC and their mechanism. The above discussion includes a
detailed literature survey and discussions devoted to various Pt-free counter electrode
catalyst materials and their advantages and disadvantages. The detailed introduction
of the supercapacitors and DSSCs follows a general discussion on various potential
nanomaterials. The advantages and disadvantages of the nanomaterials as the
electrode materials in electrochemical power devices are highlighted in the
subsequent section with the help of detailed literature survey. Chapter also puts an
effort to introduce more advanced hetero-nanostructured materials including various
nano dimensions with detailed discussions by including specific examples from the
literature. Finally, potential benefits of 1-D carbon supported materials and their
importance in energy devices, especially their abilities to improve the electrochemical
activity, charge mobility, stability etc., are also briefed. Based on the above
discussions, towards the end of this chapter, scope and objectives of the present thesis

are specified.

Chapter-2: In this chapter, a facile, scalable and simple strategy for making 1-D
polyetheledioxythiophene (PEDOT) by in situ polymerization using carbon nanofiber
(CNF) as a solid template is reported. The above strategy is unique as it helps the

hybrid (CP) to achieve excellent electrochemical properties in terms of high
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conductivity and surface area with optimum porosity which make the material to be a

potential candidate for supercapacitor and DSSC CE applications. Structure and the
interactions of the polymer and m-electron of CNF are explained with detailed
physical characterizations such as Raman, XPS and TGA analyses. Further,
electrochemical characterizations of CP reveal potential charge storage properties
over CNF and PEDOT in terms of high capacitance, cycling stability and excellent
retention with high scan rate and current density. This is followed by electrochemical
analyses of the tri-iodide catalytic activity of the above material by using cyclic
voltammetry, impedance and Tafel techniques which reveal the superior catalytic
activity of CP. This improved performance characteristics of the material is further

confirmed realistically by deploying the material as a CE in DSSC.

Chapter-3: In this chapter, a novel method to address the low interface and high
ESR of solid-state supercapacitor is described. This is achieved by judiciously
employing a gel-plasticised ionomer (PVA-H,SO,), which is allowed to infiltrate and
form a continuous solid matrix within the porous carbon paper substrate which is
initially coated with a polymeric (PANI) electro active material. Cross-sectional SEM
and elemental mapping reveal that the solid electrolyte was mimicking its liquid
counterpart in terms of the interface. This novel strategy could significantly narrow
down the difference between the charge storage properties of the solid- and liquid-
state supercapacitor devices. The capacitance obtained is much superior than the
convention film based solid-state supercapacitor. Using the above experiments, it is
able to demonstrate the importance of porosity in the electrode for establishing
enhanced interfacial network in solid-state supercapacitors for achieving high charge-
storage properties. However, one challenge noticed here was that, at higher mass
loading of the electro active material, the performance of the solid-state device
becomes inferior to its liquid-state counterpart as the polymer infiltration becomes
improper under such conditions. To address this issue, a different strategy of
electrodepositing the charge storage material (PEDOT) directly onto a porous carbon
current collector is adopted, which ensures a highly reproducible coating of the
electro-active material over each carbon fiber backbone. This morphology and the
alignment of PEDOT led to an enhanced surface area and electrical conductivity, and
the pores in the system enabled effective intercalation of the polymer—gel electrolyte.

Consequently, the solid device attained very low internal resistance and a high
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specific capacitance for PEDOT even with high mass loading. The performance of the

device was consistent even under wide-ranging humidity and temperature conditions.

Chapter-4: This chapter addresses the low electric and ionic conductivity of MnO,
for their potential applications in supercapacitor. The strategy adopted here is a simple
electrochemical deposition of 1-D aligned highly uniform MnO; porous nanowalls
onto a conducting porous carbon fiber paper without employing any templates. The
structure of the material deposited is elucidated by XRD, Raman and XPS analyses.
The peculiar growth pattern of the vertical MnO, walls, which are microporous
concomitantly, provided spacious and accessible corridors along the surface, which
act as facile channels for ion transport after the electrolyte filling. At the same time,
the carbon fiber backbone helped to overcome the issue of the inherent electrical
resistance associated with MnO,. Thus, the formed electrode appeared to display
higher specific capacitance which is stable in higher current density. Even after
continuous cycling, the nanowalls appeared to be structurally stable with no
significant degradation in capacitance. Further, the high porosity of the MnO;
nanowall electrodes is utilised to make an efficient solid-state supercapacitor. Due to
the enhanced electrode-electrolyte interface owing to the high porosity of the
nanowalls, excellent capacitance could be attained even at high current drag

conditions with very low ESR.

Chapter-5: A single material possessing both high charge storage property,
conductivity and flexibility is promising as it can play the role of both current
collector and an electrode material, which results in flexible, lighter, thinner, and
cheaper energy devices. This approach is very challenging in the present situation due
to the lack of materials which possess the required conductivity, flexibility and
capacitance concomitantly. To address this, in this chapter, a novel synthetic strategy
is developed to prepare a highly conducting PEDOT phase on flexible cellulose paper
formed by inducing surfactant-free interfacial polymerization at the interface of two
immiscible liquids. The illustrated process is highly scalable in such a way that very
large flexible PEDOT paper can be prepared in 2-3 h under laboratory conditions. The
obtained PEDOT-paper possesses efficiently packed m-conjugated chains and
increased doping level which are confirmed by following a set of experiments viz
XRD, XPS, conductivity and UV-visible measurements. This favourable change has
been attained by the slow polymerization coupled with the high di-electric constant of
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the interface, which stabilises the counter ions through hydrogen bonding. This helps

for better inter-chain and intra-chain charge mobility, leading to high conductivity
compared to the PEDOT prepared in n-butanol. The low sheet resistance achieved is
found to be stable even after two months under ambient conditions and at various
flexible and bending conditions. Further, demonstration of a high performance
flexible solid-state supercapacitor and flexible DSSC CE could be made by using the

PEDOT paper as the electrodes in the respective applications.

Chapter-6: This chapter gives an outline of the main observations and conclusions of
the thesis spread in different chapters. Initially, a concise introduction to the present
thesis by emphasizing the core theme of the 1-D supported materials is presented.
Later, conclusions and main findings of each chapter are overviewed in separate
sections. Final part is dedicated to the discussion on the future prospects of the present
thesis. This includes importance of the present thesis in terms of materials evolved,
device fabrication methodologies and their scope of improvements etc.
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Chapter-1

Supercapacitor and Dye Sensitized Solar Cell:
Importance of Supported Nanostructured
Materials for Attaining Efficient Electrochemical

Interfaces

This chapter starts with an overview of the double layer structure of electrode-
electrolyte interfaces which is the heart of all electrochemical devices including
supercapacitors and dye sensitized solar cells (DSSCs). This is followed by a detailed
discussion about supercapacitors, their historical background, working principles,
types, challenges, electrode materials, electrolyte etc. Further, a brief introduction is
dedicated to DSSCs, followed by a discussion about the counter electrode reactions in
DSSC and their mechanism. The above discussion includes a detailed literature
survey and discussions devoted to various Pt-free counter electrode catalyst materials

and their advantages and

disadvantages. The
detailed introduction of the
supercapacitors and

DSSCs follows a general
discussion on  various
potential  nanomaterials.
The  advantages and
disadvantages of  the
nanomaterials as  the
electrode  materials in
electrochemical power
devices are highlighted in
the subsequent section with the help of detailed literature survey. Chapter also puts an
effort to introduce more advanced hetero-nanostructured materials including various
nano dimensions with detailed discussions by including specific examples from the
literature. Finally, potential benefits of 1-D carbon supported materials and their
importance in energy devices, especially their abilities to improve the electrochemical
activity, charge mobility, stability etc., are also briefed. Based on the above
discussions, towards the end of this chapter, scope and objectives of the present thesis
are specified.
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1.1 Introduction

Fast growing energy requirement and simultaneous fossil fuel depletion in the
present scenario demand substantial reform in the future energy policies of the
countries. Here, renewable energy technologies can play a pivotal role for better
living through sustainable growth. Even though, major renewable energy sources such
as solar, wind etc. have the potential to fulfil the entire world energy requirement,
lack of efficient conversion and storage technologies creates a barrier for this
revolution. Among the photo-voltaic technologies, which convert solar energy
directly to electrical energy, dye sensitized solar cell (DSSC) seems to be promising
over the conventional silicon technologies due to the cheap and easy processable
nature. Further, solar energy can be converted into hydrogen fuel by electrolysing
water using a photoelectrochemical cell™. Later, the stored hydrogen can be used as
fuels for fuel cells to convert it into electricity at the point of demand. However,
renewable energies are not constant and reliable, which make them highly difficult to
transmit these energies directly to the electrical grids. Low cost electrical energy
storage devices, such as various types of batteries and supercapacitors can play a big
role here by smoothing the intermittence nature of the renewable energy.
Electrochemical supercapacitors or ultracapacitors are very promising at this context
over batteries in terms of their high power density. Apart from the grid smoothening,
electric vehicle (EV), hybrid electric vehicle (HEV), consumer electronics and various
industries also require highly efficient and cheap energy storage systems.

Heart of all the above electrochemical devices like DSSCs, photoelectrochemical
cells, fuel cells, supercapacitors, Li-ion batteries etc., is an efficient electrode-
electrolyte interface (Figure 1.1). Proficient movement of charges at the electrode-
electrolyte interfaces, including ions and electrons during the electrode
reaction/adsorption, plays a pivotal role in the efficiency of the above electrochemical
devices. Nano sizing of materials’®, which forms the electrochemical interfaces in the
above devices, is promising at this context as it leads to tunable physical and chemical
properties. Such property changes are ideal for interfacial reactions as the reactions
primarily rely on the relative interface/surface and ionic/electrical conductivity of the
material along with an inherent activity. Prime objective of this chapter is thus to

explore the aspects of nanostructured materials for making electrodes for efficient
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electrochemical power devices by developing ideal electrode-electrolyte interfaces
with special emphasis on supercapacitors and DSSCs.

Figure 1.1: Schematics of an electrode-electrolyte interface in the general electrochemical

devices.

1.2 Electrode-Electrolyte Interface
1.2.1 Double Layer or Electrical Double Layer (EDL)

Electrical double layer is any boundary between two different phases which are
separated by charges. When two different conducting materials are in contact, due to
the difference in the surface charges, they undergo redistribution of charges and a
potential difference is developed (Figure 1.2). This potential difference between two
points is defined as the galvanic potential. Galvanic potential is created by the
difference in the chemical forces experienced by the electrons in the surface layer of
two metals. In a similar fashion, if two conducting materials, e.g. solid electrode and
liquid/solid electrolyte are in contact, the galvanic potential is created.

Such a potential creates a double layer at the interface by the redistribution of
the charges. The first layer comprises of ions (positive or negative) adsorbed on the

solid surface by chemical interaction, whereas the second layer composed of ions
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which are loosely bound by the first layered surface charges. However, as a whole,

the interface is electrically neutral. In literature, many models are available for
explaining the double layer. However, a single model cannot satisfy all the
experimental situations, because the double-layer structure depends on several
parameters including electrode material (metals, carbons, semiconductors etc.),
porosity of the electrode, electrolyte (solvent, supporting electrolyte, concentration

etc.), temperature etc.

Figure 1.2: Schematics of a double layer formed at an interface of the mobile and stationary

phases. (Courtesy: http://en.wikipedia.org/wiki/File:Double Layer.png)

1.2.2 Different Double Layer Models

Helmholtz™! developed the first theoretical model for the double layer. This is a
simple approximation that the charges are held by electrostatic forces and are
separated by a distance d (Figure 1.3a).This layer is compact and potential linearly
drops along the interface. However, this model does not address the effects of thermal
motion, ion diffusion, adsorption onto the surface, solvent/surface interactions etc.
Later, simple Helmholtz model is further modified and extended by Gouy! and
Chapman and is known as Diffuse-Layer Model (DLM). They considered the
thermal and electric field effect on the ions in the electrolyte and thus considered that
both types of ions are distributed all over the diffusive layer near to the electrode
surface and obeys Maxwell-Boltzmann statistics (Figure 1.3b). However, this model
fails especially at higher concentration as it does not consider the ion-ion interaction.
Further, this model overlooked the EDL capacitance. Later Stern® combined the

Helmholtz model and Gouy and Chapman model to form a unified model. Helmholtz
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recognized the electric double layer explicitly in two region of ion distribution, first
the inner region is called as the compact or Stern layer and the second is the diffusive
layer (Figure 1.3c). Thus, charge at the metal surface, Qn= Qs = gn + qg, Where Qp is
the charges at the metal, which is balanced by the total charge at the solution side Qs,
consisting g (fixed charge distributed in Helmholtz layer) and qq (diffusive charge
distributed in Gouy and Chapman region). Total EDL capacitance is given, C; = Cy’
'+ Cg™ In a dilute solution Cg? >> Cy™ and therefore, C; = Cg, indicates that it
approaches DLM. This model also fails in cases where there is a specific absorbable

ion in the electrolyte and further this model does not address the role of solvent ..

Figure 1.3: Electrical double layer models for a positively charged surface. a) The Helmholtz
model, (b) the Gouy—Chapman model and (c) the Stern model, showing the inner Helmholtz
plane (IHP) and outer Helmholtz plane (OHP). The IHP refers to the distance of closest
approach of the specifically adsorbed ions (generally anions) and OHP refers to that of the
non-specifically adsorbed ions. (Reproduced from Ref. [7] with permission of The Royal

Society of Chemistry).

Later, Triple-Layer Model or Esin and Markov!®!, Grahame® and Devanathan™”
Model was proposed, which took in consideration of the specifically adsorbed
molecule due to the partial dehydration at the metal surface. Larger ions with few
solvent sheaths are preferably absorbed over the smaller ions having larger solvent
sheath. In 1963, Bockhs-Devanathan-Muller proposed a model™ (BDM), which
includes the interaction of solvent in the interface models. According to the above

model, there will always be oriented polar solvent molecules, such as water, strongly
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held at the metal surface. Because of the competitive adsorption, this layer contains

specifically adsorbed ion which are partially hydrated and the centre of the locus of
the above ions is called the inner Helmholtz layer (IHP). Adjacent to IHP, a layer of
hydrated ions is oriented and the locus centre of this ion is called the outer Helmholtz
plane (OHP). The remaining part of the electrolyte which leads to the bulk is the
diffusive layer (Figure 1.3c). Later, Sergio Trasatti and Giovanni Buzzanca
demonstrated that the specific adsorption of ions in a certain potential range could
occur with a charge transfer between the ions and electrodes. This was the first step
towards understanding the charge storage mechanism of pseudocapacitive materials.
Later, B.E Conwey conducted extensive research on RuO,, which helped in
understanding the surface reaction and in differentiating the double layer charge
storage, pseudocapacitance and battery with each other. Physical and mathematical
support for pseudocapacitance was developed by Rudolph A. Marcus. He explained
the rate of electron transfer in redox reaction without making or breaking bonds which

was initially formulated to account the outer sphere electron transfer.

1.3 Supercapacitor

1.3.1 Historical Background

Supercapacitor, also known as electrochemical capacitor or ultracapacitor, is an
energy storage device which stores electricity at its electrode-electrolyte interface. In
1957, H. Becker of General Electric Corp. developed and received first patent for
developing the electrolytic capacitor using a porous carbon electrode and it was the
first step towards the evolution of the supercapacitor. As the double layer mechanism
in electrochemistry was not known at that time, it was believed that the charges were
stored in the pores of carbon. Later, Robert A. Rightmire of SOHIO Company
developed modern double layer capacitor in 1966 using non aqueous electrolyte and
higher surface area carbon. In 1971, Nippon Electric Company Limited (NEC) bought
the licence from SOHIO and commercialised the above technology. Its initial
application was restricted to backup power for computer memory due to the low
energy density. Between 1975 to 1980, Prof. B. E Conway and co-workers developed
RuO; based supercapacitors, which helped in gaining the fundamental understating of

the charge storage mechanism inside the supercapacitor. His research led to a new
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type of supercapacitor known as pseudocapacitor with high energy density than the

double layer capacitors. First successful supercapacitor was marketed in 1978 by
Panasonic with a brand name of "Goldcaps”. For high power applications,
supercapacitor with low internal resistance was developed by Pinnacle Research
Institute (PRI) in 1982 for military applications under the brand name "PRI
Ultracapacitor”. Supercapacitor industry currently is 1000 million dollar worth and is
expected to grow to 3.5 billion by 2020. Now the leading manufacturer, Maxwell
industries possesses 136 million dollar share in the market (Figure 1.4a). Other major
industries include Nippon Electrical Co. (Japan), Nesscap Co. Ltd. (Korea), Cap-XX
(Australia), Axion Power International, Inc. (U.S.), Panasonic Electronic Devices Co.
Ltd. (Japan) etc.

Figure 1.4: a) Different types of supercapacitor range of Maxwell Technologies. Schematic
construction of a supercapacitor with b) stacked electrodes and c¢) wound supercapacitor.

(Ref: http://www.maxwell.com/ and http://en.wikipedia.org/wiki/Supercapacitor.)
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1.3.2 Supercapacitor vs. Other Energy Devices

Supercapacitors store charges at the electrode-electrolyte interfaces with
reversible ion adsorption. Whereas, the conventional capacitors, also known as
electrostatic capacitors, store charge electrostatically between two metal plates
(electrodes). Due to the low surface area of the plates, they can store only few
microfarad and they are commonly used for line filtering and tuning radio
frequencies, whereas, supercapacitors store charge at the electrode-electrolyte
interface which is ~10° times more than the conventional capacitor. A comparison of

power density and energy density is shown in the Ragone plot in Figure 1.5.

When we look at the supercapacitor in the Ragone plot, supercapacitor
possesses an intermediate energy density and power density, which bridge the gap
between the conventional capacitor and Li-ion battery. Batteries, especially lithium
ion batteries™™?, have high energy density, however, they face low cycle life (-1000
cycles) and safety related issues due to the usage of Li metal™!. On the other hand,

supercapacitor is a highly potential

Figure 1.5: Ragone plot, which is a graphical representation of energy density vs. power
density of various energy devices.
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Tablel.l: Comparison of lithium-ion battery and supercapacitor  (source
batteryuniversity.com).

Function Supercapacitor Lithium-ion (general)
10-60 minutes

Cycle life 1 million or 30,000h | 500 and higher

Cell voltage (V) 2.3t02.75 3.6t03.7

Working Temperature (°C) -40 °C to 65 5to 45

Specific energy (Wh kg™) 5-10 (typical) 50-100

Specific power (W kg™) Up to 10,000 1,000 to 3,000

Cost per Wh $20 (typical) $0.50-$1.00 (large system)

Cost per KW $ 15-30 $ 50-150

Service life (in vehicle) 10 to 15 years 5 to 10 years

candidate for energy storage owing to its high power density, extreme long cycle life,
coulombic efficiency, varied working temperature range etc. Though current
supercapacitors possess low energy density than battery, fast charging capability
makes them ideal for replacing even battery as a standalone energy storage device
apart from the usual high power required applications coupled with a battery. A
comparison of the commercial supercapacitors and lithium batteries is given in
Table 1.

1.3.3 Applications of Supercapacitor

Even though supercapacitors are known for their high power density, in low
energy applications, a supercapacitor has the potential to replace Li-ion battery.
Currently, supercapacitor possesses energy density around 5-7 Wh kg™, compared to
100-200 Wh kg* of Li-ion battery. Some of the common applications of the
supercapacitor include but not limited to back-up power solution, regenerative power,
burst power solutions, quick charge solutions, cold starting solutions etc. Global

market growth and forecast diagram is shown in Figure 1.6 along with other energy
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devices. Apart from this, supercapacitor shows superior applications in electric

vehicles where it works along with Li-ion battery to provide burst power and

regenerative energy storage. Here, supercapacitor will substitute the battery at

Figure 1.6: Market forecast of the supercapacitor industry along with the other storage

devices (Source: altenergystocks.com).

power demanding situations such as power steering, speed up, climbing etc. Apart
from this, such substitution improves the cycle life (3-5 times) of the battery, as it
avoids deep cycling and fast discharge of the battery. Further, supercapacitor stacks
alone can run buses and trams as showed by CSR Zhuzhou Electric Locomotive and
Shanghai Sunwin Bus Corporation in China. Here, big supercapacitor stacks are

charged in less than 1 minute at stops which are 2-5 km distance apart.

1.3.4 Working Principle of a Supercapacitor

Conventional capacitors, also known as electrostatic capacitors, store charge
electrostatically between two metal plates (electrodes) which are separated by an
insulating dielectric material. Capacitance stored (C) is related to the charge stored
(Q) and voltage (V) applied by the following equation:

c=2
\%
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In a capacitor, C is directly proportional to the area of the plates and inversely

proportional to the distance between the plates

A
C=c¢g,e.—
orD

where, g is the dielectric constant of free space and ¢, is the dielectric constant of the
insulating material between the electrodes. The energy (E) stored and the power (P) in

the capacitor are given by the following equations:

2
c=lcv2z andpPp=Z
2 4R

where, R is the resistance of the capacitor.

Working principle of a supercapacitor is very similar to electrostatic
capacitors; they store charge or energy at the electrode-electrolyte interfaces with
reversible ion adsorption. The dielectric material is replaced by an electrolyte and a
separator in supercapacitor. Polarization of the di-electric material during the charging
leads to the energy storage in conventional capacitor whereas, polarization at the two
electrode-electrolyte interface results in charge storage in supercapacitor. In brief,
“Supercapacitors store charges at the electrode-electrolyte interfaces with reversible

ion adsorption during the polarization of the electrodes”.

Figure 1.7: A schematic representation of the charge storage process at the two
electrode-electrolyte interfaces in a supercapacitor.
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Figure 1.7 shows a general picture of the electrode-electrolyte interface of the
supercapacitor. Two interfaces are formed at the electrodes and they are similar to two
capacitors connected in series. Thus, the capacitance obtained from a supercapacitor
will be always half the capacitance of a single electrode interface as per the following

equation:

Cy * C,
Ctotal = C + C
1 2

1.3.5 Classification of Supercapacitor

Supercapacitors are broadly classified as electrochemical double layer
capacitors (EDLC) and pseudocapacitors in terms of the charge storage mechanism
involved in the systems. There are few other classes of supercapacitors which use one
or two of the above charge storage mechanisms in different combinations. Schematic

of the classification is shown in Figure 1.8.

Figure 1.8: Different types of supercapacitors.

1.3.5.1 Electrochemical double layer capacitors (EDLCs)

EDLC normally stores charge electrostatically (non-faradic) at the electrode-
electrolyte interface through the double layer formed (Figure 3a) in the Helmholtz
region. Ideally, throughout the working potential of the EDLC, the electron transfer
does not take place between the electrode and electrolyte and is purely non-faradaic.
When a positive potential is applied to one of the electrodes, negative ion from the
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electrolyte gets adsorbed on the electrode surface to from a double layer and the exact

reverse process happens at the second electrode. Schematics of a double layer formed
at a positively charged electrode are shown in Figure 1.3c. As the charge storage in
EDLC is based on a surface phenomenon, the process is highly reversible and
response time for the double layer changes with potential is very less. Thus, compared
to batteries, which rely on redox process, EDLC has huge advantage of its high power
density and cycle life. At the same time, as a demerit of the surface phenomena,
inaccessible bulk part beneath the surface leads to low energy density. Thus, EDLC
shows very low mass specific capacitance of the range of 80-200 F g™* or 10-50 pF
cm™ depending on the material and testing methods. This huge values in cm?
compared to the metallic capacitor is due to the close charge separation around 3 A in
the compact layer or 1000 A over the diffusive part of the double layer. If we take an
average capacitance of 30 uF cm?, i.e, 30 pC V' cm™, for a carbon surface and an
average atom density of 10" cm™ for a smooth electrode surface, charge accumulated
per atom will be 30 x 10™ pC. Thus, each atom will possess 30 x 10! C /1.6x10*°
C, i.e. 0.18 electron per atom in 1 V in EDLC in comparison to 1 electron or higher
per atom in the case of the battery electrodes.

As the charge storage is directly proportional to the area of the surface
accessible to the ion in the electrode, higher surface area carbon materials (500-3000
m? g') are prominent in this class. This includes activated carbon, carbon aerogels,
carbon nanotubes, graphene etc™. As the carbon is stable at higher voltage,
commercial supercapacitor based on carbon utilises the non-aqueous electrolyte to
achieve a high voltage window of 2.5-3.0 V. EDLC normally shows linear charge-
discharge characteristics, i.e., voltage drops linearly during charging and discharging,
which indicates the negligible contribution of pseudocapacitance. Compared to any
other materials, this class is ideal for high power applications due to the low ESR of
the device derived from the EDLC materials. Even though EDLC is considered as
pure double layer charge storage or non-faradaic, there can be a contribution from
non-faradaic charge storage due to the functional groups™™, doped hetero atoms!‘®!
etc. present at the surface. Such non-faradic contributions can enhance the total
capacitance of the materials, which can be controlled during the synthesis. Further,
functionalization with redox molecules®™” on carbon surface as well in electrolyte™®

is also being used to improve the capacitance of EDLC.

AcSIR-NCL | Bihag A. M.




Chapter-1

1.3.5.2 Pseudocapacitor

Working principle of a pseudocapacitor is entirely different from EDLC. In
pseudocapacitors, passage of electron across the double layer is involved which
results in a current which is faradaic in nature. Thus, charge-discharge mechanism of
pseudocapacitor is similar to that of battery to some extent owing to the
thermodynamically originated charge storage. Thus, pseudocapacitance is potential
dependent and can be ascribed from the comparative cyclic voltametry profile in
Figure 1.9. Stored capacitance is thus given by C, = dAg/dV. Even in EDLC, some
extent of pseudocapacitance contributes (1-5 %) towards the total capacitance,
depending upon the extent of the functional groups on the surface (in the edge). On
the other hand, pseudocapacitor or even battery shows some amount of EDLC (5-10
%), depending upon the ion accessible electrochemical interfacial surfacel*®. Thus,
there is no 100 % pseudocapacitance or EDLC in reality, rather one factor dominates
over the other depending upon the electrode materials and electrolytes. Some of the

common processes which come under the pseudocapacitance are® :

1) Redox systems: Ox + ze" < Red and O + H" 5 Lattice, e.g.: conducting
polymers

2) Underpotential deposition of metal adatoms: M** + S+ ze = SM (S = surface

lattice sites) or H* + e + S < SH. [?] e.g.: H or Cu on Pt, Pb on Au, H on Pt or Rh

etc.

3) Intercalation process: M*" + Li*/Na'/K" etc + e 5 M*DILi/Na/K, e.g.: MnO,
Co0,, MoS; etc.

Broad class of practically useful pseudocapacitor materials includes metal
oxides, conducting polymers etc. Since, faradaic process is involved by molecules in
both surface and the bulk near to the surface, pseudocapacitors show enhanced
capacitance compared to EDLC. Key highlight of this type of redox materials
compared to EDLC is its high mass specific capacitance. Other lineaments include the
cheap synthesis cost of many members such as metal oxides (eg. MnO,) and
conducting polymers (e.g. polyaniline). However, due to slow kinetics of the Faradaic
process, pseudocapacitors suffer from the low power density compared to EDLC.
Apart from the low power density, Faradaic process normally results in low stability
due to volume changes during the ions insertion inside the bulk of the materials
resulting in phase changes. Further, compared to EDLC, the working potential of
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pseudocapacitors is less due to their low redox potential which restricts their

improvement in energy density.

Figure 1.9: Typical cyclic voltammogram profile of the EDLC and pseudocapacitor

materials.

1.3.5.3 Hybrid composites

This class comprises of composites of EDLC and pseudocapacitor materials.
In general, EDLC materials possess higher SSA and comparable conductivity. Thus,
such large SSA of carbon materials is utilised for making hybrid materials with other
metal oxides®, conducting polymers®®® etc. Apart from AC, CNT *, CNF,
graphenel® etc. are also been used for making such hybrid materials. Due to the
improved conductivity, surface area along with the presence of high capacitance from
the pseudocapacitor, composites show superior charge storage properties in terms of
low ESR, energy density and power density. Apart from the enhanced charge storage
properties, low stability of the pseudocapacitive materials is also addressed by such

hybrid materials to some extent®*2!,

1.3.5.4 Asymmetric hybrid

Asymmetric capacitor is a combination of EDLC and pseudocapacitor
materials. However, it is different from the conventional supercapacitor in terms of
the cell configuration. It possesses an asymmetric cell configuration in which one
electrode is EDLC (commonly —ve electrode) and the other comprises of a
pseudocapacitor (+ve electrode). Thus, polarity of the electrode is important as that of
a battery®®!. One of the advantages of this type of combination is the extended voltage
window of the cell in an environmental friendly aqueous electrolyte compared to non-
aqueous electrolyte such as acetonitrile. Here, neutral salt solutions such as Li,SO,,

Na,SOy, LiCl etc. are used as the electrolytes. Due to the higher over potential for
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water decomposition in such electrolytes, a higher working potential of 1.6-1.8 V can

be achieved which helps to increase the energy density of the devices®. By proper
balancing of the electrode material’s mass, stable capacitors with a working voltage as
high as 2 V can also be achieved®®.. Further, superior ionic conductivity of such
aqueous electrolytes in comparison to a non-aqueous electrolyte leads to low ESR for
the devices. Thus, this class is ideal for high power application with comparable

energy density.

1.3.5.5 Li-ion supercapacitor

Li-ion supercapacitor (LIC) utilises the high power density of a
supercapacitor and superior energy density of Li-ion battery with judicious
combination of the electrodes. Here, Li-battery type electrode is used as the anode and
supercapacitor type electrode (EDLC) as the cathode in a Li salt containing
electrolyte!®). Thus, anode goes through faradaic type intercalation reaction in a wider
potential window which boosts the energy density in a non-aqueous electrolyte. At the
same time, EDLC at the cathode gives enough power to the device due to its fast
charge-discharge capability. Packed LIC shows around 10-15 Wh kg™ compared to 5-
10 Wh kg™ of supercapacitor. Conventionally, activated carbons (ACs)*” are used as
the cathode materials while other carbon morphologies like CNT®, graphene®,
carbon fiber etc. have been evolved as the cathode materials in LIC. In the case of the
anode materials, LisTisO;, (LTO) is the common anode material, due to its high

[33] [34]

power capability and cycle life. Apart from LTO, metal oxides'**, graphite™™ etc. are

also being used as the anode materials in LIC.

1.4 Challenges of the Supercapacitors

Current challenges of the supercapacitors are to improve the energy density,
power density and working voltage without compromising the cost, safety and
environmental friendliness. Currently, supercapacitors possess energy density of
around 5-10 Wh Kg™ which needs to be boosted up to ~50 Wh Kg™* for high energy
stand-alone applications without compromising the power. Energy density can be
increased by either improving the capacitance of the electrode material or by
extending the potential window. In case of the electrode materials, novel synthetic
strategies are required to fine tune the conventional EDLC carbon pore structure for

possible improvement. High energy conducting polymers and metal oxides are
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promising; at the same time, challenges exist due to low SSA, charge mobility and

chemical stability. Higher voltage window can be achieved by utilising new
electrolyte materials such as ionic liquids. However, challenges in this case are the
low conductivity and viscosity of the ionic liquids which result in low capacitance and
high ESR for the devices. For improving the power output, low electrical conductivity
of the high SSA electrode materials needs to be addressed to reduce the internal
resistance. Further, texturing and designing of novel current collectors are required for
achieving low charge transfer resistance. High quality porous membrane with high
ionic conductivity is also a major factor which can reduce the ESR of the
supercapacitor. Apart from high energy and power densities, safety requires
replacement of the volatile liquid electrolytes from the supercapacitor. Hence,
polymer electrolyte is a promising alternative in this regard. However, low energy and
power density due to the low electrode-electrolyte interface formation and low ionic
conductivity while replacing the liquid electrolytes need to be addressed.

1.5 Electrode Materials for Supercapacitors
1.5.1 Carbon Morphologies

Carbon is a marvellous element and is essential to all living systems with vast
number of allotropes. Further, by various synthetic strategies, carbon can be tailored
in various myriad of structures from bulk to nano regime. They find extreme range of
applications in various fields including supercapacitors and can be classified into
different types, which depend on their allotropic nature.

1.5.1.1 Engineered carbon

Microporous carbon is the primary electrode material in most of the
commercial supercapacitors. It possesses high conductivity and higher SSA which are
essential for high power and enhanced charge storage. One of the key advantages of
the carbon material is its simple and cheap production from natural abundant,
renewable and cheap sources. Apart from these, these types of carbons can be
engineered for specific applications through carbon texture/structure and surface
modifications. Key qualities of these carbons are high conductivity, SSA range (1-
3000 m? g™), good corrosion resistance, higher working voltage (4-5 V), temperature

stability, tunable pore structure, relatively low cost, higher processability and
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compatibility with other materials in compositest®.

Generally speaking, higher SSA can accumulate larger amount of the electrolyte
at the electrode-electrolyte interface which possibly leads to a larger capacitance.
However, in reality, sometimes it is found that the higher SSA carbon possesses less
capacitance. This is due to the less efficient utilisation of the much narrowed
micropores (< 0.7 nm) due to the ion sieving effect™]. Thus, pore distribution also
plays a remarkable role in deciding the capacitance. There are mainly three classes of
pores, micropores (< 2 nm), mesopores ( < 2 - 50 nm) and macropores (> 50nm)=¢. A
schematic of the carbon pore structure is given in Figure 1.10. Proper composition of
micropores and mesopores is required in EDLC materials as mesopores help to
decrease the diffusion resistance at higher charge-discharge time. In addition,
excessive SSA leads to very low density for carbon which creates low conductivity
and packing efficiency. Thus, higher SSA with proper pore size and increased
conductivity are the critical parameters which need to be engineered during the carbon
preparation process. Commercially available carbons for supercapacitor applications,
normally known as “engineered carbon”, have an amorphous nature with more or less
disordered graphitic microstructure. Amorphous carbons are hexagonal carbon layers
or graphene layers with low order in parallel fashion. Whereas in other extent, the
graphitised carbon is derived by more ordering and stacking of carbon layers, which is
achieved by heat treatments above 2500 °C. Thus, in between the extreme graphitic
and amorphous carbon, wide variety of carbon can be prepared with tunable physical
and chemical properties for various applications.

In general, carbons are prepared by inert atmosphere mediated heat treatments
of carbon rich precursors. Thus, the properties of the derived carbon depend upon the
carbon precursors and the process undergone. During the thermal decomposition or
pyrolysis, precursors eliminate volatile materials including heteroatom. Further
increment in temperature leads to the condensation to form graphitic microcrystalline
units. To improve the SSA of the carbon materials, many techniques are available
including physical, chemical and catalytic activation. Thermal activation or physical
activation is the controlled treatment of carbon with oxidising gases such as steam,
CO,, air or their mixture between 700 °C to 1000 °C?®). Such an atmosphere helps to
burn off the volatile pyrolysis products which in turn opens up the pores and increases
the SSA. Even though increased burn off improves the gquality of the carbon, deceased
strength, low density and low yield are negative effects of this process. On the other
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side, chemical activation®” is done at a relatively low temperature of 400 -700 °C by

treating with chemicals of dehydrating effects such as H3POq4, ZnCl,, KOH etc. There
are other various template assisted methods also available for proper control over the
pores. This include, zeolites®®, silica templates®®®, molecular frameworks etcl” 4.
Nevertheless, left over templates and their removal make the process costlier in many
of the above materials. However, high control over the pores makes some of the
above methods potentially important in many applications. Carbide derived carbont*!
also is a versatile material which has shown its potential supercapacitor application.
Here, metal in the carbide is selectively leached out by halogen treatment at elevated
temperature to result in higher SSA carbon with proper pore size distribution [*.

Figure 1.10: A schematic representation of the activated carbon sphere pore structure and

possible EDL formed with the solvated cation.

1.5.1.2 Carbon nanotubes

Carbon nanotubes (CNT) are nanostructured cylindrical allotrope of carbon.
They are entirely made up of sp® hybridised carbon layers or graphene layers which
are rolled to form seamless cylinder. CNTs are prepared by methods like laser
ablation, arc discharge, chemical vapour deposition (CVD) etc.’?! One of the common
methods for preparing CNTs is CVD approach in which a hydrocarbon feed along
with a carrier gas is passed in a chamber containing the transition metal catalyst. Size
of the catalyst particle is the crucial factor which decides the size of the nanotubes
apart from the other parameters. They are divided into single wall and multiwall

CNTs, depending on the layers rolled up (Figure 1.11). They possess very high length
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to diameter ratio, with micron range length and ~1-100 nm diameters depending on

the number of the walls in CNTs. Compared to many other materials, they have
extreme high thermal, electrical and mechanical (tensile strength, 100-600 GPa)
properties, which make them as versatile materials for various applications. Metallic
type conductivity, high surface area (200-900 m? g™*) and stability make them as ideal
for polarizable electrode as in EDLC!?. First report in this direction came in 1997 by
Niu et al.™ using MWNT of 430 m? g™ giving a capacitance of 102 F g in acid
medium. Chemical functionalization!® **!, chopping®*®, hetero atom doping*” etc.
have also been tried on CNTs to enhance the capacitance via increased wetting as well
Faradaic contributions. Further, they were also used as conducting backbone to
support other charge storage materials like metal oxides!??, conducting polymerst®!
etc. The above mentioned filler effect of CNTs is very important due to their high
aspect ratio, which helps to decrease the electron travel path resulting in low ESR for

the supercapacitor.

Figure 1.11: Schematic representation of the different types of the carbon nanotubes

(Courtesy: T. Hirschmann).

1.5.1.3 Carbon fibers and carbon nanofibers

Carbon fibers are versatile materials in terms of easy method of preparation,
high conductivity, high aspect ratio, ability to form standalone substrate etc. High
conductivity and surface area make them ideal for many applications like fuel cells,
Li-ion batteries etc. apart from the supercapacitor applications. Conventional carbon
fiber (CCF) and vapour phase grown carbon fiber (VGCF) possess several micron

sizes in diameter™™. However, cheap production cost makes them ideal for many
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applications. CCF is synthetized by classical electro spinning method of a polymer
(e.g. polyacrylonitrile). Here, fibers are extruded from a polymer solution using
electrostatic forces to a conducting substrate. Carbonizations and SSA improvements
by activations are followed the spinning process. Surface area can be improved up to
1000 m? g™ via various physical and chemical activations. Proper selection of
polymer and synthetic technique can prepare fiberes even in nanometre regime (>100
nm). Specific capacitance of 140 F g™ is reported for activated carbon fiberst*®l,
Applications of the high aspect ratio fibers are unique due to their ability in forming
composites. They can be composited with metal oxides*”, conducting polymers®™”
etc. by suitable in situ methods, electrode deposition, hydrothermal, vapour phase

Figure 1.12: A schematic comparison of the diameter dimensions on a log scale for various
types of fibrous carbon materials. (Reprinted with permission from Ref.[2], Copy right,
Springer-2013).

processes etc., which find applications in supercapacitors®, DSSCs®, Li-ion
batteries™, fuel cells!®* etc.

In case of VGCF, carbon sources, normally hydrocarbons are vaporised and
continuously feed along with a carrier gas containing vaporised catalyst (Fe, Ni, Co
and Cu) to a chamber at a high temperature. Such a continuous ! or floating process
normally yields carbon fiber of sub-micrometre diameters and lengths of a few to 100
pm. Such continuous process is ideal for carbon fiber production in large scale. On
the other side, vapour phase grown carbon nanofiber (VGCNF) is grown over the

catalyst substrate which is kept inside the heating chamber. Diameter of the CNF
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grown depends on the size of the catalyst particle. Advantage of such VGCNFs is

their low diameter and highly graphitic nature. A schematic comparison is shown in
Figure 1.12. Here, Figure 1.12c represents cup stacked CNF under the class of
VGCNF, whereas, Figure 1.12d and 1.12e represent VGCF and conventional fiber,

respectively.

Figure 1.13: HR-TEM images of various types of vapour phase grown carbon nanofibers
(VGCNFs) and schematic representations of the orientation of the graphene layers. (Adapted

with permission from Ref. [55]. Copyright, American Chemical Society, 2006).

1.5.1.4 Graphene

Graphene is a 2-dimensional (2-D) sheet of sp? hybridised carbon network.
Honeycomb structure of graphene layers is the basic building block of many other
carbon allotropes like 3-D graphite, 1-D nanotubes and 0-D fullerenes (Figure 1.14).
Highly delocalised electrons in the m-conjugated network of graphene result in
extremely high thermal, electrical and mechanical properties. Electron mobility of a
single layer graphene is measured to be 15,000 cm® V' * s 2% They can be prepared
by various methods like mechanical®” and chemical exfoliation of graphite®®
unzipping of carbon nanotubes™, solvothermal method®”, epitaxial growth on SiC

[61] (%21 chemical vapour deposition®®, bottom-up

surfaces and metal surfaces
synthesis'®? etc. However, large scale production of high quality graphene is still a
daunting challenge. Hummer’s method™®! or modified Hummer’s methods'®®, which
are based on the chemical exfoliation of graphite is considered to be the scalable

methods, though the quality of the graphene produced is inferior to the other methods.
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High conductivity, SSA, flexibly and mechanical properties of graphene make it as an
ideal candidate for EDLC materials. The first report of graphene as an EDLC
appeared in 2008 by Rao et.al.’”) and later by Ruoff et.al.’®. Due to the higher
electrolyte accessible SSA and conductivity, very large capacitance in comparison

with CNT and carbon is reported at higher voltage window ©°!.

Figure 1.14: Mother of all graphitic forms. Graphene is a 2-D building material for carbon
materials of all other dimensionalities. It can be wrapped up into 0-D buckyballs, rolled into
1-D nanotubes or stacked into 3-D graphite ( Reprinted by permission from Macmillan
Publishers Ltd: Nature Materials Ref. [56], Copyright, 2007).

1.5.2 Metal Oxides and Hydroxides

Metal oxide or hydroxide, which can store charge by Faradaic reaction through
reversible oxidation state, comes under the class of pseudocapacitor. Metal oxides
have the ability to store charge by reversible redox reactions in addition to the normal
surface storage and thus have a high energy density than EDLC. Prime requirement of
a metal oxide for this purpose is its ability to conduct charges in addition to the
reversible oxidation states without undergoing any phase changes in the operating
potential and electrolytes. Ruthenium oxide, manganese oxides, cobalt oxide, nickel
oxide, vanadium oxides etc are well known for this type of charge storage. Apart from
this, hydroxides, double metal hydroxides and mixed metal oxides are also known for

charge storage. RuO; or RuO,.xH,0 is one of the earliest and at the same time best
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pseudocapacitive materials so far. It was first reported in 1971 by Buzzanca et al.[’".
The charge storage mechanism was studied in 1978 by Michell et al.l” using X-ray
emission spectroscopy studies. RuO, undergoes redox reaction through
electrochemical protonation in acidic media from Ru** to Ru** or even Ru®* as shown
below!":

RUuOx (OH),+ 8H + € 5 RUOx5(OH)y45, =010 2

Theoretical maximum capacitance calculated for RuO, is around 2000 F g* by
considering a uniform protonation throughout the electrochemical window. They
possess high practically achievable capacitance combined with chemical as well as
thermal stability and quasi-metallic conductivity compared to any other metal oxide.
Presence of water molecules in RuO, xH,O is highly critical for the faster proton or
cation movement through H,O and OHsites inside the crystall”®l. Thus, faster proton
diffusion (H* diffusion coefficient 10%-10"% cm? s™) helps for the hydrous RuO, to
show more capacitance than the anhydrous onel. However, high cost of the material
makes it less interesting for researchers in later stages even though RuO, was the first

metal oxide used in a supercapacitor.

In 1998, Goodenough et al. demonstrated the charge storage properties of
amorphous MnO,.nH,0 in KCI solution having a capacitance of 200 F g™. Charge
storage mechanism!™ of MnO, is very similar to that of RuO,, In general, manganese
oxides (MnQOy) are low in cost, less toxic and environmental friendly materials. They
can be prepared by various techniques like electro-deposition, co-precipitation,
hydrothermal reaction etc. Apart from the synthesis technique, crystal structure of
MnOy depends on heat treatment and oxygen atmosphere. It is believed that two
types of charge storage processes involve in MnO; first one is the intercalation of H*
or M™ (alkali metal cation) into the bulk and the second one is the surface adsorption
as that of an EDLC.

MnO;, + H" + e- < MnOOH or MnO, + M" + e- ~ < MnOOM
(MnOy)surface + H" + e- =5 (MNO3) surface M*

Both mechanisms involve a redox reaction in which a shuttling of Mn oxidation state
from 1l and 1V occurs. The intercalation mechanism is limited by the diffusion of

ions at high charge rate compared to faster surface charge storage as that in the second
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mechanism. Pure intercalation type mechanism leads to a maximum capacitance of
1100-1350 F g™ for MnO,. However, compared to RuO,, electrical (10°-10° S cm™)
and ionic mobility of MnO, is very less and thus results in very low capacitance
(~200 F g in practical conditions. Low capacitance is prominent when the MnO.
electrode thickness is hight”® due to high charge transfer resistance. Although, higher
crystallinity can enhance the conductivity of MnO, poor surface area results
concomitantly. Thus judicious synthetic strategies are required to attain higher SSA
with comparable conductivity. Oxides and hydroxides of other metals like Nit’"),
Col™® Fel™ VI snl Ti culd Mo etc. also show excellent charge storage
properties. However, narrow potential window of such materials limits their

possibilities in real capacitors.

1.5.3 Conducting Polymers

Conducting polymers (CP) are the most recent class of polymers®. They are
basically electrically conducting organic polymers. They possess m-conjugating
polymer chain as backbone with continuous sp® hybridized centers. However, excess
+ve (p) or —ve (n) charges in CP determine the conductivity and thus called as in the
doped state. P-doped CPs are more common as they can be prepared easily compared
to the n-doped CP. CPs have a conducting range from semiconducting to the metallic
depending upon the doping level. Conductivity of CP also depends on several factors
including the method of preparation, quality of film used for the measurements etc.
Oriented polyacetylene can reach a conductivity of 10° S cm™, which is nearly equal
to metallic conductivity. They are ideal for supercapacitor electrode due to their low
cost, environmental friendly nature, high conductivity in doped state, high energy
density etc. In CP, charge storage occurs through redox processes. In a reduced state,
de-doping occurs and the counter ions are released to the electrolyte while in oxidised
state, heavy doping occurs and thus ions are transferred back to the polymer chain to
balance the excess +v charges. CP based supercapacitor can be classified in to 3
groups depending upon the configuration. In Type-1 symmetrical, both the electrodes
are p-doped CP and the voltage window can go upto 1 V depending upon the
materials. In Type-2 asymmetric, two different p-doped CP with different redox
activities are used; e.g. polyaniline and polypyrrole. In Type-3, an n-doped and p-
doped CP, which can be from the same polymer, are used as either electrode.
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Table 1.2: Various conducting polymers used as the supercapacitor electrode materials and

their properties.

Conducting Dopant | Conductivit Potentia Theoretical
polymer _ capacitance(F g_l)
Polyaniline 93 0.5 0.1-5 0.7 964
Polypyrrole 67 0.33 10-50 0.8 620
Polythiophene 84 0.33 300-400 0.8 485
PEDOT 142 0.33 300-500 1.2 210

Advantage of Type-3 is its voltage window as high as 3.1 V in non-aqueous
electrolytes. Some of the common CPs which are used in supercapacitors are shown
in Table.2. Polyaniline and polypyrrole were used as pseudocapacitor initially by
Gottesfeld® and Conway!®®. Among the various CPs shown in Table 1.2, polyaniline
(Figure 1.15a) possesses highest capacitance owing to its low molecular weight and
high doping level. However, volume expansion during the charge-discharge process
due to the ion intercalation process results in serious stability issues. Such a stability
issue is common for all CPs. However, polyetheledioxythiophene (PEDOT)®®
(Figure 1.15b) shows much more stability, higher electrochemical window and high
conductivity even though it possesses relatively low capacitance. CPs can be prepared
by various methods like chemical oxidation in solution phase, electrodeposition,
vapour phase synthesis, interfacial polymerization etc. To address the low stability of
CP, various composites with carbon materials and metal oxides also have been

explored by researchers.

Figure 1.15: Two representative members of the conducting polymers: a) structure of

polyaniline in its different forms and b) polyethylenedioxythiophene.
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1.6 Electrolyte Material

The electrolytes normally used in supercapacitors are in liquid phase. They play a
crucial role in the performance of the supercapacitor by attributing the ESR of the
device. Further, the potential of a supercapacitor is restricted by the decomposition of
the electrolyte solvent. Thus, power and energy of a supercapacitor can be largely
decided by the electrolyte. The prime requirement of a supercapacitor electrolyte is its
high conductivity (~ 1 S cm™) and electrochemical stability. Apart from this, wide
voltage window, chemical inertness, high ionic concentration, low volatility, low
viscosity, availability at high purity with low cost etc. are also required for a quality
electrolyte. At very early stage, supercapacitors utilised aqueous electrolytes and later
non-aqueous electrolytes came into the picture and dominated the field. Still, research
is progressing on aqueous based electrolytes (such as aqueous solution of H»SOy,
KOH etc.) due to their unigque ability to achieve low ESR for the device due to very
high conductivity as well as their eco-friendly nature. Supercapacitors containing
aqueous electrolytes normally display a higher capacitance owing to the higher ionic
concentration with smaller ionic radius. Further, high ionic conductivity of the
aqueous system, due to the large die-electric constant of water compared to the
organic electrolytes, leads to higher power density. However, acid and base
electrolytes have a voltage restriction of 1 V due to the water oxidation which restricts
the improvement in the energy density. To mitigate the corrosive nature of acid,
aqueous salt solutions are explored and are found to be promising in this context due
to their ability to achieve a voltage window as high as 2.2 VI owing to the high
overpotential for water decomposition. Further, this type of neutral pH electrolyte is
ideal for asymmetric capacitor with metal oxide as the positive electrode, such as
MnOs,.

Compared to the aqueous electrolytes, the main advantage of the organic
electrolytes is their ability to extend the voltage window up to 2.8 V. However, the
conductivity and specific capacitance obtained in the organic electrolyte will always
be inferior to the aqueous electrolytes. Among the organic electrolytes, propylene
carbonate (PC) and acetonitrile are the most regularly used solvents. Acetonitrile is
superior to PC in terms of its low viscosity. However, it is inferior in terms of the
environmental and toxic problems. On the other hand, PC-based electrolytes®! are

environmental friendly and stable in varies temperature range with comparable
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conductivity and voltage window which is similar to acetonitrile. Organic salts which

are used along with the solvents include tetraethylammoniumtetrafluoroborate,
tetraethylphosphoniumtetrafluoroborate,  triethylmethylammoniumtetrafluoroborate
(TEMABF,) etc.

Room temperature ionic liquids (RTILs)®® are the molten salts which are
considered to be the future electrolytes of supercapacitors due to their unique ability
to achieve high voltage window up to 6 V. Since they do not require additional
solvents they have low vapour pressure and high working temperature without any

risk of explosion(®

. However, present RTILs possess high viscosity and low
conductivity (~1-10 mS cm™) than the commercial organic electrolytes which hamper
the power performance of the RTIL based supercapacitors. They are normally based
on a quaternary ammonium cation (R4N*) with an anion. Physical and chemical

properties strongly depend on the type of the cation and anion.

1.6.1. Solid Electrolytes

Liquid electrolytes in conventional electrochemical energy storage devices raise
safety issues and thus require high-standard safety encapsulation materials and
technologies. Such safety precautions are more important in organic electrolytes as
they are more toxic and have high vapour pressure. They will make serious damage if
they come out of the device package during a possible leakage or explosion.
Replacement of the liquid electrolytes in the energy storage devices with a solid
counterpart is thus very promising for developing thin, lightweight, economically
viable and flexible future devices. Polymer electrolytes have been extensively studied

as the electrolytes in supercapacitors and lithium batteries.

Polymer electrolytes are normally two-phase systems comprising of an ionic
conducting medium entrapped in a polymer matrix. The polymer matrix normally
consists of poly(ethyleneoxide) (PEO), poly(vinylalcohol) (PVA),
poly(methylmethacrylate) (PMMA), poly(vinylidenefluoride) (PVDF),
poly(vinylidene fluoride-hexafluoroproplene) (PVDF-co-HFP), poly(acrylonitrile)
(PAN) etc. The ion conducting mediums are either from acid, alkali or salt. For
improving the ionic mobility, a large amount of solvent is used during the polymer gel
formation. PVA-H,SO4/H3P0O4/HCIO, is commonly used as a polymer electrolyte

owing to its higher conductivity and 1 V voltage window. However, instead of acid or
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alkali, usage of salts like LiCl, LiClO, etc. can provide wider window upto 2 V.
Higher voltage can be achieved in non-aqueous polymer systems such as PVDF,
PVDF-co-HFP, PEO etc. which are plasticized by solvents like acetonitrile, propylene
carbonate, ethylene carbonate etc., where the commonly used salts include TEABF,,
LiBF4, LiClO4 etc. Researchers are also looking at the aspects of preparing solid
polymer electrolytes using RTIL by blending with some of the above mentioned

polymer matrices to achieve high voltage windows up to 4-5 V.

1.7 Dye Sensitized Solar Cell

Solar cells are the electrical devices which convert solar energy directly into
electrical energy. The existing solar cells can be classified into two, such as the
conventional solar cells and the excitonic solar cells. The most common example for
the conventional solar cell is the silicon solar cell which is based on p-n junction
excitation. These cells are made from crystalline silicon. Even though they have high
conversion efficiency (22 %), the cost of Si processing and fabrication is very high.
On the other hand, emerging technologies which include dye sensitized solar cells
(DSSCs), pervoskite, inorganic and quantum dot solar cells are exciting in this context
and they belong to the excitonic solar cells. The excitonic solar cells work on the
principle of electron-hole pair creation in photoactive materials. But, due to the strong
bonding between the electron and hole, carrier materials are required to split the
electron and hole. This means that they cannot travel far without recombining with
each other. Whereas, the excited electron and the corresponding hole can immediately
separate and easily travel away from each other in the p-n junction PVs. Among the
various excitonic PV technologies, DSSC looks promising due to its simple and
cheaper fabrication method and relatively high conversion efficiencies (12 %).

DSSC was invented by Michael Gratzel and it is also called as Graetzel cell. It
has attracted wide attention due to its simple architecture, low cost, ease of production
and high energy conversion efficiency. A DSSC is an electrochemical device that
works using chemical reactions and it generates electricity when photons are absorbed
by a photosensitized dye present in it. The basic structure of DSSC is based on the
original Graetzel design. It consists of four main parts. First one is the glass substrate
with a transparent fluorine doped tin oxide coating (FTO), counter electrodes (a

platinised electrode to collect electrons and catalyze the redox couple regeneration
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reaction), a semiconducting layer or film with wide band gap (most common is TiO5),

the dye molecule and a redox electrolyte (an organic solvent containing a redox
system like iodide/tri-iodide couple) (Figure 1.16).

In the past decades, silicon, gallium arsenide, cadmium sulphide etc were used as
the semiconductor materials in solar cells. However, the solar cells made from these
semiconductor materials were less stable. Later, the use of wide band gap
semiconductors such as titanium dioxide, zinc dioxide etc came to practice, which
possess higher stability. Other semiconductor oxides are SnO,, Nb,Os and they
possess high resistance to photo corrosion However, the conversion efficiency of light
into current was very less due to limited surface area of the electrode and less

absorption of photons.

Figure 1.16: A schematic representation of a DSSC.

Different dye molecules are used as photosensitizers in DSSCs. They possess
proper molecular structure. These dyes are able to absorb the incident photons and get
converted into the excited states. The common dyes used in DSSCs are polypyrridyl
compounds of ruthenium in +2 oxidation state. There are other ruthenium complexes
as well. The most common examples are Ru(dcb)(bpy), studied by Kelly et.al® and
Farzad et.al®™ invented Ru(dcbH2)(bpy)2(PFs). and Os(dcbH2)(bpy)z-(PFe)-.
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The electrolytes used in DSSCs are classified into liquid state, solid state or quasi

solid state. DSSC electrolyte should be transparent to the visible light and must have
long term stability that includes chemical, thermal and electrochemical stability. The
common electrolyte used is the iodide/ tri-iodide couple made from Lil and I,, which
IS superior to Br/Br;, SCN/SCN etc., which are the other examples for the redox
couples used in DSSCs. For two decades, intensive researches established a
breakthrough in the field of DSSC by using TiO, film as the photoanode, I*/I” as the

redox couple and platinum as the efficient counter electrode.

1.7.1 Advantages and Challenges of DSSC

DSSCs are considered to be the most efficient third generation solar technology.
The conversion efficiency of solar cells of over 12 % is reported. The cost of
production of DSSC is also less, since the materials are cheap. DSSCs are alternatives
for the existing technologies and they have potential applications in rooftop solar
collectors. The dyes used in the solar cells are also highly efficient since the
absorption of photons is high and they are converted to electrons in the titanium oxide
layer. The absorption spectrum of titanium oxide layer and solar spectrum should
coincide as this affects the rate of photon absorption. Maximum possible photo
current depends on the overlap between these two spectra. Different dyes have
different absorption in various regions of the spectrum. For example, some dye
molecules have poorer absorption in the red wavelength. They can function at low
light conditions also. So, they can be used in cloudy weather. DSSCs are able to
radiate away the more heat produced because of the presence of thin conductive layer.

Thus, they can operate at lower internal temperatures also.

Table No.1.3: Comparison of DSSCs with the traditional silicon solar cells

Properties DSSCs Silicon solar cells
Power generation cost Low cost production High cost
Transparency Transparent Opaque
Power generation efficiency Normal High
Manufacture Simple structure ,easy to Difficult
fabricate
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However, there are many challenges faced by the present architecture of DSSC.

The temperature has effects on the structure and functioning of DSSC. The electrolyte
used in DSSC freezes at low temperatures and can break the cells which makes the
cells non-functioning. The cells can also break and which can lead to leakage of the
electrolyte at higher working temperatures. Thus, physical damage of the cells and
temperature sensitive electrolytes are major problems in the performance and
functioning of dye sensitized solar cells. The organic solvents used in the electrolytes
are volatile also. Hence, they are to be carefully sealed which contributes to higher
fabrication cost. Further, the dyes will degrade when exposed to ultraviolet radiation,
resulting in instability. Apart from the above issues, high cost of Pt-counter electrode
also makes the cost of DSSC much higher. Thus, huge challenges and, hence,
enormous scope for fundamental and applied research to explore new electrolytes
with less temperature sensitivity, stable and large spectrum absorbing dye, Pt-free
counter electrode etc. in DSSC are present before the researchers.

1.7.2 Mechanism of DSSC

Following are the main processes occurring in a DSSC (Figure 1.17):

e Sunlight enters the cell through the transparent region of the solar cell. The
incident photons are absorbed by complex photosensitizers absorbed on
the TiO, surface. Photosensitizers are the dye molecules. They are excited from
their ground state. Ruthenium based dyes are commonly used for the light

absorption.

e Thus excited electrons reach the conduction band of the TiO;
electrode. This leads to an effective charge separation with a negative
charge in the titanium phase and a positive charge in the surface
adsorbed Ru**. The dye molecule strips from iodide in the electrolyte below the
TiO, and oxidizes it into tri-iodide. Further, electrons are received by the
counter electrode through the outer circuit.

e The oxidized photosensitizer accepts electrons from I ion and retains its
ground state. Also I gets oxidized to I3

e |3 diffuses to the counter electrode and again gets reducedto I
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Figure 1.17: Schematic representation of the electron pathway in DSSC (Reproduced from

Ref. [92]with permission of The Royal Society of Chemistry).

When light is absorbed by the dye, it goes to the excited state and the time
required for the electron to reach the conduction band of TiO; is 0.05-150 ps. The
time needed for the regeneration of the dye is 100 ns — 1 ms. The regeneration time
depends on the nature of the electrolyte. The efficiency of the light conversion
depends on the relative speed of the reactions and that is the kinetics. The electron
injection in the conduction band of TiO, is much faster than the electronic relaxation
processes. The tri-iodide is reduced to iodide at the counter electrode in a time
interval of 10 ps. The reduction of the oxidised dye by I is faster than the direct

recombination of the dye and the injected electron.

1.7.3 Efficiency of a Solar Cell

The total amount of the electrical power obtained for a particular solar power
is expressed as a percentage called solar conversion efficiency. The performance and
efficiency of a solar cell can be measured by analysing the I-V curve of a DSSC under

solar simulators which provide an intensity of 100 mW cm™ (one sun illumination)
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which is the standard condition for reporting the efficiency of a solar cell. Figure 1.18

shows a typical I-V plot.

The current density Jsc, open circuit voltage Voc etc. are very important
features of a solar cell. The maximum voltage a cell can develop is the Voc and the
maximum current is the Isc. Another important term related to solar cell is the fill
factor that is defined as the ratio of the maximum obtainable power to the product of
the open circuit voltage and short circuit current. Thus, the fill factor is calculated as

follows:

Figure 1.18: I-V Plot of a typical DSSC cell.

FF —_ Vmaxlmax

Voc]msc

The efficiency of a solar cell is represented as 7, which is the percentage of

_— _ . P
power converted from the absorbed light into electrical energy, i.e., (M

Pinput

, _]chocFF
‘rl -_——_—

Pinput

Pinput 18 the input power of solar light per cm?.
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1.7.3.1 Factors affecting the efficiency of a DSSC

The overall solar energy conversion efficiency of a DSSC is directly
proportional to the efficiency of electron injection in the wide band gap of the
semiconductors. Hence, researchers are forced to develop various nanostructured
semiconducting materials which have higher surface area ability to load more dye
molecules. Development of photosensitizers which possess extraction or absorption of
the whole solar spectrum (extended to the near IR) is of high demand to enhance the
efficiency. Apart from the working electrode, selection of redox couples in the
electrolyte also plays a crucial role in deciding the efficiency of the cells. Apart from
the other factors, an efficient counter electrode CE is also required for achieving high

performance DSSCs.

1.8 Counter Electrodes for DSSCs

In a typical DSSC, the key reactions are photo induced oxidation of the dye
which is coated on a polycrystalline TiO; at the anode and regeneration of the dye to
its original state using iodide/tri-iodide (I/13") redox species at the cathode. The tri-
iodide (I3") generated at the photoanode requires a highly active catalyst to convert it
back to I" at the cathode by collecting electrons from the outer circuit to complete the
cycle. Hence, a highly efficient and stable CE catalyst is very critical for achieving
competent DSSC systems. I3 reduction happening at the counter electrode in solution

phase goes through the following steps:
15 (Sol) = I,(sol) + 1~ (sol) insolution, fast (1)
I,(Sol) +2M = 21— M adsorption, fast (2)
21 —M+2e” 5 21 —M reduction, slow (3)
21T =M =21 +2M desorption, fast (4)
here, —M is the catalyst surface

Among the various steps, the slowest and the rate determining step is (3); thus,
molecular iodine (I,) reduction i.e., electron transfer and I, adsorption/I" desorption
play a critical role. The low charge transfer resistance is a basic parameter required

for an efficient catalyst. The best known catalyst for the CE is precious platinum (Pt)
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which possesses high catalytic activity and high corrosion resistance. Platinum can be
prepared directly onto FTO by various methods like magnetron sputtering™!, thermal
decomposition®, electrochemical deposition!®® and chemical reduction®®. However,
the high cost of Pt metal and high energy required for the Pt electrode preparation
through sputtering/thermal evaporation make Pt a less viable choice for commercial
applications®”. Thus, replacement of Pt with a cheaper and abundant, but at the same
time, highly active, stable and easily processable catalyst material is critical for

improving the prospects of commercialization of DSSC.

1.8.1 Low Platinum Efforts through Nanostructuring

As a bench mark catalyst, Pt is popular at present in the CE research. Most of
the Pt based researches intended to reduce the amount of Pt or to maximize its
utilisation. This includes improving the surface area of Pt via nanostructuring, which
helps for the high activity per mass of Pt. Ma et.al’®® studied the effect of thickness of
Pt towards the tri-iodide reduction and found that 2-50 nm Pt thickness is sufficient
for comparable conversion efficiency. Jung et.al reported Pt nanocups'®? having a
diameter of 300 nm and a height of 400 nm showing a superior efficiency than the
conventional Pt. Other efforts include compositing Pt with different carbon
morphologies like graphite™, CNT!% graphenel'® etc. Further, composites with
conducting polymers "% are also reported. However, cost of Pt is still a persisting
issue in such materials. Even though such efforts are intensely going on, substantial

improvements are not yet attained to balance the cost of Pt.

1.8.2 Pt-free Metal Catalyst

Among the metal alternatives in place of Pt, nickel and palladium are the
immediate choices as they are in the same group of elements. However, electroplated
Ni shows poor conversion efficiency due to the low FF and V., resulting from the
reaction between 15~ and Ni™™®!. Pd is also found to be unstable due to the formation of
PdIs*®! with the iodine species in the electrolyte. Though gold is not catalytically
active towards I3 /1" couple, it is highly active towards the other redox couples like
Co**/Co®* 1% sn?/s% 071 and thus can outperform Pt in quantum dot solar cells.
Other metals like molybdenum and tungsten also show inferior efficacy™!. Overall,

at present, apart from Pt, no other metal is looking promising as a CE in DSSC.
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1.8.3 Metal Compounds

After Gratzel et al.** introduced CoS in 2009, enormous research activities
started to find facile catalyst for CE. This includes transition metal compounds like
metal sulphidest*!®, metal phosphides™?* | metal nitrides®*'?, metal carbides™?! and
metal oxides*?* 13! The metals tried in the above compounds include cobalt, nickel,
titanium, molybdenum, tungsten etc. However, metal chalcogenides are known to be
very active towards the tri-iodide reduction reaction. Metal sulphides and selenides
based CEs shown very high conversion efficiency. Ho et al.™* reported CoS circular
nanorod arrays displaying low charge transfer resistance and an efficiency of 7.7 %,
which is similar to the Pt CE. Other remarkable catalysts are Cu,ZnSnS,M%,
FeS M%) CogSe™™ NiSH™! NigSg™ Cog4Ss, NisS:M®! CopgsSe & NiggsSe™,
NizSe,?? Bang et al.'?! studied NiSe,, CoSe,, and MoSe; and found that the Ni
analogy is more electrocatalytically active for the I; reduction. However, Yu et
al.*??l compared the performance of selenides of Co, Ni, Cu, Fe, Ru and reported that
the Co system is superior among the group. Even though the transition metal
compounds show superior activities, still, the cost of the metals, their processing and

stability are the pertaining issues.

1.8.4 Carbon Materials

One of the earliest reports on the use of the carbonaceous materials as the CE
was by Gratzel et al. in 1996 who used conductive graphite powder and carbon black
to ease the DSSC module processability™!. Other noteworthy reports in this direction
include the activated carbon based CE by Murata et al.l***! and mesoporous carbon
aerogel based CE by Tan et al.l}®!. Other carbon materials like carbon-nanotubes
(CNTs)M? 1261 carbon-nanofibers (CNFs)*27, graphene®! and heteroatom doped
carbonst*?®! are also promising due to their high conductivities and surface areas. High
surface area helps to increase the roughness factor of the carbon CE which helps to
attain low charge-transfer resistance (Rct) in the CE/electrolyte interface. Lee
et.al.®* investigated the effect carbon particle size on the catalytic activity by
comparing the carbon particle with an average size of 30 nm and 2-12 pm. They
found that nanocarbon shows superior catalytic activity (PCE of 6.73 %) than bulk
carbon. Gritzel et al.'**"! prepared optically transparent CEs using graphene. Aksay et
al.® studied the effect of oxygen amount in the graphene for the catalytic activity
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and found that the optimum amount of oxygen is required for higher catalytic activity.

This was in agreement with the positive effect of defects in CNTs for better catalytic
activity™, Kim et al. studied ™ the effect of orientation of CNTs by preparing
CNT based CEs by using screen printing and chemical vapour deposition (CVD)
techniques. In the screen printed CE, CNTs are oriented randomly whereas the CVD
grown CNTs are well oriented and thus result in low Rct. They found that the screen
printed CNT CE can show a conversion efficiency of 8.03 %, whereas CVD grown
CNTs can display an efficiency of 10.04 % due to the well aligned CNTs with high
electrical and ionic conductivity. In most of the cases, carbon to substrate adhesion is
poor except in cases where they are directly grown on the electrodes. Apart from
these, poor catalytic activity™2> 1260 128 1284 comnared to metals, corrosion, opacity
and processability issues result in diminished efficiency and stability for the carbon

materials compared to Pt™!,

1.8.5 Conducting Polymers

Structural flexibly of the DSSC makes them ideal for many flexible
applications. Apart from these, integration of DSSCs in window walls of high rise
building demands transparency in the cells. In such scenario, CE using conducting
polymers looks promising due to their flexible nature as well as possible transparency
in the electrode. Polyethylenedioxythiophene (PEDOT)!®*! is a promising conducting
polymer due to its high conductivity, transparency, and stability. In 1988 Jonas et
al.™"! reported a possible application of PEDOT in electrochemical devices such as
solid electrolytic capacitor. Application of PEDOT as a CE in DSSC is first reported
by Yohannes et al.l® Later aqueous processable PEDOT having
poly(styrenesulfonate) (PSS)™ as the counter ion was introduced as CE in DSSC
which possesses an added merit of transparency. Yanagida et al. % investigated the
effect of counter ion in the PEDOT towards tri-iodide reduction and found that no
impact on the conversion efficiency rather interaction between polymer and substrate
(FTO) directly determines the fill factor. Further, electrodeposited PEDOT!*Y
PEDOT fiberl**?l, PEDOT carbon compositest**®! were also used as CE. As PEDOT
possesses high conductivity, transparent conductive oxide (TCO)-free CE can be
prepared by using PEDOT!™ . Here, PEDOT will play a dual role of the catalyst as
well as the current collector. In addition to PEDOT, a derivative, poly(3,3-diethyl-
3,4-dihydro-2H-thieno-[3,4-b][1,4]dioxepine) (PProDOT-Et,) has also been proposed
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as a CEP*!. Polythiophene (PTh), which is a basic unit of PEDOT, also is expected

to be a good catalyst for the tri-iodide reduction. However, some literature studies
indicate low catalytic activity of Pt ¢ compared to PEDOT. Wu et al.?*"! prepared
polypyrrole (PPy) nanoparticle and used this as CE in DSSC, which showed a high
PCE of 7.66 %, exceeding the value of the Pt CE (6.90 %). Recent other reports
include chemical™® vapour phase™, electrochemical™® polymerized PPy, PPy

composites with graphene!™® 4 CNTsM% 192 freestanding PPy nanotubes!™>?,

polypyrrole nanosheets*>*

CE candidate for DSSC. Wu et al.**™ reported an inexpensive PANI having ClO,
[156]

etc. Polyaniline (PANI) is another extensively researched

counter ion prepared by chemical oxidation. Zhao et al.
PANI CE for bifacial DSSC. Other reports of PANI include composites with
graphene™”, CNTs!**® jodine doped polyaniline™® and double layered PANI

prepared transparent

nanostructurest®%,

Literature survey clearly reveals that PEDOT shows promising catalytic
activity compared to its counterparts and sometimes its activity can even surpass the
performances of the electrodes made from the metal based catalysts by inducing
property modulations through proper synthetic strategies. PEDOT possesses high
stability and conductivity as required for a good electrocatalyst apart from its superior
inherent catalytic efficiency. Even though PEDOT possesses high catalytic activity
and transparency, it can form complexes with iodide and this can tarnish the prospects
for the long term catalytic activities. This was proved by XPS analysis by Girtu et

al.™® which was further confirmed by Biallozor et al.l**? using CV measurements.

1.9 Nanostructured Materials

Nano sizing of materials has triggered much excitement in the fundamental
understanding of their properties as well their possible applications in the energy
field. Nanomaterials open up tunable physical and chemical properties due to high
surface/volume ratio and short charge and mass transport length. Apart from the
higher surface area, optical band gap, conductivity, melting point, reactivity etc. also
change along with the size reduction (Figure 1.19). However, manipulation of such
properties to make them suitable for specific applications requires dedicated synthetic

strategies. High surface/volume ratio along with the facile charge transport is ideal
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for interfacial reactions occurring in the electrochemical devices such as

supercapacitors, DSSCs, Li-ion batteries, fuel cells, electrochemical cells etc.
However, nanostructured materials, especially single phase nanomaterials, suffer from
serious drawbacks which limit their practical applications in energy devices. This
includes low conductivity, slow kinetics, poor cycling and low mechanical properties,
which are inevitable trade-off during the nanostructuring of the materials™®. Higher
surface area imparts short electrical path for the materials which brings enlarged
contact resistance between the grain boundaries. This linearly increases with SSA.
Such increments in the resistance of the materials will lower the power capabilities of
the energy devices. Apart from this, lack of simple and cheap methods for a large
scale production is significantly restricting the applicability of the above

nanomaterials from replacing the conventional materials from the energy devices.

Figure 1.19: Bulk to nano: a schematic representation indicating the material property

changes during the transformation of the size from bulk to nano.

1.9.1 Supported Nanostructured Materials

To address the above issues of a single phase nanomaterials, researchers are
focussing on making heterogeneous nanomaterials comprised of multi-
nanocomponents. They have tailored nano-composites for specific demands such as
conductivity, charge mobility and improved mechanical properties. Further,
experimentally proved synergic effect at nano-regime leads to excellent
electrochemical properties which is beyond the integral properties of the individual

materials.  Successful applications of hetero-nanostructured materials in
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electrochemical devices depend on 1) proper selection of the materials which are in

combination, 2) deploying the desired synthetic strategies and 3) designing and
optimizing the heterogeneous nanostructure. Most of the multiphase nanostructured
materials utilise carbon materials as the support materials owing to their exceptional
properties such as high SSA, conductivity, corrosion resistance and stability. Their
ability to play as excellent support materials is well established in fuel cell as a Pt
catalyst support’®. Heterogeneous nanomaterials can be broadly classified into 0-D, 1-
D, 2-D and 3-D; a schematic representation is given in Figure 1.20. The broad class of
0-D materials includes core-shell, hollow sphere, encapsulated nanomaterials etc.
They find excellent applications in battery as they address the volume expansion and
low conductivity issuest*®®l. Here, high energy density materials can serve as the core,
meantime the shell will provide adequate conductivity and chemical stability by
preventing expansion and agglomeration. Compared to 0-D hetero-nanostructures, 1-
D nanomaterials can provide continuous electron path and better charge transport in a
1-D confined region resulting in better kinetics. This is highly important in case of the
supercapacitor for high power and in the DSSC counter electrode for higher fill factor

via improved kinetics facilitated by effortless charge transport. Further, in many

Figure 1.20: Different heterogeneous nanostructured materials based on structural

complexity (Reproduced from Ref. [163] with permission of The Royal Society of Chemistry).
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cases, synergic effect boost the inherent charge storage properties and catalytic

properties compared to individual components. Apart from these, high surface area
with 1-D structure provides easy ion flux and buffer volume between the structures,
which alleviate the mechanical stress for the materials. Importantly, no need of
external binder and conducting ingredients reduces the cost of the devices. Such a
facile ionic and electron mobility enhancement can also be found in 2-D and 3-D
hetero-nanostructures. 2-D heterostructures have attracted wide attention after the
discovery of graphene. However, achieving the desired morphology of 2-D and 3-D
heterostructures is tedious compared to the 1-D structurest*®®l. In case of graphene,
synthesis into a spatially separated high quality (extent of graphitisation) single layer
graphene in large scale is challenging. Further, processability of such highly
graphitized graphene is again a challenging task for anchoring a second nanomaterial
on the surface. At the same time, large varieties of 1-D nanomaterials for specific
applications are available with desired properties. Most of them are highly
processable and cheaper in cost. Especially, 1-D carbon materials are available in
various morphologies like fiber (hollow and rigid), tubular etc!. Further, they have
varied aspect ratio, graphitization level, surface functionalities which make the hetero-
nanostructure synthetic strategies more flexible. Thus, such vast variety of 1-D carbon
materials deliver possibility of myriad application in energy filed to use as support
materials. Apart from 1-D carbon materials, conducting polymers and metal oxides
have also shown possibilities to use as 1-D support materials though at less extent

compared to 1-D carbon(™,

1.10 1-D Supported Nanostructured Materials for Energy
Applications

In literature, a large number of reports are available for various 1-D
nanostructures which are utilised in applications involving electrochemical energy
conversion to energy storage devices. Zhang et al.™®¥ reported a conformal SnO,
decoration over CNT which provided adequate electrical contact and prevented
volume expansion of SnO, during Li intercalation/de-intercalation process (Figure
1.21). Similarly, Lee et al.*®*! reported PPy coated CNT showing superior capacitance
properties than the pure CNT and PPy due to 1-D nanoconfinement which provided

facile ion path and electrical conductivity for the composite. Ji et al. prepared
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Figure 1.21: Schematic representation of the synthetic procedure of SnO,/CNTs (Inset:
weights of the composite papers versus the solvothermal treatment time when different
volume ratios of water are used. Here, 100 wt.% refers to the PVP-loaded CNT sheets) and b)
TEM images of the SnO,—CNT composite sheet (Adapted and reprinted with permission from
Ref.[164], Copyright, Wiley-VC, 2009).

carbon/silicon (C/Si) composite nanofibers by electrospinning polyaniline nanofibers
containing silicon nanoparticles, followed by carbonisation ™. 15 % Si in the
composites could provide large reversible capacities of about 1800 mAh g™*. Gao et

al. ™" reported a composite made using TiN nanoparticles on CNTs as a CE in
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Figure 1.22: a, b) TEM images (scale bars: 200 nm (a), 10 nm (b)), c) HAADF-STEM image
and d) element distribution of TiN-CNTs. Inset: spectrum of N from 0 to 80 nm expanded
vertically by a factor of 57.5. The signals in (d) were obtained by line-scanning across a
single carbon nanotube (line 1 in (c)) from right to left. The right images is showing the I-V
polarisation (Adapted and reprinted with permission from Ref.[167], Copyright, Wiley-VC,
2010).
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DSSC. The DSSC using TiN/CNT shows 5.41 % conversion efficiency, higher than
the DSSCs using TiN CE and the pure CNTs. The high performance of the

composites is ascribed to the combination of high catalytic activity and electrical

conductivity (Figure 1.22). Basic idea of such 1-D heterostructures is to address the
low charge mobility, active surface area and stability of a highly electrochemically
active material via 1-D carbon support. Apart from the carbon, researchers also used
conducting polymers as 1-D supports owing to their high conductivity. A 1-D
nanostructured MnO,/PPy composite was prepared by Li et al.™® using chemical
polymerization of PPy in presence of MnO, nanoparticles. A high specific
capacitance of 320 F/g is obtained for the composites after 500 charge—discharge
cycles in the potential range of 0.4 to 0.6 V in a neutral pH KCI electrolyte. However,
compared to carbon support, stability of such materials is still dubious. In most of the
above examples, the derived materials possess higher disorder due to random
orientation of the material during the synthesis. As a solution for this problem,
template assisted methods are used by researchers to grow ordered arrays of 1-D
nanostructured materials on a substrate by the ‘‘bottom-up’’ growth approach, i.e. the
growth direction of the 1-D nanostructure is well controlled, in most cases,
perpendicular to the substrate such as a current collector. Lee et al.l*®® reported
coaxial nanowire comprising MnO; core and PEDOT shell resulting higher energy
density than the individual components (Figure 1.23). In case of DSSCs CE, oriented
heterostructures are very less due to difficulties in orienting concomitantly two phases
together. Complete removal of the templates like alumina is hard and further large
scale production is still challenging in such examples. Well interconnected carbon
fiber can also be utilised to grow highly active but less conducting materials having
low SSA. Due to highly ordered micron pores of carbon fibers, various type of
coating techniques can be applied, such as electro-deposition, vapour phase
deposition, dip coating etc. This type of 1-D oriented carbon backbone provides
seamless electron path which acts as a current collector. Further, larger surface area
can effectively increases the effective interfaces of the active materials along with
controlling the structure during the deposition. Alshareef et al.**! reported Co30,4
nanowires over carbon fiber paper and showed the superior charge storage properties
(Figure 1.24). Low electrical conductivity of Co30, is addressed by the carbon fiber
support and the porous structure helps for easy ion transport and formation of better

interfaces.
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Figure 1.23: Image in the left side is the schematics of MnO,/PEDOT coaxial nanowire
formed in alumina template. Images in the right side correspond to the single PEDOT coaxial
nanowire and their EDS mapping (Adapted with permission from Ref.[170], Copyright,
American Chemical Society, 2007).

Figure 1.24: (a) Low and (b) high magnification SEM images of Co3O, nanowires with
brush-like morphology, (c) cyclic voltammograms of carbon substrates at a scan rate of 10
mV st and (d) specific capacitances of Co;O, nanowires with brush-like and flower-like
morphologies at different scan rates. Adapted with permission from Ref. [169], Copyright,

American Chemical Society, 2012).
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1.11 Scope and Objectives of the Present Thesis

Critical analysis of the present supercapacitors and dye sensitized solar cells
(DSSCs) based on the current research activities, pertaining issues in design,
performance, safety and cost clearly reveals the existing hurdles which need to
overcome in order to broaden their wider applications. Electrode material is one of the
vital factors which has a critical role in deciding the performance of the energy
devices listed above. Facile movement of electrons and ions through such electrodes
and their electrolyte interfaces thus plays a pivotal role apart from the inherent
electrochemical activity of the electrode materials. This requires proper understanding
of the double layer structure and mechanism of the concerned devices. Among the
various single phase and multi-phase nanomaterials, 1-D carbon supported
nanomaterials are ideal for such applications due to their improved activity resulting
from enhanced electrode-electrolyte interfaces, amended kinetics via facile charge
movements, stability etc. Further, such 1-D carbon supports are ideal for devising
safer solid polymer electrolyte supercapacitors owing to their ability to form better
interfaces with the electrolytes. At the same time, for future flexible applications,
development of flexible, thinner electrode materials with stable activity are required.
To conceptualize this, there requires highly flexible, thinner electrode materials with
high electrochemical activities. The prime focus of the present thesis is thus to
develop efficient electrode-electrolyte interfaces in 1-D carbon supported
nanomaterials to serve as the charge storage electrodes in supercapacitors and counter
electrodes in DSSCs. The thesis also focuses on the attainment of electrode flexibility
by creating the efficient active sites and electrode-electrolyte interfaces in flexible
substrates. With respect to the supercapacitors, the thesis starts with the development
of the liquid-state based devices. The attention then moves to the development of
solid-state devices and finally the thesis ends with the demonstration of flexible-solid-
state devices. At the same time, DSSC counter electrode devices are applied to a TCO
based DSSC counter electrode in the beginning and finally ends with TCO-free
flexible counter electrode. The specific objectives of the research activities covered by

the thesis are as listed as below:

AcSIR-NCL | Bihag A. M.



Chapter-1

Objectives

To study the effects and benefits of 1-D nano-confinement of materials on the
electrode-electrolyte interfacial processes. Evaluation of the ionic and electric
mobility changes during the 1-D confinement in the electrochemical charge storage
and tri-iodide reduction is a focusing area of the work.

Application of the 1-D confined materials in supercapacitor and DSSC devices and
to evaluate their performance characteristics with adequate comparison and
stability analysis.

To study the effect of the relative electrode-electrolyte interfaces in solid-state
supercapacitors with varying electrode mass loading.

To design new approaches, from materials preparation to system design, for
improving the electrode-electrolyte interfaces and explore the applications of such
materials in real solid-state supercapacitors with an aim to achieve redefined
performance characteristics and design aspects.

To study the performance of the solid-state devices under the conditions of varied
temperature and humidity with proper comparisons with the performance
characteristics of their liquid-state counterparts under the identical test conditions.
Controlling the electrodeposition technique to manipulate the nanomaterials’
structure to attain high electric as well as ionic mobility and to utilise such
materials in charge-storage devices using liquid and well as solid electrolytes.

To develop simple and scalable strategies for making flexible thin conducting
substrates by utilising simple surfactant-free interfacial polymerisation techniques.
Further, understanding the chemistry behind the process and utilising such large
scale method of electrode preparation for developing flexible all-solid-state
supercapacitors and flexible counter electrode for DSSCs.

To understand the rate of polymerisation of the conducting polymers and its effect
on dictating the polymer chain alignment as well as the doping level and to
understand the outcome of these effects in deciding the conductivity of the matrix.
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Chapter-2
1-D Confinement of PEDOT Using Hollow Carbon
Nanofiber: An Efficient Charge Storage Material
with High Catalytic Activity for Tri-iodide
Reduction in DSSC

In this chapter, preparation of a highly conducting porous 1-dimensionally (1-D)
aligned nanohybrid of polyethylenedioxythiophene (PEDOT) using a cup-stacked
hollow carbon nanofiber (CNF) and its applications as a solid template for potential
charge storage and DSSC
counter  electrode are
reported. The unique
features of the nano
confinement involve the
significantly high porosity
and conductivity with the
establishment of the 1-D
architecture. This
preferential  orientation
along the pore axis during
the slow polymerization
brings an order in the
polymer chain  which
enhances the m conjugation length, leading to higher electrical conductivity. The
tubular morphology of CNF with open tips provides facile routes for the electrolyte
and, thereby, to achieve low charge transfer resistance. Apart from this, the solid CNF
backbone helps in improving the stability and surface area of PEDOT. Thus, the
overall improvement in conductivity, surface area, charge-transfer resistance, stability
etc. make the derived 1-D nanohybrid material as a potential material for
supercapacitor and a counter electrode for DSSC.

Content in this chapter is published in the following articles:

Nanoscale, 2014, 6, 10332-10339
(http://pubs.rsc.org/en/content/articlelanding/2014/nr/c4nr00717d#!divAbstract)
RSC Adyv, 2013, 3, 11877-11887
(http://pubs.rsc.org/en/content/articlelanding/2013/ra/c3ra40853a#!divAbstract)
Reproduced by permission of The Royal Society of Chemistry
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Chapter-2

2.1 Introduction

Recently, there has been a great interest in developing various nanostructured
hybrid materials for energy applications!™! due to the efficiency of many of such
materials to overcome the pertinent issues on performance and durability. The
growing presence of such materials in niche applications such as electrodes for fuel
cells,Psupercapacitors,®! Li ion batteries,'solar cells®etc. underlines the wide
prospects of these materials. The issues related to the performance, efficiency, cost
and durability of the electrodes are continuing to be the daunting challenges in the
ongoing efforts for bringing many of these systems in the main stream. Therefore,
realization of new materials which can make revolutionary changes in the key limiting
areas is of profound importance. Especially in the case of supercapacitors and dye-
sensitized solar cells (DSSCs)™, nanostructured inorganic-organic hybrids* 32 ©
have great scope. As one of the key advantages, the inorganic part of the
nanocomposite can serve as a solid template to dictate the polymer growth, leading to
nanoconfinement and enhancement in the electrode-electrolyte interfacial area. Thus,
the added properties of the two materials at the nano regime help such hybrid
materials to outperform in functions compared to the constituent materials. Such nano
hybrid materials based on conducting polymert” are more interesting in the
electrochemical energy devices due to their high electrical conductivity, low band
gap, cost and processability.”® Among the various conducting polymers which are
widely essayed in literature, polyethylenedioxythiophene (PEDOT)™ has been
evolved as one of the most successful material from both fundamental and practical
perspectives for various applications beyond electrochemistry. PEDOT possesses
several beneficial features over its competitors, which include its low oxidation
potential, wide potential window (1.2-1.5 V) and moderate band gap.™ In addition to
its reasonable conductivity, the material is also found to be transparent, easy to
process and environmentally stable. Due to these exceptionally unique properties,
PEDOT has emerged as a promising material in various energy devices, especially as
an “active material” for the energy storage devices ™! and DSSC counter electrode

applications.
2.1.1 PEDOT as a Charge Storage Material

PEDOT as a charge storage material has gained its identity irrespective of the
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facts that the material possesses only moderate theoretical specific capacitance of 210

F g due to its high molecular weight (142 g mol™) and low doping level (0.33)
compared to its competitors.*?! Considering the cost competitiveness of the material,
the theoretical capacitance of 210 F g™ itself is a good advantage. However, the
reported capacitance of bulk PEDOT prepared by various methods is in a significantly
low range of 50-90 F g™1** ¢ Blqye to its low surface area and difficulties associated
with low conductivity. More importantly, PEDOT suffers from a stability issue during
cycling!™ and it also possesses an inability to retain constant energy delivery at high
power demands. This is due to the slow faradaic redox charge storage mechanism
involved in the system.™ During charging and discharging, insertion and re-insertion
of ions occur, which leads to swelling and shrinking of the polymer matrix.[”
Consequently, the stability of the polymer matrix reduces, which affects ion diffusion

in the system and the capacitance, especially as the current demand increases.
2.1.2 PEDOT as a Counter Electrode in Dye Sensitized Solar Cell (DSSC)

PEDOT™ is a promising counter electrode!*®! in DSSC over costly Pt for the tri-
iodide (l3") reduction. This is in conjunction with its unique properties such as high
catalytic activity for 15~ reduction*®¥, low cost and high-conductivity™. However,
low conductivity as well as surface area in its bulk form results in poor catalytic
activity. Low conductivity and surface area in the bulk synthesized PEDOT occur
mainly due to the fast polymerization rate of PEDOT™"., Such a fast polymerization
results in aggregated polymer grains which may precipitate out in the medium. In

such cases, processability will become difficult due to the low solubility of PEDOT.
2.1.3 Solution for the Existing Problems

Establishing both nanomorphology of PEDOT and better mechanical stability to
the system are important for improving the electrochemical properties for the above
two applications and to attain overall durability. Such morphological fine tuning is
expected to improve the porosity and this can facilitate ion transport to assist the fast
and efficient electrode reaction. Among the various morphologies of PEDOT, the 1-D
nanostructure*® can minimize the existing drawbacks in a better way. Among the
various reported processes, the hard template assisted synthesis using
electrochemical™ ! and chemical methods®”®” give low yield, which restricts the

practical implementation of these methods. On the other hand, the soft template
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assisted synthesis?>?! often fails to provide the required property characteristics of
PEDOT.

Here, a synthetic strategy of PEDOT is developed in order to overcome its

drawbacks such as fast polymerization rate, low conductivity, low surface area and
low stability. This is achieved by 1-D aligning of PEDOT over a high aspect ratio
carbon nanofiber (CNF) with diameter of ~ 50-70 nm and length of several
micrometres. This method offers unique nano architecture for PEDOT by providing
the mechanically stable and electrically conductive CNF as the core material and by
concomitantly maintaining both high aspect ratio and interfacial areas. Formation of
PEDOT as a thin layer improves the electrical conductivity and the aligned growth
along the surfaces of CNF provides well defined pathways for faster movement of
ions in and out of the polymer matrix. Consequently, during the electrode reactions,
the nanostructured hybrid morphology helps the system to display high
electrochemical activity and stability.

2.2 Experimental Section

2.2.1 Materials

Carbon nanofiber (CNF) used as the solid template was procured from Pyrograf
Corporation, USA. Ethylenedioxythiophene (EDOT), 1,3-dimethylimidazolium
iodide (DMII) and FeCl; were purchased from Aldrich Chemicals. Acetonitrile,
dimethylsulfoxide (DMSO and sulfuric acid (H,SO,) were procured from Rankem
Chemicals. All the chemicals were used as received without any further purification.
A polytetrafluoroethylene (PTFE) filter paper (pore size of 0.45 um; Rankem) was
used for the filtration. A copper grid with a carbon support (Icon Analytical) was used
for the HR-TEM observations. Fluorine doped Tin Oxide (FTO) glass electrode with
15 Q/o sheet resistances was purchased from Solaronix (TC0O22-15) and was used as

a substrate for the counter and working electrodes.
2.2.2 Functionalization of Carbon Nanofiber (FCNF)

Functionalization of CNF was carried out by hydrogen peroxide (H20,)
treatment. In a typical experiment, 1 g of CNF was well dispersed in 200 ml of 30 %
H,O, for 15 minutes followed by refluxing at 60 °C for 5 h. Subsequently, the solid

mass was filtered out, washed repeatedly with deionized water and finally dried at
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100 °C in an oven for 5 h. The sample which is designated as FCNF was used for the

nanocomposite preparation.
2.2.3 PEDOT-FCNF Composite Preparation

50 mg of FCNF was dispersed in 10 ml of acetonitrile (HPLC) in 100 ml round
bottom flask by sonication for 15 min to get proper wetting of FCNF by the solvent.
To the above solution, required amount of the monomer, EDOT (3, 4-ethylenedioxy
thiophene), in 10 ml acetonitrile was added drop-wise. The mixture was kept for
probe sonication for 30 min. followed by vigorous stirring for 24 h at room
temperature. For executing polymerization, anhydrous FeCl; (keeping 1:4 molar ratio
with the monomer) in acetonitrile (10 ml) was added drop-wise to the above mixture.
The solution becomes pale blue in colour after the addition of the oxidizing agent.
The reaction mixture was kept for 48 h for stirring followed by filtering using the
PTFE filter paper (pore size, 0.45 um; Rankem). The wet cake was thoroughly
washed with acetonitrile and DI water to ensure the complete removal of the
unreacted monomer and excess FeCls. The solid mass was kept at 100 °C in an oven
for overnight for drying. Keeping the preparation protocol the same and by varying
the monomer content, four composites of PEDOT-CNF containing 25, 40, 60 and 80
wt. % of PEDOT were synthesized. The samples are respectively denoted as CP-25,
CP-40, CP-60 and CP-80. Finally, for a comparison purpose, bulk PEDOT was also

synthesized from the EDOT monomer using the similar procedure.
2.2.4 Counter Electrode Preparation

FTO plate was washed by ultra-sonication in soap solution, deionized water and
absolute ethanol and 0.5 cm? of area was confined by adhesive spacer. 3 mg of the
sample was dispersed well in 500 pl DMSO using a mortar pestle and 25 pl of the
above solution was drop coated onto the confined area of the FTO plate. Electrodes
were dried overnight at 100 °C under vacuum. Two such electrodes were sandwiched
together for the symmetric cell experiments by facing each other and keeping an
adhesive tape piece as a spacer. The electrolyte composition was DMII, 0.05 M Lil,
0.05 M 1, and 0.5 M tert-butyl pyridine in 1:1 (v:v) acetonitrile and valeronitrile
mixed solvent. All the electrolyte components except DMII were purchased from
Sigma-Aldrich and used without further purification.
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2.2.5 Dye Sensitized Solar Cell (DSSC) Fabrication

Standard P25 paste was prepared using a reported method[®?. FTO substrates for
working electrode were washed by ultra-sonication in soap solution, deionized water
and absolute ethanol. The P25 paste was doctor bladed on the washed FTO plate and
the plate was heated at 450 °C for 10 min. A thickness of 12-13 microns was achieved
by multiple coatings. The final annealing was done for 1 h. TiCl, treatment on the
working electrodes was done according to a reported method®? and the electrodes
were reheated at 450 °C for 30 min. The working electrodes were soaked in 0.5 mM
N719 dye solution for overnight. DSSCs were assembled using a sandwich assembly
of the working electrode and counter electrode. The electrolyte composition was 1 M
DMII, 0.05 M Lil, 0.05 M I, and 0.5 M tert-butyl pyridine. I-V (current vs. voltage)
measurements were done under Newport Solar Simulator attached to Keithley 2420
source meter. In order to check the stability of the counter electrode for the best case,

the working and counter electrodes were sealed using Surlyn.
2.2.6 Characterization

Structure and morphology of the hybrid materials were analyzed using a high-
resolution transmission electron microscope (HR-TEM) Tecnai-T 30 model at an
accelerated voltage of 300 kVV. TEM samples were prepared by placing a drop of the
catalyst sample in ethanol onto a carbon-coated Cu grid, dried in air, and loaded into
the electron microscopic chamber. X-ray Diffraction (XRD) was conducted using a
Philips X’pert pro powder X-ray diffractometer (Cu Ko radiation, Ni filter).
Thermogravimetric Analysis (TGA) was performed on a PERKIN ELMER STA 6000
analyzer from 50 to 900 °C with 10 °C min™ temperature ramp under air. X-ray
Photoelectron Spectroscopic (XPS) measurements were carried out on a VG Micro
Tech ESCA 300° instrument at a pressure of > 1 x 10 Torr (pass energy of 50 eV,
electron take off angle of 60° and the overall resolution of ~ 0.1 eV). The Fourier
Transform (FT) IR spectra was taken on a BRUKER Alpha model in ATR mode.
Raman analysis was carried out on Horiba JobinYvon Inverted LabRAM HR800 VIS-
NIR using 532 nm solid-state diode laser beams. Nitrogen adsorption-desorption
experiments were conducted at 77 K using QuantachromeQuadrasorb automatic
volumetric instrument. Ultra pure N» (99.999%) was purified further by using calcium

aluminosilicate adsorbents to remove trace amounts of water and other impurities
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before introduction into the system. For measurements at 77 K, a standard low-

temperature liquid nitrogen Dewar vessel was used. Before the gas adsorption
measurements, the sample was activated at room temperature (for 24 h) and 100 'C
(for 36 h) under ultrahigh vacuum (10-8 mbar) for overnight. About 50 mg of the
samples was loaded for gas adsorption, and the weight of each sample was recorded
before and after out gassing to confirm the complete removal of all guest molecules
including the coordinated H,O in the sample. Electrical conductivity was measured
using four-probe conductivity method at room temperature with a probe distance of
0.2 cm = 2 %. Variable current source (mA) and micro voltmeter were used for the
experiments. Sample in the form of a thick pellet with a diameter of 13 mm and a
thickness of ~0.5 mm was prepared using a pellet maker. All the samples were given
the same hydraulic pressure of 150 kg cm™ for 3 min. Conductivity was measured by
placing the sample pellets on a non-conducting surface and the measurement was
done by the four probe method by using the following equation:

1 2nS %

K=—-p= W
P63

where, K = conductivity (S cm™), p = resistivity (Q cm), G, (%) = correction

factor,W = thickness of the pellet, S = probe spacing (2mm), V = voltage (V) and
I = current (A).

2.2.7 Electrochemical Studies

All the electrochemical studies for charge-storage properties were carried in a
Bio-Logic SP-300 Potentio-Galvanostat using a two-electrode test cell containing 0.5
M H,SO, as the electrolyte. For preparing the electrodes, 4 mg of the sample was
dispersed in 2 ml of EtOH:H,0 (3:2). From this, 1 mg of the catalyst was drop coated
on to 1 cm? area of a Toray carbon paper (non-teflonated) having a dimension of 1 x
5 cm?®. After the coating, the carbon paper was dried at 100 °C for overnight. The
required electrical contacts from the electrodes were made by using metal crocodile
clips. The CV measurements were taken at different scan rates from 10 to 800 mV s™
by maintaining a potential window of 1 V. Charge-discharge measurement was done
at different current densities (0.5 to 10 A g™7) in the potential range of 0-1 V.
Electrochemical impedance (EIS) analysis was carried out from 10° Hz to 0.1 Hz
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frequency sweep against the open circuit potential with a sinus amplitude of 10 mV
(Vims= 7.07 mV). All the EIS data were analyzed using an EC-Lab Software V10.19.
Capacitance calculated from the CV and charge-discharge for the hybrid material is
converted into specific capacitance in terms of the weight of the active material
(PEDOT) in the composites.

Capacitance (F g'') was calculated from the cyclic voltamogram using the following

equation:

1
ScanRate (%) *V*xM

C=2x( )

Capacitance was also calculated from the charge-discharge experiments using the

(;:2*(;)

in both the cases, ‘I’ is the average current during the anodic and cathodic sweep, ‘V’

following equation:

is the potential window (1 V), ‘M’ is the weight of the active electrode material coated

dv

in one of the electrodes (g) and’ (E) is the slope of discharge curve after the IR

drop.

Energy density (Eq) and power density (P4) were calculated from the capacitance

value obtained by cyclic voltamatry'® using the following equations:

Eq ,dv

Energy density Eq(Wh Kg™1) = %CSVzand power density Py (WKg™1) = - )

here, V= voltage window and % = scan rate (V s™)

Calculations of the imaginary capacitance and time constant from the EIS

measurements>*! were done using the following equations:

z'(w)
w|Z(w)|?

Imaginary capacitance C” (w) =

where, Z(w)is called impedance modulus [Z(w)|? = Z(W)'* + Z(w)"?

Z'(W) =real Impedance () and Z"((w) =Imaginary Impedance (Q)
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w = 2nf where f=AC frequency (H,)

In the plot of the imaginary capacitance vs. frequency, a maximum occurs at a
particular frequency which is known as the relaxation frequency (fo). Time constant

(t) of the material is given by the reciprocal of (fo).

In case of the counter electrodes, CV was done in distilled acetonitrile
containing 0.1 M LiCIO4, 5 mM Lil and 0.5 mM I, under N, atmosphere. A 3-
electrode setup was used for CV in which the prepared counter electrode for DSSC
was used as the working electrode and Pt wire which was internally calibrated using
ferrocene/ferrocenium(Fc/Fc*) couple was used as the reference electrode. Pt foil was
used as the counter electrode. Tafel measurements were done in symmetrical cell in
which potential was polarised from -1 to +1 V at a scan rate of 10 mV s™. Impedance
analysis was carried out from 10°to 0.1 Hz frequency sweep against the open circuit
potential with a sinusoidal amplitude of 10 mV (Vms= 7.07 mV). Impedance data was
fitted using EC-Lab Software VV10.19.

2.3 Result and Discussion

Polymerization of bulk PEDOT starts very fast in presence of the oxidising agent
FeCl; and the reaction completes within ~10-20 min®®l. Whereas, in presence of
CNF, the polymerization rate becomes slow and, hence, it takes longer time for
completion. This is due to the m-m interaction between the functionalised CNF and
EDOT monomers which restricts the motion and thus retards the polymerization rate.
Thus, such confined monomers and slow rate of polymerization help formation of a
thin film over CNF rather than the polymerization at the bulk. This is essential
because the fast polymerization results in a mixture of the 1-D aligned polymer as
well as the bulk PEDOT.

2.3.1 HR-TEM and SEM Analyses

Microstructural feature of the above materials was examined using TEM.
Image of a bare CNF as shown in Figure 2.1a reveals a hollow tubular nature with
cup-stacked structure on the inner wall. Inner diameter of the tube is around 60 nm
whereas the total diameter is approximately 120 nm. CNF possesses a highly

graphitised outer layer (Figure 2.1b) which was activated via oxidative
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functionalization by H,O, treatment for easy anchoring of the monomer. On the other

hand, due to the presence of the slanting graphene layers which terminate along the
inner wall, the inner side of the tube is inherently active.The HRTEM images of the
composites (Figure 2.1c-k) delineate the morphological modification affected in the
nanofiber after the deposition of PEDOT. Since the FCNF core dictates the growth of
PEDOT, an effective 1-D hollow tubular confinement of PEDOT is evident from the
images. The images corresponding to CP-25, as shown in Figure 2.1c depict the thin
layer of PEDOT on the outer wall and patches of the layer along the inner cavity of
FCNF. The thickness of the layer formed on the outer wall in this composition is ca.
~10 nm as can be seen from the highlighted portion in Figure 2.1d. The extent of the

polymer coating along the inner and outer surfaces of FCNF increases as the

Figure 2.1: HRTEM images of CNF and nanocomposites: a) pristine CNF showing the
tubular morphology with its large inner diameter and open tips (inset), b) focused image of
the wall of CNF showing the parallel and slanting graphitic layers of the outer and inner
walls respectively, c-e) CP-25 with a thin layer of PEDOT and open tips, f-h) CP-40 with
prominent PEDOT layers along the inner and outer walls of FCNF possessing a PEDOT
thickness of ~21 nm along the outer wall and the tip of the tube which is still open and i-k)
CP-60 which has more PEDOT content along the outer wall with a thickness of ~35 nm and

relatively continuous PEDOT layer.
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percentage of PEDOT increases as revealed from the images corresponding to CP-40

and CP-60 in Figure 2.1f-k. The thickness of the coating layer has been increased
from 10 to 21 nm as the PEDOT content changes from 25 to 40 %, which is
associated with a considerable reduction in the number of the vacant pockets in the
inner cavity as can be seen by comparing Figure 2.1d and 1g. The thickness of the
PEDOT layer further increases to ~35 nm (Figure 2.1j) in the case of CP-60, where
the 1D alignment is still retained without any apparent indication of agglomeration
(Figure 2.1i). The vacant spaces along the inner wall are considerably less for this
composition, indicating a nearly complete wrapping on the inner wall surface with
PEDOT. Formation of the porous matrix of PEDOT along the inner wall of CNF is
caused by the evaporation of trapped solvent inside CNF. The continuous porosity of
the polymer layer inside CNF plays a vital role for the easy movement of the ion

species present in the electrolyte.

FE-SEM 1imaging is used to see the surface morphology of the counter
electrodes. Figure 2.2 corresponds to the FESEM images taken at the surface of a
counter electrode prepared from CNF, PEDOT and CP-25. Surfaces of CNF (Figure
2.2a) and the composite (CP-25, Figure 2.2b) are more porous than that of the bulk
PEDOT. CNF and CP-25 show almost similar morphology even though a distinction
between the polymer and carbon entities is difficult due to the lack of contrast
difference. Presence of bulk PEDOT outside the CNF surface is negligible in case of
CP-25 (Figure 2.2b) and CP-40 (Figure 2.3a).

Figure 2.2: FE-SEM images of a) bare CNF, b) CP-25 and d) bulk PEDOT. Images of

all the samples are taken using the original counter electrodes.
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In case of the composites with even higher loading of PEDOT such as CP-60 and CP-
80 (Figure 2.3b & 2.3c), the PEDOT phase is distinct and is clearly visible separately
from the CNF surface. Thus, in CP-60 and CP-80, higher concentration of PEDOT
leads to deviation from the expected core-shell morphology. Arrow marked portions
in Figure 2.3b & 2.3c show the part of bulk PEDOT present in the composites. Higher
concentration of EDOT monomer during the synthesis, as in the case CP-60 and CP-
80, enhances the chances of polymerization outside the CNF surface at a faster rate
compared CP-25 and CP-40.

Figure 2.3: FE-SEM images of a) CP-40, b) CP-60 and c) CP-80.
2.3.2 BET-Surface Area Measurements

The HRTEM images clearly provide strong evidences on the attainment of highly
exposed surface of PEDOT as the polymer growth has been confined along the
surfaces of FCNF. A quantitative estimation on the surface area change upon the
nanocomposite formation has been done by measuring the BET surface areas of the
samples (Figure 2.4). FCNF and bulk PEDOT possess surfaces areas in two extremes
as 55 and 5 m® g, respectively. The growth of PEDOT as a thin layer along the
surfaces of FCNF has helped the composites to display significantly high surface area
compared to the bulk PEDOT. The surface areas of the composite follow the order
CP-40 (33 m* g%) > CP-60 (27 m?* g') > CP-25 (23 m? g*) > CP-80 (7 m? g'%). Here,
again CP-80 shows a trend which is more similar to that of bulk PEDOT and this can

be ascribed to the polymer growth outside the periphery of FCNF. Thus, with the
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significantly high conductivity and enhanced surface area of the nanoconfined

PEDOT compared to the bulk sample, the hybrid material qualifies two essential

requirements for serving as the electrodes for supercapacitors.

Figure 2.4: Nitrogen adsorption isotherm of CNF, PEDOT and their hybrids.
2.3.3 Electrical Conductivity Measurements

1-D alignment of PEDOT is expected to improve the electrical conductivity not
only because of the presence of the conducting carbon core but also due to the
efficiency of the strategy to maintain a nearly uniform thickness of the continuous
PEDOT layer. The electrical conductivity data, as measured by the four- probe

method, is summarized

in Table 1.1. FCNF and bulk PEDOT show conductivities of 5.75 + 2 and 8.00 + 2 S
cm™ respectively. The conductivity increases significantly as we move to the
nanocomposites. In the case of the nanocomposites, the pressed pellet conductivity
follows the order CP-60 (106 S cm™) > CP-40 (92 S cm™) > CP-25 (66 S cm™) > CP-
80 (38 S cm™). It should be noted that this value is much higher than the reported
conductivity values of PEDOT having different morphologies.?'* 2% 28|t has been
observed that the template assisted synthesis of conducting polymers®?” leading to
fibrous structures possesses high electrical conductivity as compared to their bulk
counterparts. This was explained by various research groupst?™@ on the basis of the

results obtained from Polarized Infrared Absorption Spectroscopy (PIRAS). PIRAS
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study points towards formation of well-ordered polymer chains leading to higher
conjugation length and hence high electrical conductivity in case of the template

assisted

Tablel.1: Comparison of surface area, electrical conductivity and specific capacitance of the

samples.
Surface Area Electrical
(m*g?) Conductivity (S cm™)
FCNF 55 575+%2
CP-25 23 66 + 2
CP-40 33 92 +2
CP-60 27 106 £ 2
CP-80 7 38+2
PEDOT 5 8+2

growth. In the case of bulk PEDOT, fast polymerization rate results in the formation
of disordered polymer chains resulting in decreased conjugation length and low
conductivity®”. The presence of CNF, however, lowers the rate of polymerization of
PEDOT and also facilitates the growth of polymer chains in the direction along the
axis of the pores of CNF. This preferential orientation along the pore axis (i.e. along
the length) brings an order in the polymer chain which enhances the © conjugation
length leading to higher electrical conductivity in case of CP when compared to bulk
PEDOT and pristine-CNF. However, there is a threshold amount of PEDOT that
FCNF can accommodate. Once the concentration exceeds this limit as in the case of
CP-80, PEDOT s also seen to polymerize outside the CNF surface (Figure 2.3c)
leading to departure from the conformal core-shell architecture which makes CP-80’s
electronic character to lean towards the bulk PEDOT character. This is because of the
large proportion of disorder in the polymer matrix of CP-80, which leads to further

decrease in conductivity with loading as compared to lower compositions.

This is also experimentally supported by the I-V measurements of the material
coated in between the two FTO plates in Figure 2.5a. It clearly illustrates the higher
conductivity in case of the CP-25 (best case for the counter electrode application)

samples. The electrical conductivity of CP-25 is higher as compared to CNF because
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of the higher amount of the ordered PEDOT. To examine the long-term stability
towards conductivity, the conductivity of the materials was evaluated for different
time intervals. PEDOT is known to show degradation in conductivity with exposure

to atmosphere!®®. Figure 2.5b shows the data

Figure 2.5: a) 1-V measurements of the materials coated in between the two FTO plates and

b) time dependent conductivity of the materials with exposure to atmosphere.

corresponding to the conductivity evaluation as a function of time for different
combinations of PEDOT and CNF. Bulk PEDOT degrades to %" of its initial
conductivity within 18 days whereas the composites CP-60, CP-40 and CP-25 retain
~3,™ of their initial conductivities for the same duration. Such enhanced stability will
help the material to deliver consistent efficiency for longer duration and can avoid

costly handling technologies needed for such a humidity sensitive material.
2.3.4 XRD Analysis

The XRD patterns of CNF, FCNF, PEDOT, CP-25, CP-40, CP-60 and CP-80
are shown in Figure 2.6. In all the samples except PEDOT, the XRD patterns display
a strong peak at a 26 value of 26.2°, indicating the (002) graphitic plane of CNF. On
the other hand, in the case of bulk PEDOT, a broad peak corresponding to the 26 of
25.8° due to the (020) reflection has been observed along with some less intense peaks
at 6.2, 9.47 and 14.5°.*! Comparison of the full width at half maximum (FWHM) of
the graphitic (002) peak (Figure 2.6) clearly shows a gradual broadening with increase
in the concentration of PEDOT on the surface. This peak broadening is due to the
overlapping of the (020) plane of PEDOT with the (002) plane of the graphitic carbon

as the reflections occur almost at the same position in the case of the hybrid materials.

ACSIR-NCL | Bihag A. M.




Chapter-2

Figure 2.6: XRD patterns of CNF, CP-25, CP-40, CP-60, CP-80 and PEDOT.
2.3.5 Raman Spectroscopy

The mode of interaction between the PEDOT and FCNF and the extent of
defects induced in the CNF system are investigated using Raman spectroscopy.
Accordingly, Raman spectra of CNF, FCNF, PEDOT and FCNF-PEDOT hybrids are
shown in Figure 2.7. The Raman spectra of CNF exhibit two strong peaks at 1320 and
1564 cm™ corresponding to the D and G bands, respectively and a 2D band at 2641
cm™. After the functionalization of CNF to form FCNF, there is a significant increase
in the 1o/l ratio from 0.30 to 0.39.2% Again, the position of the G band at 1564 cm™
of FCNF is shifted to 1571 cm™ after the polymer incorporation (inset of Figure 2.7).
There are reports regarding the positive shift of the G band of carbon materials after
functionalization with electron withdrawing groups.!®"! These transitions in the present
case clearly indicate that there is a strong electronic interaction between S in the
doped PEDOT and the carbon network of FCNF. The same but less prominent trend
is observed in the case of the D and 2D bands as well. Apart from the D, G and 2D
bands, all the hybrid compositions show the characteristic Raman lines of PEDOT.
The intense peak at 1430 cm™ indicates the C,=Cg symmetric stretching band of
PEDOT, which provides a valid evidence of the doped state obtained for all the
hybrid compositions®?. The other peaks obtained at 1362 and 1507 cm™ represent the
Cﬁzcﬁl stretching. The characteristic peaks such as 499 cm™ (oxyethylene ring

deformation), 695 cm™ (symmetric C-S-C deformation), 859 cm™ (asymmetric C-S-C
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deformation), 987cm™ (O-C-C-O ring deformation) and 1550 cm™ (asymmetric C-C
stretching) %33 obtained for the pristine PEDOT are not clearly visible in the case of

the nanocomposites.

Figure 2.7: Raman spectra of CNF, FCNF, CP-25, CP-40, CP-60, CP-80 and PEDQT. The
inset of the figure highlights the G band shift.

2.3.6 FT-IR Spectra
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Figure 2.8: FT-IR spectra of CNF, CP-25, CP-40, CP-60, CP-80 and PEDOT.
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The FT-IR spectra of the nanocomposites display the characteristic peaks (Figure
2.8) of PEDOT at 651, 683, 736, 847 and 945 cm™, which correspond to the C-S
vibration modes of the thiophene ring in the PEDOT moiety.[?% 33 31 Apart from
this, the peaks at 1357, 1422 and 1494 cm™ indicate the C-C and C=C stretching of
the thiophene ring whereas the peaks at 1085, 1147 and 1187 cm™ represent the

stretching modes of the C-O-C groups of PEDOT in the nanocomposites.
2.3.7 XPS Analysis

The evidence for the chemical interaction between the FCNF and PEDOT is
further deduced from the XPS analysis. Apart from the signatures of C, O and S, the
presence of both Fe and CI confirms that the polymer is in its doped state in which CI’
or FeCly is the possible dopant. As shown in Figure 2.9a, the S2p core level spectrum
of PEDOT can be deconvoluted into four peaks corresponding to the binding energies
of 163.7, 164.9, 166.2 and 167.4 eV. The first two peaks correspond to the spin split

doublet, represented as Sz, and Sy/», of neutral sulfur possessing a binding energy

Figure 2.9: Deconvoluted XPS core level spectra of S2p of a) PEDOT and b) CP-40.

difference of 1.2 eV and an intensity ratio of 1:2.5% The higher binding energy peaks
at 166.2 and 167.4 eV correspond to S and this explicitly reveals that the polymer is
in the doped state. Compared to PEDOT, the S2p core level spectrum in the case of
CP-40 shows peaks at 163.3, 164.5, 165.3 and 166.5 eV as shown in Figure 2.9b.
Here, the binding energy of S has been decreased to 0.5 eV for neutral S and 0.9 eV
for S* and this shift indicates the influence of the 7 electrons of CNF to decrease the

electronegativity of S especially for S*.
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2.3.8 Thermogravimetric Analysis

Further, to understand the thermal stability and quantification of polymer in the
nanocomposites, thermogravimetric analysis (TGA) of CNF, PEDOT and various
CNF-PEDOT hybrids was carried out in air at a heating rate of 10 °C per minute from
room temperature to 900 °C (Figure 2.10). There are three major stages of weight loss
in the TG curves of PEDOT-FCNF composites. The first weight loss below ~120 °C
is ascribed to desorption of water molecule which are physisorbed on the composite.
The decomposition of PEDOT in the composites starts at around 250 °C and
completes at around 490 °C in comparison to the pristine PEDOT, for which the
decomposition completes at nearly 410 °C. The physiochemical interaction of PEDOT
with CNF and its confinement inside the more thermally stable shell of CNF
apparently enhanced the thermal stability of PEDOT close to

% of Weight

1 b | 4 ] 7 I 5 ]
170 340 510 680 850
Temperature 0¢

Figure 2.10: TGA of CNF, CP-25, CP-40, CP-60, CP-80 and PEDOT.

the carbon surface. At around 600 °C, a rapid fall in the weight of the carbon in the
pristine CNF and the composites is observed. The residues found after the analyses
are due to the oxidizing agent that is not completely removed from the polymer matrix
and trace amount of Fe impurity present in CNF. TGA profile is used to account the
quantitative loading of PEDOT in the composites. These loadings are estimated to be
25.3, 39.5, 60.5 and 79.5 wt. % respectively for CP-25, CP-40, CP-60 and CP-80.
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2.3.9 Electrochemical Characterization of Charge Storage Properties

In order to validate the efficiency of the systems for charge storage,
measurement of electrochemical capacitance was done by using cyclic voltammetry
(CV) and chrono charge-discharge technique in a two electrode set-up containing 1
mg of the respective material and 0.5 M H,SO, as the electrolyte. The contribution of
CNF towards the capacitance of the hybrid is negligible as evident from the
significantly low capacitance of 1 F g™ for the pristine CNF.["® **IDue to this reason,
any improvement in the capacitance for the nanocomposites can be correlated to the
loading and the peculiar confinement of PEDOT. Since no major contribution in the
capacitance is apparent from CNF, for all the calculations to deduce the mass specific
capacitance of the samples, the mass of PEDOT as estimated from the TG-DTA

analysis was used in the hybrid instead of the total weight of the composite.
2.3.9.1 Cyclic voltammetry

Combined cyclic voltammograms of CNF, PEDOT and their hybrids taken at
voltage scan rates of 50 and 2000 mV s™ are presented in Figures 11a and 11b,
respectively. All the hybrid materials show a square type voltammogram even at a
high scan rate of 2000 mV s™, which is a clear indication of the true capacitive nature
of the material.®”! The cyclic voltamogram of PEDOTM® 1P 18381 js quite different
B39 polypyrrole!”!

show typical redox peak in the CV. The square type voltammogram obtained here

from the other conducting polymer such as polyaniline etc. as they
shows the contribution from double layer capacitance and thus the capacitance of
PEDOT clearly depends on the surface area and conductivity of the polymer. Very
high retention of the CV feature at higher scan rates comes from fast response of the
material to the voltage switching, where unique morphology of the composite helps
seamless movements of ion during the redox faradic reaction.” In the case of bulk
PEDOT, however, the above feature is apparent only at very low scan rate of 500 mV
s and below. For example, a complete deviation from the square type feature of the
voltammogram at a scan rate of 2000 mV s is visible in Figure 2.11b. At a scan rate
of 50 mV s, the pristine PEDOT gives a mass specific capacitance of 76 F g™, which
is well in agreement with the literature reports.****1 However, this value drops to 30 F
g™ as the scan rate increases to 3000 mV s™. This can be accounted by the low surface
area (5 m”g™) and conductivity (8 S cm™) of the pristine PEDOT together with the
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indisposed features of the polymer matrix which restrict the fast ion movement during

the potential cycling. A substantial improvement in the mass specific capacitance has
been observed in the case of the nanoconfined samples. At the scan rate of 50 mV s™,
the specific capacitance of the composites follows the order CP-40 (177 F g™) > CP-
25 (151 F g% > CP-60 (147 F g*) > CP-80 (110 F g™). This nearly 2 fold
improvement in the capacitances of CP-25, CP-40 and CP-60 clearly validates the
efficiency of nanoconfinement and interfacial area tuning as affected by using carbon
nanomorphology as a solid template. The specific capacitance measured from the
systems well correlate with the electrical conductivity and surface area data as well,
which reveals a controlled interplay of various contributing factors in the hybrid
system. Among the systems, CP-40 has registered the highest specific capacitance and
this superiority is easily understandable as it possesses the highest surface area, which

is crucial over the electrical conductivity for charge storage.

To test the capacitance retention at higher scan rates, the CV profiles were
taken by varying the scan rate from 10 to 3000 mV s™. The capacitance retention of
the hybrids is excellent and the combined results are shown in Figure 2.11c. Among
the composites, CP-25, CP-40 and CP-60 give retention of 88, 74 and 69 %,
respectively from their initial values whereas CP-80 shows retention of 43 % from its
initial value. Compared to the nanocomposites, the capacitance retention of the bulk
PEDOT with the voltage scan rate is only 33 %. This limitation is linked to the
morphology of the polymer matrix which restricts the system to respond effectively
during potential cycling at various rates due to the resistances existing in the system
for fast ion movements. On the other hand, in the case of the hybrid system, due to its
1-D confinement with optimum PEDOT thickness and overall porosity, better access
and fast movements of ions even at very high scan rates can be expected. This
eventually helps the system to display better capacitance retention as the scan rate
changes. Adding to these structural advantages incurred, the high electrical
conductivity of the hybrid also favors the nanoconfined PEDOT to display better

performance compared to its bulk counterpart.
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Figure 2.11: Cyclic voltamogram and charge-discharge profiles of CNF, CP-25, CP-40, CP-
60, CP-80 and PEDOT; the CV responses in (a) and (b) were taken at scan rates of 50 and
2000 mV s, respectively; (c ) gives the specific capacitance retention of CP-25, CP-40, CP-
60, CP-80 and PEDOT from CV with different scan rates.

2.3.9.2 Galvanostatic charge-discharge experiments

The capacitances measured by the galvanostatic charge-discharge experiments
are also in well agreement with the results obtained by the CV measurements. The
charge-discharge curves for the samples obtained by maintaining the current density
at 1 A g are shown in Figure 2.12a. Perfect symmetric nature of the curves for the
hybrids indicates the high columbic efficiency which is lacking in the case of bulk
PEDOT. In the case of bulk PEDOT, it is clear from the figure that the charging time
is slightly higher than the discharging time which leads to a variation in the symmetric
nature of the plots. Such behaviour can be seen in the case of CP-80, which possesses
aggregates of PEDOT as revealed from the SEM images. The capacitances obtained
from the plots are 139, 151, 134, 89 and 80 F g™for CP-25, CP-40, CP-60, CP-80, and
bulk PEDOT respectively. Again, among the hybrids, CP-40 is the one with the
maximum performance. For high power demanding situations, charging and
discharging of the electrode material at high current density is necessary. One of the

best qualities of a perfect capacitive material is to retain its high energy density in
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terms of capacitance even at high current density. Due to the unique architecture,

hybrids have very high capacitance retention even at a high current density of 10 A g™
(Figure 2.12 b). Pristine PEDOT shows an enormous decrease of 69 % (90 F g™at 0.5
A glto275F gtat 10 A g) in capacitance at high current density. Compared to
this, the hybrids show low to moderate decrease, which are 12.5, 13.0, 14.0, and 23.0
% for CP-25, CP-40, CP-60, and CP-80 respectively from their initial values as shown
in Figure 2.12c. It should be noted that effective current density with respect to the
active material (PEDOT) will be much higher than that applied to the total electrode
material, which depends on the loading of PEDOT in the composite. For example,
10.0 A g™ applied to CP-40 leads to an effective value of 25.0 A g in terms of the
total PEDOT weight in the composite. In a similar way, normalization with respect to
the PEDOT weight for CP-25, CP-60, and CP-80 leads to the effective current density
values as 40.0, 16.0 and 12.0 A g, respectively. Slight variation in the capacitances
of the hybrids calculated using the charge-discharge method with that of CV can also

Figure 2.12: a) & b) Represent the charge-discharge experiments performed by maintaining
the current densities as 1 and 10 mA cm, respectively and (c) gives the specific capacitance
retention of CNF, CP-25, CP-40, CP-60, CP-80 and PEDOT from the charge-discharge

method with different current density values.
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be correlated to the differences in the effective current density values between the

samples as shown above.

Extended cycling life is an important requirement for supercapacitors. The
electrochemical stability of CP-40 and PEDOT are examined at a current density of 2
A g™ over 4500 charge-discharge cycles, where CP-40 is found to be showing
excellent stability (Figure 2.13). The overall decrease in the case of CP-40 is less than
2 % from the initial value after 4500 cycles compared to a loss of 15 % observed with
bulk PEDOT. Few cycles in the initial and final charge-discharge cycles are shown in
the inset of Figure 2.13. The cyclic degradation issue in the case of the bulk
conducting polymers is mainly due to the polymer structural degradation. This
happens due to the continuous swelling and shrinking during the repeated charging
and discharging (doping-dedoping) processes.!®” ™ 14| the present case, the hybrid
structure helps PEDOT to maintain better mechanical stability by helping proper
movements of ions and flexibility during the volume change. It is notable that, this
high stability is achieved without the addition of any physical binders like
polyvinylidene fluoride (PVDF) which is expected to improve the cycle life further,

but at the expense of the capacitance.

Figure 2.13: Percentage capacitance retention from the galvanostatic charge—discharge

cycle over 4500 repetitions at a current density of 2 A g™.
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Energy density (Eq) and power density (Pq) are calculated using the equation

given in the experimental section and the typical Ragone plot!*? is shown in Figure
2.14. Maximum energy density is shown by CP-40, which is 5.89 Wh kg™ at a power
density of 212 W kg™ and is able to keep 75 % (4.42 Wh kg™) at a power density of
12.72 kW kg™. CP-25 and CP-60 also show similar high values of 5.11 and 5.16 Wh
kg™ at power densities of 184 and 186 W kg™, respectively. These values become
4.49 and 3.64 Wh kg™* at 12.9 and 10.5 kW kg™ respectively. Compared to the
nanohybrid composites, bulk PEDOT shows only a very low energy density of 3 Wh
kg™ at a low power density of 110 W kg™. A drastic drop in the energy density at
higher power densities can also be seen.

Figure 2.14: Ragone plot calculated from the cyclic voltammetry profile in the scan rate
range 10 to 800 mV s™.

2.3.9.3 Impedance analysis

To support the explanation of the improved capacitance due to fast ion
transport in the hybrid, EIS studies were carried out. The Nyquist plot, Z’ (real)
versus Z” (imaginary), is presented in Figure 2.15a, which indicates the characteristic
capacitive behaviour for the hybrids. At the high frequency region (inset of Figure
2.15a), a small semicircle is observed which arises from the charge transfer resistance
between constituent elements in the electrodes as well as the electrolyte within the
pores.**] It is interesting to note that all the hybrids display very small semicircles.
For CP-25, CP-40 and CP-60, the diameters of the semicircles correspond to only
1.18, 1.33 and 2.10 Q, respectively, compared to 2.60 and 8.25 Q respectively for CP-
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80 and PEDOT. This result unambiguously proves the very low charge-transfer
resistances associated with the hybrids due to their unique 1-D structure with adequate
porosity by which the ion transport in the systems is expected to be favoured
significantly. Above result also explains why hybrids, especially CP-25, show
excellent capacitance retention at high scan rate and current density. In the lower
frequency region, ideal capacitor will have an exact parallel line with the Z”
(imaginary) axis in the Nyquist plot.”*> * The much inclined vertical lines of
PEDOT and CP-80 compared to CP-25, CP-40, and CP-60 are due to the surface
roughness and non-uniform active layer thickness. On the other hand, CP-25 shows
nearly ideal behaviour due to its thin uniform coating compared CP-40 and CP-60.

This thin and smooth coating reduces the diffusive resistivity of the system.

Figure 2.15: a) Nyquist plot of CP-25, CP-40, CP-60, CP-80 and PEDOT (magnified high
frequency region of the plots given in the inset), b) plot of impedance phase angle versus
frequency (Bode plot). (c) Imaginary capacitance vs. Frequency and (f) calculated time

constants.

The Bode plots (frequency vs. phase angle) in Figure 2.15b shows nearly -90°
phase angle at 0.1 Hz for the hybrid compositions CP-25, CP-40 and CP-60 represent
an ideal capacitive behaviour'® compared to PEDOT and CP-80. In addition to this,
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for CP-40, CP-60 and CP-25, change from the resistive to capacitive nature, as

indicated by the change from 0° phase angle to a favourable negative value, happens
at the high frequency regions compared to PEDOT and CP-80. To evaluate the
voltage response of the material, relaxation time constant (tp) has been measured from
the plot of imaginary capacitance (C”) vs. frequency (Figure 2.15c). Reciprocal of the
frequency (1/fp) corresponding to the peak capacitance gives the time constant (to),
which is a quantitative measure of how fast a material can be charged and
discharged.** **! Time constants of CP-25, CP-40, CP-60, CP-80 and PEDOT are
0.22, 0.48, 0.46, 1.60 and 1.65 seconds respectively (Figure 2.15d) which clearly
indicate the quick potential response of the hybrids compared to bulk PEDOT. These
time constants of conducting polymers are very low compared to even EDLC material
[45.47] "\/ery high capacitive retention of CP-25 compared to CP-40 and CP-60 is also
understandable from this low time constant of CP-25. The increase in tp with the layer
thickness of PEDOT on CNF arguments that a thin and smooth coating reduces the
diffusive resistivity for the charge transfer process. Overall, the nanoconfinement as
conceived by this approach assists PEDOT to mobilize fast charging and discharging
processes and helps to achieve high retention of capacitance at high scan rate and

current density.
2.3.10 Electrochemical Characterisation of Counter Electrode Activity

Higher surface area and conductivity of CP-25 as compared to CNF and
PEDOT are expected to help the hybrid sample to display improved catalytic activity
towards the reduction of tri-iodide species to iodide at the counter electrode which is

represented as,
I3 (sol) + 2e~ = 31 (sol)------ 1)

where, sol indicates the acetonitrile solution which is generally used as the solvent to
make the DSSC electrolyte.

2.3.10.1 Cyclic voltammetry analysis

A typical cyclic voltammogram shows the reduction-oxidation peaks at
negative potentials vs. Fc/Fc™ which are assigned to the reduction and oxidation peaks
for I57/1" couple as clearly depicted in Figure 2.16a. The second redox peak observed
at the positive potential is corresponding to the 1,/l5” couple. The important parameters
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which determine the electrochemical catalytic activity of the counter electrode are the

potential difference between the reduction and oxidation peaks of Is/I" couple as
denoted by Ep, and the peak reduction current density as indicated by Ip[48]. The
catalytic activity is negatively correlated to the magnitude of Ep, and directly to the
current density 1,. CP-25 shows an E,, of 0.27 mV which is very less compared to the
Epp values of 0.34 mV for bulk PEDOT and 0.97 mV for CNF which clearly indicates
the superior catalytic activity of CP-25 as compared to bulk PEDOT and pristine-
CNF. This is further supported by the comparison of the reduction current density I,
among CP-25, PEDOT and CNF. Note that in all the cases, the background current is
subtracted to get the pure reduction current for appropriate comparison of 1,. Due to
the higher catalytic activity of CP-25, it shows an I, of 1 mA cm?as compared to 0.70
mA cm™ for bulk PEDOT and 0.58 mA cm™ for CNF. Comparing to the catalytic
activity of Pt (Epp is 0.34 mV), CP-25 shows superiority in terms of its lower E,, value
even though Pt retains an edge in terms of its high I, (1.16 mA cm™) value compared
to CP-25. Thus, the CV results clearly indicate the superior catalytic activity of CP-25
over its constituent components (CNF and PEDOT) and it is interesting to find out
that the performance is even comparable to Pt. To understand the effect of 1-D
confinement in the catalytic activity, CV of different composites is also carried out
and the corresponding voltammograms are given in Figure 2.16c. With increasing the
amount of PEDOT, E,, is increasing in the order of CP-25 (0.272 mV) < CP-40
(0.324 mV) < CP-60 (0.329 mV). E, of CP-10 (0.882 mV) is found to be higher than
that of CP-25 (0.272 mV) due to the very low amount of PEDOT content which is not
sufficient for the catalytic activity in a system containing higher amount of less active
CNF. As it is found from the FE-SEM images, perfect 1-D confinement is destroyed
beyond CP-25 which results into lower conductivity and more bulk-like
characteristics. Thus, the higher Ey, values of the samples with PEDOT loading
beyond 25 % can be ascribed to the the cathodic peak current density in the case of
CP-25, Pt and CNF. Such a linear relationship lower electrical conductivity as well as
to the high charge transport resistance of such samples. Figure 2.16b shows that
square root of the scan rate has a linear relationship with indicates the involvement of
diffusion limited reaction and absence of any interaction of ionic species with the
catalyst during the adsorptiont*®!. On the other hand, in the case of bulk PEDOT, the
high charge-transfer resistance makes slow ion movement especially at higher scan
rate, which leads to a deviation from the linear relationship.
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Figure 2.16: a) CV profiles recorded at a scan rate of 50 mV s™* and b) plots showing the
relationship between the peak current density and square root of the scan rate and c) cyclic
voltammograms of the CP samples with different PEDOT loadings taken at a scan rate of 50

mvV st
2.3.10.2 Impedance and Tafel analysis

To reconfirm the superior catalytic activity of CP-25 towards the tri-iodide
reduction, EIS measurements were carried out in a symmetrical cell having the
CE/electrolyte/CE arrangement. Corresponding Nyquist plots are shown in Figure
2.17a. Experimental data are fitted using Randles-type circuit (Figure 2.17c) and the
individual circuit element’s values are given in Table 2.2. Real axis intercept at the
high frequency region is known as Rs, which corresponds to the equivalent series
resistance and is contributed mainly by the sheet resistance of the FTO plate. Sample
to sample variations in R values are omitted due to the same reason. First semicircle
after R at the high frequency region corresponds to the charge transfer resistance (Rc)
between CE and the electrolyte which is inversely correlated to the tri-iodide catalytic
activity. A constant phase element (CPE) having a dimension of capacitance is also
introduced to fit the data and is commonly used instead of pure capacitance. CP-25,

which is showing highest catalytic activity, shows less R¢; value (3.18 Q) compared to
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CNF (8.22 Q) and PEDOT (7.35 Q). This reconfirms the high catalytic activity of CP-
25. The low charge transfer resistance of CP-25 ultimately comes from the 1-D

aligning of PEDOT over CNF. Such peculiar morphology helps for achieving high
conductivity as well as easy ion transport. Compared to standard Pt (2.55 Q), CP-25
shows little higher Re. This is probably due to the higher thickness of the counter
electrode (CE) and can be reduced further by process modification. The semicircle
loop at the low frequency region is an indication of Warburg diffusion (Wq)
impedance due to the diffusion through Nernst’s diffusion layer™”., Wy increases in
the order of Pt (4.76 Q) < CP-25 (5.26 Q) < PEDOT (10.33 Q) < CNF (44.95 Q),
indicating that the diffusion coefficient of tri-iodide is in the reverse order. Thus, the
superior catalytic activity of CP-25 over PEDOT and CNF is confirmed by the lower
charge transfer resistance (R¢) and high diffusion (lower Wy). Tafel polarisation is
also carried out in the above cell and is plotted in Figure 2.17b. Exchange current
density for the samples is calculated from the low overpotential region form the plot

Figure 2.17: a) Nyquist plots obtained from the EIS analysis of the symmetrical cells;
symbols are used for the experimental and lines for the fitted data, b) Tafel polarisation plots
of the symmetrical cells using different samples and c) circuit diagram used for fitting the EIS
data (where, a) Pt and b) PEDOT, CP-25 and CNF).
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Table 2.2: EIS equivalent circuit element values as deduced from Figure 2.5a.

Rct-1  CPE-1 | Rct-2  CPE-2
Q F (10°%) Q F (10

Pt 17.3 2.522 11.3 4.766

CP 18.13 3.184 2.01 0.814 0.020 5.264

PEDOT | 21.81 7.35 4.32 5.41 0.019 10.33

CNF 20.4 8.221 3.02 1292 | 0.81e-3 44.95

and the corresponding values are 1.40, 1.30, 0.90 and 0.60 mA cm respectively for
Pt, CP-25, PEDOT and CNF. Higher slopes in the anodic and cathodic tales indicate
higher exchange current density (Jo) and, thereby, high catalytic activity®™". The
limiting currents (J;im) in the Tafel plots of CP-25 and Pt are nearly same (Figure
2.17b). Interestingly, it is found that CNF is showing high limiting current even
though it has less exchange current density. Thus, it can be concluded that CNF has
high overpotential for the tri-iodide reduction compared to PEDOT and CP-25. The Jp
values are also calculated from the EIS measurement using R by using the following

equation®!.
Jo= RT /nFRct ------ (2)

The calculated values of Jo from the EIS data are in the same order as obtained from
the Tafel slope and the corresponding values are 10.2, 8.1, 3.5, 3.1 mA cm™ for Pt,
CP-25, PEDOT and CNF respectively.

2.3.10.3 I-V measurement of DSSC

The derived materials were tested as counter electrodes in DSSC under solar
illumination of 100 mW cm™. Figure 2.18a shows the comparison of I-V curves of
DSSCs made with different counter electrode materials as compared to standard Pt
electrode and Table 2.3 shows the corresponding photovoltaic parameters. Counter
electrode made with CP-25 shows superior photo-conversion efficiency of 7.2 % as
compared to PEDOT (4.5 %) and CNF (5.6 %). The superior efficiency of CP-25 can
be assigned to its high catalytic activity due to the high conductivity and less charge
transfer resistance coming from the 1-D alignment of PEDOTPZ, Compared to
PEDOT, the high conversion efficiency of CNF is due to the high open circuit
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potential (Vo) and short circuit density (Jsc) even though its fill factor was poor due to
the low catalytic activity. The low fill factor of CNF is supported by the poor redox
couple in CV, low exchange current density in Tafel and high R in the EIS
measurements. Importantly, CP-25 overcomes the individual drawbacks of its
constituents by retaining the high Vo as CNF and high fill factor as PEDOT. The
photovoltaic parameters of CP-25 are comparable to Pt (7.3 %), and therefore, CP-25
can be considered to be a promising candidate as an alternative counter electrode in
DSSC. Photovoltaic stability of DSSCs made with counter electrodes comprising of
CP-25 and PEDOT was also studied. As shown in Figure 2.18b, the efficiency of CP-
25 is stabilized to a value of 95 % whereas the efficiency of PEDOT is decreased to
66 % of the starting value. The higher tolerance of CP-25 against deactivation is

clearly due to the stable conductivity as well as the mechanical integrity acquainted

Figure 2.18: a) I-V measurement of DSSC made using the different counter electrodes and b)
comparison of the stability of DSSCs made by using CP-25 and bulk PEDOT as the counter

electrodes for a duration of 20 days.

.Table 2.3: The photovoltaic parameters as deduced from the plots given in Figure 2.6a.

Sample Voc (V)  Jsc (mA cm®) Fill Factor Efficiency
(%)
0.74 12.61 55.08
PEDOT 0.62 10.02 66.50 4.48
CP-25 0.72 13.96 65.19 7.16
Pt 0.74 14.06 64.78 7.32
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from the CNF backbone compared to the bulk PEDOT. Among the counter electrodes
with different loading of PEDOT, CP-25 shows superior photovoltaic parameters
(Figure 2.19a, Table 2.4), which are in accordance with the catalytic activities
obtained from the CV profiles. Further, the performance of CP-25 is compared with a
physical mixture containing 25 % of PEDOT. However, the difference in the
conversion efficiency is clearly due to the peculiar 1-D alignment of PEDOT in CP-
25 which helps to increase the surface area, conductivity and to attain low charge
transfer resistance (Figure 2.19 b, Table 2.5). In the case of CP-25, due to the reduced
rate of polymerization rate, a film of PEDOT is formed along the inner and outer
surfaces of the hollow carbon fiber. On the other hand, in the case of the physical
mixture, the system will show an average characteristic of the bulk CNF and PEDOT
and result in low fill factor and Jsc compared to the bulk PEDOT, likely due to the
exposed surfaces of CNF in the electrolyte. In CP-25, the exposed surface is only
PEDOT, which has higher surface area, and electrical conductivity resulting in high

photo-conversion efficiency.

Figure 2.19: (a) I-V data of the composites (only two layer TiO, films (total thickness: 6
micron) were used to evaluate the optimum composition of the counter electrode) and b) I-V
data of CP-25 and the physical mixture of PEDOT and CNF.
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Table 2.4: Values extracted from the photovoltaic performance profiles of the composites
with different amount of PEDOT.

Sample Voc (V)  Jsc(mAcm?  Fill Factor  Efficiency (%)

0.743 10.01 39.35
CP-25 0.726 10.00 60.10 456
CP-40 0.719 8.933 60.43 411
CP-60 0.660 6.873 63.78 3.06

Table 2.5: Values extracted from the photovoltaic performance profiles of CP-25 and the

physical mixture.

Sample Voc (V)  Jsc (mAcm?  Fill Factor  Efficiency (%)
(%)
CP-25 0.70 14.0 66.5 6.59
Physical-mixture 0.72 12.2 63.3 5.58

2.4 Conclusions

A facile, economical synthetic strategy has been developed for preparing 1-D
PEDOT using CNF as a template by adopting a simple in-situ polymerization method.
The unique structure of CNF provides favourable paths for electrolyte penetration and
transportation. A porous structure of PEDOT on FCNF is formed because of the slow
polymerization, which plays the key role for the significant electrochemical activity
and stability. Nanoconfinement significantly enhanced the conductivity and surface
area of PEDOT compared to its bulk counterpart. The overall structural modification
assists the system to achieve a high specific capacitance, which is 165 F g™ for 40 %
PEDOT-CNF compared to 75 F g displayed by pure PEDOT. The tubular
architecture provided by CNF assists the hybrid for fast ion transport as confirmed
from the retention of the initial capacitance, which is 86 % as the scan rate changes in
the range of 10 to 800 mV s™. The CNF backbone also helped the system to provide
excellent cycle stability compared to the bulk PEDOT. Along with this, the

impedance analysis shows low charge transfer resistance and low time constant for
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the hybrid. Poor catalytic activity of bulk PEDOT in DSSC counter electrode could be
overcome by the nanoconfinement using CNF. The hybrid material CP-25, which
possesses a PEDOT content of 25 wt. %, shows superior catalytic activity as evident
from its low Ep and high 1, in the cyclic voltammogram. EIS and Tafel measurements
on the symmetrical cell re-confirm the superior catalytic activity of CP-25 over CNF
and PEDOT. CP-25 shows low charge transfer resistance and high exchange current
density. DSSC made with CP-25 as the counter electrode catalyst shows a conversion
efficiency of 7.16 % compared to 4.48 % of PEDOT and 5.56 % of CNF and the
value is nearly comparable to that of Pt (7.3 %).
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Active Interface Tuning Of Solid-State
Supercapacitor: Studies with Carbon Fiber

Supported Conducting Polymers

Replacement of liquid electrolyte from the supercapacitors and Li-ion batteries with a
solid counterpart is very promising for developing safe, light-weight and flexible
devices. However, conventional polymer film approach is inferior in performance
owing to the less effective electrode-electrolyte interface achievable with the solid
polymer electrolytes. This chapter deals with the successful demonstration of the
tuning of active electrode-electrolyte interface in favorably affecting the charge
storage properties of the solid-
state supercapacitors. In the
initial  section,  performance
variation of an all-solid-state
supercapacitor is explained by
intercalating a  gel-polymer
electrolyte, i.e. PVA-H,SO4, with
different amounts of PANI coated
carbon fiber paper. However, this
system encountered issues such
as low interface and inferior
charge storage properties at higher mass loading conditions. The second section deals
with the fabrication of a solid-state supercapacitor which has closely matching
performance characteristics as that of its liquid-state counterpart. This has been
achieved by electro-depositing PEDOT onto the individual carbon fiber in the paper,
followed by polymer-gel electrolyte intercalation. Electrodeposited PEDOT acquired
a flower like interconnected growth pattern, which helped to improve the electrode-
electrolyte interfacial area. Thus, even under a higher PEDOT loading of 7.56 mg
cm?, desired interface could be established and, thus, resulted into a high volumetric
capacitance of 28 F cm™ while retaining a high specific capacitance of 112 F g™.

Content in this chapter is published in the following articles.

ACS Appl. Mater. Interfaces, 2013, 5 (24), 13397-13404
(http://pubs.acs.org/doi/abs/10.1021/am404320e)

Nanoscale, 2014, 6, 5944-5952
(http://pubs.rsc.org/en/content/articlelanding/2014/nr/c4nr00659c#!divCitation)
Reproduced by permission of Royal Society of Chemistry and American Chemical Society
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3.1 Introduction

Polymer electrolytes™ have been extensively studied as electrolytes in
supercapacitors and lithium batteries in place of liquid electrolytes. Liquid electrolyte
in conventional electrochemical energy storage devices raise safety issues and thus
require high-standard safety encapsulation materials and technologies.!”! Replacement
of liquid electrolyte in the energy storage devices with a solid counterpart is thus very
promising for developing thin, light-weight, economically viable and flexible future
devices. Among the various polymer electrolytes, gel/plasticised electrolytes™™
show ambient conductivity and desirable mechanical properties. Thus, they are
emerging as promising electrolyte materials to replace conventional liquid electrolyte
in supercapacitors. Many of the earlier studies utilized gel electrolyte as a film™*® ¢3!
between the electrodes, which resulted in low electrode-electrolyte interfacial area
with poor charge storage properties. Apart from the low charge storage properties,
total device resistance increases due to high contact resistance arising from the low
integrity of the electrode-electrolyte material.®® * Very low equivalent series
resistance (ESR) is highly desirable for the storage device as the power rate of the
device is determined by the relation P, = V?/4R. In recent studies, researchers
have been successful in developing free standing electrode materials for fabricating
flexible solid-state devices."* *) Here also, these polymer electrolyte films are not
intercalated with electrode material which in turn decreases the electrode-electrolyte
interfacial area, leading to low capacitance and high ESR. To find a promising solid
counterpart for replacing liquid electrolytes in supercapacitors, we need an electrode-
electrolyte interface in the solid-state system which mimics the liquid-solid interface

in the conventional systems.

Here, we have developed a process wherein we could closely mimic the
electrode—electrolyte interface obtainable from a liquid electrolyte for the solid-state
supercapacitors by utilizing the high porosity of conducting carbon paper and tunable
viscosity characteristics of the gel electrolyte. Carbon paper used for this purpose
possesses very low sheet resistance (0.26 Q/[]), low density (0.4 g/cc) and high
porosity (97 %), which makes it a versatile candidate for fabricating the
supercapacitor electrodes. The polymer electrolyte selected here is a PVA-H,SO,

gel/plasticizer, which is known for its high conductivity and flexibility.!! Due to the

102 AcSIR-NCL | Bihag A. M.



Chapter-3

high porosity of the carbon substrate, PVA-H,SO, is successfully intercalated even
after the loading of the electrode material. Apart from acting as a matrix which helps
to establish the enhanced electrode-electrolyte interface, the porous carbon backbone
plays another important role as an adequate electrical contact within the network,
which is critical in maintaining very low ESR. Initial experiments were carried out
with polyaniline (PANN as an electrode material (Part A). The systematic
experiments carried out using PANI provided critical information on the importance
of porosity in the electrode for establishing enhanced interfacial network in solid-state
supercapacitors for achieving high charge-storage properties. However, one challenge
which we faced here was that, at higher mass loading of the electro active material,
the performance of the solid-state device becomes inferior to its liquid-state
counterpart as the polymer infiltration becomes improper under such conditions. This
leads to a drastic decrease in the specific capacitance. This left out an open question
on developing appropriate strategies for maintaining high specific capacitance even

under high mass loading conditions.

To address this issue, in the second part of this chapter (Part B), a different
strategy of electrodepositing the charge storage material directly onto a porous carbon
current collector is adopted, which ensures a highly reproducible coating of the
electro-active material over each carbon fiber backbone. Due to the low stability and
low electrochemical window of the PANI, selected electrode material in the second
case (Part B) is polyethylenedioxythiophene (PEDOT)®!. Such a stable electrode
material, which can be electrodeposited uniformly along the carbon fiber from a non-
aqueous solvent, is important for checking the stability aspects of the polymer

electrolyte.

3.2 Experimental Section
3.2.1 Materials

Aniline, ammoniumpersulfate  (NH4).S,0s,  polyvinylalcohol  (PVA),
ethylenedioxythiophene  (EDOT), lithium perchlorate (LiClO;) and N-
methylpyrrolidone (NMP) were purchased from Aldrich Chemicals. Concentrated
HsPO4 and polyvinyl alcohol (PVA) (M.W 1,15,000; 98-99 mol % hydrolyzed) were
supplied by Loba Chemie. Sulfuric acid (H,SQO,), acetonitrile and hydrochloric acid
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(HCI) were procured from Rankem Chemicals. All the chemicals were used as
received without any further purification. A polytetrafluoroethylene (PTFE) filter
paper (pore size, 0.45 um; Rankem) was used for the filtration. Carbon paper having a
thickness of 0.3 mm was purchased from Toray Japan. Polypropylene membrane of
25 pum from Celgard was used as a separator in specified devices. Supercapacitor
grade carbon was purchased from Kuraray chemicals. Conducting carbon filler was
purchased from Alfa Aesar. Super-P (PvDF) was procured from Global Nanotech and

used as the binder. Grafoil® sheet was purchased from GrafTech. .

3.2.2 Preparation of PVA-H,SO, Solutions and Film

Approximately 2 g of PVA was weighed and transferred onto 100 ml round
bottom flask containing 20 ml of de-ionized water to prepare 10 wt. % PVA solutions.
The mixture was heated at 85 °C with constant stirring until a clear solution of PVA
was obtained. This was subsequently cooled to room temperature. Approximately, 2 ¢
of concentrated H,SO, was added to the solution and stirred gently for 30 min. to
obtain 1:1 PVA-H,SO, solution. Films were prepared by pouring 7 g of PVA-H,SO4
solution into a glass Petri-dish having 7 cm diameter and was kept in an oven initially
at 60 °C for 2 h and later at 40 °C for 6 h to obtain a uniform transparent PVA-H,SO4

film.

3.2.3 Synthesis of Polyaniline (PANI)

Polyaniline was prepared by adopting a reported method!”. In a typical
synthesis, to an ice cold solution of 1 ml of aniline in 50 ml of 1M HCI, pre-cooled
solution of (NH,4)S,0s in 50 ml 1M HCI was added drop-wise and stirred for 6 h. The
green colored PANI solution was filtered and washed with DI water and dried at 60
°C.

3.2.4 Electrochemical Polymerization of EDOT

Polymerization was carried out in a BioLogic SP-300 Potentio-Galvanostat
using 3-electrode systems in which carbon paper was used as the working electrode,
Pt was used as the counter electrode and Ag/AgCl was used as the reference
electrode. Electrolyte used was acetonitrile containing 0.1 M LiCIO, as the supporting
electrolyte and 0.1 M EDOT. Before the experiments, nitrogen was passed through
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the electrolyte to remove any dissolved oxygen. 1 cm? area of carbon paper was kept
exposed to the electrolyte and the remaining part was masked using a Kapton
adhesive tape. The experiments were carried out in constant current mode, by
maintaining 10 mA cm™ current density. The experiments were repeated for different
time durations of 50, 100, 300, 600, 1200 s and the corresponding electrodes are
named as CP-50, CP-100, CP-300, CP-600, and CP-1200, respectively. After
completion of the electrochemical deposition, the electrodes were washed with

acetonitrile solution and dried under IR lamp and preserved for further studies.

3.2.5 PANI Electrode Preparation

A paste of polyaniline was made with NMP and this was coated onto 1 cm? area
of a Toray carbon paper (non teflonated) having a total dimension of 1 cm x 2 cm
using a K-control coater. The excess dimension outside the PANI coated area was
kept to utilize it as the current collector during the measurements. PANI to NMP ratio
was fine tuned to get a uniform deposition of PANI inside the carbon matrix.
Different loading of PANI was obtained by varying the concentration of PANI in
NMP. The electrodes were dried overnight at 100 °C.

3.2.6 Device Fabrication

In order to make the solid-state supercapacitors, the PVA-H,SO, aqueous
solution was used as the electrolyte. This was coated onto the both surfaces of the
PANI coated carbon paper electrode using a K-control coater and the coated
electrodes were dried at 60 °C under vacuum for overnight. In the case of electro
deposited PEDOT electrode, both surfaces of the carbon paper were coated with
PVA-H,SO, using the same method. Prototype devices were made by attaching
together two such electrodes by applying a pressure of 20 Kg cm™. Before
sandwiching, much care was taken to ensure that a fine layer of PVA-H,SO,4 was
formed on one side of the each electrode to serve as an effective separator between
the electrodes once they are pressed together. The film formed in between the
electrodes will prevent the short circuit by acting as a separator. For making the
liquid-state devices for comparison, the electrodes were separated by using a
polypropylelene membrane as a separator and the device was tested by dipping in 0.5
M H,SO;.
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3.2.7 Characterization

Structure and morphology of the materials and device were analyzed using
Quanta™ Scanning Electron Microscope. All the electrochemical studies were carried
out in a Bio-Logic SP-300 Potentio-Galvanostat. The CV measurements were taken at
different scan rates by maintaining a potential window of 0.8 V for the PANI devices
and 1.0 V for the PEDOT and carbon devices. The charge-discharge measurement
was done at the same potential range as that of CV. Cycling stability was done by
chrono charge-discharge method at 5 A g current density. Electrochemical
impedance (EIS) analysis was carried out from 10° to 0.01 Hz frequency against the
open circuit potential with a sinus amplitude of 10 mV (Vims = 7.07 mV). The EIS
data was analyzed using an EC-Lab Software VV10.19

Weight calculation for the electro-deposited PEDOT:

_ Charge passed (C) * 142 (Mol. weight of EDOT)
96 485 * 2.33 (no electron released per EDOT)

Specific capacitance (F g''), volumetric capaciatnce (F cm™) and areal capaciatnce (F

cm™) of the electrode were calculated from the cyclic voltammogram using the
(9]

following equation

" Q

C=2
(E1-E2)*v* M/V/A

In case of the charge-discharge experiments, the following equation was used for

measuring the capacitance:

o IAY N
¢ =2 (Gmyma) @

E2
d
where, Q(charge) = Jiy 1(E)E

is the average charge obtained by the integration of

the cathodic and anodic parts of the voltammogram, E;-E, is the potential window, M
is the weight of the active material in the one of the electrodes (g), V is the volume of
the single electrode, A is the area of the single electrode, v is the scan rate (mV s%), At
is the discharge time and I is the constant current used for charging and discharging.

e As the experiments are done in symmetrical 2-electrode fashion, i.e.

capacitance of the cell will be the half of the single electrode capacitance,
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multiplication of the capacitance by a factor of 2 is included in the above
equations.
e Contribution of carbon paper towards the capacitance is negligible and not
considered for the calculations.
Energy density (E4) and power density (P4) for the whole device were calculated from
the capacitance value obtained from the charge-discharge method.

_ 1 % Cv/mVZ

Volumetric energy density Ey/p, (Wh cm‘3) > 3600

E
Power density P,/ (W cm™) = %
where, Cy is the volumetric capacitance for the whole device (F cm™), Cn is the
specific capacitance for the whole device (F g), V is the voltage window and t is the

discharge time.

3.3 Result and Discussion

Part A. Effect of Mass Loading of PANI in the Relative Electrode-
Electrolyte Interface

Doped PANI was synthesized by chemical oxidation of aniline using
ammonium persulfate in acidic condition. The solvent selected here was N-methyl-2-
pyrrolidone (NMP), and the concentration was carefully adjusted to get the proper
distribution of PANI particles on to the carbon fibers without blocking the pores. This
was essential for attaining enough space for the penetration of the solid electrolyte.
PANI solution was manually coated onto the porous carbon paper using a steel rod
over a smaller area, while coating on larger areas was performed by an automated K-
coater. For incorporating the solid-electrolyte in the solid-state device, an aqueous
solution of PVA-H,SO,4 was applied on to the PANI coated porous carbon paper. The
density of PVA was tuned for easy penetration of the solid electrolyte into the pores
of the PANI coated carbon paper. Two such electrodes are sandwiched together to
form the device. The device fabrication steps are shown schematically in Figure
3A.1a. Optical images of a single cell device and 4-cells in series powering an LED

are shown in Figure 3A.1b and 1c, respectively.
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Figure 3A4.1: a) Schematics of the all-solid-state-supercapacitor (ASSP) representing the
steps involving the coating of PANI onto the carbon paper, incorporation of PVA-H,SO, into
the porous PANI/carbon paper and sandwiching of electrodes by applying pressure to make
the all-solid-state-supercapacitor, b) optical images of the 1 cm’ prototype ASSP and c) LED

powered by a four-cell assembly connected in series.

3.3.A1 SEM and EDX Analysis

Scanning electron microscopy (SEM) and elemental mapping of the surface of the
carbon paper using energy-dispersive X-ray spectroscopy (EDX) show a clear picture
of the surface morphology of the device. The SEM images of the bare carbon paper in
Figure 3A.2a show high porosity of the matrix which is formed by homogenous
alignment of uniform fibers having a diameter of ~5 um. In order to validate the role
of the porous matrix of the carbon paper, Grafoil® sheet also was used as a current
collector, which is a plain nonporous conducting substrate. The corresponding SEM
image of Grafoil® is given in Figure 3A.2c. Figure 3A.2e shows the SEM image of
the carbon paper loaded with 1.5 mg cm™ PANI (for the images corresponding to the
different loading of PANI as 0.3 and 5 mg cm?, refer Figure 3A.2d & 2f). The
particle size of PANI is small due to the higher solubility of PANI in NMP, which

helps in attaining uniform coating along the individual fibers of the carbon paper
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Figure 3A.2: SEM images of (a) porous carbon paper, (b) intercalated gel-electrolyte inside
the PANI/carbon paper PANI (1.5 mg cm™) coated carbon paper and (c) Grafoil®, which
was used as the nonporous substrate for the comparative study. Images d) to f) indicate the
PANI/carbon paper with different PANI loadings as d) 0.3 mg cm™, ) 1.5 mg cm?and f) 5.0

mg cm’.

throughout the matrix. However, at higher loading, more PANI particles get
accumulated at the surface which in turn reduces the porosity, which is evident from
Figure 3A.2f. The carbon surface after the PVA-H,SO, coating is shown in Figure
3A.2b which reveals well intercalated PVA-H,SO, matrix.

Cross-sectional SEM images and elemental mapping along the cross-section
of the device gives a clear picture of the expected high integrity and enhanced
electrode-electrolyte interface within the system (Figure 3A.3a-c). The total thickness
of the device is only 0.80 mm which comprises a fine film of the gel electrolyte
possessing a thickness of 0.12 mm in between the PANI coated carbon paper. The
EDX elemental mapping shows the intercalated PANI particles and PVA-H,SO,
inside the carbon fiber matrix. Sulphur (S) mapping at the same location as shown in
Figure 3A.3a indicates the presence of S into the either side of the PVA-H,SO, film.
This unambiguously confirms the diffusion of PVA-H,SO, through the carbon fibers,
which leads to an intimate electrode-electrolyte interface in the system. Further, the

diffusive nature of the solid-electrolyte is appeared to be decreasing with higher
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Figure 3A.3: Cross-sectional SEM images and the corresponding S-elemental mapping of the
ASSP with different loading of PANI: (a) 0.3 mg cm™, (b) 1.5 mg cm?and (c) 5.0 mg cm™.

loading of PANI, which is clear from the cross-sectional mapping of the
corresponding devices which are having different PANI loading as shown in Figure
3A.3b and 3c. The gradual change in the porosity of the carbon paper with the loading
of PANI is clear from Figure 3A.2d-f. It is clear from these sets of figures that, higher
loading of PANI leads to filling of the pores heavily so that the space available for the
intercalation of the polymer electrolyte is decreasing. The SEM cross-section images
and elemental mapping also emphasize the need for special attention to be taken with
higher loading of PANI in order to establish adequate integrity. Such benefits in
establishing extended electrode-electrolyte interfaces will help to achieve very high
areal capacitance without compromising the specific capacitance. This extended and
well-distributed interfacial structure nearly mimics an interfacial structure which can

be expected in a system based on the conventional liquid electrolytes.

3.3.A2 Electrochemical Characterization

Electrochemical charge storage properties of the PANI coated electrodes were
analyzed initially in acidic medium containing 0.5 M H,SO,4 and subsequently the
tests were done using the systems based on the gel electrolyte. As mentioned before,
non-porous electrodes are prepared by coating PANI on Grafoil® along with the
PANI coated porous carbon electrodes. Grafoil® with a PANI loading of 1.5 mg cm™
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displays a capacitance of 300 F g™ when the CV was recorded at a voltage scan rate
of 10 mV s* (Figure 3A.4a). This value is in good agreement with the reported

capacitance of polyaniline™”

prepared by the same synthetic procedure. Now, looking
at the performance of the porous carbon paper based electrode possessing the same
PANI loading, an interesting leap in capacitance of 2.3 fold, leading to a value of 693
F gt at 10 mV s has been achieved in 0.5 M H,SO, as shown in Figure 3A.4a. It
should be noted that the contribution of the porous carbon paper towards the
capacitance is only 40 uF cm (Figure 3A.4b), and, hence, can be neglected while
considering the overall capacitance. The charge-discharge method also displays
similar results in which the PANI coated carbon paper gives a mass specific
capacitance of 700 F g™ and an areal capacitance of 1.05 F cm™. Contrary to this, the
corresponding values with the Grafoil® counterpart are only 300 F g and 0.45 F cm’
2 respectively at 0.5 A g™ current density (Figure 3.A4c). The obtained specific
capacitance of 700 F g™ for PANI and an areal capacitance of 1.05 F cm™ are much
higher than the corresponding reported capacitance values for pure polyaniline.[*% 10
1 Apart from this, Figure 3A.4d shows an excellent capacitance retention of 72 %
for the PANI coated carbon paper even at a fast discharging rate of 20 A g™ compared
50 % retention of the PANI/Grafoil® system. Thus, the CV and charge-discharge
methods reveal a huge difference in the capacitance values when the substrate
morphology changes from non-porous to porous even though both are having the
same PANI content. This difference can be clearly attributed to the utilization of high
porosity carbon paper for achieving enhanced electrode-electrolyte interface for PANI
upon its coating on the surface.

Fabrication of the all-solid-state supercapacitor (ASSP) requires replacement of the
liquid electrolyte with the solid electrolyte. The above results using the liquid
electrolyte clearly indicate the superiority of the porous substrate as the current
collector in order to establish higher area of the electroactive material. Once this
condition is maintained, a proper intercalation by a solid electrolyte which gives a
closely matching interfacial structure with the electrode material is expected to
narrow down the differences in the performances between the solid and liquid
systems. In order to conceive this condition, the solid electrolyte, which will mimic
the nature of the liquid electrolyte, should lead to very high interfacial area inside the
porous current collector. This issue could be overcome by using PVA-H,SO, gel
polymer electrolyte by in situ solidifying inside the porous current collector which is
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already coated with PANI, but still bearing enough porosity to accommodate the gel
electrolyte. Since the porosity is still sufficient inside the PANI/carbon paper for
making intercalated electrode-gel electrolyte interface, the system more or less

mimics an interfacial structure similar to a case where a liquid electrolyte is used.

Figure 3A.4: Comparison of (a) CVs at a scan rate of 10 mV s for the systems made by
using porous carbon and Grafoil® as the substrates, (b) charge-discharge curve of blank
carbon paper at a current density of 10 uA, (c) charge—discharge profiles at a current density
of 0.5 A g of the PANI coated carbon paper and Grafoil® and (d) the plots indicating the
change in the specific capacitance with current density for the carbon paper and Grafoil®

based systems.

This strategy has been realized successfully as reflected from the measured
capacitance of the ASSP (active material is 1.5 mg cm™), which shows a capacitance
of 647 F g* at a current density of 0.5 A g™ by the galvanostatic charge-discharge
method (Figure 3A.5a). The retention of capacitance of the ASSP with the current
density as shown in Figure 3A.5b shows that the ASSP could retain 400 F g™ even at
a high current density of 20 A g™. The capacitance value obtained by the cyclic
voltametry is 568 F g™ at 10 mV s compared to 700 F g™ measured by using the
liquid electrolyte (Figure 3A.5c). The CV profiles of the solid and liquid based
systems have similar features even though at higher potentials, the solid-state system

shows lower current. In both the cases, closely comparable capacitance retention has
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been observed with respect to the variation of the voltage scan rate from low to high.
The capacitance value of the ASSP is almost 93 % of the capacitance obtained for the
liquid state system using 0.5 M H,SO, by the charge-discharge method. The areal

capacitance is estimated to be 1 F cm™ for PANI with its loading of 1.5 mg cm™.

Variation of specific capacitance vs. areal capacitance is given in Figure 3A.5d
which is calculated from the charge-discharge method. Even at a very high areal
capacitance of 2 F cm™, the device shows a specific capacitance of 400 F g. It should
be noted that, many of the ASSPs reported have very low areal capacitances in
microfarads even though they have high specific capacitancel™ ' 2. The specific
capacitance could be reached to 850 F g™ with a low PANI loading of 0.3 mg cm™,
where the areal capacitance is 0.28 F cm™. These variations are expected and are in
accordance with the aforementioned results of the SEM and elemental mapping of the
cross-section of the devices possessing varying loading of PANI. As the PANI
content increases, the pores are getting filled and subsequently most of the PANI

particles stays at the surface and prevents penetration of PVA-H,SO, into the carbon

Figure 3A.5: Comparison of (a) charge—discharge profiles at a current density of 0.5 A g™ of
the PANI coated carbon paper in 0.5 M H,SO, and PVA-H,SO,, (b) plots indicating the
change in the specific capacitance with current density for the solid and liquid-state systems,
(c) CV for the solid and liquid-state systems taken at a scan rate of 10 mV s™ and (d) plots

corresponding to the specific capacitance vs. areal capacitance of the solid-state system.
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paper. This leads to lower electrode-electrolyte interface, which is clear from the

comparative S elemental mapping in Figure 3A.3a-c.

For comparing the design of the electrode-electrolyte interface with the
conventional approach involving an ion conducting membrane as a separator between
the electrodes, a device is fabricated by sandwiching a PVA-H,SO, film in between
the PANI coated carbon papers by hot pressing. Due to the lower electrode-electrolyte
contact, the system gives a significantly low specific capacitance of 150 F g™ at 0.5 A
g™ and a PANI loading of 1.5 mg cm™ (Figure 3A.6 a-b) compared to 647 F g as
obtained in the previous case by applying the gel-electrolyte directly on the
electrodes. Apart from the lower specific capacitance, the device also shows very low
capacitance retention (27 % when the current is directly increased to 20 A g™ from 0.5
A g™). The high internal resistance of 20 Q cm™ (Figure 3A.6c) measured from the x-
intersect of the Nyquist plot of impedance analysis validates the reason for the poor
capacitance retention of the system. This clearly shows the advantages of our design
to enhance the electrode-electrolyte interface rather than having a solid film between

the electrodes.

Figure 3A.6: Performance characteristics of the solid-state devices formed by the present
approach and the one made by using a polymer film as in the case of the conventional
systems: (a) comparison of the charge-discharge profiles measured at 0.5 A g* current
density, (b) comparison of the change in specific capacitance with varied current and (c)
Nyquist plot of the ASSP using PVA-H,SO, in the resent strategy and conventional solid film
method with enlarged part of the high frequency region in the inset.

Impedance analysis of the ASSP confirms the high charge storage properties
obtained by both the CV and chrono charge-discharge methods. The high retention of
capacitance under fast charge-discharge conditions is possible only if the system
assists very fast ion diffusion in response to the large perturbation. Two factors which

have the key role here are the ESR and the charge-transfer resistance. Estimated ESR
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from the Nyquist plot of the device is only 1 Q cm™ (Figure 3A.7a). The liquid and
solid systems have only 0.1 Q differences, which explain the superior power rate and
high retention of the ASSP. It is also interesting to note that the ESR of the solid
device made by using the PVA-H,SO, film shows a huge ESR of 20 Q cm™ (Figure
3A.6¢). Further, in ASSP, any characteristic high frequency semicircle could not
resolve even in the zoomed image in Figure 3A.7a, confirming that there is very less

charge-transfer resistance in the system.

Energy density and power density are calculated from the charge-discharge
method after excluding the weight of the carbon paper and electrolyte. The
corresponding Ragone plot is shown in Figure 3A.7b. The polyaniline in the solid
device shows an energy density of 14.3 Wh kg™ at a power density of 105 W kg™
compared to 3.3 Wh kg™ of the device which uses a polymer film. At a higher power
rate of 5.6 kW kg™, the ASSP based on the current approach could keep an energy
density of 8.8 Wh kg™ whereas the film based system shows an energy density of only
1.1 Wh kg™ at a power rate of 2.3 kW kg™. The volumetric energy density of the
whole device including the carbon paper and the solid electrolyte is 0.53 mWh cm™.

Extended cycling stability is an essential criterion for any charge storage
devices. It is found that the architecture improves the stability along with the
capacitance. 10000 continuous cycling was carried out at a current density of 5 A g™
of ASSP which was showing a capacitance of 638 F g™. Percentage capacitance
retention and columbic efficiency during the 10000 cycles are plotted in Figure 3A.7c.
Excellent stability was obtained during the cycling with less than 2 % degradation and
nearly 100 % coulombic efficiency during the entire cycling. In contrast to the low
stability of PANI in the liquid electrolyte (Figure 3A.7d), the enhanced stability of
PANI in ASSP is clearly explained by the role of PVA as the binder. Apart from the
role as the electrolyte matrix in the device, PVA also plays an integral role by
providing a means to hold the polyaniline moiety tightly. On the other hand, in the
liquid electrolyte, the relative movement of the electrolyte will enhance the
detachment of the electrode material from the electrode as any extra binder is not
applied for ensuring mechanical stability. The obtained cycle stability of the solid

supercapacitors is much superior to the literature reports. ! 102 131
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Figure 3A.7: (a) Comparison of the Nyquist plots of the ASSP using PVA-H,SO, as the
electrolyte with the corresponding liquid-state system made by using 0.5 M H,SQ,, (b)
Ragone plots created by calculating the energy density and power density from the
charge—discharge method, (c) cycle stability test extending for a period of 10000 cycles of the
ASSP carried at a current density of 5 A g and (d) comparative cycle stability done at a
charge—discharge current density of 5 A g™ in 0.5 M H,SO, for Grafoil® and carbon paper
each having a PANI loading of 1.5 mg cm™.

The prototype device made here is a significantly light weight assembly due to
the low density of the carbon paper. The whole device has a weight of only 110 mg
including the space given for the contact, which is inactive in terms of charge storage.
The whole device including the electrolyte shows a capacitance of 12.5 F g™*, which is
double as compared to the commercially available supercapacitors with liquid
electrolytes. 1t should be noted that the amount of the polymer electrolyte can still
be reduced as there is extra thickness (120 um) between the electrodes. This will
further decrease the whole device weight. The whole device dimension is also very
promising as the thickness is only 0.8 mm. Further, a LED is glow by connecting
such 4 devices in series whose minimum working potential was 2 V as shown in
Figure 3A.1c. The LED could be glowed more than 1 min. and the intensity of its

illumination diminishes when the potential reaches to 2 V.
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Part B: Electrodeposited PEDOT as a Solution for Establishing Enhanced

Electrode-Electrolyte Interface

In the above section (Part A), the adopted strategy highlights the importance of
porosity in the electrode for establishing enhanced interfacial network in solid-state
supercapacitors for achieving high charge-storage properties. However, one challenge
here noticed was that at higher mass loading of the electroactive material, the
performance of the solid-state device becomes inferior to its liquid-state counterpart.
This leads to a drastic decrease in the specific capacitance (Figure 3A.5d). Thus, there
is a need to develop appropriate strategies for maintaining high specific capacitance
even under high mass loading conditions. To address this issue, a new strategy has
been adopted by electrodepositing the charge storage material directly onto a porous
carbon current collector, which ensures highly reproducible coating of the electro-
active material over each fiber of the conducting carbon paper backbone. The selected
charge storage material in the present case is PEDOT, which could be
electrochemically grown on carbon fibers from a solution containing its monomer,
ethelenedioxythiophene (EDOT). PEDOT has many advantages such as high
electrical conductivity of >500 S cm™ and sustainability for a large potential window
of 1.2 V, which is higher than that of the other conducting polymers such as

polyaniline and polythiophene.

A schematic representation of the solid-state device and the synthetic
procedure adopted here are represented in Figure 3B.1. This strategy helps to get a
homogeneous and enhanced electrode-electrolyte interface compared to a case where
only a solid electrolyte film is used. Polyvinyl alcohol-sulphuric acid (PVA-H,SO,)
gel electrolyte has been used as the solid-electrolyte component™® **1. The main
attraction of PVA-H,SO, gel electrolyte apart from its flexibility, ambient
conductivity (0.14 S cm™)!*® and desirable mechanical properties is its ability to
diffuse into the porous substrate matrix to ensure extended electrode-electrolyte
interfacial structure. Even with 50 % of H,SOy in the matrix, PVA films show a high
viscosity of 0.6 x 10° Pa.SI*®, attributing its solid nature. The porosity of the carbon
paper and the freedom to control the viscosity of PVA by means of water further
enable easy penetration and coating of PVA-H,SO, on the surface of the PEDOT

grown carbon fibers. Thus, the effort gives a viable way to the conceptualization of a
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Figure 3B.1: Schematic representation of the preparation stages involved in the development
of the all-solid-state supercapacitor through electro-deposition of PEDOT onto the highly
porous carbon paper and intercalation of PVA-H,SO, gel-polymer electrolyte into the matrix.

solid-state supercapacitor possessing a closely mimicking electrode-electrolyte

interfacial structure as that of its liquid-state counterpart.
3.3.B1 SEM and EDX Analysis

Electrochemical deposition of PEDOT on the carbon paper was carried out in
acetonitrile due to the low solubility of EDOT in agueous medium along with the
hydrophobic nature of the carbon paper. The solvent selection is very important in
order to ensure uniform deposition of PEDOT as the solvent has to reach inside the
fibers and thus to assist maintaining supply of the EDOT monomer while the set
potential triggers polymerization of EDOT. Scanning electron microscope (SEM)
images of the electrodes clearly reveal the growth patterns of the electro-deposited
PEDOT over the carbon fibers. For comparison, the SEM image of the blank carbon
paper is shown in Figure 3B.2e. The electro-deposition was conducted by maintaining
different time intervals of the polymerization reaction from 50 s and up to 1200 s with
a constant current density of 10 mA cm™ for all the samples. A close inspection of the
formed PEDOT reveals a ‘3-dimensional (3-D) flower’ shaped growth pattern
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possessing 1-dimensional (1-D) orientation along each carbon fiber. The deposition
becomes denser and branchy as the time increases to 600 and 1200 s (Figure 3B.2c-d).
Images corresponding to 300, 600 and 1200 s clearly show the well covered and
rough layer of PEDOT without leaving any exposed carbon fiber surface whereas for
lower deposition times of 50 and 100 s (Figure 3B.2a), PEDOT amount was not
sufficient for the full coverage. Overall, the peculiar growth pattern and the uniform
distribution of PEDOT in the matrix of the carbon paper are expected to provide high
surface area for the electro-active material while ensuring good conductivity from the
conducting backbone of the carbon fibers. It should be noted that for the deposition
corresponding to 600 and 1200 s, the amount of the polymer on the individual carbon
fiber is too heavy, but still the pores of the carbon paper are vacant especially in case
of CP-600. The amount of the deposited polymer is calculated from the electrical
charge in coulombs passed and by taking the efficiency of the process as 100 %
(details of the calculation are given in experimental section). Accordingly, the
estimated weights of the deposited PEDOT for the time intervals of 50, 100, 300, 600
and 1200 s are 0.32, 0.63, 1.89, 3.78 and 7.56 mg cm™ respectively and the
corresponding samples are designated as CP-50, CP-100, CP-300, CP-600 and CP-
1200.

Figure 3B.2: SEM images of the electro-deposited PEDOT on carbon paper; (a) CP-100, (b)
CP-300, (c) CP-600, (d) CP-1200 and (e) bare carbon paper; SEM images in the red boxes

are the enlarged portion of the corresponding images on the left side.
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Subsequent to the electro-deposition of PEDOT, the interface with the PVA-
H,SO, gel electrolyte has been achieved by applying an aqueous solution of the
electrolyte on both surfaces of the porous PEDOT coated carbon paper. After repeated
coating of PVA-H,SO,, two such electrodes were hot-pressed together while ensuring
the formation of a thin PVA-H,SO, film between the electrodes. A detailed
preparation protocol is given in the experimental section. Cross-sectional SEM image
of the all-solid-state devices made from CP-300 as given in Figure 3B.3a reveals that
the whole device is having a thickness of 0.70 mm which includes the excess PVA-
H,SO,4 gel electrolyte layer sitting as a separator in between the electrodes (marked
with a yellow arrow). In addition to this, the enhanced electrode-electrolyte interface
can be visualized from the clear distribution of the gel electrolyte inside the porous

electrode from the enlarged sections of the images as shown in

Figure 3B.3: Cross-sectional SEM images of (a) a solid-state-device made from CP-300;
yellow arrow indicates the PVA-H,SO, film formed between the electrodes while pressing
them together, which serves as a separator between the two sandwiched electrodes, (b)
enlarged image of PVA-H,SO, covered PEDOT-carbon fibers corresponding to the red box
in image (@), highlighting the high integrity of the electrode’'s components, (c) enlarged image
corresponding to the area marked within the blue box in the SEM image (a), which indicates
the upper surface of the device showing highly penetrated PVA-H,SO, gel through the
PEDOT-coated carbon matrix and (d) S-elemental mapping along the cross-section of the

device as shown in the image (a).
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Figure 3B.3b and 3c. This is complemented by the image corresponding to the
elemental mapping of sulphur (S) (Figure 3B.3d), which gives highly uniform
distribution of S in the entire area of scanning. Sulphur from PEDOT as well as
PVA-H,SO, is likely to contribute simultaneously towards the overall distribution.
However, the nature of the distribution of S is apparently similar for the electrodes
corresponding to a lower (50 and 100 s) as well as a higher (300 s and higher)
deposition time. This can be ascribed to the effective infiltration and coating of the
electrode surface by PVA-H,SO,.

3.3.B2 Four Probe Conductivity Measurements

It is clear from Table 3B.1 that, with the increase in the amount of PEDOT,
conductivity of the carbon strip is increasing (from 142 S cm™ to 179 S cm™). As
more amount of conducting PEDOT is filled inside the pores of the porous paper by
electro-deposition, it leads to better connectivity between the individual carbon fibers.
Better interconnectivity between the fibers decreases the contact resistance and leads
to high conductivity. However, the conductivity enhancement achieved by the higher
mass loading of PEDOT brings in restrictions to concomitantly establish the
electrode-electrolyte interface as pore-filling by PEDOT can reduce the accessible

channels for the gel electrolyte.

Table 3B.1. 4-Probe electrical conductvity data of the PEDOT coated carbon paper.

Sample Conductivity (S cm™)

CP-100 142
CP-300 154
CP-600 162
CP-1200 179

3.3.B3 Electrochemical Characterization

Electrochemical charge storage properties are characterized by cyclic
voltammetry (CV), charge-discharge method and electrochemical impedance
spectroscopy (EIS). All the experiments are carried out by making a 1 cm? prototype
solid-state supercapacitor and the performance aspects are compared with a similar
liquid-state device prepared by replacing PVA-H,SO,4 with 0.5 M H,SO,. Capacitance

contribution from the bare carbon paper is 40 puF cm™, which is negligible and, hence,
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omitted from the calculation (Figure 3A.4b). The capacitance values estimated for
CP-300 at a scan rate of 50 mV s™ are 142 and 138 F g™ in the corresponding
combinations using the solid and liquid electrolytes, respectively (Figure 3B.4a).
Even at higher voltage scan rates (up to 2000 mV s%), closely matching performance
characteristics of the solid- and liquid-state systems could also be observed (Figure
3B.4b). Charge-discharge profile of CP-300 at a current density of 0.5 A g™ is shown
in Figure 3B.4c and the capacitances obtained are 145 and 147 F g™ respectively with
the liquid and solid electrolytes (Figure 3B.4d). For the lower deposition time of 50 s
for PEDOT, the maximum capacitance obtained is 181 F g™* in the case of the solid-
state system (CP-50; Figure 3B.5d) which is even higher than the reported values for
the PEDOT based supercapacitors in liquid electrolyte!”. A very large volumetric
capacitance of 28 F cm™ is displayed by CP-1200 due to its higher mass loading of
PEDOT (7.56 mg cm).

Figure 3B.4: Comparison of the performances of the solid- and liquid-state devices made
from CP-300: (a) comparison of the cyclic voltammograms of the devices taken at 50 mV s™,
(b) specific capacitance of PEDOT in the devices measured at different scan rates, (c)
charge-discharge profile of the devices taken at 0.5 A g™ and (d) specific capacitance of

PEDOT in the devices measured at different current densities.
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The corresponding areal capacitance of the system is 836 mF cm™. It should be noted
that that even under the high mass loading condition of CP-1200, a specific
capacitance of 111 F g™ is retained by the system. This is associated with the ability
of the process to maintain high mass loading of PEDOT without scarifying its 1-D
flower like structure (Figure 3B.2) all the while keeping the vacant pores within the
carbon paper well accessible for the solid electrolyte. A plot of specific capacitance
vs. volumetric capacitance is shown in Figure 3B.6a.

The perfect fit of the voltammograms and charge-discharge condition profiles
of the solid- and liquid-state systems as shown in Figure 3B.4a and 4c is attained due
to the enhanced electrode-electrolyte interface conceived with the help of the gel
electrolyte which closely mimics the extent of the interface obtainable by using the
liquid electrolyte. Along with the absolute value of the capacitance, there has been a
similar close fit in terms of the capacitance retention of the solid- and liquid-state
systems. Normally, the solid-state supercapacitors are prone to sudden decrease in
capacitance with fast scan rates due to their inherently high internal resistance
(ESR)™ 8 compared to their liquid-state counterparts. Figure 3B.4b and 4d clearly
highlight this prospect of the solid-state device made from CP-300. Generally, in the
case of conducting the polymer based systems, the capacitive retention with fast scan
rate is determined by the mobility of the counter ion between the polymer matrix and
the electrolyte. Due to the level of precautions taken in the present strategy to
establish a ‘solid-liquid’ like interface, the solid-state system attains a low charge
transfer resistance and thus enables it to display similar retention features as that of
the liquid-state counterpart. In the case of CP-300, even at a high scan rate of 500 mV
s the system derived from the gel electrolyte displays only 40 % degradation in
capacitance, which is exactly matching with its liquid-state counterpart (Figure
3B.4b). Detailed plots are shown in Figure 3B.5. The charge-discharge profile of CP-
300, taken at 10 A g, shows 25 % degradation compared to the capacitance
measured at 0.5 A g™ (Figure 3B.4d) in the solid electrolyte. High degradation rates
for CP-1200 (80 %) compared to CP-50 (28 %), CP-100 (21 %) and CP-600 (34 %)
have been observed under similar testing conditions. This trend on the solid-state
devices is analogous to the corresponding liquid-state devices as well (Figure 3B.5c
and Figure 3B.5d). When the amount of PEDOT increases, the electrode electrolyte
interface reduces owing to the pore blocking by excess PEDOT. Also, the electrical
contact to the carbon fiber and PEDOT reduces as PEDOT loading exceeds a
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threshold level. This degradation is prominent in CP-1200 due to the presence of
overfilled PEDOT in the electrode which leads to the low electrode-electrolyte
interface with the gel electrolyte compared to its liquid-state counterpart. This leads to
poor specific capacitance as well as retention in capacitance at high current density
for CP-1200.

Figure 3B.5: Cyclic voltammograms of PEDOT coated carbon paper for different time of
deposition carried out at a scan rate of 50 mV s': a) in 0.5 M H,SO, and b) using PVA-
H,S50,. The corresponding specific capacitance vs. current density plots of the samples are
given in c) and d), respectively.

Electrochemical impedance spectroscopy (EIS) is one of the efficient tools to
investigate the characteristic transient features of supercapacitors through an a.c
frequency response. Impedance Nyquist plot in which the real part of the impedance
(Z’) is plotted against the imaginary part (Z”) of CP-300 is given in Figure 3B.6b. At
the high frequency region, the Nyquist plot starts from the x-axis and progresses
vertically parallel to the y-axis at the low frequency, which indicates the ideal
capacitive nature of the system®. The unique design through the electro-deposition
of the charge storage material ensures enough space for the solid electrolyte for its

intercalation even under the situation of high mass loading as in the case of CP-1200.
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A close inspection of the plot corresponding to the solid-state system indicates a small
deviation in the low frequency region compared to its liquid-state counterpart and this
is expected due to the lower ionic mobility in PVA-H,SO,4 compared to that in liquid
H,SO,4. Absence of a semicircle loop at the high frequency region (inset of Figure
3B.6b) depicts very low charge-transfer resistance (CTR) in both the medium. The
ESR of the solid-state device made from CP-300 is only 1.1 Q which is lower than its
liquid-state counterpart (1.6 Q) (Figure 3B.6b) determined from the x-intersect of the
Nyquist plot. This difference is accounted by the hydrophobic nature of the carbon
paper where the PVA based gel electrolyte outperforms the aqueous electrolyte to
form an effective interface in the system. Impedance phase angle and time constant
[1%. 201 are two important factors which are considered as figures of merits of

supercapacitors. Impedance phase angle of CP-300 in both the phases is

Figure 3B.6: (a) Specific capacitance vs. volumetric capacitance of the solid-state device
made from CP-300, (b) Nyquist plot of CP-300 in solid and liquid electrolytes with zoomed
high-frequency regions in the inset, (c) Bode plot, which represents the relationship of phase
angle vs. frequency, for the solid- and liquid-state devices made from CP-300 and (d) time
constant calculated for CP-300 in solid and liquid electrolytes from the corresponding

impedance data.
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shown in Figure 3B.6¢c. This clearly dictates the nature of the charge storage
properties with the frequency. Normally, at the high frequency region, a
supercapacitor will show resistive nature with 0 phase lag between voltage and
current and at low frequency region it will show a -90 degree phase lag. Here, the
nature of the phase angle with frequency is similar in both cases of liquid and solid
electrolytes and it reaches nearly -90° at low frequency showing ideal capacitive
nature in both cases (Figure 3B.6c). This explains why similar capacitive retention is

obtained in liquid and solid electrolyte with the faster rate.

As that of impedance, complex form of frequency dependent capacitance can be

defined in terms of real capacitance( C’) and imaginary capacitance (C'!) as follows
[19a, 20b, 21]

C(w) = Cl(w) + C'(w)
where,
711 (w) A

W= Szeme T W= Tzmr

Where |Z(W)|? = Z(w)"? + Z(w)"2

The real part of the cell capacitance calculated from the impedance analysis matches
with the CV and charge-discharge method. At 0.01 Hz, CP-300 shows a capacitance
of 116 F g™* with a phase angle of -90° shown in the plot of frequency vs. capacitance
(Figure 3B.7). The imaginary part of the capacitance, on the other hand, depicts the
energy lost during the charge-discharge cycle. A plot of imaginary capacitance vs.
frequency will have a maximum, normally happens at -45° phase angle and the
corresponding frequency is called the relaxation frequency (Figure 3B.7).
Comparative plots are given in Figure 3B.8 for the systems based on the solid and
liquid electrolytes. The inverse of the above frequency is called the time constant
which measures the kinetics of the capacitor and is known to be as ‘figure of merit of
a capacitor’. Another method to calculate the time constant is the inverse of the
frequency at which phase difference is -45° (Figure 3B.7). In both the methods, CP-
300 shows a time constant of 1.5 seconds. Time constants of the systems
corresponding to the lower deposition time are less due to the better contact of
PEDOT with the carbon fiberes leading to better sensitivity with voltage switching
during the fast charge-discharge cycles. CP-50 and CP-100 show the time constants of

0.50 and 0.73 s respectively in the solid electrolyte whereas the corresponding values

126 AcSIR-NCL | Bihag A. M.



Chapter-3

Figure 3B.7: Frequency dependant imaginary and real capacitances and phase difference of
CP-300 in PVA-H,SO,.

change to 0.57 and 1.07 s respectively during the measurements using the liquid
electrolyte (Figure 3B.6d). This explains why the lower deposition time leads to
capacitance retention with faster charge-discharge. The time constant for CP-300 is
1.6 s in the solid state, which is a highly appreciable value for a conducting polymer-
solid electrolyte combination compared to many of the reported time constants of the
systems based on liquid electrolytes and carbon materialsi™®® . In case of CP-600 and
CP- 1200, due to the lower electrode-electrolyte contact, higher time constants have
been observed and this accounts the sudden drops in capacitance with faster scan

rates. The increased time constant of CP-1200 in solid state (21.0 s) compared liquid

Figure 3B.8: Frequency dependent imaginary capacitance of PEDOT coated carbon paper
for different time of deposition: a) in 0.5 M H,SO, and b) using PVA-H,S0,.
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state (10.2 s) is due to the less available porosity for solid electrolyte, which leads to
substantial reduction in the interface.

The cycle stability of the present solid-state device is also found to be
excellent as compared to the literature reports. 12000 continuous charge-discharge
cycles is carried out for the solid-state device made from CP-300 electrodes at a
current density of 5 A g™ (Figure 3B.9a). The columbic efficiency is estimated to be
100 % during the whole charge-discharge cycle. After 2000 cycles, a decrease of 10
% in the capacitance (116 F g™ to 105 F g™) is occurred which remained almost
constant thereafter for the remaining 10000 cycles. It is worth mentioning that the
same device, which was tested for 12000 charge-discharge cycles, storing under
ambient room conditions, retained a capacitance value of 130 F g™ at 0.5 A g™. This
indicates the evaporation of small amount of water entrapped in the polymer matrix.
This is probably due to the rise in temperature with the continuous charge-discharge
cycling and also due to the low humidity of the environment (20-30 %). Convincible
evidence on this possible changeover is obtained from the EIS analysis of the
corresponding sample before and after its charge-discharge cycling process (Figure
3B.9b). An increase in the ESR from 1.1 to 2.1 Q after the execution of the cycling
process and a recovery of ESR to 1.4 Q after 2 days of its storage clearly validate the
sensitive role of water in the gel electrolyte. It is also worth mentioning that, due to
the highly intercalated nature of PVA-H,SO, inside the porous electrode, unlike a
liquid electrolyte, it also functions as a binder for PEDOT. Due to this binding effect,
PVA-H,SO4 helps to decrease the detachment rate of PEDOT from the electrode
during the expected volume changes in the charge-discharge process. This is validated
more extensively by carrying out the charge-discharge measurements of the same
device after the stability cycling in 7 days intervals for 3 months. It is found that the
solid-state-device is highly stable even after the 8 weeks assessment period (Figure
3B.10a-b).

In order to understand the dependence of humidity and temperature on the
charge-storage properties of the solid-state device, the charge-discharge and EIS
measurements were carried out by subjecting the system under thermal cycling by
varying the temperature from room-temperature (30 °C) to 80 °C and then cooling

down to -10 °C (Figure 3B.9c). Humidity dependent charge-storage behaviour is
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observed by keeping the system inside a humidity chamber where the temperature is
maintained at 25 °C and humidity is varied from 30-80 %. As can be seen from Figure
3B.9c, as the temperature increases, capacitance also increases as expected due to the
increase in the mobility of ions in the gel electrolyte. It is remarkable that these
changes are highly reversible as the capacitance values closely retrace the forward
path even during the cooling cycle. To validate this further, 150 charge-discharge
cycles were carried out at 80 °C using 5 A g™ current density followed by cooling the
device to 10 °C where this was subjected to 100 cycles (Figure 3B.9d). The system

was again brought back to 80 °C. It has been observed that the device is quite stable

Figure 3B.9: Various performance features of the solid-state supercapacitor made from CP-
300: (a) cycle stability and coulombic efficiency at 5 A g™current density, (b) Nyquist plots of
the device before and after the stability test; the magnified view of the high frequency region
is given in the inset, (c) temperature-dependent capacitance and (d) stability in terms of its

capacitance with respect to the cycling of the operating temperature.

even after subjecting these extreme variations. It is also noticed that change in
humidity has an effect on the capacitance (Figure 3B.9d) probably due to the
sensitivity of humidity on the conductivity of the solid electrolyte. Clearly, increase in
humidity level decreases the ESR (Figure 3B.9c), which ultimately helps the system

to attain an improved capacitance value.
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Figure 3B.10: a) Charge-discharge profiles taken at 0.5 A g during different time intervals
and b) is the capacitance values calculated. ¢) Nyquist plots taken under different humidity
conditions; the zoomed high frequency region of the Nyquist plot in the inset and d) humidity
dependent capacitance. All the experiments were carried out using the solid-state devices
based on CP-300.

The energy density and power density of the solid- and liquid-state devices are
calculated from the capacitance, and the corresponding Ragone plots are presented in
Figure 3B.11a. Volumetric energy density for the whole device including the volume
of the solid electrolyte is 0.28 mWh cm™ at a power density of 6.8 mWh cm™. The
system is able to keep the energy density as high as 0.22 mWh cm™ at an elevated
power demand of 271 mW cm. The response of the solid-state system is a perfect fit
of its liquid-state counterpart. The gravimetric energy density also has been estimated,
in which the solid-state device displays a maximum energy density of 5.1 Wh kg™.
Table 3B.2, summarizes the mass specific capacitance values of the devices, which
include the weight of PEDOT, carbon paper and electrolyte. Among the devices, CP-
1200 displays the highest capacitance of 7.1 F g™.

Looking into the practical scalability aspects of the adopted method here, a
four-time larger area device has also been made by following the same fabrication
protocol which also highlights the excellent prospects of scaling up the process. For
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Figure 3B.11: (a) Comparison of the Ragone plots of the solid- and liquid-state devices made
from CP-600, (b) cyclic voltammograms of the single cell, three-cell (parallel) and three-cell
(series) devices made from CP-600 having 4 cm? area at 50 mV s™ scan rate, (c) charge-
discharge profiles taken at 1 A g™* current density of the single cell, three cell (parallel) and
three cell (series) having a 4 cm® area and (d) LED powered using the solid-state three-cell

series connection.

Table 3B.2. Total specific capacitance obtained from the solid-state devices including the

weight of the current collector and carbon paper.

Sample Loading Weight of Total Capacitance Capacitance
of Carbon weight of obtained of the device
PEDOT paper (mg) device mF (Fg', £5%)

(mg) (mg, £5%)

CP-50 0.63 13 45 28.5 0.6
CP-100 2.52 13 46 48.2 1.0
CP-300 3.78 13 47 127.6 2.7
CP-600 7.56 13 51 249.5 4.9
CP-1200 | 15.12 13 59 419.6 7.1

the demonstration purpose, three 4 cm? area solid devices were made from CP-600
containing a mass loading of 3.78 mg cm™ of PEDOT and tested by connecting in

series and parallel methods. The CV profiles of the single cell and stack cell taken at
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50 mV s* scan rate are given in Figure 3B.11b. Single cell, 3 cells in series and in
parallel combinations show a specific capacitance of ~131 F g™ for PEDOT at 15 mA
(1 A g*) (Figure 3B.11c), which is comparable to the single cell having an area of 1
cm® (132 F g%). This small variation is accounted by the variation of weights
deposited which was calculated by taking 100 % columbic efficiency. A detailed
comparison is given in Table 3B.2. For practical demonstration of the electric charge
storage, an LED having a minimum working potential of 1.8 V could be lighten using

3 single cells connected in series (Figure 3B.11d).
3.4 Conclusion

The chapter deals with the successful strategies adopted to establish efficient
electrode-electrolyte interface in order to enhance the charge storage properties of the
solid-state supercapacitors. The initial section of the chapter deals with the
performance variation of the all-solid-state supercapacitor by intercalating a gel-
polymer electrolyte, i.e. PVA-H,SO,, with the PANI coated carbon fiber paper having
different loading of PANI. The cross-sectional elemental mapping and SEM images
were used to confirm the relative changes in the interface. The enhanced interface
with optimum mass loading helps the solid device to perform like a liquid counterpart
showing a specific capacitance of 647 F g™ for PANI with retention of 62 % of its
capacitance at a current density of 20 A g*. High integrity of the electrode and
electrolyte phases helps the device to attain a very low ESR of 1 Q cm™. Further, to
address the low interface and inferior charge storage properties at the higher mass
loading of PANI, another approach, involving the electro-deposition of PEDOT onto
the individual carbon fiber followed by intercalating the carbon paper matrix with
PVA-H,SO, polymer-gel electrolyte, was adopted. The second part of the chapter
deals with the important aspects of this work. In this case, even under the higher
PEDOT loading of 7.56 mg cm™, the desired interface formation is established which
leads to a high volumetric capacitance of 28 F cm™ while retaining a high specific
capacitance of 112 F g™*. Excellent capacitance retention for the solid device is
observed with faster scan rates with a close fitting performance profile as its liquid-
state counterpart. The solid-state device displayed outstanding cycling stability and
even after 12000 charge-discharge cycles at 5 A g™, only 3 % loss in capacitance is
observed.
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Chapter-4
Electrochemically Grown MnO; Nanowall Forest
on a Carbon Fiber Substrate as a Supercapacitor

Charge Storage Material

Even though metal oxides, especially manganese oxides (MnQO;), are highly
promising materials for energy storage application, their low electrical and ionic
conductivities are challenging for achieving high specific capacitance. Here, in this
chapter, an efficient electro-deposition method to achieve a uniform growth of MnO,
nano-wall forest along the carbon fiber threads in a conducting carbon paper is
reported. Each nanowall unit is separated from the neighboring unit by 25-65 nm and
the units retain surface pores having a uniform pore diameter of 2-5 nm, which could
be confirmed by surface area studies and TEM imaging. Due to the ordered nano
channels demarcated by the MnO, walls for easy ion transport and continuous
electron path created by the carbon backbone, the system achieves a specific
capacitance of 1149 F g™* and it retains 565 m” g™* of that even at a dragging condition
as high as 100 A g™. Impedance analysis has been carried to explain the easy ion
transport through the nano-channels by analyzing the low charge-transfer resistance.
Stability of the formed structure could be analyzed by FE-SEM images and it is found
that the nanowalls are intact even after continuous 8500 charge-discharge cycles.

Content in this chapter is published in the following article.

Chem. Commun., 2014, 50, 7188-7190
(http://pubs.rsc.org/en/content/articlelanding/2014/cc/c4cc00927d#!divAbstract)
Reproduced by permission of The Royal Society of Chemistry
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4.1 Introduction

The present applications of supercapacitors are mainly limited to high power
demanding situations like start-up solutions, memory backup, circuit smoothening etc.
Apart from the high power density, other lineaments like excellent cycle life, high
columbic efficiency, environmental benign nature etc.™ of a supercapacitor are ideal
for various energy storage applications. However, for wider applications, high energy
densities are required and this cannot be fulfilled by 5-10 Wh kg™ of energy available
from the conventional supercapacitors which utilize high surface area carbon (AC)
(100-250 F g?) as active materials*®. Replacing AC with various metal oxides!?,
especially less costly and environmentally friendly MnO; is looking promising at this
context owing to their high potential storage capacities (1200 F g™*) and high potential
window (1-1.6 V)E!. Nevertheless, due to low electrical (10°-10® S/cm) and ionic
conductivity, bulk MnO, delivers low mass specific capacitance (100-200 F g™*)F*),
Especially, thick coating of MnO, on a plain current collector leads majority of the
bulk MnO; inaccessible for electrons as well as ions in the electrolyte. A common
approach to augment the capacitance of MnO is to composite it with various carbon
materials like carbon nanotubes, graphene, carbon fiber, metals, conducting polymers
etc®®. However, many of the above composites lack continuous electron path due to
the presence of semiconducting MnO, grains between the conducting ingredients,
which restricts their performance towards the theoretical maximum. One excellent
solution for this issue is the electrochemical synthesis of MnO, layer directly onto a
conducting substratel. Further improvement on the ion transport can be
accomplished by creating a porous architecture of MnO,, which can be achieved with
the help of templates. However, usage of hard templates for improving the porosity of
MnO, during the electro-deposition is not a viable choice as it requires complicated

template preparation and removal processes*® °!.

As a solution to the above problems, highly uniform MnO; porous nanowall
forest is synthesized directly onto a conducting porous carbon fiber paper
electrochemically without employing any templates (Figure 4.1). The process of the
synthesis is simple and the architecture yields excellent charge storage properties for
MnO,. Continuous electron movement is ensured by the carbon fiber support whereas

high ionic mobility and enhanced electrode-electrolyte interface are achieved by the
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high porosity of the nanowall assembly. Apart from these specialties, the inherent
porosity of the carbon fiber paper and uniform deposition ensure relatively high MnO,

amount per unit area of the electrode.

Figure 4.1: Schematic representation of the MnO, nanowall preparation
4.2 Experimental Section
4.2.1 Materials

Manganese acetate (MnAc;), ammonium acetate (NH4Ac) and sodium sulfate
(Na;SO,4) were purchased from Rankem Chemicals. All the chemicals were used as
received without any further purification. Carbon paper having a thickness of 0.3 mm
was purchased from Toray.

4.2.2 Preparation of MnO, Coated Carbon Paper

Electrochemical synthesis was carried out in Bio-Logic SP-300 Potentio-
Galvanostat using 3-electrode systems in which carbon paper was used as the working
electrode, Pt was used as the counter electrode and Ag/AgCl was used as the reference
electrode. Deposition was carried out in a solution containing 0.1 M (0.49 g) Mn(Ac),
and 0.1 M (0.154 g) NH,Ac salt in 20 ml of deionized water. 1 cm” area of carbon
paper was kept exposed to the electrolyte and the remaining part was masked using
Kapton adhesive tape. Experiments were carried out at a constant potential of 0.6 V vs

Ag/AgCl for different time intervals. Carbon paper was dipped in ethanol before the
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electro-deposition to enhance the hydrophilic nature. After the deposition, the
electrode was washed and dried at 60 °C. For comparison purpose, MnO,/CNF was
also prepared by hydrothermal method. In a typical experiment, 100 mg of CNF and
150 mg of KMnOy4 were dispersed in 40 mL water using a probe sonicator. The
solution was poured into a hydrothermal bomb and was kept at 140 °C for 24 h
followed by filtration. The filtrate was washed and kept for drying at 60 °C.

The amount of MnO; deposited was calculated by using Faraday’s law of electrolysis:

_ Charge passed (C) * 87(Mol. weight of Mn02)
96485 * 2 (no electron released per Mn02)

4.2.3 Characterization

Structure and morphology of the materials were analyzed using Nova Nano
SEM 450 and Quanta™ Scanning Electron Microscope. High-resolution transmission
electron microscope (HR-TEM) was carried out in Tecnai-T 30 at an accelerated
voltage of 300 kV. The X-ray diffraction patterns of the prepared specimens were
done using PAN X’pert Pro instrument, data collection was done at a scan rate of
1.5°/min using Cu Ka radiation. Raman analysis was carried out on Horiba Jobin
Yvon Inverted LabRAM HR800 VIS-NIR using 632 nm solid-state diode laser
beams. X-ray Photoelectron Spectroscopic (XPS) measurements were carried out on a
VG Micro Tech ESCA 300° instrument at a pressure of > 1 x 10 Torr (pass energy
of 50 eV, electron take off angle of 60° and the overall resolution of ~ 0.1 eV).
Nitrogen adsorption-desorption experiments were conducted at 77 K using
Quantachrome Quadraorb automatic volumetric instrument. Before the gas adsorption
measurements, the sample was activated at room temperature (for 24 h) and 100 °C
(for 36 h) under ultrahigh vacuum (10-8 mbar) for overnight. The deposited MnO,
was carefully scratched from the carbon surface and analyzed for gas adsorption.
Surface area was calculated from the Ns-adsorption isotherm up to 0.3 relative

pressures. Pore size distribution was measured by the DFT method.
4.2.4 Electrochemical Characterization

All the electrochemical studies were carried out in a BioLogic SP-300 Potentio-
Galvanostat. Metal crocodile clips were used for the required electrical contacts from

the electrodes. Cyclic Voltammetry (CV) was carried out in a 3-electrode setup where
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MnO, coated carbon paper was used as a working electrode and Ag/AgCl was used as
a reference electrode and Pt mesh as a counter electrode. The CV measurements were
taken at different scan rates from 10 to 1500 mV s™ by maintaining a potential
window between 0 to 1 V vs Ag/AgCl. Mass specific capacitance of MnO, was
calculated from the CV and charge discharge method using the equations used in the
Chapter 3.2.7.

The charge-discharge measurement was done at different current densities (1
to 100 A g) in the same potential range which was used for CV. Cycling stability
was done by chrono charge-discharge method at 5 A g™ current density for 1000
continuous cycles. Coulombic efficiency was calculated during the charge-discharge
cycling by taking the percentage of charging time coulombs by discharge coulombs.
Electrochemical impedance (EIS) analysis was carried out from 10° Hz to 0.01 Hz
frequency against the open circuit potential with a sinus amplitude of 10 mV (Vims =
7.07 mV). All the EIS data were analyzed using an EC-Lab Software V10.109.

Asymmetric capacitor was assembled by using activated carbon (AC) as the
negative electrode and MnQO,/carbon paper as the positive electrode. AC was made
into a paste with conducting carbon and binder in a ratio of 80:15:5 in N-methyl 2-
pyrrolidone. The above made paste was brush coated to the carbon paper with an area
of 1 cm? and the loading was adjusted according to the specific capacitance of AC

(180 F g™*). Measurements were carried out in 1 M Na,SO,.
4.3 Result and Discussion

4.3.1 SEM and HR-TEM Analysis

SEM image of the carbon fiber paper clearly indicates the presence of smooth
fibers with 5-7 pum diameter (Figure 4.4.2a). Figure 4.4.2b, 2c and 2d represent field
emission scanning electron microscope (FE-SEM) images of the formed MnO;
nanowalls on the carbon fiber (Mn-CP) backbone at different magnifications. The FE-
SEM image in Figure 4.4.2b clearly shows a highly uniform layer of MnO, deposited
individually on each carbon fiber having a thickness of 365 nm. Elemental mapping in
Figure 4.4.3 also confirms the uniform distribution of Mn along the fiber surface.
Figure 4.4.2c is an enlarged portion of a small area in Figure 4.4.2b, which gives a

clear view of the 3D growth pattern of the MnO; circular nanowalls having individual
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Figure 4.2: FE-SEM images of a) bare carbon paper, b) MnO, coated carbon paper, c)
enlarged view of the portion marked in b) and c) focused view of the portion marked in c)

which shows the growth pattern of the nanowalls.

wall thickness of 5-8 nm. The alignment of the nanowalls in Figure 4.4.2d indicates
clear vertical growth patterns of the MnO, layers with adequate space of 25-65 nm

between the enclosed boundaries of the walls.

Figure 4.3: a) EDAX elemental mapping of the MnO, nanowalls, b) EDAX spectrum and the

table indicating the % of the elements present in the area of Figure 4.3a.

Figure 4.4 is the high resolution transmission electron microscopy (HR-TEM)
images of the surface of the MnO, wall. HR-TEM (Figure 4.3b) image clearly shows

partial crystallinity in the selected area. This was contradictory to the XRD spectra
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(Figure 4.5d), which lack characteristic peaks of MnO, probably due to the high
amorphous content. Selected area diffraction (SAED) patterns in Figure 4.3c shows
(110), (111) and (220) planes corresponding to the d-spacing of 0.32, 0.26 and 0.15
nm which are also found in accordance with the values deduced from the HRTEM
image presented in Figure 4.4b°!. A d-spacing of 0.22 nm indicates the presence of
the (211) crystal plane, which can probably be due to the presence of Mn3;O,. Thus,
XRD, HRTEM and SAED results show high amount of amorphous MnO; in the
nanowalls with partial crystalline phase which is difficult to ascertain to a particular

MnO, phase due to polycrystalline nature as indicated by the SAED images.

Figure 4.4: a) HR-TEM image of the MnO, nanowalls, b) enlarged part of the marked
portion of a) (different crystal planes are marked by lines) and ¢) SAED image of the MnO,

nanowall.
4.3.2 Surface Area Measurements

Interestingly, the nanowall itself is porous, which could be confirmed from the
pore size distribution profile as indicated in the inset of Figure 4.5b. The intense peak
at 3.5 nm and a small one at 1.7 nm are explicitly indicating the porosity of the walls.
The measured surface area of the MnO, layer is 98 m? g™ (Figure 4.5a). This peculiar
morphological growth pattern of MnO, having both active surface and room for easy
access by electrolytes helps to simultaneously establish both high active interfacial
area and pathways for seamless ion movement within the electrode. BET surface area
measurement of the carbon fiber paper shows merely 1 m? g* surface area for the

paper which indicates there are nanopores at nano regime.
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Figure 4.5: @) Nitrogen adsorption isotherm of Mn/CP-300 and b) pore distribution profile.

4.3.4 Raman, XRD and XPS Spectral Analyses

Raman spectrum of Mn-CP in Figure 4.6a & 4.6b comprises of a strong peak at
650 cm™ which corresponds to symmetric stretching vibration of Mn-O). Two weak
peaks are also observed at 576 and 474 cm™ in which the former one is due to the
stretching of the basal plane of MnO,™. The above peaks indicate the presence of

birnessite-type of MnO, in the nanowalls. Raman spectrum also indicates the presence

Figure 4.6: a) Full scale Raman spectrum, b) enlarged view of the spectrum below 1000 cm™
where the characteristic MnO, peaks are present, ¢) XRD spectra and d) Mn2p XPS; the

measurements are done by using the MnO, coated carbon paper.
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of MnzO, phase due to the peaks obtained at 312 and 364 cm™ which correspond to
the Ty, and Eg active modes of Mn3O, apart from the normal MnO, peaks™. Apart
from this, strong peaks at 1329, 1575 and 2657 cm™ are also observed, which
represent the D, G and 2D bands of carbon originated from the carbon fiber surface.
Presence of the characteristic carbon peaks in surface sensitive Raman spectroscopy
also provides indirect evidence on the presence of nanovoids between the areas
demarcated by the MnO, walls. In the XRD spectrum, the characteristic peaks of
MnO, are absent, indicating the prominent amorphous nature of the deposited layer
(Figure 4.6¢). On the other hand, the HRTEM and SAED images (Figure 4.4b & 4.4c)
show partial crystallinity of the MnO, phase. Mn 2P X-ray photoelectron spectrum
(XPS) is shown in Figure 4.6d. It possesses two peaks at 653.0 and 642.4 eV
respectively which are corresponding to 2Ps, and 2Pi, with a binding energy
difference of 11.58 eV. These values are very similar to the reported values in the

literature .
4.3.5 Electrochemical Analysis

Electrochemical charge storage properties of the MnO, nanowall-modified
carbon fiber are examined in 1 M Na,SOy in a 3-electrode cell in which Ag/AgClI and
Pt foil were used as the reference and counter electrodes respectively. Figure 4.7a
shows cyclic voltamogram of Mn-CP-300 at various scan rates and Figure 4.6b shows
the CV profile of CP-300 to CP-2400 at 50 mV s™. At lower scan rates, the redox
peaks corresponding to the Na' intercalation inside the MnO, bulk!® is more
prominent and at higher scan rates, such peaks are absent due to dominance of
contributions by surface adsorption compared to the intercalation. Figure 4.7¢ shows
the chrono charge-discharge profiles for the MnO, based systems at 5 A g™. The
highest capacitance of 1149 F g at 1 A g™ current density is observed for Mn-CP-
300 where the MnO, nanowall thickness is only 73 nm. The continuous electron path
from the carbon fiber backbone and the nano-corridor for ion movement inside the
nanowalls along with its porosity help to provide high capacitance. Fast ion
transportation through the nanowalls is playing a significant role for excellent
capacitance retention as well. To look at the capacitance contribution from the support
carbon fiber, the charge-discharge study of bare carbon paper was carried out which

shows a capacitance of 40 pF cm™ due to the extreme low surface area (1 m? g%).
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Thus, highly macroporous carbon paper compared to a plane current collector helps
for the high mass loading of MnO, but at the same time it gives adequate conducting
support with negligible capacitance contribution. Even at a high current dragging
condition of 100 A g™, Mn-CP-300 could retain a capacitance of 558 F g™, which is
56 % of the capacitance obtained at a low current density of 2 A g™ (Figure 4.7d).
When the deposition time is doubled, the thickness of the MnO; coating also is
increased in the order of 70 (Mn-CP-300), 365 (Mn-CP-600), 560 (Mn-CP-1200) and
1210 nm (Mn-CP-2400). In accordance with this, the specific capacitance displayed a
decreasing trend as 1000 F g* (Mn-CP-300) > 790 F g™ (Mn-CP-600) > 619 F g™
(Mn-CP-1200) > 339 F g* (Mn-CP-2400). Lowering of the specific capacitance with
increasing the MnO, wall thickness is apparent as the electron needs to travel long
distance through the non-conducting MnQO, phase for storing charges. Hence, as the
thickness of the MnO; wall increases, surface charge storage becomes prominent than
that due to Na" intercalation especially in the case of Mn-2400. Considering the

Figure 4.7: a) Cyclic voltammograms of Mn-300 at various scan rates, b) combined cyclic
voltammograms of Mn/CP-300 to Mn/CP-2400 carried out at a scan rate of 50 mV s™ ¢)
charge-discharge profiles at 5 A g™ current density and d) specific capacitance for various

time of deposition at varied current density.
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capacitance retention, Mn-CP-300 shows the highest retention of 56 % at 100 A g™
current density compared to ~ 38 % for the rest of the samples. Retention in
capacitance is more influenced by the fast ion transport than that of electrical
conductivity. Thus, good retention in capacitance is credited to the establishment of
proper ion channels for fast ion transport up to Mn-CP-1200 which is confirmed by
the SEM images of the various MnO; samples. On the other hand, in case of Mn-CP-
2400, its high retention is mainly because of its prominent surface charge storage,
rather than intercalation of Na*, as the process can respond fast with respect to the
potential switching™®. It is remarkable that a sudden decrease in capacitance is found
in all cases (30-35 %) except for Mn-CP-2400 (9 %) in the current density region of
1-10 A g™*.This is clearly because of the dominance of pseudocapacitance in the case
of Mn-CP-300, Mn-CP-600 and Mn-CP-1200 due to Na™ intercalation which is more
affected by the fast potential switching compared to surface adsorption which is
prominent in case Mn-CP-2400.

Finally, in order to validate the advantages of the involvement of both
electrically conducting backbone and structural benefits for ion diffusion, MnO,

nanowalls are compared with a composite, designated as CNF/MnO,, consisting of

Figure 4.8: TEM image of a) bare CNF, b) & ¢) CNF/MNO, composites, d) cyclic
voltammograms of CNF/MnO, and Mn/CP-1200 recorded at 50 mV s*, e) specific
capacitance measured at varies current densities and f) comparative Nyquist plot of
CNF/MnO; and Mn-CP-1200.
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MnQO; layers grown on a hollow carbon nanofiber (CNF). Details are given in
Figure 4.8. Compared to the MnOj-carbon paper composite, CNF/MnO; lacks
continuous electron path due to the possible presence of low conducting MnO; grains
between the tubes, thus affecting the electrical conductivity. This is reflected in the
capacitance of CNF/MnO,, which delivers only 220 F g* at 1 A g™ and the value
drops nearly to 7 F g™ at a higher current density of 20 A g™ (Figure 4.8¢). In order to
quantify the low charge-transfer resistance in the MnO, nanowall system,
electrochemical impedance spectroscopic (EIS) analysis was carried out and the
corresponding Nyquist plots are given in Figure 4.8f. CNF/MnO, shows a clear
semicircle loop at high frequency, indicating the high charge-transfer resistance (3.5
Q). Conversely, the eclectrode based on the MnO;, nanowall shows a very small
semicircle loop (0.7 Q) at the high frequency region (Figure 4.8f), indicating its high
charge-mobility due to the well-connected and accessible channels generated during
the synthesis.

Structure and morphology of MnO, formed clearly depend on various factors.
During the electrodeposition, apart from the selected precursors, the derived structure
also has dependency on the mode of deposition (constant current or potential), amount
of current passed per second and the nature of the substrate as well. To testify this,
electrodeposition is controlled by maintaining two conditions in which the amount of
charge passed remains the same (1200 mC). This includes (Case-1) deposition at
constant potential (i.e. chrono-amperometry, 0.6 V Vs Ag/AgCl) and (Case-Il)
deposition at constant current (i.e. chrono-potentiometry, 1 mA). SEM images of the
formed MnQO; in both the cases are shown in Figure 4.9 which clearly indicates that
the morphology quite varies with the method adopted for electrodeposition.
Compared to the nanowall forest in Case-l, which was obtained at 0.6 V, Case-II
shows nanoflower structure. Surface area obtained for the material formed in Case-1 is
19 m? g™ and in Case-11 is 12 m? g™ (Figure 4.9¢; this includes the weight of carbon
paper and MnO, and the carbon paper alone shows a surface area of 1 m? g). Apart
from this, the pore volume is 1.5 times lower in the case of the nanoflower formed in
Case-Il compared to the nanowall forest formed in Case-l1 (Figure 4.9d). This
unambiguously confirms that the nanowall architecture possesses high surface area
with perfect pore distribution, which helps for attaining high specific capacitance
(Figure 4.9a). At 0.6 V, the reaction is limited by the diffusion of Mn?*" due to the
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high oxidation potential which results in high current of 15 mA in the beginning,
which decreases gradually to 2-5 mA. Thus, since the potential is controlled
throughout the experiment in Case-1, the diffused Mn®* ions will be consumed fast
and be grown vertically were nucleation starts rather filling in the vacant space.
Diffusion controlled electrodeposition is the possible reason for the formation of

[10]

nanowalls . On the other hand, in Case-ll, due to the low current of 1 mA, there is

no such diffusion limitation. At 0.6 V (Case-1), oxygen evolution is also observed at
small rates, which is also expected to have a role in controlling the growth pattern and

porosity of the system.

Figure 4.9: a) Cyclic voltammograms recorded at 50 mV s™* for MnO, nanowalls forest which
was deposited at 0.6 V (black line) and nanoflower formed at 1 mA (red line), b) & c)
corresponding SEM images for the MnO, nanoflower and nonowall forest formed at different
deposition conditions, d) pore distribution patterns for the MnO, nanoflower and nanowall
forest obtained at different deposition conditions and €) N,-adsorptoion isotherms recorded

over the MnO, nanoflower and nanowall forest.
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Figure 4.10: Charge storage properties of an asymmetric capacitor using Mn/CP-300: a)
cyclic voltammogram recorded at a scan rate of 10 mV s, b) the CV profiles obtained at
various scan rates, ¢) charge discharge profiles and d) specific capacitance at varied scan

rates.

Even though Mn/CP-300 had shown a high specific capacitance of 1149 F g™ in
a 3-electrode fashion, its reproducibility in an actual supercapacitor which works in 2-
electrode fashion is very important. Here, two sets of experiments are carried out by
using Mn/CP-300 (where the mass loading is 0.135 mg cm®) and Mn/CP-1200
(where the mass loading is 1 mg cm™) as the positive electrodes. To utilise the full
ability of the asymmetric capacitor, potential window is increased from 1V to 1.4 V.
It is interesting to note that still Mn/CP-300 in the 2-electrode configuration shows a
high specific capacitance of 930 F g™*. Even at a current density of 100 A g™, 60 % of
its initial capacitance is retained. Details are given Figure 4.10. In the case of Mn/CP-
2400, where a high mass loading of 1 mg cm™ could be maintained, a capacitance of

402 F g in a potential window 1.5 V could be achieved. The above obtained
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Figure 4.11: Charge storage properties of an asymmetric capacitor using Mn/CP-2400: a)
cyclic voltammogram recorded at a scan rate of 10 mV s™, b) the CV profiles taken at various

scan rates, ¢) charge-discharge profiles and d) specific capacitance at varied scan rates.

capacitance of Mn/CP-2400 is even slightly higher than the obtained capacitance (340
F g?) in a 3-electrode system (Figure 4.11). Thus, the obtained capacitance of the
nanowall forest indicates its prospects for devise applications. Details of charge
storage measurement are shown in Figure 4.11. In case of Mn/CP-300, oxygen

evolution restricts the window around 1.4 V.

Cycle stability of the electrode is evaluated for 8500 continuous cycles in 1 M
Na,SO, (Figure 4.12a) at 5 A g™ current density. Columbic efficiency is nearly 100 %
during the whole cycling and less than 10 % degradation in capacitance is happened
during the process. To see the structural stability of the nanowalls during the cycles,
FE-SEM was carried out after the stability cycling. Figure 4.12b shows the images of
the nanowall forest before and after the cycling test, which unambiguously confirm

that the nanowalls are almost structurally intact during the charge-discharge cycling.
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Figure 4.12: a) Cycle stability and columbic efficiency at 5 A g™ current density and (b) FE-
SEM images of the surface taken I) before and I1) after the stability cycles.

4.3.6 Application in Solid-State Supercapacitor

To utilize the high porosity of the MnOj/carbon paper, a solid-state
supercapacitor is made by utilizing polyvinyl alcohol-LiCl (PVA-LICl) gel electrolyte
which is more eco-friendly than the liquid electrolyte. PVA-LIiCl was prepared by a
similar protocol used in Chapter-3 (3.2.2). The high porosity left even after the MnO,
coating inside the carbon paper can be utilized for gel electrolyte intercalation which
results in high electrode-electrolyte interface. Figure 4.13 shows the detailed
electrochemistry of the solid device made from Mn-1200. During the solid-state
device testing, Mn-1200 shows a maximum capacitance of 400 F g™ compared to 620
F g obtained by using the liquid electrolyte. This deviation is obvious as the
conductivity of PVA-LICI is far lower than that of 1 M Na,SO4. Due to the enhanced
electrode-electrolyte interface owing to the high porosity of the nanowalls, excellent
capacitance retention also observed at high current drag conditions. Even at a current
density of 20 A g, 150 F g™ is retained by the system. Such high retention is clearly
due to the facile ionic mobility through uniform porous nanowalls. Impedance
analysis also shows low charge-transfer resistance in the solid-state device which was

measured from the high frequency semicircle of the Nyquist plot.
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Figure 4.12: Electrochemical performance of the solid-state device made from Mn-1200: a)
Cyclic Voltamogram recorded at 50 mV s*, b) charge—discharge profile taken at a current
density of 1 A g, c) specific capacitance measured at varied current density values and d)
Nyquist plot of the solid-state device and inset shows the high frequency region.

4.4 Conclusion

In conclusion, uniform deposition of nanowall forest could be accomplished
electrochemically on the fibers of a conducting and porous carbon paper. The peculiar
growth pattern of the vertical MnO, walls having microporosity concomitantly
provided spacious and accessible corridors along the surface, which act as facile
channels for ion transport after electrolyte filling. At the same time, the carbon fiber
backbone helped to overcome the issue of the inherent electrical resistance associated
with MnO,. Thus formed electrode appeared to display a specific capacitance as high
as 1149 F g™ at a dragging current of 1 A g™ and the electrode retains a capacitance of
565 F g™ even at a high current dragging condition of 100 A g™. Even after 8000

continuous cycles, the nanowalls appeared to be structurally stable with no significant
degradation in its capacitance.
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Chapter-5
Surfactant-Free Interfacial Polymerization of
PEDOT through Simple Roll Coating: Scalable
Method for Flexible, Conducting Substrate for

Energy Conversion and Storage Applications

The chapter deals with a novel synthetic strategy to prepare a highly conducting
PEDOT phase on flexible cellulose paper formed by inducing surfactant-free
interfacial polymerization at the interface of two immiscible liquids. The illustrated
process is highly scalable in such a way that very large flexible PEDOT paper can be
prepared in 2-3 h under laboratory conditions. The obtained PEDOT-paper possesses
efficiently packed m-conjugated chains and increased doping level. This helps for

better inter-chain and intra-chain
charge mobility, leading to
conductivity as high as 375 S cm’
' compared to 30 S cm™ of the
PEDOT prepared in n-butanol. A
low sheet resistance of 3 Q/o is
achieved by multiple coating,
which is found to be stable even
after two months under ambient
conditions and at various flexible
and bending conditions. A
flexible solid-state supercapacitor
with an overall thickness of 0.17 mm made from the PEDOT paper and PVA-H,SO4
as the solid electrolyte exhibits a volumetric energy density of 1 mWh cm™. The
flexible devices are found to be very stable during the charge-discharge cycling under
twisted and bending conditions for more than 3800 cycles. A 3.6 V inter-digitized
flexible device could also be made in a single PEDOT paper, which is found to be
powered enough to glow an LED under flexible conditions. Apart from the
supercapacitor application, DSSC made by using the PEDOT paper as the counter
electrode shows a high conversion efficiency of 6.5 % in comparison with 7.0 %
given by Pt/FTO.

Content in this chapter is published in the following articles.
RSC Energy and Environmental Science, 2015, DOI: 10.1039/C5EE00142K
Reproduced by permission of The Royal Society of Chemistry.
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5.1 Introduction

The entire material designing and device fabrication strategies discussed from
Chapter 2 to Chapter 4 were based on the concept of establishing enhanced electrode-
electrolyte interface, which can ensure faster ionic and electric mobility. However, the
entire devices explained in those chapters hold solid current collectors such as carbon
paper, FTO etc., and, thus making such devices heavier and rigid. However, future
flexible and light weight electronic and electrical gadgets demand flexibility and
weight reduction in the energy managing devices™. Lack of flexibility in the present
commercial DSSCs, supercapacitors, Li-ion batteries etc, gives major restrictions in
integrating such systems with the future electronic and electric devices. Thus, it is
highly important to have lighter, thinner and flexible energy converting and storing
devices, which in turn help the whole family of electric and electronic devices to
become much cheaper and eco-friendly. Exchange of the individual key components
such as current collector, electrode material as well as the electrolyte with lighter and
flexible alternatives is the key to the success of such devices. However, this
transformation to flexibility and lighter qualities always accompanies with
compromise in conductivity and electrochemical activity of the components due to the

trade-off between form/property tolerance accommodation and functionality therein.

A single material possessing both high electrochemical activity and flexibility
will be promising in this context as it can play the role of both current collector and an
electrode material, which results in flexible, lighter, thinner, and cheaper energy
devices. This approach is very challenging in the present situation due to the lack of
materials which possess the required conductivity, flexibility and electrochemical
activity concomitantly. Among the various materials, flexible metal foils™® and metal
coated flexible substratest® possess high conductivity, and, thus, are being used as the
current collectors in most of the electrochemical devices!l. However, issues related to
electrochemical activity, cost, corrosion and density make them less viable candidates
for such flexible applications. Various carbon morphologies like carbon nanotubes™
and graphenel® are looking very promising due to their low cost and high
conductivity. However, large area electrode production from highly graphitized
CNT’st? and graphene® is still challenging due to the difficulties associated with
processing in solution phase. On the other hand, conducting polymers™ are promising
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in this context due to their easy processability, conductivity etc. compared to the
carbon analogues. Polyethylenedioxythiophene (PEDOT)™ is a versatile conducting
polymer among its counterparts owing to its very high theoretical conductivity (> 500
S cm™), chemical and physical stability, large operable potential window etc™. Thus,
PEDOT is being used in various photovoltaic cells, Li-ion batteries and
supercapacitors. One of the promising applications of PEDOT is in dye sensitized
solar cells (DSSCs) to replace the costly Pt coated FTO counter electrode!*?. At the
same time, due to its high conductivity, extensive research is also going on to use it as

a potential electrode material in supercapacitors™*?.

For flexible counter electrode as well as for the supercapacitor applications,
achieving low sheet resistance for PEDOT on a flexible substrate is necessary.
Among the various methods available for the preparation of the PEDOT electrodes,
vapour phase™ and electrochemical deposition™® produce highly conducting films.
However, practical issues to produce larger area films as well as the inability to attain
comparable coating with a low sheet resistance make PEDOT a less viable choice for
conceiving current collector-free electrodes. A simple and common method compared
to the aforementioned two methods is direct coating of the chemically synthesized
PEDOT on a flexible substrate via various techniques like spin coating, brush coating
or bar coating. The main drawback of this method is the low processability and low
conductivity of the chemically synthesized PEDOTM® owing to the fast
polymerization rate which leads to disordered and short polymer chains with shorter
conjugationt”). One of the attempted solutions to overcome this issue is the use of a
retardant, normally a Lewis base™, which slows down the polymerization rate.
However, harmful nature of the retardants™ and their inability to make a significant

reduction in the sheet resistance make the process less viable and attractive.

To address all these issues, in this chapter, an efficient and scalable method to
prepare highly conducting PEDOT flexible paper which possesses a very low sheet
resistance is discussed. This is achieved by manipulating the polymerization at the
interface of two immiscible liquids!?® on a cellulose paper to trigger PEDOT growth
along the fibers of the cellulose paper. This type of substrate assisted alignment is
found to have a key impact on the conductivity as well as the electrochemical activity

of the PEDOT films. The prepared PEDOT film possesses highly ordered polymer
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chains and increased doping level, which help the paper to display excellent
conductivity even under flexible conditions. The prepared film adheres strongly to the
substrate and retains the flexible nature of the cellulose paper and maintains long-term
stability on the conductivity. Using the flexible PEDOT paper thus obtained, two
promising applications of the paper are also demonstrated, one in flexible all-solid-
state supercapacitor and the other in flexible counter electrode in DSSC.

Figure 5.1: a) Schematic representation of the synthetic strategy adopted for the PEDOT-
paper preparation, b) larger area PEDOT-paper (40 cm x 25 cm) made from the present
strategy, ¢) an image showing the surface of a clean scotch tape after peeling it from PEDOT-
paper surface, d) a flexible thin all-solid-state capacitor of thickness 0.17 mm made from the
PEDOT-paper and e) an image of 3.6 V interdigital supercapacitor made from a single layer
PEDOT-paper which glows an LED under flexible conditions.
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5.2 Experimental Section

5.2.1 Materials

Ethylenedioxythiophene (EDOT) and iron perchlorate [Fe(ClO4)s] were
purchased from Aldrich Chemicals. n-Butanol was procured from Thomas Baker and
cellulose paper was purchased from the local market. Polyvinyl alcohol (PVA) (M.W
1,15,000; 98-99 mol % hydrolysed) was supplied by Loba Chemie. Sulphuric acid
(H2SO,4) was procured from Rankem Chemicals. EDOT was distilled before usage.
Other chemicals were used as received without any further purification. Carbon paper
having a thickness of 0.3 mm was purchased from Toray. Coating was done by using
RK K303 Multi Coater.

5.2.2 Preparation of the PEDOT Paper

In a typical preparation method, a cellulose paper having an area of 9 cm x 11
cm was placed over a bar coater and 340 mg of FeClO, in 0.5 ml water was coated
over it using a rod with a groove spacing of 40 um at a speed of 3 meter/minute. The
paper was kept for drying at room temperature. Further, 25 pl of EDOT in 0.5 ml n-
butanol was bar coated over Fe(ClO,4); coated paper with the same speed. The paper
was left for drying and polymerization. After 30 min, the paper was washed several
times in ethanol until the excess Fe(ClO,); was removed. The paper was dried and
smoothened by keeping in a press (Carver) at a pressure of 12 t for 2 min. For
achieving a low sheet resistance, the process was repeated several times. From the
second layer onwards, Fe(ClO4); was coated initially in n-butanol instead of water as
the PEDOT layer is hydrophobic. After drying out the n-butanol, the paper was kept
under a humidity chamber by maintaining a relative humidity of 70 % for 15 min. for
allowing Fe(ClO,); to absorb water. Except this step, all the remaining processes were
kept same as that of the first coating step.

5.2.3 Preparation of PVA-H,SO, Solution and Film

1 g of PVA was dissolved with vigorous stirring at 85 °C for 2 h in 50 ml round
bottom flask containing 10 ml of de-ionized water. The above solution was left for
cooling to room temperature and at this stage, drop-wise addition of 1.0 g H,SO, was

carried out under stirring condition.
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5.2.4 Prototype Flexible Supercapacitor Fabrication

The above prepared PEDOT paper was laminated using a PVA film (2 um) by
hot pressing at 120 °C for 2 min on the non-conducting side. The laminated PEDOT
paper was then cut into pieces having specific areas (here 2.5 cm?) and was coated
with a PVA-H,SO, solution using a bar coater. Small region was left vacant for
giving electrical contacts. The space kept for the electrical contact in the butter paper
was coated with Ag paste. For making interdigital supercapacitor, the PEDOT paper
was cut into specific dimensions and sealed with PVA films. A 3-cell assembly was
made in a single paper in series with a total size of 14 cm x 3.8 cm which includes the

free space between the electrodes.
5.2.5 Characterization

Structure and morphology of the materials was analyzed by Quanta™ Scanning
Electron Microscope and Nova Nano SEM 450. High-resolution transmission electron
microscope (HR-TEM) analysis was carried out in Tecnai-T 30 at an accelerated
voltage of 300 kV. Philips X’pert pro powder X-ray diffractometer (Cu Ka radiation,
Ni filter) was used for X-ray Diffraction (XRD). X-ray Photoelectron Spectroscopic
(XPS) measurements were carried out on a VG Micro Tech ESCA 300° instrument at
a pressure of > 1 x 10”° Torr (pass energy of 50 eV, electron take off angle of 60° and
the overall resolution of ~ 0.1 eV) Horiba JobinYvon Inverted Lab RAM HR800 VIS-
NIR using 532 nm solid-state diode laser beam was used for Raman analysis. All the
electrochemical studies were carried out in a BioLogic VMP3 multichannel Potentio-
Galvanostat. The CV measurements were taken at different scan rates from 10 to 100
mV s by maintaining a potential window of 1.2 V for single devices. The charge-
discharge measurement was done at different current densities (0.5 to 10 mA) in the
potential range of 0-1.2 V. Cycling stability was done by chrono charge-discharge
method at a current density of 5 mA for 2500 continuous cycles, followed by 3800
cycles including bending and twisting modes. Electrochemical impedance (EIS)
analysis was carried in an a.c frequency range of 106-0.01 Hz in the open circuit
potential with a sinus amplitude of 10 mV (Vrms = 7.07 mV). All the EIS data were
analyzed and fitted using an EC-Lab Software VV10.19. Inter-digital flexible capacitor
was tested by charge-discharge method at a current density of 0.5 mA in a voltage

window of 3.6 V in bended, flexible and folded modes. Four-probe conductivity
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meter having a probe spacing of 0.2 mm was used for the electrical conductivity
measurements. Conductivity changes in the flexible conditions were measured by 2
probe method using linear sweep voltametry (LSV). Capacitance, energy density and

power density were calculated using the equations used in Chapter 3 (Section 3.2.7)
5.2.6 Counter Electrode Characterization

The CV measurements were carried out in distilled acetonitrile containing 0.1
M LiClO4, 5 mM Lil and 0.5 mM 1, under N, atmosphere. A 3-electrode setup was
used for the CV measurement in which the prepared counter electrode for DSSC was
used as the working electrode and Pt wire which was internally calibrated using
ferrocene/ferrocenium (Fc/Fc+) couple was used as the reference electrode. 0.64 cm?
area of PEDOT-p working electrode was exposed to the electrolyte by masking the
remaining portion with an adhesive tape. Pt foil was used as the counter electrode.
Tafel measurements were done in a symmetrical cell in which the potential was

polarised from -1 to +1 V at a scan rate of 10 mV s,
5.2.7 Dye Sensitized Solar Cell (DSSC) Fabrication

The FTO working electrodes were washed by ultra-sonication in soap solution,
deionized water and absolute ethanol. The P25 paste was doctor bladed on the washed
FTO until 12-13 microns was achieved by multiple coatings, followed by annealing
for 1 h. Following a previous method, TiCly treatment was done over the working
electrodes, followed by heating at 450 °C for 30 min. The working electrodes were
soaked in 0.5 mM N719 dye solution for overnight. DSSCs were assembled using a
sandwich assembly of the working electrode and flexible PEDOT counter electrode.
The electrolyte used was a mixture of 1 M DMPII, 0.05 M Lil, 0.05 M I, and 0.5 M
tert-butyl pyridine. I-V (current vs. voltage) measurements were done under Newport

Solar Simulator attached to Keithley 2420 source meter.
5.3 Result and Discussion

A schematic representation of the synthetic procedure adopted here is shown in
Figure 5.1a. One of the key highlights of the synthetic strategy adopted here is its
scalability compared to the other reported methods. PEDOT film impregnated flexible
paper (hereinafter called PEDOT-p) can be prepared in a scalable way by bar coating.
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Photograph of a prepared PEDOT-p having an area of 40 cm x 25 c¢cm is shown in
Figure 5.1b. The PEDOT layer attains strong adhesion with the substrate as revealed

from the scotch tape experiment (Figure 5.1c).
5.3.1 Conductivity Studies

Initially, the sheet resistance and conductivity were measured using the four-probe
method. The sheet resistance obtained for PEDOT-p-1 is 26 Q/o (Figure 5.2a), which
could be further reduced up to 3 Q/o (PEDOT-p-5) by multiple coating. For
comparison, PEDOT was prepared by dissolving both EDOT and Fe(ClOg)z in pure n-
butanol on the cellulose paper (PEDOT-p-bulk) using the same protocol (details are
given in the experimental section). Due to the poor control on the polymerization
process in this case, the sheet resistance has been shoot up to 10 MQ/o, compared to
24 Q /o for PEDOT-1. The measured conductivity of PEDOT-p-5 is 375 + 25 S cm™
considering the thickness of the PEDOT film as 8 + 1 um, which is higher than the
conductivity values reported in the recent literatures %> 21, For comparative studies,
PEDOT powder was also prepared from pure n-butanol by normal solution method,
which hereafter is termed as PEDOT-bulk. Compared to PEDOT-p-5 (375 +25 S cm’
1), the conductivity of PEDOT-bulk is only 30 S cm™. The observed low sheet
resistance of PEDOT-p-5 is stable even after 90 days which was kept at ambient
conditions (Figure 5.2b). This conductivity retention is far better than a previous
report??®? and the PEDOT prepared using a wet chemistry method, which was
reported in our previous paper™®. High hydrophobic nature of the PEDOT paper,
which repels the water moisture from entering its matrix, helps for displaying the
enhanced stability at the ambient conditions. Contact angle measurement supports its
hydrophobic nature with a water contact angle of 131°, which is much higher than that
displayed by PEDOT-bulk (55°) and the samples listed in the previous few reports®®!
(inset of Figure 5.2b). Further, 1-V (current-voltage) measurement is found to be very
stable, even with the twisted and bending conditions, where superimposed I-V of the
PEDOT paper was obtained at various bending and twisting conditions (Figure 5.2c
and 2d). The minimum sheet resistance obtained in the present case is 3 /o, which is
much lower than the sheet resistance displayed by the present ITO and FTO coated
glass plates (7-14 Q /o) and Au sputtered substrates (5 /o for a 30-35 nm thick Au

film)®*. Thus, such a low sheet resistance in flexible and twisted conditions, derived
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Figure 5.2:(a) Variation in sheet resistance with the number of layers of PEDOT on the
paper, (b) a plot presenting the change in sheet resistance with respect to time, while
maintaining the PEDOT paper under ambient conditions (the inset shows the contact angle of
water on PEDOT-p-5), and (c) conductivity variations under various flexible conditions. (d)

Changes in resistance with continuous bending cycles.

through simple scalable method, provides an essential characteristic to the material to

serve as a potential candidate for flexible energy applications.
5.3.2 SEM and TEM Analysis

In order to understand the morphological characteristics of the interfacial polymerized
PEDOT phase, the PEDOT paper along with the counter samples were analyzed
initially with the help of a scanning electron microscope (SEM). Figure 5.3a shows
the surface morphology of the bare cellulose paper, where the surface of the paper is
found to have micron sized cellulose fibers. After the PEDOT coating, the surface

morphology does not have any visible changes (Figure 5.3b and 3c). This is due to the
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uniform coating of PEDOT along the cellulose fibers rather than at the vacant spaces.
This can be explained from the hydrophilic interaction between the —OH groups in the
cellulose with Fe(ClO4)s. This eventually helps the PEDOT for maintaining
polymerization only on the fiber surface. Due to the same reason, the formed PEDOT
displays strong adhesion to the substrate in such a way that the polymer layer could
withstand while trying to peel it out with the help of a scotch tape (Figure 5.1c). This
type of strong interaction is not observed in most of the PEDOT films formed by the
conventional ways due to the lack of any interaction between the substrates and the
PEDOT films. Figure 5.3d shows the SEM surface images corresponding to the
PEDOT-p-bulk. It is clearly visible in this case that the PEDOT is not formed
uniformly, rather, it has short and orderless bulk PEDOT structure with relatively low
yield. Further, Transmission Electron Microscopy (TEM) images in Figure 5.3e &
5.3f reveal that the PEDOT formed during the interfacial polymerization possess 3-D

porous structures.

Figure 5.3: SEM images of a) bare cellulose paper, b) & c) PEDOT-p-5 formed by interfacial
polymerization, d) PEDOT-p-bulk formed when complete reaction happened in pure n-
butanol and e) and f) TEM images of the PEDOT formed through interfacial polymerization.
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5.3.3 XRD Analysis

Further, to analyse the structural difference of the interfacial polymerized
PEDOT (PEDOT-p-5) with PEDOT-bulk, X-ray Diffraction (XRD) analysis was
carried out. XRD spectra (Figure 5.4) show two strong peaks at 15.7 (110) and 22.5°
(002) for the cellulose paper, which are the characteristic peaks of cellulose™™!. Apart
from the above peaks, characteristic peaks of PEDOT at 6.7 and 26.3°, corresponding
to the (100) and (020) planes, respectively, are visible in PEDOT-p-5 and PEDOT-
bulk. The (100) spacing is in relation with the inter-n-conjugated chain distance of the
stacked PEDOT polymer!?®l. Interestingly, the relative intensity of the (100) to (020)
planes is higher in PEDOT-p-5 compared to that in PEDOT-bulk. This serves as an
indirect evidence for the existence of more ordered PEDOT chains in PEDOT-p-5,
which helps for the better inter-chain interaction and, thereby, efficient charge-

hopping between the chains® %% 2”1 compared to PEDOT-bulk.

Figure 5.4: XRD spectra of various samples.
5.3.4 XPS Analysis

Extent of removal of electron from the neutral n-conjugated polymer chains
primarily decides the conductivity. Such a creation of positive charges in the polymer
backbone is balanced by the counter ion which is known as the dopant. Thus,
increased delocalized mobility of charges in the polymer helps for enhanced

conductivity. Conclusive evidence about the level of doping has been obtained from

163 AcSIR-NCL | Bihag A. M.



Chapter-5

the sulphur XPS spectra of PEDOT-p-5 and PEDOT-bulk presented in Figure 5.5a
and 5b, respectively. The deconvoluted peaks appeared at 162.3 and 163.6 eV
correspond to the S2p3/2 and S2pl1/2 states, which show a ratio of 2:1 for the area
under the peak and a B.E difference of 1.3 eV!®® The third peak (166.3 eV)
corresponds to the partially oxidised sulphur (S°*), which is balanced by the doped
counter ion ClO, or CI" °). Remarkable difference is found in the relative intensity
of S with neutral S in PEDOT-p-5, indicating the pronounced doped counter ion.
Quantification of the doping level is done by taking the ratio of the area under the
peaks of Cl 2p to S 2p, which is found to be 0.32 in case of PEDOT-p and 0.23 for
PEDOT-bulk (Table 5.1 and 5.2 ). This is re-confirmed by the ratio of the area
under the peak of S°* to the total area of S2p, which is found to be similar to the
previous values (PEDOT-p-5 (0.32) and PEDOT-bulk (0.23). Increased doping level,
which is higher than the reported values™™® 3% and is close to the theoretical
maximum doping level (0.33) of PEDOT, substantiates the observed high
conductivity of the interfacial polymerized PEDOT-p-5 compared to PEDOT-bulk.
However, the measured conductivity of 375 S cm™ of PEDOT-p-5 is less compared to
the other reported PEDOT films!?* 31 (where the film thickness is < 1000 nm) due to

Figure 5.5: S2p XPS spectra of a) PEDOT-p-5 and b) PEDOT-bulk. CI2p Spectra of c)
PEDOT-p-5 and d) PEDOT-bulk.
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the grain boundary resistance arises in the relatively thick (8 um thick) PEDOT film
in the present case. However, high conductivity (> 1000 S cm™) could be observed in
the case of PEDOT-p-1, which possesses a relatively thin film of PEDOT compared
to that in PEDOT-p-5. However, for practical usage, the sheet resistance is found to

be more critical rather than the conductivity.

Table 5.1: Peak parameters of PEDOT-p-5.

Peak Position (eV) Area FWHM (eV)
0 (S2p 3/2) 162.32 2983.91 1.79
1(S2p 1/2) 163.63 1421.95 3.62
2 (S 166.27 2026.22 4.29
Cl2p 206.55 2702.51 2.84
Table 5.2: Peak parameters of PEDOT-bulk.
Peak Position (eV) Area FWHM (eV)
0 (S2p 3/2) 162.31 12945.40 1.95
1(S2p %) 163.73 6291.28 2.03
2 (5™ 166.20 5619.56 457
Cl2p 206.23 7880.31 3.27

Doping level is calculated by the following two methods.

First method: By taking the ratio of the area under the peak of Cl 2p to S 2p.
Doping level = (Area of Cl 2p/ASF of Cl 2p) / (Area of S2p/ASF of S 2p)

ASF (atomic sensitivity factor, which is 0.54 for S 2p and 0.73 for Cl 2p)

Second method: Doping level = Area under the peak of S°*/ Total area under the

peak of S 2p

5.3.5 UV-Visible Spectral Analysis

Increased doping/electron removal creates more delocalized charges in the
polymer backbone and raises the highest occupied molecular orbital (HOMO)
position which leads to more of metallic conduction®?. Reduction in the band gap

during the doping creates a red shift in the absorption and can be probed by UV-
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visible spectral®®l. As expected, in the interfacial polymerized PEDOT, a clear red
shift has been observed in the maximum absorption region due to higher doping
compared to PEDOT-bulk (Figure 5.6). Insufficient doping in PEDOT-bulk could
also be confirmed from the less intense peak at around 560 nm, which is a trademark

of the m-m* transition of neutral PEDOT?® 34

, and will vanish after complete
oxidation as occurred in the interfacial polymerized PEDOT sample. In conclusion,
XPS and UV-visible spectra serve as evidences of increased level of doping, which
helps for the charge delocalisation, resulting in improved conductivity. Also, the more
ordered PEDOT chains in PEDOT-p-5 is helping for the efficient inter-chain charge
hopping as substantiated by XRD. Thus, the above two critical factors help for
PEDOT-p-5 to achieve a high conductivity of 375 S cm™ compared to 30 S cm™
obtained for PEDOT-bulk. Further, the ordered polymer chains as confirmed by XRD

also explain the hydrophobic nature of PEDOT-p.
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Figure 5.6: UV-visible spectra of PEDOT-p-5 and PEDOT-bulk.

5.3.6 Mechanism of Interfacial Polymerization

Even though interfacial polymerization is common for polyaniline®,
polypyrrole®®® and polythiophene!®”, few reports on the interfacial polymerization are
available for PEDOT. Most of the reports utilize surfactants B8, however, surfactant
always has a negative impact on the conductivity of the formed PEDOT. Yang et
al.B¥! prepared semiconducting PEDOT nano-needles at a water/dichloromethane
interface. However, lengthy reaction time (3 days) and poor yield are the main

limitations of such a method. Images shown in Figure 5.7 give insights on the
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mechanism of interfacial polymerization in the cellulose paper. In Figure 5.7 1 to 7 1lI,
the experiments were carried out by changing the concentration of the monomer
(EDOT) from 0.46 mM to 1.84 mM in n-butanol, while keeping 4 times higher molar
concentration for Fe(ClO,)3 in water with the monomer. n-Butanol/EDOT was further
added slowly through the walls of a vial to the aqueous phase. In Figure 5.7 la, even
after 5 min, there is no visible polymerization happens as there is very less interface is
available, and, overall the polymerization rate is found to be less. No bulk
polymerization is found in the organic phase as there is no diffusion of Fe(ClO,);
from the aqueous phase to the organic phase owing to the less solubility of Fe(ClO4)3
in n-butanol compared to water. Possible interfacial polymerization rate is very less
under static condition, even though it can be increased further by shaking, which
creates large number of droplets of n-butanol inside the aqueous phase. Figure 5.7 1b
& Ic show the presence of PEDOT, which is formed at the interface of the droplets
after the shaking and joining together during settling. It can be seen that some PEDOT
is formed in the organic phase as well, which is obvious due to the diffusion of

Fe(ClO,)s into the organic phase during the shaking process.

While going from low to high concentration, bulk polymerization in the
organic phase is happening at a faster rate, which is due to the easy diffusion of the
high concentrated Fe(CIO4); from water to the organic phase through the interface.
This gradual change is visible from Figure 5.7 I-11l. Thus, concentration has a key
role in the surfactant-free interfacial polymerization carried out here. Hence, an
EDOT concentration of 0.46 mM was used, which will preferably result in the
interfacial polymerization. However, lengthy reaction time as well as poor yields
(Figure 5.7 1) makes the pot synthesis less viable choice. High concentration can
result in higher yield, but the bulk polymerized PEDOT will be predominant in such
cases (Figure 5.7 1l1). For comparison, PEDOT formation in pure n-butanol has also
been carried out (Figure 5.7 1V), and the reaction is found to be very fast as compared
to that in aqueous/organic mixture while maintaining the same concentration. The
conductivity of the formed PEDOT formed in this case is measured and is found to
be 10 times lesser than PEDOT-bulk (31 S cm™) compared to PEDOT-p-5
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Figure 5.7: Pot synthesises of PEDOT in various conditions: 1) 0.46 mM EDQT, Il) 0.92 mM
EDOQT, I1Il) 1.84 mM EDOT in n-butanol after adding to Fe(ClO,)s/water solution and V)
formation of PEDOT in n-butanol by mixing 0.46 mM EDOT with Fe(ClO,)s in n-butanol.

By transferring the experiments (Figure 5.7 1) judiciously on a cellulose paper,
formation of extremely uniform and highly conducting interfacial polymerized
PEDOT in short duration with excellent yield could be ensured. This is clearly due to
the dominance of the interfacial polymerization compared to the bulk polymerization
resulted from the enhanced interface formed along the cellulose fibers having thin
layer of water layer. However, increasing the concentration can result in bulk
polymerization in this case. Figure 5.7 clearly elucidates this difference. When 4
times higher concentration of Fe(ClO4); was used instead of multi-layer coating,
Fe(ClO,); easily diffuses to the organic phase and triggers polymerization there. This
results in higher sheet resistance for the formed PEDOT.
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After optimising the concentration of Fe(ClO,)3 to 0.46 mM from the previous
experiments, coatings were carried out on cellulose paper having an area of 9 cm x 11
cm. Figure 5.8 shows the sheet resistance data of the various experiments. In Sample
I, the reaction was carried out in pure n-butanol and as found previously in the case of
pot synthesis (Figure 5.7 1V), the present process resulted into low conducting
PEDOT. The paper is showing a sheet resistance of around 10 MC/o and this high
value is associated with the low yield of PEDOT as well as its low conductivity. On
the other hand, when Fe(ClO,)s in n-butanol was coted initially on the cellulose paper,
followed by EDOT/n-butanol (Sample 1), drastic improvement in the conductance
has been observed and the sheet resistance is found to be decreased to 32 Q/o. This
improvement is clearly attributed to the hydrophilic nature of Fe(ClO4)s, which
absorbs moisture after removal of n-butanol, leading to the triggering of the interfacial
polymerization. In this case, it is observed that the sheet resistance was varying
according to the humidity conditions in the atmosphere. Sample 111 (PEDOT-p-1) was
derived purely through interfacial polymerization which resulted in very low sheet
resistance among the all samples as Fe(ClO4); was dissolved in water. As found in
the previous case of pot synthesis, the concentration of Fe(ClO,4); plays a crucial role
for confining Fe(ClO4); in the aqueous phase (Figure 5.7). Thus, the preferred
interfacial polymerization helps to achieve very low sheet resistance. In Sample VII,
the same combination as that of Sample I11 was used and the only difference was that
EDOT/n-butanol was coated initially on the cellulose paper which was followed by
coating of FeClO, in the aqueous phase. As expected, there is no polymerization
occurring in the aqueous phase due to the insolubility of EDOT in this phase.

One question can be arisen in this context as what about the conductivity of
PEDOT produced in a solvent where both EDOT and Fe(ClO,4); are soluble and
possessing high di-electric constant and polarity (e.g. acetonitrile, € = 37.5, D = 3.9)
compared to butanol? To answer this, a similar experiment in acetonitrile (Sample
IV) was also carried out. Due to the relatively fast polymerization in this case, non-
uniform polymer film over the cellulose paper has been formed and displayed a
conductivity value which is substantially lower than that of the polymer formed by the
interfacial polymerization process. However, the PEDOT synthesised in acetonitrile is
superior in terms of the conductivity (38 Q/o) compared to the PEDOT formed in
pure n-butanol (10 MQ/o). This is due to the high dielectric constant in the former
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case, which helps for better doping of the counter ions in PEDOT. There is no
possibility of interfacial polymerization in water/acetonitrile combination, as the both
solvents are miscible with each other and such an experiment rather results into a
sample possessing high sheet resistance (Sample V). This further confirms that, not
only high dielectric constant but interfacial polymerization (which slows down the
polymerization rate) also is crucial for better attaining chain packing and doping for

ensuring an overall improvement on the conductivity of the PEDOT.

Second question that can arise is, what will the outcome of a PEDOT formed
through interfacial polymerization at an interface of water with another immiscible
solvent (like hexane)? Sheet resistance of PEDOT-p formed at the interface of
water/hexane (Sample VI) is 38 Q/o, which is far less than that of Sample | which is
formed in butanol (10 MQ). However, the above value is still less than that measured
on the water/butanol based system due to the low dielectric constant of the total
interface compared to the later. In conclusion, butanol/water at proper concentration
gives pure interfacial polymerization at a boundary which possesses highest dielectric
constant in total compared to the other combinations experimented here. Further, this
polymerization yield is many folds higher in the cellulose paper due to the enhanced

surface area on the fibers.

Figure 5.8: a) PEDOT polymerization on the cellulose paper through various solvent

combinations and b) optical images of the corresponding PEDOT papers.

As Suh et al.l”®! reported, a solvent with high dielectric constant or polarity
results in a polymer with high conductivity due to efficient chain packing as well as
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hydrogen bonding between the counter ions associated with the polymer. In case of
n-butanol (dielectric constant ¢ = 18 and dipole moment D = 1.63), the low
dissociation Fe(ClO4); results in disordered polymer packing as well as less doping,
which result in low conductivity for PEDOT-bulk. Compared to this, in the case of
polymerization at the water/butanol interface, high dielectric constant (¢ = 80) and
polarity (D = 1.85) of water assist for better packing of the m-conjugated chains and
more doping due to the intervention by the hydrogen bonding™®® 274 Apart from the
high dielectric constant, slow polymerization happens at the interface further helps for
the generation of better packed and doped polymer chains™”. Total polarity of
water/n-butanol interface is much higher than the other immiscible interface such as
water/hexane (Figure 5.8) or water/DCM, which results in higher conductivity of the
polymer formed in the former case. As the EDOT is insoluble in water and the
solubility of Fe(ClO,)s in butanol is relatively low, polymerization mainly occurs at
the interface, resulting in the formation of highly doped and more crystalline PEDOT.
Thus, concentration of Fe(ClO,)3 has a key role in confining the polymerization at the
interface (Figure 5.7 and Figure 5.8). It should be noted that, the relative interface
formed between the two immiscible liquids on the cellulose paper will be many times
larger than that derived through the pot synthesis due to the large accessible surface
area in the former case. Chance of the bulk polymerization in the remaining bulk n-
butanol phase will be very less due to the less solubility of Fe(ClO,);3 in butanol and
further most of the Fe(ClO,4)s will be utilised at the interface during the diffusion.
Here, one of the key highlights of our work lies in the fact that the process involving
interfacial polymerization on the cellulose paper surface is highly scalable for

practical applications (Figure 5.1a).

As PEDOT-paper could prove its excellent conductivity under flexible
conditions along with long-term stability, validation of its application in a realistic
perspective will be more interesting. PEDOT is known for its applications as
electrodes in supercapacitors (theoretical capacitance is 210 F g™) and counter
electrode in DSSC. In line with these thoughts and considerations, the applications of
the PEDOT-paper for making a solid-state supercapacitor and counter electrode for
DSSC are demonstrated. A discussion on these demonstrations is given in the

following sections.
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5.3.7 Application in Flexible Solid-State Supercapacitor

For flexible solid-state-supercapacitor, PVA-H,SO, gel electrolyte was used as
the electrolyte, which was prepared by following the procedure reported in Chapter
3.2.2. PVA-H,SO, was coated onto PEDOT-p using the roll coating procedure.
Enough time was given for drying to ensure intercalation and proper wetting by the
gel electrolyte inside the PEDOT matrix. Two pieces of PEDOT-p having a size of
2.5 cm® each were sandwiched together to form a device. Electrochemical charge-
storage properties were measured using cyclic voltammetry (CV), chrono charge-
discharge method (CD) and electrochemical impedance analysis (EIS). CV and CD
were carried out in a higher potential window of 1.2 V, which helps the system to
achieve high energy density. Figure 5.9a and 9b show the CV and CD profiles
obtained from the solid-state devices made from PEDOT-p-1 to PEDOT-p-5.

Figure 5.9: a) Cyclic voltammograms recorded at 50 mV s*, b) charge-discharge (CD)
profiles of PEDOT-p taken at a current density of 0.4 mA cm™? with different layers of the
PEDOT coating, c) enlarged view of the CD profiles given in ‘b’ indicating the differences in

the IR drop and d) areal capacitance measured for the various PEDOT-p.
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Capacitance properties are found to improve linearly with increasing the PEDOT
layer (28 mF cm™ to 115 mF cm®) in the paper as expected due to the progressively
reduced sheet resistance (Figure 5.9d). The PEDOT amount on PEDOT-p-5 is around
1 mg cm™ and the corresponding mass specific capacitance is estimated to be 115 F g°
! ( Figure 5.10a), which is substantially higher than that of PEDOT-bulk (60 F g
(tested by coating on a carbon paper, Figure 5.10b). By considering the weight of the
cellulose paper into account, the capacitance of the electrode has been calculated as
20 F g. Considering the highest capacitance registered by the system derived from
PEDOT-p-5, detailed investigations are restricted by focusing on this system. Rather
than mass specific capacitance, it is desirable to state the capacitance in volumetric
and areal density basis, as they are the two important parameters for judging the
feasibility of the material for practical usage. A volumetric capacitance of 144 mF cm’

%is obtained at a current drag of 0.5 A cm™

Figure 5.10: a) Mass specific capacitance of PEDOT-p-5 at varying current density values,
b) CV profile at 10 mV s™ of PEDOT-bulk coated on a solid current collector, c) CD profiles
of PEDOT-p-5 taken at various current densities and d) graphical representation of the

capacitance changes of PEDOT-p-5 with respect to the varying current density values.
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by considering the thickness of PEDOT as 8 pm in PEDOT-p-5 (Figure 5.10c).
Considering the total thickness of the electrode, the measured volumetric capacitance
is estimated to be 35 F cm™. Even at a high current drag of 10 A cm™, the present
system retains up to 90 mF cm™ (Figure 5.10e), indicating the superior power rate of
the device. Apart from the high conductivity of PEDOT (> 375 S cm™), the porous
structure of PEDOT as found in the TEM images is also appeared to be helping in
maintaining the high capacitance by achieving high electrode-electrolyte interface
during the intercalation of the polymer gel electrolyte!®. In addition to the
improvement in capacitance, the electrochemical series resistance (ESR) measured
from the IR drop in the CD profiles (Figure 5.5¢) is found to be going down as
expected with the number of PEDOT coating.

EIS is one of the effective tools in analysing the charge storage properties by
measuring the response of the system to the varied a.c frequency. Fitted Nyquist plot
of the flexible device made from PEDOT-p-5 is shown in Figure 5.11a. As that of an
ideal capacitor, the Nyquist plot shows a linear behaviour by intersecting the x-axis at
the high frequency region and aligning parallel to the y-axis at the low frequency
region with a small deviation. ESR measured is found to be 6.5 Q, which is far better
than the flexible supercapacitors reported recently in the literature™ **. This measured
ESR is promising for a thin capacitor which does not contain a separate current
collector. It should be noted that hardly any semicircle loop corresponding to the
charge-transfer resistance is found at the high frequency region of the Nyquist plot
(inset of Figure 5.11a). Without using any conducting current collector, achieving an
ideal Nyquist plot as obtained in the present case validates the very low sheet
resistance of the PEDOT paper resulting from the high conductivity of the interfacial
polymerized PEDOT. This is concomitantly assisted by the proper sink of the gel
electrolyte with the porous PEDOT. It is also noted that the capacitance is linearly
increasing with the loading of PEDOT (i.e. from PEDOT-p-1 to PEDOT-p-5),
indicating the ability of PVA-H,SO, to penetrate through the porous PEDOT phase.

Further, the devices have undergone stringent stability tests at various bending and
flexible conditions. Initially, the CD profile at various bending and twisted conditions
(Figure 5.11b) was measured and the data is found to be closely superimposable. Due

to the highly flexible nature of the individual components like cellulose, PEDOT and
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PVA-H,SO, gel, the device appears quite robust to the various flexible conditions.
Further, long-term stability test was carried out under normal condition for 2500
cycles by applying continuously a current density of 2 mA cm™. The performance of
the system is found to be very stable (~9 % degradation) while maintaining high
coulombic efficiency (~99 %) throughout the cycles. Long-term cycle stability of the
devices at various bending and twisted conditions also was monitored and was found
to be very stable even after 3800 cycles (Figure 5.11c and 1d). Small reduction found

in capacitance is due to the loss of water from the gel due to the heat generation

Figure 5.11: a) Nyquist plot of the flexible device made from PEDOT-p-5 with the enlarged
high frequency region along with the circuit diagram is given in the inset, b) CD profile of
PEDOT-p-5 at a various bending and flexible conditions and c) -d) represent the long-term

cycle stability data.
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during the cycles, which is in accordance with the observations in Chapter 3 (Figure
3B.10).

The energy density and power density of the device are calculated and the
values are tabulated in the form of a Ragone plot in Figure 5.12b. A maximum energy
density of 28 mWh cm™ is obtained for PEDOT. The calculated the energy density by
considering the whole device thickness (0.17 mm, Figure 5.12b) is found to be ~1
mWh cm™ at a power density of 52 mW cm™ and the system could retain an energy
density of 0.61 mWh cm™ even at a higher power drag condition of 1 W cm™. As it
was mentioned earlier, large scale production of PEDOT paper is simple and can be
improvised into various designs and shapes. It should be noted that the total device
thickness is only 0.17 mm which includes electrode and electrolyte in the integrated
form. The thickness can be further reduced by reducing the thicknesses of the polymer
electrolyte (0.1 mm) and cellulose paper (0.6 mm), which come around 90 % of the
total thickness in the present device. An inter-digital flexible solid-state-
supercapacitor is made from a PEDOT paper with a working potential of 3.6 V
(Figure 5.1e and 12a). The device consists of 3 capacitors connected in series in a
single PEDOT paper, where, the PEDOT phase itself acts as the electric connector
between them. The CD profile of the device is shown in Figure 5.12a and the image
of a glowing L.E.D using the device in the flexible condition is shown in the inset of
Figure 5.12a. Similar to the sandwiched supercapacitor, the inter-digital

supercapacitor has also been found to be very stable to the flexible conditions, where

Figure 5.12: a) CD profiles of the inter-digital supercapacitor in a voltage window of 3.6 V
at various bending and flexible conditions and b) Ragone plot; inset image shows the

thickness of the sandwiched device.
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the CD profiles are superimposable in the bending and twisting conditions. This gives
a confidence that the method of preparation of the highly conducting PEDOT-p as
illustrated here can be further extended to screen printing and can be used to prepare

designer flexible supercapacitors.
5.3.8 Pt- and TCO-Free DSSC Counter Electrode Application

Dye sensitized solar cell™ utilizes costly Pt coated FTO for the tri-iodide
reduction in the counter electrode. Thus, Pt- and TCO-free flexible counter electrodes
are highly desirable to make cost-effective flexible DSSCs. As PEDOT is known for
its high catalytic activity towards tri-iodide reduction*’); our flexible PEDOT papers
have excellent potential to use as Pt- and TCO-free electrode!. All the
characterizations stated below are exclusivity done on the PEDOT paper without
using any conducting substrate. Tri-iodide catalytic properties were initially screened
using CV measurement in 0.1 M LiClOj electrolyte containing 5 mM Lil and 0.5 mM
I,. A 3-electrode set-up was used for the CV measurements, in which PEDOT-p was
used as the working electrode and Pt wire which was internally calibrated using
ferrocene/ferrocenium (Fc/Fc") couple was used as the reference electrode. A Pt foil
was used as the counter electrode. Figure 5.13a shows the CV profiles of PEDOT-p-3
to PEDOT-p-5 recorded at a scan rate of 10 mV s™'. As indicated in Figure 5.13a, the
first redox peaks correspond to the I/ Is” redox couple and the second one corresponds
to the I3/, couple. Among the various samples, PEDOT-p-4 possesses the highest
reduction current as well as the lowest difference between the potential at the current
maxima of reduction and oxidation peak for the I'/I5” couple, which are characteristics
of the high catalytic activity towards the tri-iodide reduction'*”!. Further, square root
of the scan rate has a linear relationship with the peak current density in the case of
PEDOT-p-4 (Figure 5.13b & 5.13c), indicating the involvement of a diffusion limited
reaction and absence of any interaction of ions with the substrate!*®!. Thus, PEDOT-p-
4 is the right candidate for deploying as the counter electrode in real DSSC
measurements.

Before going to a real cell, the activity of PEDOT-p-4 was further confirmed by
using Tafel polarisation using symmetric cell (details are presented in the
experimental section) at a scan rate of 10 mV s™ (Figure 5.13d). It can be seen that

PEDOT-p-4 displays similar limiting current as that of the standard Pt coated FTO
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(Pt/FTO). However, the exchange current density, which is measured at a lower
overpotential, is high for Pt/FTO (2.2 mA c¢m™) than PEDOT-p-4 (1.2 mA cm™)!*7,
This deviation arises due to the movement of I3 and I inside the PEDOT matrix

during the redox reaction, which is hampering the electrical conductivity of PEDOT.

Figure 5.13: a) CV profiles recorded at a scan rate of 10 mV s™, b) CV profiles of PEDOT-p-
4 at various scan rates, c) the plot corresponding to the root squire of scan rate vs. peak

current and d) Tafel polarization plots in the asymmetrical dummy cell.

A real DSSC cell was fabricated using PEDOT-p-4 as the counter electrode and
FTO/TiO,/Dye as the working electrode (details of the cell fabrication are given in the
experimental section). Cell’s -V polarisation plots are given Figure 5.14 and the
values extracted from the polarization data are presented in Table 5.3. An overall solar
conversion efficiency of 6.5 % has been obtained for the system derived from
PEDOT-p-4 compared to 7.0 % efficiency displayed by the system having Pt/FTO as
the counter electrode. Coming to the individual parameters, PEDOT-p-4 based system
shows a high fill factor of 66 % compared to 62 % of the system made from Pt/FTO,
indicating the high catalytic activity of the system. However, lower short circuit

current density (Js) of 13 mA c¢m™ of PEDOT-p-4 in comparison to 15 mA cm™ of Pt
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deleteriously affects the overall efficiency of the present flexible counter electrode.

Lower open circuit potential (OCV) and low Jg arise as there is no external current

collector, rather the catalyst should play the dual role of I5. reduction and charge

mobility. However, the presented flexible material is still promising as its catalytic

activity is comparable with that of the costly Pt coated FTO. Thus, PEDOT-p-4 shows

great potential to replace Pt and TCO from the counter electrode. Among the different

PEDOT papers, in accordance with the CV data, PEDOT-p-4 shows superior activity.
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Figure 5.14: 1-V profiles of the DSSC with the various PEDOT papers prepared as the

counter electrode.

Table 5.3: Parameters extracted from the I-V plots.

0.6

0.8

Voc Fill Factor Jsc mA cm™ %
Efficiency
PEDOT-p-3 0.67 68.36 9.83 4.53
PEDOT-p-4 0.74 66.45 13.06 6.46
PEDOT-p-5 0.66 70.50 11.86 5.55
Pt/FTO 0.77 61.12 14.94 7.09
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5.4 Conclusion

A simple and novel strategy to make a highly conducting PEDOT paper has been
developed by manipulating interfacial polymerization at the interface of two
immiscible liquids. The process explained here is highly scalable and easy enough to
make large PEDOT papers within 2-3 hours. The polymerized PEDOT phase on the
paper possesses fibrous structure with more compacted m-conjugated chains and
doping level due to the slow polymerization rate and increased polarity of the solvent
interface. The paper displays a conductivity value as high as 375 S cm’ and
significantly low sheet resistance of 3 /0. The electrical and mechanical properties
of the paper are found to be stable even under flexing and bending conditions. A
flexible all-solid-state supercapacitor made from the device using PVA-H,SO4 gel
electrolyte possesses a thickness of 0.17 mm and this system could deliver a power
density of | mWh cm™. The flexible devices are found to be very stable during the
charge-discharge cycling under twisted and bending conditions for more than 3800
cycles. Apart from the supercapacitor application, DSSC made from the PEDOT-p
based counter electrode shows a high conversion efficiency of 6.5 % in comparison
with 7% of Pt/FTO as the counter electrode. Even though only two applications are
shown here for the PEDOT paper, it can be further extended for various flexible
applications like Li-ion battery, sensors etc. owing to its simple and scalable method

of preparation and great potential to serve as a highly conducting flexible substrate.
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Summary and Conclusions

This chapter gives an overview of the main observations and conclusion of the
different chapters presented in the thesis. Initially, the context of the thesis is
presented  where

the evolution of

the thesis over the

theme of 1-D

supported

materials is

narrated. Later,

conclusions  and

main findings of

each chapter are

overviewed in

separate sections.

Conclusions of each chapter contain relevance of each section separately and how
they are connected to the main theme of the thesis, i.e. 1-D supported nanostructured
materials. Further, each section is briefed with some of the important results of
supercapacitor and DSSC devices and their performance characteristics in practical
conditions. Final part is dedicated to the discussion on the future prospects of the
present thesis. This includes a discussion on the importance of the present thesis in
terms of the extended applications of the materials evolved, device fabrication

methodologies adopted and their scope of improvements etc.
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6.1 Summary

Renewable alternatives for the fossil fuels are indispensable requirements of
sustainable living for a better tomorrow. However, intermittent nature of such
renewable energy sources imposes incorporation of highly efficient energy conversion
and storage devices as an inevitable requirement of the power electronics meant for
such systems. Among the various energy storing devices, the electrochemical storage
and conversion devices are of prime importance, which include batteries,
supercapacitors, dye-sensitized solar cells (DSSCs) etc. Heart of such a system
comprises a highly active and efficient electrode-electrolyte interface, which requires
facile ionic and electron transport throughout the materials in use. Nanosizing of
materials, which forms extended interfaces in the above devices, is promising at this
context as it imposes tunable physical and chemical properties. However,
nanostructuring typically results in low electric and ionic conductivity along with
stability. An ingenious way to overcome the low electric and ionic conductivity along
with stability is with the help of a support material which comprises high conductivity
and surface area. Among the various supported materials, 1-dimensional (1-D)
structure holds superior advantages such as higher surface area with continuous
electron path and facile ion transport etc. Such confined conducting fibers/tubes can
be utilized to grow active materials with tunable morphology and multifunctional
properties along with augment in conductivity, low charge transfer resistance and
improved stability. Apart from that, high surface area with the 1-D structure provides
easy ion flux and buffer volume between the structures, which alleviates the
mechanical stress for the materials. Importantly, no need of external binder and
conducting ingredients help to reduce the cost of the devices. The present thesis has
addressed some of the issues related to the low electrode-electrolyte interfaces of
supercapacitors and CEs for DSSCs by utilising various 1-D carbon supported
nanomaterials. Further, efficient solid-state supercapacitors could be fabricated with
the same strategy by utilising the 1-D carbon support owing to its ability to form
better interfaces with the electrolytes. Finally, the future flexible electronic devices
require flexibility as an important criterion for the above energy devices which
demands highly efficient flexible electrode materials. An important progress in this

direction could be made during the course of the work by developing a simple and
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scalable method for preparing highly conducting and flexible electrodes, which
showed their utilization in flexible applications involving supercapacitor and DSSC.

The major accomplishments of the present thesis are summarised as below:

1-D confinement of PEDOT using hollow carbon nanofibers: an efficient charge

storage material with high catalytic activity for tri-iodide reduction in DSSC.

Among the various conducting polymers which are widely essayed in literature,
PEDOT has emerged as a promising material in various energy devices, especially as
an “active material” for the energy storage devices and counter electrode for DSSCs.
However, the reported electrochemical activity of bulk PEDOT prepared by various
methods is significantly low due to its reduced surface area, difficulties associated
with low conductivity and low stability. Establishing both nanomorphology of
PEDOT and better mechanical stability to the system are important for improving the
electrochemical properties and to attain overall durability. This section of the thesis
deals with a synthetic strategy of PEDOT which could be developed in order to
overcome the drawbacks of the bulk PEDOT such as fast polymerization rate, low
conductivity, low surface area and low stability. This is achieved by 1-D aligning of
PEDOT over a high aspect ratio carbon nanofiber (CNF).This method offers unique
nano architecture for PEDOT by providing mechanically stable and electrically
conductive CNF as the core material and by concomitantly maintaining both high
aspect ratio and interfacial areas. Formation of PEDOT as a thin layer improves the
electrical conductivity and the aligned growth along the surfaces of CNF provides
well defined pathways for faster movement of ions in and out of the polymer matrix.
Since the tubular morphology of the CNF with its open tips provides facile routes for
the electrolyte, the overall utilization of the active surface and conductivity increases
the charge storage properties. Facile ionic and electric mobility via 1-D alignment of
PEDOT helps the system to achieve high capacitance retention at high current drag
which indicates its high power capability. Moreover, the stable CNF backbone helped
to avoid the stress during the stability cycling, leading to excellent cycling stability.
Further, electrocatalytic tri-iodide reduction of 1-D PEDOT/CNF is also found to be
superior due to the high electrical conductivity, surface area and facile ion diffusion
which were characterized by CV, impedance and Tafel measurements. Lastly, DSSCs

made out of 1-D PEDOT as CE showed superior conversion efficiency and stability
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compared to the CEs based on the bench mark Pt, bulk PEDOT and CNF.

Active interface tuning of solid-state supercapacitor: Studies with carbon fiber

supported conducting polymers

Polymer electrolytes have been extensively studied as electrolytes in
supercapacitors and lithium batteries in place of liquid electrolytes. Replacement of
the liquid electrolyte in the energy storage devices with a solid counterpart is thus
very promising for developing safe, thin, light-weight, economically viable and
flexible future devices. Many of the earlier studies have utilized gel electrolytes as
solid electrolytes in the form of a film between the electrodes, which resulted in low
electrode-electrolyte interfacial area and higher ESR for the devices. In the present
work, in order to address the low interface and high ESR of the solid-state
supercapacitors, the high porosity of a conducting carbon paper and tunable viscosity
characteristics of the gel electrolyte are exploited. The well penetrated PVA-H,SO,
network along the polyaniline (PANI) coated porous carbon matrix essentially
enhanced the electrode-electrolyte interface of the resulting device leading to a very
low ESR by establishing an interfacial structure very similar to a liquid electrolyte.
Cross-sectional elemental mapping and SEM images display the proof of concept.
Apart from acting as an enhanced interface, the porous carbon backbone gives an
adequate electrical contact within the network, which helps in maintaining very low
ESR. The capacitance obtained was much superior than the conventional film based
solid-state supercapacitors. Apart from the higher capacitance, excellent retention in
capacitance at high current drag and superior stability were also found in the devices.
Using the above experiments, demonstration of the importance of porosity in the
electrode for establishing enhanced interfacial network in solid-state supercapacitors
for achieving high charge-storage properties also could be completed. However, one
challenge noticed here was that, at higher mass loading of the electro-active material,
the performance of the solid-state device becomes inferior to its liquid-state
counterpart as the polymer infiltration becomes improper under such conditions. To
address this issue, a different strategy of electrodepositing the charge storage material
directly onto a porous carbon current collector is adopted, which ensures a highly
reproducible coating of the electro-active material over the each carbon fiber

backbone. Due to the low stability and low electrochemical window of PANI, the
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selected electrode material in the case is polyethylenedioxythiophene (PEDOT). The
peculiar morphology of the electrodeposited PEDOT and its alignment led to
enhanced surface area and electrical conductivity, and the pores in the system enabled
effective intercalation of the polymer—gel electrolyte. Consequently, the solid device
attained very low internal resistance and a high specific capacitance for PEDOT even
with high mass loading. The performance of the device was consistent even under
wide-ranging humidity and temperature conditions. Finally, a device fabricated by
increasing the electrode area four times was used to light an LED, which validated the

scalability of the process.

Electrochemically grown MnO, nanowall forest on a carbon fiber substrate as a

supercapacitor charge storage material

Replacing active carbon with various metal oxides, especially with less costly
and environmentally friendlier MnO,, is looking promising due to their high potential
storage capacities (1200 F g™) and large potential window (1-1.6 V). However, due to
low electrical and ionic conductivity, bulk MnO, delivers low mass specific
capacitance (100-200 F g™%). In particular, a thick coating of MnO; on a plain current
collector leads to the majority of the bulk MnO, being inaccessible for electrons as
well as ions in the electrolyte. As a solution to the above problems, the thesis deals
with an approach involving electrochemically synthesizing highly uniform MnO,
porous nanowalls directly onto a conducting porous carbon fiber paper without
employing any templates. The structure of the material deposited is elucidated by
XRD, Raman and XPS analyses indicating birnessite-type structure of MnO, with
some amount of Mn3O4 as well. The peculiar growth pattern of the vertical MnO,
walls, which are microporous concomitantly, provided spacious and accessible
corridors along the surface, which act as facile channels for ion transport after
electrolyte filling. At the same time, the carbon fiber backbone helped to overcome
the issue of the inherent electrical resistance associated with MnO,. Thus, the formed
electrode appeared to display a specific capacitance as high as 1149 F g* at a
dragging current of 1 A g™ and the electrode retained a capacitance of 565 F g™ even
at high current dragging conditions of 100 A g™. Even after 8000 continuous cycles,
the nanowalls appeared to be structurally stable with no significant degradation in
capacitance. Further, high porosity of the MnO, nanowall electrodes is utilised to
make a solid-state supercapacitor. Due to the enhanced electrode-electrolyte interface
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owing to the high porosity of the nanowalls, the solid-state devices displayed
excellent capacitance and low ESR even at high current drag conditions.

Novel scalable synthesis of highly conducting and robust PEDOT paper for high
performance flexible supercapacitor and dye sensitized solar cell

Future flexible and light weight electronic and electrical gadgets demand
flexibility and weight reduction in the energy managing devices. Lack of flexibility in
the present commercial supercapacitors imposes major restrictions in integrating such
systems with the future electronic and electric devices. Exchange of the individual
key components such as current collector, electrode material as well as the electrolyte
with lighter and flexible alternatives is the key to the success of such device systems.
However, this transformation to flexibility and lighter qualities always accompanies
with compromise in conductivity and charge storage properties of the components due
to the trade-off between form/property tolerance accommodation and functionality
therein. A single material possessing both high charge storage property, conductivity
and flexibility will be promising in this context as it can play the role of both current
collector and an electrode material, which results in flexible, lighter, thinner, and
cheaper energy devices. This approach is very challenging in the present situation due
to the lack of materials which possess the required conductivity, flexibility and
capacitance concomitantly. To address this, a novel synthetic strategy is developed to
prepare a highly conducting polyethylenedioxythiophene (PEDOT) phase on flexible
cellulose paper formed by inducing surfactant-free interfacial polymerization at the
interface of two immiscible liquids. The illustrated process is highly scalable in such a
way that very large flexible PEDOT paper can be prepared in 2-3 h under laboratory
conditions. The obtained PEDOT-paper possesses efficiently packed m-conjugated
chains and increased doping level which is proven by XRD, XPS, conductivity and
UV-visible measurements. This favourable change has been attained by the slow
polymerization coupled with the high di-electric constant of the interface, which
stabilises the counter ions through hydrogen bonding. This helps for better inter-
chain and intra-chain charge mobility, leading to high conductivity compared to the
PEDOT prepared in n-butanol. A low sheet resistance of 3 Q/o is achieved by
multiple coating, which is found to be stable even after two months under ambient

conditions and at various flexible and bending conditions. A flexible solid-state
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supercapacitor with an overall thickness of 0.17 mm made from the PEDOT paper
and PVA-H,SO, as the solid electrolyte delivered a volumetric energy density of 1
mWh cm™®. The flexible device was found to be very stable during the charge-
discharge cycling under twisted and bending conditions. A 3.6 V inter-digitised
flexible device also could be made in a single PEDOT paper, which is found to be
powered enough to glow an LED under flexible conditions. Apart from the
supercapacitor application, a dye sensitised solar cell (DSSC) made by using the
PEDOT paper without any conducting current collector as the counter electrode

shows a comparable conversion efficiency with the costly P/FTO.

6.2 Future Prospects

The present thesis has wide potential impact in both fundamental as well as
applied research in energy devices due to the unique properties of the materials and
methodologies developed during the course of the research work. Some of the key
prospects of the thesis are listed below.

Though the current research activities on enhancing the electrode-electrolyte
interface via 1-D hetero-structured materials as detailed in the thesis are restricted to
only supercapacitors and DSSCs, the observations, materials and methodologies have
wide impact and potential in other energy devices such as Li-ion batteries, fuel cells,
photoelectrochemical cells, sensors etc. The effect of 1-D confinement of PEDOT and
its concomitant increment on surface area, conductivity and stability show its
prospects for practical applications in other electrochemical devices such as a cathode
material in Li-ion batteries and humidity and conductivity sensors. Further, this
approach can be utilised to confine other materials 1-dimensonally by employing the
inherent hollow core structure of carbon nanofiber. Such type of confinement can
result in facile charge transport as proved in Chapter-1. However, more fundamental
research is required to unravel the synergic effect which helped in improving the
conductivity of the 1-D CNF/PEDOT compared to the individual materials.
Nevertheless, we could able to give some insight of slow polymerisation as one of the
important contributing factors in attaining better m-chain, leading to better inter-chain
charge hopping as described in Chapter-5.

The methodologies used to make the solid-state supercapacitors with infiltrated

polymer electrolyte have potential applications in Li-ion battery as well. Especially,
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the polymer Li-ion battery is preferred over the liquid systems due to the safety
issues. The strategy of usage of the porous electrode and intercalation of Li-
conducting polymer electrolyte can result in excellent efficiency and stability for the
battery. Further, the method of electro-deposition of conducting polymer and metal
oxide as showed in Chapter-3 and Chapter-4 can be utilised to various other group
members of the polymers and oxides by targeting activity modulations for various
energy applications. Especially, MnO, has the potential applications in the areas of
fuel cells and electrolysers.

Chapter-5 showed the potential application of the PEDOT-paper via a surfactant-
free method having excellent conductivity and flexibility. Such a stable low sheet
resistance for a thin and flexible substrate can have wide impact in various flexible
applications including photovoltaics, sensors, batteries etc. Further, unravelling of the
chemistry behind the enhanced conductivity for the PEDOT films resulted from the
aligned n-chain and higher doping level will help to develop effective design

strategies for conducting polymers to make use in various practical applications.
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