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Preface

As the world is the marching through the 21% century, the energy demands
of humanity shall no longer be sufficiently satisfied by conventional fuels. Along
with energy generation, the efficient storage of the harvested energy is also
mandatory and this area is challengingly capturing the visionary power of energy
researchers.  Conventional energy technologies based on fossil fuels and
hydroelectric and nuclear resources are subjected to the twin problems of
exhaustiveness and environmental degradation. Presently available renewable
technologies of energy harvesting, based on the photo-voltaic panels and the wind
turbines, enable the generation of pollution free and clean energy. However, the
discontinuous nature of energy generation prevents them from becoming primary
energy reapers. The emerging energy storage technologies can offset the
intermittency problems of renewable energy sources by storing the generated
energy and making it accessible upon demand.

The electrochemical power sources, devoid of the deficits of both the
conventional and the non-conventional energy technologies, have assumed the
central stage of modern research in the energy scenario. They mainly consist of
rechargeable cells, fuel cells and super capacitors and have already possessed a
considerable level of sophistication in their design strategies.

The efficiency of any energy delivery system is fundamentally dependent

on its energy density and the power density. One of the operational draw backs in



the currently available electrochemical energy systems is that the energy density
and the power density are inversely proportional. In order to optimize the
performance of the electrochemical energy storage systems there has to be a greater
harmony between these two parameters. The electrochemical cell has high energy
density and low power density while it is vice versa in a supercapacitor. The thesis
entitled “The Development of High Power Supercapacitors and High Energy
Density Li And Mg Based Cells for Hybrid Energy Storage Applications” is a
comprehensive report of the experiments conducted on the lithium and magnesium
based cells and the carbon and the transition metal oxides based super capacitors
in order to attain higher harmony between the energy density and the power density.

The thesis begins with an “Introduction” to the basics of the electrochemical
energy storage systems and evolves into providing a complete view of the specific
types of systems investigated in the present work. The second chapter titled as the
“Relevant experimental techniques” is intended to provide an overview of the
various experimental techniques employed for the analysis and the characterization
of the synthesized materials and the assembled devices.

The chapters three to seven are highlighted as the core chapters, as they
dwell upon the studies conducted for identifying the most suitable electrode and
the electrolyte materials for the energy storage systems based on the Li and Mg ion
cells and high power supercapacitors The third chapter deals with the studies on
the impact of using the “acid washed, steam activated carbon” instead of merely
the steam activated carbon on improving the energy-power ratio of the carbon

based supercapacitors. The study provides authentic results regarding the



electrochemical and the structural properties of the carbon based electrical double
layer (EDL) supercapacitors.

The fourth chapter portrays a comprehensive account of the structural and
the electrochemical studies conducted on the nanocomposite material
comprising of Mn3O4 nanorods and the reduced graphene oxide (rGO), used in
hybrid supercapacitors. In the novel approach used for growing the Mn3;04/rGO
nanocomposite, the two component materials are separately synthesized and
physically mixed in order to attain greater control over the ratio of composition of
the two nanostructured materials.

The studies conducted to enhance the specific capacity and the efficiency of the
lithium sulfur (Li-S) cells, by rectifying two of the proven deficiencies of very low
electrical conductivity of the sulfur cathode which affects the energy density and
the formation of polysulfides which impairs the cycle life of the cells, form the
focal theme of the fifth chapter. The investigations involve the structural alteration
of the sulfur electrode by coating it with a thin layer of the highly conducting
polymer, PEDOT-PSS using the hydrothermal method, to rectify the limitations of
the sulfur cathode.

Chapter six gives a detailed description of the identification of the highly
prospective solid polymer electrolyte (SPE), based on the polymer blend of
polyethylene oxide (PEO) and polyvinyl pyrrolidone (PVP), complexed with the
Mg salt, Mg(NOs)2,suitable for designing the all solid state Mg ion cells. The SPE

membranes obtained using the simple solution casting technique are found to have



quite impressive electrochemical properties, anticipated for high quality solid
electrolytes.

The practical realization of the lithium ion full cells using the olivine type
and nanostructured LiFePOs as the cathode and the HF washed, steam activated,
coconut shell derived carbon as the anode, comprises the prime theme of chapter
seven. The impact of the structural alteration of the anode by substituting the
conventionally used graphite with the acid washed, steam activated carbon, and of
the conventional LiFePO4 cathode material by coating it with carbon, to make it
nanostructured, has been studied. The rate capability of the assembled Li ion full
cells is found to increase, compared to that of the conventional full cells, without
compromising the environment friendly features of the electrode materials used.

The concluding chapter provides a reassessment of the experiments
conducted, the results obtained and the inferences drawn, both in letters and in
spirit. The relevance of the present investigations and the scope for further research
in the field of the energy storage devices, based on the conclusions arrived at from
the present studies, have been assessed from the perspectives of the materials used

and the procedures adopted.
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CHAPTER 1

Introduction

Abstract:

The work presented in the thesis can be pictured as the incessant
exploration in search of the materials and the design strategies to accomplish
the practical realization of the energy storage systems, based on rechargeable
cells and high power supercapacitors. The first chapter of the thesis, titled as
the “Introduction” starts with the recent concerns regarding the need for
developing pollution free and renewable types of energy harvesting and the
associated energy storage systems and evolves into the detailed anatomy of the
electrochemical energy storage systems, investigated in the present work.. The
objectives of the present investigations and the motivation behind the work are

also highlighted as the integral parts of this chapter.
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1.1 Introduction

The efforts towards the development of efficient, sustainable and
pollution free energy resources have intensified during the past decades to
meet the fast growing global demands of maintaining an ever increasing world
population [1,2]. A schematic representation of the present energy utilization

is shown in figure 1.
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Figure 1: Schematic representation of fuel utilization

The excessive dependence on fossil fuel combustion, which is the
conventional means of power generation, is clearly illustrated in the given
figure 2. The extreme use of the fossil fuel combustion has resulted in a two-
fold catastrophe. The first is the faster-than-normal rate of depletion of the

reserves of this cheap but non-renewable source of energy in the isolated
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pockets of its saturation, and the second is the looming danger of the global
warming and the associated environmental hazards related to the ozone
depletion, variations in climatic patterns and the emission of greenhouse
gases, especially carbon dioxide, as a byproduct of the fossil fuel combustion

[3].
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Figure 2: Projected power consumption in the future.

The growing environmental consciousness awakened by various
international covenants continues to prompt nations to reduce the levels of
greenhouse gas emission, and opt to harvest and deliver cleaner energy from
alternate sources involving solar and wind based technologies [4]. The
ultimate and the unlimited source of energy for powering our planet is the sun
and the other feasible source of sustainable energy is the wind. During the past
decade, significant advancements have occurred in the development of

sophisticated photovoltaic panels and wind turbines to harvest the solar energy
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and the wind energy for generating electricity [5,6]. The scope of tapping
energy from these sources is limited because of various constraints. Wind
mills are located in remote and vast open locations and solar energy is
available only during the day time. These factors impose limitations on all the
three important components of energy delivery, vis-a-vis generation, storage

and transmission[7].

Energy storage is one of the key components for devising sustainable
energy systems [8]. Current sustainable technologies of energy harvesting,
based on photo-voltaic panels and wind turbines, facilitate the generation of
pollution free and clean energy. However, their intermittent nature of power
generation prevents them from becoming primary energy exporters [9].
Emerging energy storage technologies have the potential to offset the
intermittency problems of the renewable energy sources by storing the
generated intermittent energy and making it accessible upon demand [10]. In
addition to energy grid applications, energy storage systems also have the
potential to transform the technology in the automotive systems. Functioning
energy storage devices can replace the automotive systems of current
transportation technologies from the chemical fuel-based systems into the
electricity-based systems. The electric car is a prime example of how energy
storage technologies can transform the transportation system into a more
sustainable model [11]. Portable electronic devices, which have become

ubiquitous in modern society, are also heavily reliant on energy storage
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technologies. A rapidly developing market for portable electronic devices and
hybrid electrical vehicles has led to an urgent demand for established energy

storage systems in the modern society [12].
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Figure 3: Classification of electrochemical energy storage systems

Electrochemical energy storage systems include the primary (single
use) and secondary (rechargeable) cells and the supercapacitors. The
electrochemical cells directly convert the chemical energy generated by the
exothermal redox reactions into electrical energy. Supercapacitors exchange
electrical energy (charge—discharge cycling) via electrostatic, capacitive

interactions. The classification diagram is shown in figure 3 [13,14].

In general, the performance efficiency of the electrochemical energy

storage systems is evaluated according to their specific power and specific
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energy [15]. The energy content of the system is to be measured in terms of
the energy density (or specific energy) and the power density (or specific
power). The energy density is expressed in Watt-hours per litre (Wh L) or in
Watt-hours per kilogram (Wh kg™') and the power density in Watts per litre
(WL™) or in Watts per kilogram (W kg'). These two important parameters
turn out, in most of the currently available technologies, to be inversely
proportional to each other for several reasons [6]. Optimization of the energy
— power proportion is hence the most important goal of any developmental

research in the energy storage device technology.

In the realm of electrochemical cells, the intrinsic nature of the redox
reactions dictates the general limitations of the energy density and the power
density. However, beyond that, engineering aspects are also essential for
determining the energy — power ratio of the cells. For the generation and
storage of high power, the electrodes have to be as thin as possible, which in
effect means that there should be relatively high percentage of the non-
reactive parts in the electrodes, indicating the presence of lesser quantity of
the active material ,compared to the mass of the current collector. In
supercapacitors, the electrostatic interactions involve only small amounts of
charge exchange per volume or weight of the electrodes, but these interactions
are very fast. Hence, supercapacitors (electric double-layer capacitors —
EDLC) exhibit very high power density but relatively low energy density

[16,17].
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1.2 Basics of the electrochemical cell

Conventionally, the electrochemical cell is an energy conversion
system that works on the principle of converting chemical energy into
electrical energy through redox reactions. The schematic representation of an
ideal electrochemical cell is shown in figure 4.The electrochemical cell is
constituted by an anode made of a material (metal or graphite) that can
undergo oxidation, a cathode made of a material that can undergo reduction

and an electrolyte which facilities redox reactions [18].
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Figure 4: Schematic representation of an ideal electrochemical cell

The potential difference maintained between the anode and the
cathode facilities the oxidation of the anode material, whereby electrons are
expelled from the anode and the anode atoms are converted into positively
charged ions. As the anions travel through the electrolyte to the cathode, the

electrons are channelized to the cathode through an external circuit.
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The difference between the cathode potential (E¢) and the anode

potential (E.), usually referred to as the cell voltage V, is given by

V=E—Eq €Y

The values of Ec and E. of particular materials to be used in a cell are
determined against the potential of the standard hydrogen electrode (SHE).
The actual potential of an electrochemical cell is always less than the voltage
calculated on the basis of equation (1), since, the movement of electrons
through the circuit always involves a certain loss of energy due to the internal
resistance.

The quantum of energy stored in the cell, referred to as the cell
capacity is calculated on the basis of the equation Q = It, where I stands for
the current in Amperes (A) and t, for time in seconds (s). The cell capacity is
expressed in Ampere second.

Considerable research has gone into the development and
sophistication of the battery technology from the time of its inception. In the
earliest stage, electrochemical cells were meant only for a limited span of
single use, after which they had to be discarded. Such cells are called primary
cells and the Dry cells are typical examples. Later on, secondary cells,
characterized by the potential to be recharged, were developed. The Ni-Cd
cells, lead acid cells and the lithium, sodium and magnesium based cells come
under this category. Of these, the lithium based cells are the most preferred

ones owing to the beneficial qualities of the lithium metal. Lithium is the
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lightest and the most electro positive metal, having the high electrode
potential of 3.04 volts versus the standard hydrogen electrode[19].
Contemporary rechargeable battery technology relies heavily on lithium based
cells. Recently, researchers in this area are found to give significant attention
towards the development of sodium and magnesium based cells due to the

ubiquitous nature of these metals on earth [20,21].

1.3 Working of the Li-ion cells

e gl D3V

Li,C; Graphite

Figure 5: Schematic representation of working of lithium ion cell

In a typical lithium ion cell, the cathode is made of a lithium metal
oxide and the anode, of an insertion compound like graphite [22]. The
working principle of the Li ion cell is sketched in figure 5. The high electrode

potential of the lithium ions facilitates their perennial shuttling between the
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electrodes through the electrolyte. During the charging process, the lithium
ions get deintercalated from the cathode into the electrolyte, culminating in
the deposition of an equivalent number of lithium ions from the electrolyte
into the anode [23]. Assuming the cathode material to be the lithium cobalt
oxide and the anode to be the graphite, the charging and the discharging

processes of the Li ion cell can be expressed as

Charging process:

6C+xLi" +xe — Li.Cs (Anode)
Li;»CoO: + x Li* + x e — LiCoO: (Cathode)
Discharging process:

Li.Cs—6C+xLi"+xe (Anode)
LiCoO>—Li;«xCoO: +x Li" +x e (Cathode)

During the discharge of the cell, the lithium ions are released from
the anode into the electrolyte and the ions move towards the cathode through
the electrolyte and get intercalated into the cathode. The cathode and the
anode are separated from each other using poly propylene or poly ethylene
membrane immersed in the electrolyte. The separator facilities the to and fro
movement of the lithium ions between the anode and the cathode and also
precludes the direct contact between the electrodes, effectively avoiding
internal short circuiting. During the charging and the discharging processes,
the permanent structural matrix of the electrodes ideally remains intact

because the reactions taking place inside the cell are topotactic. The core
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structural matrix of the electrodes is not involved in any chemical interaction.
However, in the long run, physical damage may occur to the electrodes due to
the intercalation and the de-intercalation of the ions. [24].

In order to study the optimal performance of the cathode and the
anode in a lithium ion cell , the performance of the cathode is evaluated using
elementary lithium as the anode , and vice versa. Such a cell, using elementary

lithium as the anode or the cathode is called a half cell.

1.4 Working of the lithium-sulfur (Li-S) cells

- & ® Gs ® Li === Charge mmd Discharge

Figure 6: Schematic representation of the working of the lithium sulfur
cell.
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Most recent research for the improvement of the currently available
models of the lithium ion cells involves the quest for more efficient electrode
and electrolyte materials. For the anode material, the desirable qualities are
the high specific capacity and good safety standards, and for the cathode
material, the high specific energy, good rate capability and durability are the
preferred traits. [25,26]. One of the most significant advances made in this
direction is the use of sulfur as a more efficient alternative for the cathode
material of lithium cells. The theoretical specific capacity of sulfur with
respect to lithium metal is as high as 1675 mAh g'[27].
The available configurations of the lithium sulfur cells make use of a
sulfur composite (graphite-sulfur composite, G-S) as the cathode, lithium
metal as the anode and the electrolyte based on polymers or organic liquids.
The lithium sulfur redox reaction in the lithium sulfur cell can be represented
using the following equations [26,28,29]
Step I : Reaction of elemental sulfur with lithium
Ss+2Li* + 2 e — LixSs

Step 11 : Reaction between dissolved Li>Ss and lithium
LisSs + 2 Li* + 2 e — 2 LisSy

Step III : Transition from dissolved Li>Sy to insoluble Li>S> or Li>S
LixSs+2Li" +2e — 2LixS»

LixSy+6Li"+6e — 4LixS
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Step IV: The equilibrium reaction of insoluble Li>S> and Li>S
LixS;+2Li"+2e — 2LixS
Under ideal conditions, the lithium-sulfur cells offer a theoretical
specific capacity of 1675 mAh g and a specific energy density of 2600
Wh Kg! and these values are almost five times those of lithium ion cells.
Apart from these, the natural abundance of sulfur, its low level of toxic
impact and the low cost are the other attractive features, which make the

Li-S technology, a competent alternative to the Li ion concept.
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Figure 7: The progressive stages of the discharge process of the
Li-S cell

The progressive stages of the discharge process in the Li-S cell can be
represented as shown in figure 7. The discharge process in the Li-S cell,

compared to the intercalation — de-intercalation model of the lithium ion cell,
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is a multistage electrochemical process, which effectively enhances the
specific capacity of the cell.

The electrochemical process of discharge in Li-S cells involves a
primary step of forming long chain poly sulfides and a secondary stage, in
which the long chain poly sulfides are reduced to shorter poly sulfide chains.
The discharge process is complete with the formation of lithium sulfide
(LS) [30].

Energy storage systems are constituted mainly by the electrochemical
cells and the supercapacitors. The combination of a number of rechargeable
cells forms the rechargeable batteries. A harmonizing link between the
battery and the supercapacitor is envisaged to be the most optimal energy
delivery mechanism for the future. This hybrid mechanism has the potential
to optimize the performance of a device by balancing the two mutually
exclusive aspects of the energy density of the battery and the power density
of the supercapacitor. The supercapacitors are mainly grouped as the
electrochemical double layer capacitors (EDLCs), the pseudo capacitors and
the hybrid capacitors [16,31,32]. The classification and the description of
the electrode materials used in the different types are illustrated in figure 8.

Of these, the EDLCs are non-faradic devices which do not involve any
chemical interaction between the electrodes. The pseudo capacitors are faradic

devices where redox reactions facilitate the movement of ions between the
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electrodes. The hybrid capacitors are the combinations of the above two types

[31,33].
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Figure 8: Classification of supercapacitors
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1.5 Working of the EDLCs
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Fignure 9: Schematic representation af the working of the EDL
capacitor

The EDLCs function on the principle of polarization and the
accumulation of the charges on the electrodes and this mechanism is expected
to offer quite high power density. The basic working principle of EDLCs is
depicted in figure 9. Reversibility of the process is one of the prime
advantages of the EDLCs, by which the cycles of charge storage and
discharge can be repeated as many as 10° times. Another advantage is that
there is no electrolytic degradation during the charge- discharge process, as
there is no transfer of charges between the electrode and the electrolyte
[17,34]. The operation of EDLCs is based on the process of physical
adsorption of the charges on the surfaces of the electrodes. Hence it is

mandatory to have high surface area for the electrodes to achieve the desired
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performance efficiency for the supercapacitors. The most suitable materials
for EDLCs are the activated carbon, carbon nanotubes and graphene, all of
which can have the required extent of higher surface area.

The charging (red colour) and the discharging (blue colour) processes
in an EDLC have to be represented separately for the positive and the negative
electrodes [35]. If the two electrodes are expressed as Ei and E; , the anion as
A", the cation as C' and the electrode — electrolyte interface by the
symbol, // , the electrochemical processes can be expressed as follows.

At the positive electrode,

E;+A4 > EM /A +e

At the negative electrode,

E;+C +e > Ey//Ct

And the overall charge-discharge process can be expressed as,

E/ +E;+A4 +C* » Ef /A +Ey//C*
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1.6 Working of the pseudo capacitor

A pseudo capacitor is so named because it resembles an
electrochemical cell, more than a supercapacitor. The Faradic charge transfer
in a pseudo capacitor takes place through redox reactions involving the
electrodes and the electrolyte [36]. The electrodes in a pseudo capacitor are
built of conducting polymers and various metal oxides including RuO2, MnO»,
and Mn304[37,38]. The advantage of the pseudo capacitor over the , EDLC is
the possibility of obtaining higher capacitance and energy density. However, it
has a lower power density than the EDLC, because the redox reactions at the
electrodes take place at a much lower rate than the physical adsorption of
charges at the electrodes, happening in the EDLC.
1.7 Hybrid Supercapacitors

As the name indicates, a hybrid supercapacitor makes use of both the
redox reactions and the physical adsorption of charges through the selection
and combination of suitable materials for constructing the electrodes. In the
available models of the hybrid supercapacitors, either the faradic or the non-
faradic capacitance mechanisms is seen to dominate [10]. Since hybrid
supercapacitors offer a viable model for energy delivery in the years ahead,
the recent efforts are directed towards identifying suitable electrode materials
capable of combining the high energy density and the specific capacitance of
the pseudo capacitors and the high power density and the long cycle life of the

EDLCs.




Ph.D. Thesis

1.8 Terminology used in electrochemical technology
The international union of pure and applied chemistry (IUPAC) has
introduced a set of terms to denote the key aspects of electrochemical
technology. These include
1. Charge capacity (Q)
It is the total amount of charge available from an electrochemical cell.
The unit of charge capacity is mAh or C
2. Specific charge (q)
The specific charge is the charge obtained in one discharge cycle from
unit mass of the active material of the cell. The unit of specific charge
capacity is mAh g™ or Ah Kg™! or C Kg'!
3. Gravimetric energy density (Wy)
It is the total electrical energy obtained from unit mass of the active
material of the cell. The unit of gravimetric energy density is Wh Kg™!
4. Volumetric energy density (Wy)
The total electrical energy obtained from unit volume of the active
material of the cell is termed as the volumetric energy density and its unit
is Wh L!
5. Gravimetric power density (Pg)
It is the power provided by unit mass of the active material of the cell.

The unit of gravimetric power density is W Kg™!
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Volumetric power density (Py)

The power supplied by unit volume of the active material of the cell is
termed as the volumetric power density and its unit is W L™

Columbic efficiency (D)

It is the ratio of the energy output on discharge to the input energy upon
charging of a rechargeable cell and is expressed in %.

C rate

The C rate denotes the duration of one full charge or discharge of a cell. It
is expressed in h™'.

Open circuit voltage (OCYV)

The voltage Voc between the terminals of the cell, when they are not
connected to any external load (an "open circuit") and there is no current
flow, is termed as the open circuit voltage of the device.

Closed circuit voltage (CCYV)

It is the closed circuit voltage under an external load.

Load

Anything that draws current from the cell is called as the load.

Specific capacitance

It is the ability of a cell to store electric charge for a unit mass of the

active material and is expressed in F/g
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13. Equivalent series resistance (ESR)
The ESR is the sum of the resistance generated intrinsically by the
electrode and the electrolyte materials and the extrinsic resistances such
as the mass transfer resistance of the ions and the contact resistance
between the current collector and the active materials [39]. It is expressed
in ohms.
14. Cycle life
It indicates the number of charge discharge cycles possible for an
electrochemical device during its entire life span, without much loss of
the charge storage capacity.
15. Self-discharge rate
It indicates the rate of discharge in the idle state of any electrochemical
device. For any device, the self-discharge has to be minimized for the
efficient working of the device.
1.9 Objectives of the present work
The present investigations are mainly focused on identifying the
suitable electrode and the electrolyte materials for realizing high power
supercapacitors and the Li ion, Mg ion and the Li-S cells with high energy
density and good cycling stability. The objectives of the present work can be

summarized and listed as follows.

»  Assess the suitability of the steam activated, coconut shell derived carbon

(CSC) and its three variants obtained by acid washing of the CSC, for
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high power supercapacitor applications, employing in depth structural and
electrochemical characterization.

Grow manganese oxide (Mn3O4), in the form of nanorods, using
hydrothermal method, obtain its nanocomposite with reduced graphene
oxide (rGO) and study the application prospects of this nanocomposite as
the electrode material for developing high power supercapacitors.
Assemble the lithium-sulfur (Li-S) cells of high discharge capacity,
excellent cycling stability and good rate capability, by addressing the
challenges related to the lack of electronic conductivity of sulfur in the
required range, large volume expansion of sulfur during lithium intake
and the formation of soluble polysulphides, during the cycling process. In
the present work, the above tasks are expected to be accomplished by
using the composite of sulfur with the conducting polymer, PEDOT: PSS,
obtained by the hydrothermal technique, as the electrode material.
Evaluate the suitability of the polymer blend of poly(ethylene oxide)
(PEO) and  poly(vinyl pyrrolidone) (PVP), complexed with the
magnesium salt, Mg(NOs),, as the solid electrolyte membrane for
applications in all solid state magnesium ion cells.

Realize the lithium ion full cells using nanostructured LiFePOs as the
cathode active material, the pre-lithiated, coconut shell derived, steam
activated and HF washed carbon as the anode material and LiPFs as the

electrolyte.
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CHAPTER 2

Relevant Experimental Techniques

Abstract:

Various experimental techniques are used for the characterization of the
materials and the devices under investigation, in the present work. This chapter
depicts a brief account of the working principle of some of the specific
analytical tools used. Characterization techniques, particularly relevant to the
present investigations, which include the BET analysis, the PIXE analysis,
electron microscopy techniques, cyclic voltammetry, galvanostatic charge
discharge test and the electrochemical impedance spectroscopy are briefly
described, in this section. Subsequently, the details of the electrode preparation
and the assembling of the rechargeable cells and the supercapacitors are also

included as an important part of this chapter.
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2.1 Techniques used for the characterization of the

nanostructured materials, investigated

2.1.1 Field emission scanning electron microscopy (FESEM)

Electron microscopy is a powerful technique, extensively used to analyze the
structural and the morphological characteristics of materials, with much higher
magnifications and resolutions than optical microscopy. In this technique, a
beam of electrons is used to generate an image of the material under study.
Using electron microscopes, it is possible to get finer details of low dimensional
materials with high resolution and hence they find profound applications in the
characterization of nanostructured materials. The field emission scanning
electron microscopy (FESEM) and the transmission electron microscopy
(TEM) techniques are used for the structural and the morphological analysis of
the nanostructured materials, investigated in the present work.

Scanning electron microscopy is a high precision imaging technology,
in which a beam of electrons, accelerated by a voltage of 1 to 30 KV is directed
to hit the material. As the accelerated electrons interact with the material,
secondary electrons, back scattered electrons and auger electrons are released,
which can be collected in order to gain information on the surface morphology
of the material. [1,2]. Field emission scanning electron microscopy (FESEM)

is a higher version of the scanning electron microscopy, in which the electrons
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are liberated by a field emission source and the material under study is scanned
by electrons according to a zig-zag pattern. The FESEM can be utilized to
obtain the minute topographical and elemental information of the surface of the
material at very high magnifications around 300,000 times. Compared to the
conventional scanning electron microscope, the field emission microscope
provides quite clear images with practically much less distortion. Since the
spatial resolution of this technique is very high, it can be used to observe and
study low dimensional structures as small as one nanometer.

In the FESEM technique, the electrons liberated from the field emission
source are accelerated in a high electrical field gradient. Within a high vacuum
column, evacuated to a pressure down to around 10® Torr, these primary
electrons are focused and deflected by electronic lenses to produce a very
narrow scan beam. This electron beam is directed to hit the sample material,
which results in the emission of secondary electrons from each spot on the
sample surface. The surface details of the sample material can be related to the
angle of emission and the velocity of the secondary electrons. The secondary
electrons are collected by a detector to generate an electronic signal, which is
amplified and transformed to a video scan-image that can be seen on a monitor.
The field emission scanning electron microscope is schematically illustrated in

figure 1
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Figure 1: The FESEM

2.1.2 Transmission electron microscopy (TEM)

The transmission electron microscopy is one of the most accurate
imaging technologies used in the characterization of nanostructured materials.
A beam of electrons is thermionically generated, electromagnetically
accelerated and focused on the specimen under study. The electrons penetrating
the material can be focused and magnified by magnetic lenses, leading to the
formation of a projection image of the material of the desired size. This enlarged
image is directed to a fluorescent screen or a layer of photographic film or a
CCD camera to gain a clear vision [3,4]. This technique is quite useful to gather
information on the morphologic, topographical, compositional and

crystallographic details of the materials under investigation.
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Figure 2: The HR-TEM

The transmission electron microscope provides high resolution images,
offering the most powerful magnification over 1 million times or even more.
To obtain high quality TEM images, the materials under investigation have to
be made thin enough for electrons to pass through them effectively. The lighter
parts of the TEM image represent the areas through which a larger number of
electrons can be transmitted, and the darker ones, the dense areas of the

material. During the transmission of the electrons through the sample material,
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the speed of the electrons can be correlated to the electron wavelength. The
faster the electrons move, the shorter the wavelength and the higher the quality
and the better the details of the images obtained. These differences give
valuable information on the structure, texture, shape and size of the material
under study. The TEM images open the doors to view the materials on a
molecular level, making it possible to analyze the size, shape and the
crystallographic details of the particles constituting them. Viewing the TEM
images provides the wonderful opportunity to explore the nano-dimensional
world in incredible depth and resolution. The photograph of the transmission

electron microscope is given in figure 2

2.1.3 The BET surface area analysis

The ratio of surface area to volume, which is not very significant in bulk
materials, assumes high significance in the study of nanostructured materials.
In nano materials, the increase in the surface area of the particles is responsible
for many intriguing properties which are absent in the bulk analogue. It is very
important to gauge the surface area of the nano particles in order to calibrate it
for various applications. One of the best methods to determine the surface area
of the particles at the atomic level is based on gas adsorption. The method is
helpful in calculating what is today referred to as the BET surface area, named
after the scientists who formulated the equation for the computation of this

value [5,6].
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Figure 3: Schematic representation of the BET surface area analysis

The schematic experimental setup for studying the gas adsorption on the
surface of the nanostructured material under study and conducting the BET
surface area measurements are shown in figure 3. While determining the total
surface area of the nano particles, surface irregularities and pore interiors also
have to be taken into consideration. Generally it is very difficult to determine
the area of surface irregularities and the interior area of the pores, using ordinary
spectrometry. In the method of the BET surface area analysis, the total surface
area of the nano particles is calculated by measuring the level of adsorption of
an inert gas. This method is of very great utility in characterizing nano
materials, because the rate of adsorption is not only merely a function of the

surface area but of the allied parameters like the temperature, gas pressure and
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the strength of the interaction between the adsorbent gas and the nano particles,
as well.

The BET equation which takes into consideration all these different
parameters is given by

vt -1 (ﬂ)
- e

where X is the weight of the inert gas adsorbed at a given relative
pressure (P/P,), Xm is the monolayer capacity, equivalent to the volume of gas
adsorbed at the standard temperature and pressure (STP), and C is a constant.
The STP corresponds to the temperature of 273 K and the pressure of 1
atmosphere.

The BET theory makes use of the principle of gas adsorption where
gaseous molecules physically attach themselves to the surface of a solid without
undergoing any chemical reaction. In BET surface area analysis, nitrogen gas
is usually employed as the adsorbent and the experiment is carried out under
regulated conditions of pressure. The gas is passed into the port holding the
material under study and the pressure is increased step by step and the rate of
gas adsorption is recorded at every step. The adsorption process stops when the
gas pressure reaches a saturation point. Accurately gauged pressure transducers

are used to record the pressure changes, resulting from the adsorption process.

After reaching the saturation pressure, the material is removed and heated in
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order to detach the adsorbed gas from the surface of the material for calculations

using BET equations.[5,6].

2.1.4 Proton induced X-ray emission (PIXE) analysis

This technique, short titled as PIXE is a highly reliable one in the
characterization of multiple elements present in the material under
investigation. Protons can generate X- rays from a wide variety of materials,
including high atomic number materials present as trace elements in lower
atomic number host matrices. Proton induced X- rays can be used to analyze
host materials containing many elements simultaneously at ppm levels [7]. The
working principle of PIXE is depicted in figure 4 and the schematic diagram is

shown in figure 5.
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Figure 4: Working principle of PIXE; characteristic X-rays
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The PIXE analysis is a two stage process, in which, the primary process
involves the identification of the different atomic species present in the
material. In the subsequent stage, the amount of the particular elements present
in the sample is determined from the intensity of the characteristic X-rays
emitted. As the target material is bombarded with a stream of protons, the
electrons in the K, L, M ,.... shells of the material get excited to higher energy
levels. When these electrons get de-excited to their previous positions they have
to shed the excess energy which results in the emission of X-rays. The energy
levels of the X-rays emitted are determined by the nature of the

elements present in the target material [8]
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Figure 5: Instrument for PIXE analysis




Ph.D. Thesis

2.2: Electrochemical characterization
2.2.1 Cyclic voltammetry (CV) studies

The cyclic voltammetry technique is used to analyze the rate of current
generation against a range of the applied voltage using the material under
investigation as the working electrode, the standard hydrogen electrode (SHE)
or the standard calomel electrode (SCE) as the reference electrode and the
metals like gold or platinum (inert metals), or lithium or magnesium, depending
on the type of the devices used, as the counter electrode. The circuit diagram of

a simple cyclic voltammetry setup is shown in figure 6.

Simplified J-Electrode
Circuit Elactrochemical Call
CE
Adjustable
VS

Figure 6: The circuit diagram of the CV setup
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The cyclic voltammetry (CV) experiment using the three electrode
configuration can be altered to a two electrode method in which the counter
electrode can also function as the reference electrode. The three electrode
method is useful to investigate the electrochemical characteristics of the
materials under study, while the two electrode technique provides information

on the overall electrochemical performance of the assembled devices. [9].

current

A '

o
voltage

Figure 7: The cyclic voltammetry curve.

A typical CV curve is shown in figure 7. In the CV technique, the
voltages at which the maximum oxidation and reduction take place can be
accurately determined. At the beginning of the experiment, a small voltage E;
is maintained between the electrodes. The voltage is gradually swept up or
down depending on the properties of the electrode material, at a pre-determined
rate to the maximum value E> , admissible by the material. During the oxidation

cycle, the potential difference at which the maximum number of ions are
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released is recorded as E.. During the reverse cycle or the reduction cycle, the
potential difference at which maximum reduction occurs is recorded as Ec .The
difference between the E. and the Ec values denotes the operational range of the
three electrode electrochemical cell.

The voltammogram obtained during the application of the same
procedure to a supercapacitor represents the specific potential at which the
capacitor is optimally functional. In the case of the supercapacitor the area of

the closed loop obtained on the voltammogram represents its capacitance.
2.2.2 The Galvanostatic charge discharge test (GCD)

The commercial viability of the rechargeable cells or the
supercapacitors depends on various parameters such as the internal capacity,
number of usable cycles and the shelf life. During the charge discharge cycling
test of the device, a steady current is applied between the electrodes to verify
the upper and the lower potential limits set for the device. [10].

The gradual increase in the potential difference between the electrodes
recorded against the progress of time is graphically sketched with potential
difference along the Y axis and time along the X axis. Thus charge discharge
cycling test can be appropriately termed as chronopotentiometry carried out
under actual working conditions of the device. The method is most useful in
determining the capacity, rate capability, and number of usable cycles and the
shelf life of the devices. [9]. In the present work the eight channel battery

analyzer (MTTI corporation), shown in figure 8 is used for the GCD test.
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Figure 8: The eight channel GCD set up (MTI Corporation)

2.2.3 Electrochemical impedance spectroscopy (EIS)

In this technique, a small amplitude (~10 mVpp) ac signal is passed
through the electrochemical cell in order to study the system properties. The
parameters such as the internal resistance, equivalent series resistance, charge
transfer resistance and the dielectric relaxation time can be accurately
determined, using this technique. Since the current passed is of a very small
amplitude and of sinusoidal character, the system is not disturbed drastically
and hence the parameters can be encountered in a quasi-equilibrium state.

The excitation of the electrochemical system in response to the applied

ac signal can be expressed using the equation Et = E, sin (ot)
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Where E; is the potential at time t, Eo is the maximum amplitude of the signal,
and o is the radial frequency. The relationship between the radial frequency o,
expressed in radians/second and the frequency f, expressed in hertz is:

The response of the system in the form of ac current can be represented

w=2xf

using the equation It = I, sin (ot+®)
Where I, the response signal is shifted in phase @ and has a different amplitude
than Io.

The impedance of the system which is the ratio between the ac

excitation and the ac response can be calculated using Ohm’s law

E
Z= I_t = Z,(cosf + j sinB)
t

When the right hand side of the above equation is expanded, Z, cosf, the real
part of the impedance and Z, sinf, the imaginary part are obtained. Representing
the real part on the X axis and the imaginary part on the Y axis, one gets the
Nyquist plot, which gives information on a wide variety of parameters with
respect to the functioning of the cell. An inherent weakness of the Nyquist plot
is that it fails to record the frequency at which a specific impedance is exhibited
by the system. This drawback is rectified in the bode plot, in which the real part
on the X axis is replaced with logarithmic frequency [11,12]. In the present
work the Bio-Logic SP300 Unit, shown in figure 9 is used for the EIS

characterization.
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Figure 9: Bio-Logic SP300
2.3  The glove box

Figure 10: The Glove Box (MTI Corporation)
The electrochemical cell assembly is essentially carried out in a glove

box in order to isolate the components as well as the procedures from air and
moisture. The glove box (figure 10) is generally purged with argon gas which
provides an inert atmosphere inside. To prevent any kind of interaction between

the argon gas and the cell components, the gas is circulated over a catalyst [13].
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The progression of the activities related to the electrochemical cell
assembly can be broadly categorized as (a) Preparation of the electrodes (b)
Assembling of the cells and (c) Testing of the cells. The electrochemical cells
assembled and tested in the present work include the lithium ion, the

magnesium ion and the lithium sulfur cells.
2.4 Electrode preparation

1. The binding material comprising of 10 % of poly vinylidene fluoride
(PVDF) in N-methyl 2-pyrrolidone (NMP) is made.

2. The slurry consisting of 80% of the active material, 10% of conductive
carbon and 10% of the binding material is made by grinding the
components in an agate mortar.

3. The slurry is coated on a thin aluminum foil to make the cathode and on
a copper foil to make the anode, meticulously ensuring that the coating is
free from the presence of air bubbles.

4. The coated foils are dried in vacuum at 80-120 °C for about 12 hours.

5. The dried, coated metal foils are punched into discs of 10-16 mm in
diameter.

6. The electrode discs are weighed and wrapped before transferring into the
glove box.

7. The actual weight of the cathode active material is determined by
subtracting the weight of the un-coated metal foil of the same dimension

as that of the coated discs.
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2.5 The cell assembly stages

1. The cell guard membranes made of poly propylene are punched into discs
of diameter 19 mm to be used as separators in the cell.

2. Allthe prepared and purchased components are transferred into the glove
box.

3. One of the cathode material coated, metal foil discs is placed inside the
coin cell case and the separator is placed over it. The other
electrode, anode, either in the form of a metal foil or like the material
coated copper foil, is placed over the separator, after adding two or three
drops of the liquid electrolyte, kept inside the glove box.

4. The vacant space within the coin cell case is filled with the spacer and
spring and finally the coin cell case is capped.

5. The closed coin cell case is crimped using a crimping machine and the

cell is ready for testing
Cell testing involves the following procedures

1. Connect the coin cell to a multimeter to detect the presence of the open
circuit voltage ( OCV)

2. Once the OCV is ensured the cell can be connected to a computer
interfaced battery tester.

3. The functional parameters of the assembled cell can be measured and the
cell performance assessed, using various electrochemical characterization

tests which include the cyclic voltammetry (CV), the galvanostatic
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charge-discharge test (GCD), and the electrochemical impedance

spectroscopy (EIS).
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CHAPTER 3

Acid Washed, Steam Activated, Coconut Shell
Derived Carbon for High Power Supercapacitor
Applications

Abstract:

The studies carried out to assess the suitability of the steam activated, coconut
shell derived carbon (CSC) and its three variants obtained by acid washing of
the CSC, for high power supercapacitor applications, form the focal theme of
the present chapter. The structural features of the activated carbon samples
are found to improve, after washing with the acids. Out of the three acid
washing procedures, washing with hydrofluoric acid (HF) is found to yield
activated carbon samples with maximum purity, structural order and the
required surface morphology with the optimum ratio of the micropores to
mesopores, suitable to facilitate fast ion diffusion and transport. The
supercapacitor test cells assembled, using the HF washed, activated carbon as
the symmetric electrodes are found to show quite impressive performance
characteristics with outstanding cycling stability and excellent retention of the

initial capacitance over 5000 cycles.

Anilkumar K M,et al. Acid Washed, Steam Activated, Coconut Shell
Derived Carbon for High Power Supercapacitor Applications, J.
Electrochem. Soc. 165 (2018) A900-A909. doi:10.1149/2.0491805jes.
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3.1 Introduction

Energy harvesting from renewable and inexhaustible natural resources
like sun, wind and tide has intensified during the past few decades to meet the
alarmingly escalating energy demands of the modern human society These
energy resources are more than enough to meet the world’s energy requirements
and are also more controllable, compared to nuclear energy [1]. The real
challenges are not concerned with the scarcity of energy resources, but related
to those of efficient energy supply, storage and delivery [2,3]. The criteria of
energy storage include the amount and efficiency of storage with respect to the
incident energy, its shelf life in the stored device and the time and volume
needed for the storage. Energy storage is mandatory because the energy needed
for various purposes should be easily accessible, in spite of the variable nature
of the utility. Electrical energy is proven to be the most efficient mode of stored
energy in this respect. The most competent and controllable mode to store and
transmit energy with less loss is also via the electrical energy[4] . Beyond all
these, the reactions involving the electrical energy, like the electrochemical
reactions in the conversion of the chemical energy into the electrical energy, are
considered to be the only one hundred percent ‘green reactions’ possible today
[5]. Among the various types of electrical energy storage devices, the high
power density, electrical double layer (EDL capacitors) also known as the
supercapacitors and the high energy density batteries are being subjected

to extensive research and development  processes [6,7]. The EDL
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capacitors that store energy in non-faradic mode, are efficient in energy
delivery in terms of power [8].

The supercapacitors store energy based on the electrostatic interactions
of high surface area electrodes. Thereby, their energy density is low and the
power density is very high. Also, in terms of their energy storage mechanisms
based on the electrostatic interactions, they can demonstrate very long cycle
life, with excellent capacity retention and very rapid charging capability[9].
Random porous carbon materials derived from carbon-rich organic precursors
are the most widely used electrode materials for electrical double layer
capacitors (EDLCs). Large surface area, relatively good electrical properties
and moderate cost are the favoring factors of porous carbon materials. Their
characteristic features depend to a large extent on the precursors used. Among
the raw materials investigated for assembling supercapacitors, based on
activated carbon, the coconut shell based carbon materials are most preferred
[10,11].

In coconut shell based, porous, activated carbon materials, the
limitations on the ordered motion of the crystallites result in the creation of
randomly oriented graphene layers, which in turn give rise to an amorphous
structure[12]. In activated carbons, the major contribution to the surface area is
from the internal surface area of the pores, constituted by the micropores and
the mesopores [13]. For the storage of electrical energy using non-faradic

processes, similar hierarchical porous nature of the electrodes is preferred. The
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carbon structures can be tailored to any specific needs in terms of morphology,
crystal structure, porosity and surface functionality by means of a wide range
of well- established techniques, which include, mild oxidation, chemical
activation, template techniques and mechanical, chemical and thermal
processes.[14]. Activation of carbon materials can be accomplished by physical
or chemical methods[15,16]. Generally, after activation, the carbon materials
may contain residual impurities [ 10]. Developing highly pure, activated, porous
carbon materials, free from impurities is beneficial for the improvisation of the
performance and stability of the EDL supercapacitors.

The use of pure materials reduces the possibility of formation of
dendrites by the reductive deposition of alkali metals or heavy metals, which
can cause short circuits. Also, it helps to maintain good shelf life by minimizing
the possibilities of self-discharge. [17]. In the presence of impurities, which
may act as catalysts, decomposition of the electrolytes through redox reactions
can also take place [18],which emphasizes the need for achieving maximum
purity for the activated carbon materials.

The focal theme of the present work is to identify the most efficient
washing methods to minimize the presence of impurities and obtain cost
effective and high quality, activated carbon materials for applications as
electrodes in electrostatic supercapacitors, using steam activated carbon,

derived from coconut shell.
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3.2 Experimental details

3.2.1 Materials and methods
Granular carbon, obtained from coconut shell and steam activated,
(CSC) with high specific surface area was acquired from local suppliers and
the chemicals, HNOs (AR), HC1 (AR) and HF(AR) were purchased from Alpha

Chemicals, India.

The procedures adopted for making carbon samples with the required
structural and morphological characteristics for applications as electrodes in
supercapacitors are detailed below. The purchased, coconut shell derived, steam
activated carbon (CSC) sample of mass about 20 g was washed well with
NaOH solution, a number of times and the washing was continued using
distilled and de-ionized water. The thoroughly washed sample was dried
overnight at 110 °C and the resultant carbon sample was named as AC1. In the
next step, three batches of 2 g AC1 sample were taken in two borosil round
bottom (RB) flasks and one round bottom, high density polyethylene (HDPE)
vessel. Freshly prepared, 10 ml solutions of a) 10 vol% aquaregia b) 0.5 M
HNOs and ¢) 1.2 M HF in de-ionized water were added into the RB flasks and
HDPE vessel respectively [19,20]. The mixtures of AC1 in aquaregia and HNO;
were heated to their corresponding boiling temperatures and the mixture of AC1
in HF was kept at room temperature. All the mixtures were stirred vigorously
for 3-6 hours. Water levels in all the vessels were maintained by adding de-

ionized water at regular intervals. Upon cooling, the washed solutions in the
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RB flasks and HDPE vessel were decanted and the vessels were refilled with
the respective fresh, acid solutions as mentioned earlier and the washing process
was repeated twice. Afterwards, the samples were washed with excess de-
ionized water until a neutral pH around 6 — 7 was obtained. The samples were
then dried in an oven at 110 ° C overnight and were named as AC2 for the
aquaregia washed, AC3 for the HNOs washed and AC4 for the HF washed ones
respectively.

The working electrodes using these carbon samples AC1,AC2, AC3 and
AC4 for electrochemical analysis were prepared by mixing 80 wt% of the
carbon sample (A1,A2,A3 or A4), 10 wt% of the conducting carbon and 10
wt% of poly(vinylidene fluoride) (PVDF), in the presence of N-methyl
pyrrolidinone (NMP), to make a slurry. It was coated on aluminum sheet by
spray-coating method and dried at 120 ° C under vacuum overnight. The two-
electrode supercapacitor test cells with symmetrical electrodes made of the
AC1,AC2,AC3 and AC4 carbon samples, with 2 mg cm™ mass were assembled
in a Swagelok type cell using 1M tetraethylammonium tetrafluoroborate in
acetonitrile as the organic electrolyte.

3.2.2 Characterization procedures

The elemental analysis of the activated carbon samples, AC1, AC2,
AC3 and AC4 was carried out using the Proton Induced X-ray Emission (PIXE)
method, from Elemental Analysis Inc., USA. The Raman spectroscopic studies

were carried out with the Jobin-Yvon Labram spectrometer using an argon laser
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(514.5 nm) in the frequency range of 1000-2000 cm™.The BET specific surface
area (SSA) measurements were done using the Micromeritics Tristar 11 3020
surface area analyzer. For this, the samples were degassed at 90 °C for 1 hour
and then at 300 ° C for 16 hours. The isotherms were plotted by varying the
relative nitrogen pressure in between 0. 001 and 0.99. The pore size distribution
curve was obtained using the desorption branch of each of the isotherms. The
electrochemical characterization was carried out using the Bio-Logic SP300
work station. The cyclic voltammetry (CV) and the galvanostatic charge-
discharge (GCD) studies were carried out over the potential range from 0 to 2.5
V, for the assembled, supercapacitor test cells at various scan rates in the range
of 10 mV s to 100 mV s and at different current densities, in the range of 1
A g'to 10 A g'. The electrochemical impedance spectroscopic (EIS) studies
of the cells were carried out from 200 KHz to 50 mHz, using an ac signal

amplitude of 10 mVp,.

3.3 Results and Discussion

3.3.1 Structural characterization

3.3.1.1 Proton induced X-ray emission (PIXE) based elemental
analysis

The elemental analysis data of the AC1, AC2, AC3 and AC4 samples,
based on the PIXE studies is given in Table 1. The PIXE is an X-ray

spectrographic technique, which is used for the non-destructive and
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(BDL = below detection limit)

Table 1. Elemental analysis data of the optimized samples

Elements Concentration in ppm

AC1 AC2 AC3 AC4
Aluminum (Al) 70 BDL BDL BDL
Calcium (Ca) 340 49 16 15
Chlorine (Cl) 89 9000 34 38
Iron (Fe) 57 22 92 6.3
Magnesium (Mg) 300 BDL BDL BDL
Phosphorus (P) 117 BDL BDL BDL
Potassium (K) 270 37 10 13
Silicon (Si) 390 BDL BDL BDL
Sodium (Na) 260 BDL BDL BDL
Sulfur (S) 1040 221 322 265

simultaneous elemental analysis of solid, liquid or aerosol samples[21-23].

From the elemental analysis of the AC1 sample, it is found that the major

contaminants are S, Si, Ca, Mg, K, Na, P, Cl, Al and Fe. Washing procedures

were designed, focused on the removal of contaminants to obtain carbon

samples with maximum purity. The elemental analysis of the AC2 sample

shows that, aquaregia washing is effective in reducing the elemental

contaminations of S, Si, Ca, Mg, K, Na, P, and Fe. However washing with
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aquaregia results in the increase in the concentration of chlorine from 89 ppm
to 9000 ppm. This is most possibly due to the presence of HCI in aquaregia.
For the AC3 sample, the analysis shows that, except for the elements S and
Fe, the concentrations of all the other elements are reduced to the minimum
levels. The HF washing was done on the AC1 sample to obtain the AC4 sample,
expecting to minimize the inorganic contaminants to below the detection
limit. [21,22]. Elemental analysis of the AC4 sample confirms the effectiveness
of HF washing in reducing the concentrations of the contaminants to the
minimum levels. The sulfur content is found to be 265ppm in AC4 sample
which is an agreeable value for EDLC electrodes [23].

The possibility of formation of undesired, insoluble salts of the
contaminant elements, present at the surfaces of the carbon samples may lead
to distortion of the textural properties of the pores and surfaces of the samples.
To suppress the formation of the insoluble salts, all the samples were washed

thoroughly with de-ionized water after the acid treatment

3.3.1.2 Raman spectroscopy studies
The Raman spectra of the carbon samples AC1, AC2, AC3 and AC4 are
presented in figure 1. The peak positions, intensity ratios and the lattice
parameter details are given in  Table 2. The spectra show intense peaks around
1340 cm™ and 1590 cm™ corresponding to the D and G modes of vibrations,

respectively. The D band represents the singly degenerate Az mode which
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becomes active only in the presence of disorder and its intensity is connected to

the vibrations of the 6 fold aromatic rings.
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Figure 1: Raman spectra of the activated carbon samples

The G band represents the E»; mode, arising from the sp? carbon bond
stretching vibrations. The presence of the D and G peaks with relative intensity
can also be attributed to the presence of polycyclic aromatic rings of increasing
crystallite size with lower band gaps having lower frequency breathing modes.
It is also an indication of the retention of the carbon skeletal structure of the
polycyclic lignocellulose present in the coconut shell [24]. The G peak position
around 1590 cm! indicates that all the four samples are in the amorphous state

much closer to the nano-crystalline graphite which fits to the stage 2 of the 3
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stage model proposed by Ferrari [25]. High values of Ip and Ic provide
evidence for the higher cluster ordering within the amorphous structure. The
higher Ip and I values of the samples AC2 and AC4 establish the increase in
the structural order, as Ip is proportional to the cluster area and Ig portraits the

increase in the percentage of sp? carbon [24,25].

Table 2 : Raman spectroscopic data of the carbon samples
Samples | D-peak | G-peak | FWHM | FWHM | D-peak | G-peak | In/lc | La
position | position | D-peak | G-peak | Height | Height | ratio | (nm)
(em™) | (em™) | (em™) (em™) | Ip Ic
AClI 1335 1586 132 65 174 146 1.19 | 14.14
AC2 1344 1593 148 70 292 253 1.15 | 14.63
AC3 1339 1587 125 66 251 232 1.08 | 15.58
AC4 1337 1587 134 66 362 316 1.14 | 14.76

As per reports, the Ip to Ig ratio depends strongly on the excitation laser
energy used in the Raman experiment[26]. The lattice parameter (L.) values
are calculated using the equation given below, proposed by Cancado et al. by
considering the strong influence of the excitation energy on the Ip/Ig value
Lo(nm) =24 %107 2f x (In/Ig)™ ......c.coovevnn, @
where /; is the laser wavelength in nanometer units [27]. The L, values of the

samples are found to be within the 14 -16 nm range. Higher L, value of the AC3
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sample compared to the other samples can be attributed to the effect of iron
contaminant present in the AC3 sample.

3.3.1.3 BET Surface Area analysis

(A),] (B) o005 ——ACT
e maeeos —e—AC2
£ 550 _ ——AC3
g . —v—AC4
0 ™
= E,
m o004 E 0.04
£ £
i § 0.03
2 =
§ 400+ £
2 E 0.02
;E? 350 g
E] ——AC1 0.01
< 300 ——AC2
s ——AC3 0.00] PRI e
——AC4 :
t

T T T T T £’ T
0.0 0‘2 QI4 0?5 0‘3 1.0 10109 15 20 25 30 35 40.100 500.m1500
Relative Pressure P/P, Pore diameter (A”)

Figure 2 : (A) Adsorption/desorption isotherms and (B) The pore size
distribution (the data for plotting is taken from the desorption branches
of the isotherms) of the samples.

The BET N> adsorption/desorption isotherms of the individual samples
and the pore size distribution curves are presented in figures 2A and 2B
respectively. The adsorption/desorption isotherms of all the four samples follow
similar trend, suggesting that the carbon microstructure is not much affected by
adopting different washing procedures. But, they do have some effects in
altering the surface area and the pore size of the carbon samples. All the four
samples exhibit the type I + IV isotherm, indicating their hierarchical porous
nature consisting of micropores and mesopores [28]. Type I isotherms are the
characteristic ones for the micro-porous solids [29] and type IV isotherms
represent those for meso-porous solids[30] . The absence of a well-defined

saturation plateau in the isotherms, indicates the presence of a considerable
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fraction of macropores also. The microstructure of the carbon samples hence
consists of a hierarchical porosity, which spans from the micropores to
mesopores and to macropores [31]. The major contribution from the type I
isotherms suggests that in all the samples, there is dominance of the micropores.

The contribution of micropores in percentage is given in Appendix A.
The increase in the microporous nature of the AC2 sample can be attributed to
the pore blocking due to the presence of the comparatively larger sized chlorine
impurity either in elemental or in ionic form [10] . These impurities will block
the major portion of the available mesopores which results in the conversion of
the mesopores into micropores. The presence of the hysteresis loop and the
marginal nature of the type IV isotherms clearly indicate the equally
comparable importance of the mesopores present. The adsorption - desorption
isotherms of all the four samples show a hysteresis of type H4[32]. The H4
hysteresis loops have characteristic desorption shoulders and lower closure
points in the region below 0.45 P/P,. The lowering of the closure points in the
case of the AC3 and the AC4 samples indicates the formation of new mesopores
from the existing micropores after the washing procedures. The pore shape
estimated from the H4 hysteresis loop, in general, is found to be in slit form
[33]. The sample AC3 shows slightly enlarged hysteresis loop, compared to
the other samples, which is in accordance with the earlier reports that the
number of larger pores gets increased with the nitric acid treatment [28]. The

surface area of the washed samples is found to be comparatively lesser than
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that of the non- washed samples, mainly due to the pore collapse which results
in the pore blocking effect due to the attrition and the increase in pore diameter
from the widening and merging of existing pores due to wall breakage [34] with
a corresponding decrease in the surface area. This indicates that the attrition of
the connection that interlinks two sites causes a decrease in surface area with
micropores combining to form new mesopores. It can be interpreted that no new
pores are assumed to be formed due to this process because of the observed
decrease in surface area [35].

The specific surface area, Szer of the samples investigated, can be
calculated using the BET equation with an accuracy of + 10 m* /g [36]. The
total pore volume is obtained from the pore volume data using the equation

given below

Average pore size = (4 X V)/ SBET ..o 3)
where V. is the volume adsorbed at P/Po=0.99, D the density conversion factor
(0.0015468 for nitrogen as the adsorbate gas). Barrett—Joyner—Halenda (BJH)
method is used to obtain the pore size distribution data. Average pore size of
the studied samples is calculated using the equation given above, assuming the
pores to be cylindrical [37,38].

In the AC2 and AC4 samples, there is not much contribution to the

surface area from micropores of size below 1 nm, but in samples AC1 and AC3,
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the contribution from micropores is comparatively higher and is 58% and 42%
respectively, including that from the pores below 1 nm size.

Pore size distribution is obtained from the desorption branches of the
isotherms and is shown in figure 2(B). From the analysis, it is found that the
surface area contribution of the AC2 sample is mainly from the micropores. The
average pore size of the AC2 sample is similar to that of AC1, but the observed
comparative reduction in the surface area of AC2 indicates that even though the
merging of existing pores has occurred due to pore wall breakage, there is the
pore blocking effect of the excess chlorine contaminant present and is evident
from the pore distribution graphs. In the case of the AC3 and AC4 samples, the
surface area of the micropores decreases compared to the situation in the AC1
and AC2 samples. This is because, on washing with HNO; and HF, the walls

between the micropores may break to form mesopores and macropores.
3.3.2 Electrochemical Analysis

3.3.2.1 Electrochemical impedance spectroscopic (EIS) analysis

Electrochemical impedance spectroscopy is a powerful tool to
understand the electrochemical performance of the supercapacitor test cells.
The Nyquist plots of the two electrode supercapacitors, assembled using the
four different carbon samples as electrodes are shown in figure 3(A). For any
typical plot, the real part represents the resistive characteristics and the
imaginary part, the capacitive characteristics of the device. The semi-circular

portion generally observed at high frequencies originates due to the
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contributions from the bulk and interfacial resistances and the steep line
observed at low frequencies is the signature of the capacitive properties. These
steep lines have finite slopes, representing the diffusive resistivity of the
electrolyte within the micropores and mesopores of the electrodes [39]. All

these characteristics are observed for the experimental plots of the present work,

shown in figure 3(B).
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Figure 3 : (A) Nyquist plots of the assembled two electrode supercapacitors
in the frequency range, 200 KHz to 50 mHz , (B) Magnified Nyquist plot for
the AC4 sample, Plots of the (C) real part and the (D) imaginary part of the

capacitance vs frequency and (E) Plots of the normalized reactive power and
the active power vs frequency.
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The X axis intercept at the high frequency region gives the equivalent
series resistance (ESR) which consists of the bulk resistance of the active
material and the contact resistance between the active material and the current
collector. The charge transfer resistance (Rcrt) was calculated by extrapolating

the semi-circular portion of the Nyquist plot.

Table 4 : The ESR , Rct and 19 data of the carbon samples
Samples ESR () Rcr(2) Relaxation Time (s)
ACI 0.213 4.8 2.94
AC2 0.161 2.49 0.9
AC3 0.190 1.43 0.92
AC4 0.137 1.12 0.42

The very low values of the ESR and Rcr of the AC4 sample may be
attributed to the extra purity attained after HF washing and consequently the
electrolyte can occupy maximum pores as evident from the BET analysis. The
higher extent of m electron conjugation in AC4 may enhance the electron
mobility and lower the resistive parameters. The higher ordering of the aromatic
rings within the pore surfaces as evident from the Raman studies of the AC4
sample and the presence of more mesopores than micropores of size above
1 nm can also lower the ESR and Rct. The ESR of the AC2 sample is lower

compared to that of the AC1 and AC3 samples, but Rcr is higher compared to
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that of the AC3 sample. This can be attributed to the excess contamination of
chlorine in elemental or ionic form, which is evident from the PIXE analysis
and the higher contribution of surface area from the micropores of size above
Inm, as a consequence of the contamination. The vertical nature of the straight
lines at low frequencies increases from the sample AC2 to AC3 and to AC4 and
this phenomenon is a consequence of the increase in pore size to the
mesoporous range, which facilitates a smooth diffusion of the electrolyte within

the carbon structure.

The electrochemical behavior of the supercapacitor test cells
assembled using the four carbon samples can be analyzed by the complex bode

plot using the following equations.

—Z"(w)

N .
C"(w) = PACOIE .. (5)

where C’() is the real part , which represents the capacitance of the test
cell, C’’(w), the imaginary part, which is related to the energy dissipation during
the charge storage process [40], Z’(w) and Z’’(®) , the real and imaginary
parts of the complex impedance and w=2xnf, where f'is the scanning frequency.
The variation of C’(®w) with frequency is shown in figure 3 (C) and for all the

samples the capacitance increases upon decreasing the frequency. The
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capacitance varies in such a way that, the sample AC1 has the lowest value and

the sample AC4,the highest value.

The plots of C’(w) versus frequency are shown in figure 3 (D) and the
C”’(w) values are calculated using equation 5. The imaginary capacitance
achieves a maximum value at a particular frequency called as the peak
frequency (f,) and decreases thereafter with the increase in frequency. The peak
frequency defines the time constant called as the dielectric relaxation time, T,
and its values are shown in Table 4. The relaxation time is the minimum time
required to discharge all of the stored charge with more than 50 % efficiency.
The supercapacitor test cell based on the AC4 sample shows the minimum 1,
compared to the ones based on the other samples, which indicates that a rapid
charge storage / delivery is possible in the test cell assembled using the sample
ACA4. In the sample AC4, the presence of more number of mesopores compared
to micropores facilitates smooth diffusion of ions and brings about the observed

lowering of the relaxation time.

To characterize the AC4 sample based supercapacitor test cells in the
electrical point of view, the complex power (S (®)) is determined using the

relation S(w) =P (®0) +j Q (w) where
P(w) = o C"(0)|AVpsl?  and Q(w) = — w C' ()| AV p]?

and these terms are called active power and reactive power respectively [41].

The plots of the normalized active power and reactive power versus frequency
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are shown in Figure 3(E). The normalized active power represents the power

dissipated in the test cell. All the power gets dissipated at higher frequencies

because of the change over from the capacitive behavior to the resistive

behaviour upon increasing the frequency. The normalized reactive power

increases with decrease in frequency, because the reactive power is due to pure

capacitance which dominates at lower frequencies.

3.3.2.2 Cyclic voltammetry studies
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Figure 4: The cyclic voltammetry curves of the test cells based on (4) ACI
(B) AC2 (C) AC3 (D) AC4 samples at different scan rates.
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The two electrode CV curves of AC1, AC2, AC3 and AC4 based
supercapacitor test cells, recorded at various scan rates of 10 mVs !, 20 mVs !,
50 mVs ' and 100 mVs! in the potential window of 0 to 2.5 V are shown in
figure 4. The specific capacitance of the two electrode test cells was estimated

from the CV curves using the equation given below. [42,43]

V1

=——| IVdV ........(6
¢ myAV J, ©)

where, ‘9’ stands for the scan rate, ‘m’, the mass of the active material of the
single electrode, and ‘AV’, the potential window. The area under the current-

potential curve is calculated using the Origin Lab software.

The specific capacitance of the single electrode is given by Cg= 4C
[30,44] and the capacitance values are given in Table 5. For all the four
samples, a quasi-rectangular shape is observed for the CV curves, which is
characteristic of a double layer capacitance behavior. The rectangular shape of
the CV curve is found to get more pronounced as one moves from AC2 to AC3
and to AC4 based test cells. The CV curve ofthe AC4 sample based cell appears
more rectangular in shape compared to those of the other cells mainly due to
the lower ESR of the AC4 electrode, which is a consequence of the maximum
purity of this sample [45] . The nearly flawless horizontal plateaus in the CV
curves of the AC4 based cell indicate the possibility of ion diffusion at a faster
rate with a much lower impact from ohmic resistance, compared to the situation

in the other three test cells. [46].
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Table 5 : Specific capacitance of the carbon samples at different scan rates
Specific Capacitance ( F g!)
Scan
Rate
mV s’! AC1 AC2 AC3 AC4
10 102 175 147 182
20 94 154 129 163
50 75 112 92 121
100 53 98 85 104

The higher capacitance observed for the AC4 sample based cell can be
related to the highest electrode purity obtained after washing with HF and the
increase in the mesopores to micropores ratio[47] as evidenced from the BET
analysis. Increase in the above ratio facilitates the easy penetration of the
electrolyte ions in to the pores, with the mesopores functioning as channels for
the electrolyte to access the inaccessible sites for the double layer formation.
The higher capacitance observed for the AC4 electrode based cell can also be
attributed to the better mobility of the electrolyte ions in the presence of larger
pores [48]. For all the test cells studied, the specific capacitance values decrease
with increase in scan rate due to the limited accessibility of the electrolyte ions

to the internal pores of the electrodes, when scanned at higher rates.
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3.3.2.3 Galvanostatic charge discharge analysis

From the CV analysis, the AC4 based cell is found to show the
maximum capacitance and from the EIS measurements, the relaxation time is
also observed to be minimum for this sample. Lower relaxation time
corresponds to the possibility of achieving higher charge storage and delivery.
Galvanostatic charge discharge (GCD) studies in the potential window ranging
from 0 to 2.5 V, carried out on the two electrode test cells based on the AC1
and AC4 samples can be used to have an alternate measurement of the
capacitance. The charge discharge profiles of the AC1 and AC4 electrodes
based test cells at current density values varying from 1 A g to 10 A g are
shown in figures 5(A) and 5(B) respectively with the inset plots representing

the IR drop during the discharge.

The charge discharge curves of both the cells show symmetrical profiles
during charging and discharging, which is typical of EDLC behavior. Higher
potential drop is observed in the discharge curve of the AC1 based test cell due
to the lower electronic conductivity of the ACI1 electrode compared to ACA4.
The specific capacitance C of the carbon electrodes [49]and the energy density
and the power density [50,51] of the AC1 and AC4 based supercapacitors are

evaluated using the equations given below.

_2i><t

C= 7)

mxV

Energy Density (WhKg™1) = v

8X3.6

(8)
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i XV
Power Density (W Kg1) =

X 1000 9
2 Xm ©)

where i is the discharge current, t, the discharge time after the potential drop,
C, the specific capacitance of the electrode calculated from equation 7, V, the
potential window in volts after the potential drop and m, the active mass of the

material.

15

Voltage (V)

=3

0.5

0.0+ T T T T T T
y y 0 400 800 1200 1600 2000 2400
1200 1800 ‘

800
Time (8) Time (S)

Figure 5 : The GCD plots of test cells based on (A) AC1 (B) AC4 samples at
different current densities.
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The specific capacitance values of the AC4 based cells are considerably
higher than those of the AC1 based cells, and this result is in agreement with
the ones obtained from the CV studies. The capacitance drop due to the internal
resistance is very small in the AC4 based cell compared to that in the AC1 based
cell which contributes towards the enhanced capacitance of the former. A
comparison table of the specific capacitance, energy density, and power density
of the AC1 and AC4 based test cells are given in Table 6. Compared with the
ACI based test cells, the AC4 based cells show an increased energy density of
35.2 Wh Kg™' at a current density of 1 A g™ and an enhanced power density of

3967 W Kg! at a current density of 10 A g'. The lowest relaxation time
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obtained for the AC4 based cells from the EIS analysis, can be one of the prime

factors contributing towards the improved capacitance, power density and the

energy density observed in the AC4 electrode based test cells.

Table 6 : Specific capacitance , Energy density and Power density of the AC1
and AC4 based test cells at different current densities
AC1 AC4
Current Specific Energy | Power Specific Energy | Power
density Capacitance | density | density | Capacitance | density | density
(Agh (Fg' (Whkg') | (Wkg") (Fgh (Whkg?) | (Wkg")
1 98 21 395 162 35.2 408
2 75 16 723 139 30.2 813
5 64 14 1742 105 22.8 2025
10 55 12 3133 94 20.4 3967

To investigate the electrochemical stability of the ACI and the AC4

based test cells, the galvanostatic charge discharge cycling was carried out for

5000 cycles from 0 to 2.5 V at a current density of 10 A g'. The results are

shown in figure 6. It can be confirmed that the AC4 based cell shows a highly

stable performance compared to the AC1 based cell. The percentage retention

of specific capacitance of the two test cells for 5000 cycles is also shown in

figure 6. The AC1 based cell shows a capacitance retention of 70 % after 5000

cycles. For the AC4 based cell, 96% of the capacitance is found to be retained
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after the completion of 5000 cycles. The improved performance of the AC4
based supercapacitor test cell can be ascribed to the optimum surface area, high
electrical conductivity and high purity of the AC4 electrode, acquired through
washing with HF, which result in low-resistant pathways and short,

interconnected channels for easier ion diffusion and electron transport [52] .
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Figure 6: Capacitance retention (%) versus cycle number and the cyclic
stability plot for the ACI and the AC4 based test cells.

3.4 Conclusions

Despite  the numerous reports on chemical activation and the
performance studies of natural precursor derived carbons in electrochemical
applications, the distinguished studies on employing various chemical washing

processes on activated carbons, to improve the properties of the non-
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conducting, amorphous carbon materials, suitably for electrochemical
applications are quite scanty. The present work highlights the attempts to
develop activated carbon samples with the desired properties for applications
as electrode materials for carbon based supercapacitors, by applying various
washing processes on CSC (coconut shell derived steam activated carbon) using
much lower amounts of chemicals. The present approach is quite different from
the so called ‘chemical activation’ of carbon materials, in which huge amounts
of chemicals are used for carbon activation processes, which raise a host of
environmental issues. .

The choice of the coconut shell derived carbon, which is an easily
available and renewable raw material, its activation process by deploying
environmentally benign steam activation method and the subsequent washing
procedures using lower amounts of chemicals, emphasize the eco-friendly
nature of the processes adopted in the present work.. A detailed comparative
study of the CSC and its three variants obtained by washing with aquaregia,
HNOs; and HF  has been conducted, employing various characterization
methods, with a combination of elemental, surface and structural analysis
techniques. Electrochemical techniques are used for calculating the specific
capacitance, energy density, power density, ESR and cycling stability and it has
been established that the HF washing is the best washing process to obtain the
activated carbon samples with the anticipated electrochemical characteristics

suitable for applications as electrodes in supercapacitors. The present work
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portrays the detailed studies on the combinatorial effects of the elemental,
surface and structural properties of activated carbon samples obtained using
three different chemical washing processes, on their application prospects as
electrode materials for EDL supercapacitors.

These effects can be summarized as 1) the PIXE analysis demonstrating
the maximum purity, ii) the Raman analysis confirming the improved
structural ordering and 1iii)) the BET surface analysis revealing the
microstructure reformation, facilitating the easy movement of the electrolyte
ions to the pores, of the carbon sample AC4, obtained by the HF washing
process, in which all the advantageous characteristics are simultaneously
achieved. For the AC4 based supercapacitor test cells, an electrode capacitance
of 162 F/g with an energy density of 35.2 Wh kg™ at a current density of 1 A g
"and a power density of 3967 W kg™ at 10 A g along with excellent cycling
stability have been achieved. The charge discharge studies show a 95 %
retention of the initial capacitance even after 5000 cycles at a current density of
10 A g! and the EIS measurements give a much lower ESR for the AC4 based
test cells. These results emphasize the high application prospects of the HF
washed AC4 sample to be used as the electrode material for designing, high

power double layer supercapacitors.
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CHAPTER 4

Manganese Oxide/Reduced Graphene Oxide
Nanocomposite Electrodes with Tailored
Morphology for High Power Supercapacitor
Applications

Abstract:

The studies carried out to assess the suitability of the nanocomposite of
manganese oxide (Mn3;04) and reduced graphene oxide (rGO) as the electrode
material for high power supercapacitor applications, form the focal theme of
the present chapter. The Mn3;Os nanorods are synthesized using the
hydrothermal method, the rGO, by the modified Hummer’s method and the
Mn3O4/ rGO nanocomposite is obtained by the physical mixing of the
component materials. The electrochemical performance of the nanocomposite
electrode, with the component materials taken in 1:1 ratio, in both the three
electrode and the two electrode configurations is quite impressive performance
characteristics with outstanding cycling stability and excellent retention of the

initial capacitance over 5000 cycles.

Anilkumar.K. M, et al ;Mn304 /reduced graphene oxide nanocomposite
electrodes with tailored morphology for high power supercapacitor
applications, Electrochim. Acta. 236 (2017) 424-433.
doi:10.1016/j.electacta.2017.03.167.




Ph.D. Thesis

4.1 Introduction
The rapid advancements in the development of portable electronic
devices and hybrid electric vehicles, have resulted in a dramatic increase in the
demand for developing sustainable energy storage systems. In the quest to meet
the growing needs for high power energy storage systems, the supercapacitors
have been identified as attractive energy storage devices with versatile
application prospects in the present global energy scenario[l].  The
supercapacitors are classified mainly as electrical double-layer capacitors
(EDLCs) and pseudo-capacitors, based on their charge storage mechanisms and
have emerged as leading energy storage devices owing to their long cycle life
and high power density. [2]. The charge storage mechanism in EDLCs is based
on the electrostatic forces within the electrical double-layers formed along the
electrodes with large surface area [3]. Carbon based materials have already been
identified as ideal electrode materials for high power density EDLCs but the
available energy density of these types of supercapacitors is low [4]. In pseudo-
capacitors, fast Faradaic redox reactions are responsible for the charge
storage[5]. Supercapacitors based on metal oxides like RuO; and IrO; and
conducting polymers like poly-aniline as electrodes possess good specific
capacitance, but, they face limitations due to their poor cycling stability and the
high production cost involved. Moreover, the low electrical conductivity and
the sluggish redox kinetics of these electrode materials adversely affect the

device performance significantly [6,7]. A number of the transition metal oxides
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,which include Co(OH), Ni(OH)>, Fe>O, NiO, MnO, and Mn3O4 have drawn
extensive attention as alternative electrode materials to many of the conventional
ones, owing to the easy availability of the precursor materials and the possibility
of'achieving higher capacitance, longer cycle life and stable performance for the
supercapacitor devices assembled.[8—12]

Among the above mentioned transition metal oxides, Mn3Oy, is gaining
acceptance as one of the most promising electrode materials for supercapacitor
applications, based on some of the laudable features of this material which
include the possibility of achieving high capacitance value for the assembled
supercapacitors, the low cost and the non-toxic nature of this material
[13,14].The application of Mn;Os4 based electrodes in high power
supercapacitors, however, faces limitations due to its low electrical conductivity
[15]. But, there are methods to address this issue and one of the most feasible
techniques is to enhance the electrical conductivity of Mn3;O4 by making nano-
composites with highly conducting carbon nanostructures [16] Among the
nanostructured carbon materials, reduced graphene oxide (rGO) is one of the
best choices for supercapacitor applications due to its flexible and porous
structure, and the advantageous features of high surface area, high electrical
conductivity and good electrochemical stability [12]. Carbon nanotubes (CNTs)
are known to have high electrical conductivity, flexibility and good mechanical
strength. However the extent of porosity in CNTs is much less compared to that

in rGO and graphene [17]. The structural characteristics and the electrical and
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mechanical properties of rGO are almost comparable to those of graphene. Since
rGO can be synthesized from graphite using simple techniques, the material cost
of rGO is less compared to that of high pure graphene, the synthesis of which
involves sophisticated techniques like chemical vapour deposition (CVD) [18].
Embedding Mn30O4 in the form of nanorods within a highly conductive carbon
based porous matrix like rGO can be beneficial for achieving the desired
supercapacitor action. [19]. The resulting high surface area facilitates the
generation of electrochemically active sites for charge storage. The possibility
of achieving a good extent of tunable porosity for the Mn3Os/rGO nano-
composite is beneficial for ion transportation and electrolyte permeation [20].

Many reports are available related to the various synthesis approaches
and experiments using manganese oxide/rGO hybrid materials as supercapacitor
electrodes [21-24]. The Li group has reported a hydrothermal method for the
synthesis of Mn304/rGO nanocomposites of particle size 20-40 nm. The group
has developed Mn304/rGO/activated carbon, asymmetric supercapacitors with
a maximum energy density of 34.6 Whkg' ata power density of 500
W kg'! in the NaxSOs electrolyte [24]. The Gao group has reported that
electrodes made of the crumpled, nitrogen-doped rGO/ultrafine Mn3O4
nanocomposites synthesized in their laboratory, exhibit a specific capacitance
six times higher than that of pure Mn3O4 [25]. The Qiu group’s experiments
emphasize the impressive performance of the supercapacitors based on

rGO/Mn304 composites, with very high rate of electrochemical capacitance
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retention (92-94 %), after 1000 continuous cycles of galvanostatic charge—
discharge [23] . The Yang group has reported the work on a nanocrystalline
Mn304 /rGO hybrid electrode showing a capacitance of 260 F g! at 0.25 A g!
in 1 M NaySOy4 electrolyte [26]. Reasonable success has already been achieved
by scientists in their efforts to improve the electrochemical performance of
Mn304 based electrode materials.

In the present work, a simple physical mixing method is attempted for
the synthesis of the Mn3O4/rGO nanocomposite, to be used as a supercapacitor
electrode material, anticipating impressive device performance. The
hydrothermal method in the presence of a surfactant has been employed for the

synthesis of Mn3O4 in the form of nanorods and the modified Hummer’s method

for that of rGO.

4.2 Experimental details

4.2.1 Synthesis procedures

All the chemicals used were of analytical grade and deionized water was
used for washing purposes and also for making solutions. Manganese acetate
tetra hydrate (MATH), hexadecyltrimethylammonium bromide (CTAB),
graphite powder and hydrazine hydrate were purchased from Sigma Aldrich.
4.2.1.1 Synthesis of Mn3O4 nanorods

The saturated aqueous solution of manganese acetate tetra hydrate

(MATH) was obtained by dissolving 4.9 g of MATH (purchased from Sigma
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Aldrich), in 20 ml of distilled water and the solution was stirred continuously for
3 hours at 50 °C. The aqueous solution (1M) of hexadecyltrimethylammonium
bromide (CTAB) was added drop wise to the above solution and the stirring was
continued until the colour of the solution changed to pink. The resulting solution
was then cooled down to 25 °C with continuous stirring. Afterwards, 10 ml of
hydrazine hydrate was added to the solution and the resulting brown colour
solution was immediately transferred to a teflon lined autoclave and maintained
at 180 °C for 12 hours. The resulting solution after the hydrothermal reaction
was washed several times with ethanol and deionized water, filtered and dried at
80°C under vacuum for 12 hours to obtain the brown coloured nanorods of
Mn;304.
4.2.1.2 Synthesis of rGO
4.2.1.2.1 Synthesis of grapheme oxide

Graphene oxide(GO) was synthesized from graphite powder using the
modified Hummer’s method based on previously reported procedures [27].
Graphite flakes (3 g) were first mixed with 150 ml of H>SO4 and the mixture
was ultra-sonicated for one hour. The mixture was stirred for 30 minutes in an
ice bath and 9 g of potassium permanganate was added very slowly. The rate of
addition of KMnQO4 was controlled to maintain the reaction temperature below
20 °C. After vigorous stirring for 3 hours, the ice bath was removed and the
mixture was stirred for 6 hours at 30 °C. The resulting solution was then diluted

by the slow addition of 300 ml of water. The reaction temperature was found to
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increase rapidly to 100 °C with effervescence and the colour of the solution
changed to brown. In the final step, 25 ml of hydrogen peroxide was added to
the above solution and the colour changed to yellow. The mixture was purified
by washing with 5 % HCl and de-ionized water for several times until the pH of
the mixture became 7. The resultant product was dried at 100 °C under vacuum

for 12 hours to get GO.

4.2.1.2.2 Synthesis of reduced graphene oxide (rGO)[28]

To start with, 500 mg of GO was mixed with 300 ml of water, followed
by ultra-sonication of the dispersion for 3hours to achieve a homogenous
solution. As the next step, 50 ml of the reducing agent, hydrazine hydrate was
added and the solution was refluxed at 100 °C for 12 hours to complete the
reduction process. The reduced GO was obtained as a black solid. This product
was filtered and washed with deionized water several times to remove the

impurities and dried under vacuum to obtain the reduced graphene oxide (rGO)

4.2.1.3 Physical mixing of the components to generate the Mn3;O4/rGO
nanocomposite samples

A mixture of Mn3O4 and rGO in the weight ratio 9:1 was dispersed in
acetone and subjected to ultra-sonication for 2 hours. Upon the evaporation of
acetone, the nanocomposite of Mn;O4 and rGO was obtained in powder form
and was marked as MnrGO10. Two more composite samples were obtained with
Mn;O4 and rGO taken in the weight ratios 7:3 and 5:5 and were marked as

MnrGO30 and MnrGO50 respectively. A schematic representation of the
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synthesis of the Mn3;O4/rGO nanocomposite is shown in figure 1.0ut of the three
nanocomposite samples synthesized, MnrGO10, MnrGO30 and MnrGOS50, the
third sample, MnrGO50 was found to show the best electrochemical behaviour
in the initial investigations and hence this sample was selected for all the detailed

structural, morphological and electrochemical studies.

4.2.2 Structural and morphological characterizations

The XRD patterns of the synthesized samples were recorded using
PANAlytical X Pert PRO machine with Cu-K, radiation of wavelength 1.54 A
The FTIR spectra of the samples were obtained in the wave number range 400—
4000 cm ™! using the JASCO 4100 model FTIR spectrophotometer. The Raman
spectra were acquired using Horiba LabRam (800 mm) HR spectrometer
equipped with a 514 nm Argon ion laser of 15 mW power. The field emission
scanning electron microscopy (FE-SEM) images were collected using Carl-
Zeiss sigma electron microscope. The high resolution transmission electron
microscopy ( HR-TEM) images were obtained using JEOL/JEM 2100 machine
from the Sophisticated Analytical Instrument Facility (SAIF) at STIC, CUSAT,
INDIA.The technique of BET analysis was used to estimate the surface area of

the synthesized samples using the Micromeritics Tristar II 3020 machine.

4.2.3 The electrochemical characterization
The Mn304/rGO nanocomposite was assessed for its suitability as the
electrode material for high power supercapacitor applications in both the three

electrode and the two electrode configurations, by carrying out the detailed
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electrochemical characterization, using cyclic voltammetry (CV) and

galvanostatic charge-discharge (GCD) studies.

//,,7—7,.\
( \
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+
{ : o
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Figure 1: Schematic representation of the synthesis of Mn3;04/rGO nano-
composite

The working electrodes for the three electrode and the two electrode
electrochemical characterization of the Mn3O4/rGO nanocomposite were
prepared by mixing the nanocomposite material(80% by weight) with
conducting carbon black(10%) and the binder material, poly(vinylidene
difluoride)(10%) in the presence of N-methyl pyrrolidinone (NMP), to make a
slurry. The slurry was pasted on stainless steel discs of diameter 16 mm and
heated at 120 °C under vacuum overnight. The three-electrode configuration was
realized using the saturated calomel electrode (SCE) at 0.24 V versus the
standard hydrogen electrode (SHE) as the reference electrode, platinum rod as

the counter electrode, the synthesized Mn3O4/rGO nanocomposite as the
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working electrode and 1 M NaSO4 as the electrolyte. The two-electrode
supercapacitor test cells with symmetrical electrodes made of the MnrGOS50
nanocomposite sample were assembled using 1M tetraethylammonium
tetrafluoroborate in acetonitrile as the electrolyte. Cyclic voltammetry (CV) and
galvanostatic charge-discharge studies were carried out over the potential range
from 0 V to 1 V for the three electrode and from 0 to 2.5 V for the two electrode
configurations at various scan rates in the range 1 to 50 mV s and different
current densities ranging from 0.2 A g to 5 A g! using the SP-300 Bio-Logic,

electrochemical workstation.
4.3 Results and Discussion

4.3.1 The FTIR and Raman spectroscopic analysis

The Fourier transform infrared spectra (FTIR) of the synthesized
GO, rGO, Mn3Os and the typical Mn3O4/rGO nano-composites sample,
MnrGO50 are shown in figures 2(A) and 2(B) respectively. Out of the three
different The FTIR spectrum of GO illustrates O-H (broad coupling) bond
vibrations at 3200 cm™ originating from the carboxylic acid, C-O vibrations
(epoxy or alkoxy) at 1053 cm™!, C=0 vibrations in carboxylic acid at 1219cm’
and carbonyl group vibrations at 1725 cm™.The C=C band at 1603 cm™' refers to
the skeletal vibrations of the non-oxidized graphitic domains[29] After the
exfoliated GO is chemically reduced with hydrazine hydrate, peak shifts are

observed for the peaks at 1053 cm™ and 1603 cm™ to 1020 cm™ and 1551 cm’!
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respectively and considerable reduction in the intensity of the peaks is also
observed. The peak at 1725 cm™ also undergoes significant decrease in intensity.
The peaks of GO at 1219 cm™ and 3200 cm™! are found to disappear completely
in the spectrum of rGO.

The reduction in intensity and the shift in the positions of some of the
significant peaks and the disappearance of a few of the signature peaks of GO,
after the reduction process, using hydrazine hydrate, provide genuine
conformation for the formation of rGO from GO. In figure 2(B), the bands in the
range of 400—700 cm™' can be assigned to Mn3O4 vibrations. The vibrations at
490 and 620 cm™' correspond to Mn—O stretching modes in the tetrahedral and
the octahedral environments respectively. [30]. The peak at 2320 cm ™! is related
to the impurity peak of carbon dioxide [31]. The one at 3450 cm ™! is due to the
O—H vibrations of the adsorbed moisture. The characteristic peaks of Mn3Og4 are
retained in the spectrum of the Mn3O4/rGO nanocomposite, MnrGOS50, without
any peak shift. The homogenous physical mixing of Mn3;O4 and rGO can hence
be ascertained.

The Raman spectra of pure Mn3Os, rGO and the
Mn304/rGO nanocomposite, MnrGOS50are shown in figures 2(C), 2(D) and 2(E)
respectively. The minor peaks between 200 cm™ to 400 cm™ as well as the
dominant peak at 640 cm™ in the spectrum of Mn3Os, shown in figure 2(C) ,
represent the specific vibrations of pure Mn3Os [32]. In the spectrum of rGO

shown in figure 2(D), the ordered, sp> bonded carbon gives rise to the G band at
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1585 cm’!. The disordered layers or edges of rGO are responsible for the D band

observed at 1353 ecm!.The extent of disorder in rGO can be estimated on the

basis of the intensity ratio of the D and the G bands, Ip/Ig [33]. The intensity

ratio, Ip/Ig for the synthesized rGO is 1.13, due to the presence of the unrepaired

defects, which are retained after the removal of oxygen moieties [34], suggesting

that the reduction of GO leads to the formation of smaller and more disordered

layers.
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The Raman spectrum of the nanocomposite, MnrGO50 shown in figure

2(E) is a combination of that of pure rGO and pure Mn3Os. The intensity ratio
In/I for rGO is also retained in the spectrum of the nanocomposite. This implies
that Mn;O4 and rGO are in their own pristine structures in the nanocomposite
and no chemical reactions have occurred between them during the physical

mixing process.

4.3.2 The X-ray diffraction (XRD) analysis

The XRD patterns of pure Mn3O4, rGO and the Mn3O4/rGO
nanocomposite are shown in figure 3. The pattern (A) in figure 3 shows the
characteristic XRD peaks of rGO and the pattern (B) those of the pure crystalline
Mn;O4 phase, with no observed impurities. No trace of the Mn2O; phase is

observed in the sample [35].

The peak positions agree with the JCPDS card no. 18-0803 with the
peaks at 20 values of 17.83 ©, 28.87 °, 31 °, 32.23°, 36.07 °, 44.32 °, 50.57 °,
59.79 °, 60.02 °, 64.67 °, and 74.19 ° corresponding to the (101), (112),
(200),(103), (211), (220), (105), (224), (400), and (413) planes respectively of

the body centered tetragonal manganese oxide.
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Figure 3: The XRD patterns of rGO, Mn304 and MnrGO50
The XRD pattern of the Mn3O4/rGO nanocomposite, MnrGO50 shown

in figure (C) has peaks corresponding to both of the Mn3O4 and rGO phases. The
figure contains the peaks representing individual Mn3;O4 and rGO compounds,
indicating the homogeneous distribution of Mn3;O4 within the porous structure
of rGO. It can be inferred that in the synthesized nanocomposite, the structural
features of the component materials, Mn3O4 and rGO are retained without any

changes.
4.3.3 Electron microscopy studies: FE-SEM and TEM analysis

The morphological features of the synthesized Mn3O4 and rGO samples
were analysed using the FE-SEM images shown in figures 4(A) and 4(B)
respectively. For the Mn3O4/rGO composite sample, MnrGOS50, the structural

and morphological analysis was done using the TEM images depicted in figures
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4(C), 4(D) and 4 (E).The concentration of the surfactant CTAB used in the

present work is found to influence the size and shape of the synthesized Mn3Os.

EHT = 5.00 bV EHT = 3.00 kv

ignal A= InLons -
WD = 47 mm Mag = 13526 KX WD = 46 mm

Figure 4 : SEM images of (A) Mn304 nanorods (B) rGO; TEM image
of (C) MnrGO50; SAED pattern of (D) MnrGO50 and TEM image of
(E)MnrGOS50 showing the inter-planar spacing

The FE-SEM image 4(A) illustrates the formation of quite attractive and
homogeneously sized nanorods of Mn3;O4 of diameter 30-40 nm and length
around 216 nm, with minimum agglomerations of the particles, mainly due to
the presence of the surfactant CTAB. The flake like structure of rGO is quite
evident from the FE-SEM image 4(B). The TEM image shown in figure 4(C)
gives a beautiful view of the arrangement of the Mn;O4 nanorods within the
flakes of rGO. The SAED pattern of MnrGOS50 is shown in figure 4(D) in which,
the ring patterns indicate the presence of rGO and the dotted ones that of Mn3O4.

The (1 0 3) plane of the Mn3O4 in the MnrGO50 composite is shown in the TEM
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image 4 (E). These microscopy images establish the homogeneous dispersion of

the Mn3;O4 nanorods within the flakes of rGO upon physical mixing.

4.3.4 The BET Analysis
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Figure 5: (A) Adsorption/desorption isotherms of Mn30y4, rGO and
MnrGOS50. (B) The pore size distribution plot (the data for
plotting is taken from the desorption branch of the isotherm).

The BET adsorption/desorption isotherms of Mn3O4, rGO and the
Mn3;04/rGO nanocomposite sample, MnrGOS50, taken under nitrogen
atmosphere, are presented in figure 5(A). The pore size distribution is obtained
from the desorption branch of the isotherm and is shown in figure 5(B). The
specific surface area (Sger) of the samples investigated is determined using the
BET equation with an accuracy of = 10 m* g™! [36]. The total pore volume is
obtained from the pore volume data using equation (1);

0 /2 ) IR ¢ §
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4 XV

Average pore size =

- (2)

BET

where V., is the volume adsorbed at P/Po = 0.99, D is the density conversion
factor (0.0015468 for nitrogen as the adsorbate gas). Barrett—Joyner—Halenda
(BJH) method is used to obtain the pore size distribution data. Average pore size
of the studied samples is calculated using equation (2) and the pores are assumed
to be cylindrical and open at both ends [37,38]. The isotherms fall in class IV
according to the IUPAC nomenclature , characteristic of capillary
condensation in mesopores, which specifies the mesoporous nature of the
materials studied. At lower pressures, the isotherms are not linear which

indicates the presence of micropores in the material [37,39,40].

Table 1

The BET surface area, pore volume and the average pore size of the
studied samples

Sample | Surface area/m?g!' | Pore volume /cc g' | Pore size /nm

Mn;304 33.9 0.13 15
rGO 172 0.18 4.1
MnrGO50 34.25 0.16 18

The BET isotherm of the rGO is similar to the one with type H3 loops,
representing materials comprised of aggregates of plate like particles forming
slit  like pores [39,40]. For the MnrGO50 composite sample, the

adsorption/desorption isotherm resembles that of Mn3Os. The presence of a
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considerable fraction of macropores cannot be ruled out as the isotherms do not
show a well-defined saturation plateau. The BET characterization results are

summarized in Table 1.

The surface areas of Mn3Os and rGO are 33.9 m? g!' and 172 m* g’!
respectively. The higher surface area of rGO can be linked to its higher value of
total pore volume of 0.18 cc g with an average pore size of 4.1 nm. The Mn3Os4
has a pore volume of 0.13 cc g' and an average pore size of 15 nm. The
MnrGOS50 composite shows a surface area of 34.25 m? g! with an average pore
size of 18 nm. The pore volume and the BET surface area of the composite
sample are found to be decreased in comparison with those of rGO, indicating
the dispersion of Mn3O4 nanorods in rGO and forming a homogeneous mixture.
The BET surface area (34.25 m”> g!), the pore size (18 nm) and the pore volume
(0.16 cc g') of the nanocomposite are comparable to those of pure Mn3;Os
nanorods. The BET results are in agreement with the FE- SEM and TEM
analysis, with the pores present in rGO being occupied by the Mn3;O4 nanorods,

in the final nanocomposite.
4.3.5 Electrochemical studies
4.3.5.1 Three electrode studies

The three electrode CV curves of rGO, Mn3Os and the three
nanocomposite samples ,MnrGO10, MnrGO30 and MnrGOS50, recorded at a

constant scan rate of 5 mV s ! in the 0 to 1 V range are shown in figure 6 (A).
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Figure 6: (A) The CV curves of all the samples at a scan rate of 5 mV s’!
(B )The CV curve of MnrGOS50 at different scan rates (C) The GCD curve of
Mns30y4 and (D) The GCD curve of MnrGOS50 at different current densities.

The specific capacitance values of these electrode materials are given in
Table 2. It is observed that the CV curve of pure Mn3Os shows the pseudo-
capacitance nature. By increasing the amount of rGO in Mn304/rGO composite,
the pseudo-capacitance nature slowly disappears and a quasi-rectangular shape
of'the CV curve is observed for the MnrGOS50 sample. The effective capacitance
of the MnrGO50 is due to the double layer capacitance of rGO and the pseudo
capacitance of the Mn3O4 nanorods. The specific capacitance value for each

sample was estimated from the CV curve by integrating the area under the curve
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using origin lab software and then dividing by the sweep rate 9, the mass of the
active material on the electrode m, and the potential window AV, according to

the equation [41] given below,

=—— va VAV e (3) .

It is found that pure Mn3O4 shows a specific capacitance of 144 F g! and upon
mixing with rGO, the capacitance value increases gradually. The electrical
conductivity of the Mn304/rGO nanocomposite increases on increasing the rGO
concentration in the composite. In the nanocomposite, charge transfer takes
place from the highly conducting rGO layers of conductivity around 100 S/cm
to the Mn3Os nanorods, resulting in improved conductivity of the
nanocomposite. This in turn facilitates better charge storage and ion transfer and

enhances the capacitance as well [42].

Table 2 Table 3
Specific capacitance at 5 mV s’ Specific capacitance of MnrGO50
. . Scan rate Specific
Sample Specific Fcilgl"f citance /mV st capacitance F g’!
1 451
Pure Mn30O4 144
5 406
rGO 198
10 326
MnrGO 10 212
MnrGO 30 366 20 242
MnrGO 50 406 50 152
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The MnrGOS50 electrode sample with maximum observed capacitance
and quasi-rectangular shaped CV curve was further subjected to CV
measurements at different scan rates. The CV curves of MnrGO50 sample at
various scan rates are shown in figure 6(B). The specific capacitance values,
calculated using equation 3 are shown in Table 3. It is observed that the increase
of scan rate leads to a decrease in the specific capacitance, due to the
electrode/electrolyte interface effects. At higher scan rates, the ions get
intercalated only on the surfaces of the electrodes, whereas at lower scan rates,
the ions can diffuse more into the inner active sites of the electrodes. Lower scan
rates provide more time for ion diffusion and permit better intercalation of the
ions within the active sites of the electrodes.

The galvanostatic charge—discharge (GCD) studies carried out on the
electrode samples in the potential window from 0 to 1 V provide a
complementary measurement of the capacitance. The charge—discharge profiles
of Mn30O4 and MnrGO50 nanocomposite electrodes for the current density
varying from 0.2A g™ to 5A g! are shown in figures 6(C) and 6(D).

The charge discharge curve of Mn3Oj4 is not symmetrical. A potential
drop is observed in the discharge curve due to the comparatively lower electronic
conductivity of Mn3Os. For the MnrGOS50 nanocomposite, the charge curve is
almost symmetrical with its corresponding discharge counterpart, which is a true

evidence of double layer capacitance contribution. There is a small internal
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resistance (IR) drop observed, which is specifically related to the pseudo-
capacitive contribution. The specific capacitance is calculated using the equation

given below,

C=1200 e (4)

where ‘7’ is the discharge current, ‘At’, the discharge time, ‘m’, the mass

of the active material in the electrode and ‘AV”, the potential window.

Table 4
Comparison of the specific capacitance of the composites of Mn3O4 with
various carbon nanostructures
Specific .
. Current density
Materials cap;cgzllnce Ag Electrolyte Ref
Porous Mn304 229 1 IM Na>SOg4 [48]
Mn30s4 / carbon
nanowires 132 1 IM Na>SOg4 [49]
Mn304 nano
ribbons / rGO 176 1 IM NaxSOg4 [50]
Mn;O4 / RCDGO 187 1 IM Na>SOq4 [23]
Mn;0O4/ graphene 250 1 IM NaySOq4 [47]
Mn304/ rGO 121 0.5 IM Na>SOg4 [44]
Mn304/ rGO 260 0.25 IM Na>SOg4 [26]
Mn304/ rGO 270 0.5 IM Na>SOg4 [51]
Present
Mn;04/ rGO 312 1 IM NaxSO4 | work

The calculated specific capacitance values of pure Mn3O4 and MnrGO50

composite are shown in figure 7. The Mn3O4 sample gives a capacitance of 343
Fg' 301 Fg',232Fg', 198 Fg' and 125 F g! for the current densities 0.2 A,

0.5A,1A,2 A and 5 A respectively. These values are comparable with the
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previously reported capacitance values of nanostructured Mn3;O4 samples [43—
45]. For the MnrGO50 composite sample, the capacitance values are 485
Fg' 424 Fg' 312F g', 295 F g and 228 F g for current densities of 0.2A,

0.5A, 1A, 2A and 5A respectively.
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Figure 7: The GCD capacitance values of Mn;04 and MnrGOS50 at different
current densities

These values are considerably higher than those of pure Mn3O4 sample
and the results are in agreement with those obtained from the CV studies. The
capacitance drop due to the internal resistance is very small in the MnrGO50
composite sample compared to that in pure Mn3O4 sample which results in the
enhanced capacitance of the composite sample. A comparison of the specific
capacitance of the composites of Mn;O4 with various carbon nanostructures is

given in Table 4.The capacitance obtained for the MnrGO50 composite sample,
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in the present work, is higher than those in the previous reports on Mn3;O4/rGO
composites.[16,46,47] .

4.3.5.2 Two electrode studies

( ) Symmetrical Capacitor, ( ) 55
60| 27 b # IR drop = 0.15 V
p 2.0 / —5Ag"
/ ——2Ag"
§ 1Ag"
< 154 \
20+
E =
= o
i 1.0
1mv!
smv’ 05
20 10mv’
20mV’
50 m V' 00
40 . ; - . . " T T ? T T T T
o0 05 10 15 20 25 0 1000 2000 3000 4000 5000 6000 7000 8000
EN tis
D 100
(C) Symmetrical Full cell 5A ¢ ( ) O
25 954 =g

204 Fa—PureMn 0,

[=C— MnrGOs50
|—¢—Sym Cell

% Retension of Sp.Capacity

T T T T T
00 0 1000 2000 3000 4000 5000

T T T T
0 1000 2000 3000 4000

s Cycle Number

Figure 8: (4) The CV Curves of MnrGOS50 based super-capacitor at different
scan rates (B) The GCD curves of MnrGOS50 based super-capacitor at
different current densities (C) The GCD curves of MnrGO50 based
supercapacitor for 6 cycles (D) Capacitance retention (%) versus cycle
number for Mn30,, MnrGOS50 and the supercapacitor test cell.

The three electrode studies of the active material provide the platform for
assessing the suitability of the material for supercapacitor applications. The two
electrode studies afford the supercapacitor performance at the device level for

practical applications. Most of the reports on the electrochemical studies on
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Mn;04/rGO composites are limited to the three electrode studies. In the present
work, symmetrical supercapacitor test cells using 14 mg of the active electrode
material MnrGO50 were assembled with 1 M organic electrolyte and the
capacitor level performance was analyzed using CV and GCD studies.

The CV and the GCD curves of the assembled symmetrical
supercapacitor test cells at different scan rates in the potential window of 0 to
2.5 V are shown in figures 8A & 8B. The GCD curves of the test cell for six
cycles are shown in figure 8(C). The symmetry of the charging and the
discharging states of the assembled test cell is evident from these curves. The
CV curves have quasi rectangular shape for all the scan rates used and redox
peaks are not observed. This could be due to the dominance of the double layer
behaviour of rGO compared to the faradic nature of Mn3Os4. In the
charge/discharge cycling (GCD) curve as well, no characteristic behaviour
corresponding to redox reaction is observed. There are previous reports on the
charge/discharge characteristics of the supercapacitors assembled using metal
phosphates and oxides, and the curves are similar in shape to those in the present
work. These supercapacitors are reported to show pseudocapacitive behaviour
and the capacitance of the devices is expressed in farads [52—54]. In the case of
the Mn304 / 1GO based supercapacitor of the present work, the performance of
the device can be approximated in terms of pseudocapacitive behaviour in the
potential range of 0 to 2.5 V. The specific capacitance values obtained from the

CV and the GCD studies are shown in Table 5.
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The energy density and the power density are two important parameters that

play key roles in determining the performance efficiency of a supercapacitor.

These parameters are calculated using the equations 5 and 6 given below [16,24]

and the values are shown in table 3:

Energy density E = ﬁ C * AV?

Power density P = g * 3600

)

(6)

where C is the specific capacitance, AV the potential window in volts and T the

discharging time in seconds. The calculated energy density and power density

values are comparable with those of the early reports on the supercapacitors

based on Mn3O4 / carbon nanocomposites [16]. The energy density obtained is

as high as 82 Wh Kg! at the current density of 1 A g and a power density of

7097 W Kg! is observed at a current density of 5 A g,

Table 5
The electrochemical parameters of the two electrode supercapacitor test cell
Cv GCD
Scan Specific Current Specific Energy Power
rate capacitance | density | capacitance density Wh density
mV s’ Fg'! Ag' Fg' Kg' W Kg'!
1 133 1 94 82 1032
10 96 2 88 77 2901
50 54 5 67 58 7097

The percentage retention of the specific capacitance of pure Mn3Oq,

MnrGO50 and the two electrode symmetrical supercapacitor test cell based on
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the MnrGOS50 sample, for 5000 cycles is shown in figure 8(D). The Mn3O4
sample shows 60 % capacitance retention after 5000 cycles. For the MnrGO50
sample and the symmetrical supercapacitor test cell, the retention rate is above

95 % upon the completion of 5000 cycles.

4.4 Conclusions

In the present work, the Mn3;O4/rGO nanocomposite is synthesized, using a
simple physical mixing of the component materials. The Mn3O4 nanorods are
obtained by the hydrothermal method in the presence of a surfactant and rGO by
modified Hummer’s method. @ The structural and the morphological
characterization of the nanocomposite using XRD, Raman spectroscopy, FE-
SEM, TEM and BET techniques confirms the formation of Mn3O4 nanorods and
rGO flakes and the homogeneous dispersion of the nanorods within the rGO
flakes.  Electrodes made from the synthesized MnrGO50 nanocomposite
sample, with the Mn3;O4 and the rGO taken in 1:1 weight ratio exhibit excellent
electrochemical performance. The electrochemical studies for the MnrGOS50
nanocomposite electrode in the three electrode configuration, with 1 M Na;SO4
as the electrolyte, give specific capacitance of 228 F g™! at a current density of 5
A g, The two electrode studies conducted using symmetric supercapacitor test
cells with the MnrGOS50 nanocomposite as the electrode give a capacitance of
94 F ¢! and an energy density of 82 Wh kg™ at a current density of 1 A g and

a power density of 7097 W kg at a current density of 5 A g with excellent
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cycling stability. It is observed that 95 % of the initial capacitance is retained
after 5000 cycles at a current density of 5 A g”'. The promising electrochemical
behavior of the Mn3O4/rGO nanocomposite of the present work can be attributed
to the controlled synthesis of the Mn3Os4 nanorods and their homogenous
dispersion within the rGO flakes, keeping the initial structural morphology of
the Mn3O4 nanorods intact. The present synthesis method of the Mn3Os
nanorods, followed by the physical mixing with rGO, facilitating the
homogenous dispersion of the Mn3O4 nanorods within the rGO flakes, is a novel
and feasible approach towards the development of nanostructured hybrid

electrode materials for designing high power supercapacitors.
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CHAPTER S

Realizing Lithium Sulfur Cells Using Layered,
Sulfur / Polymer Nano Composite Electrodes

Abstract:

Lithium-Sulfur (Li-S) cells are considered to be the potential candidates
for the development of next generation energy storage devices owing to the
impressive electrochemical properties of sulfur cathodes with high theoretical
specific capacity of 1675 mAh g!. Lack of electronic conductivity of sulfur in
the required range, large volume expansion of sulfur during lithium intake and
the formation of soluble polysulfides during the cycling process are the main
limitations of this technology. To address these challenges, in the present
chapter, the composite of sulfur with the conducting polymer PEDOT: PSS,
obtained using hydrothermal technique is tested as the cathode materials for

Li-S cells.

Anilkumar K.M.,et al. Layered sulfur/PEDOT:PSS nano composite
electrodes for lithium sulfur cell applications, Appl. Surf. Sci. 442 (2018)
556-564. doi:10.1016/j.apsusc.2018.02.178.
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51 Introduction

Rechargeable batteries are being developed for portable power
applications in mobile phones, laptops and medical implants and in electric
vehicles and the present day research is being focused on identifying suitable
materials to make the technology more efficient, economically viable and
scalable for the reach of all sections of the society [1]. Lithium ion based cells
are still dominating the scenario because of their high energy density in the
range of 100 — 200 Whkg™! compared to the various other types of rechargeable
cells [2]. At present, cathode materials based on transition metal oxides and
olivine phosphates including LiCoOz, LiMn2O4, and LiFePO4 with specific
capacity around 100-170 mAh g are being extensively used in commercialized
lithium ion cells [3,4]. These cathode materials have certain drawbacks mainly
due to their weight and nearly single-electron reactions per mole, which limit
the specific capacity to below 200 mAh g™!.

To achieve the high energy density, high specific capacity and low
production costs needed for the modern technology applications of Li cells, new
materials with light weight and multi-electron reactions must be explored.
Sulfur being non-toxic and light and with the added merit of having earth
abundance has come up as a highly sought after electrode material which offers
a high theoretical capacity of 1675 mAh g and a high energy density of 2600
Wh kg! versus lithium, for developing the so called lithium sulfur (Li-S) cells

[5,6].However, the commercialization of the Li-S cells is presently facing
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several challenges owing to the low sulfur utilization during cycling, the low
columbic efficiency and the comparatively faster capacity fading [7]. These
issues are mainly due to the very poor electrical conductivity of sulfur of the
order of 10°° S cm™ , the shuttle effect of higher order soluble polysulfides and
the large volumetric expansion of sulfur, around 80% during the lithiation on
sulfur [8] .

The early research on the Li-S cells to overcome the above mentioned
issues, was focused on carbon based materials to serve as a conducting as well
as a buffering medium. Various carbon materials such as porous carbon, carbon
black, carbon nanotubes, aerogel carbon, graphene, and hybrid carbon
composites have been used as support materials for the sulfur cathode, generally
using melt diffusion methods [9—11]. Such processes usually require thermal
treatment at elevated temperatures to increase the electronic conductivity of the
sulfur- carbon composite layer. The high temperature treatment is often not
suitable for sulfur, because it generally results in considerable loss of sulfur in
the composite [12].

Recently conductive polymer coated sulfur composites have received
much attention as prospective cathode materials in Li-S cells. The presence of
delocalized m electrons in the conducting polymer helps to enhance the
electrical conductivity of the composite cathode material [13,14]. The
electrochemical performance of these types of composites will be improved

because of (a) the enhanced electrical conductivity, (b) the formation of a
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buffering matrix to prevent the agglomeration of sulfur and (c) the inhibition of
the dissolution of polysulfides in the electrolyte as a consequence of the
presence of the polymer coating. There are a number of reports on the sulfur
composites based on conductive polymers like polypyrrole , polyaniline ,
polyacrylonitrile , polyimide and poly(3,4 —ethylenedioxy thiophene )
(PEDOT) to serve as the cathode materials in Li-S cells [15,16].

The electrically conducting polymer PEDOT is generally mixed with
the polymer ,polystyrenesulfonate (PSS) to improve the stability of the former
and the PEDOT: PSS is a promising conducting polymer system to function as
the buffer coating over sulfur, due to its environmental friendliness , good
thermal stability and quite high electrical conductivity [17-19]. The
PEDOT:PSS is found to retain its electrically conducting nature up to 450 K
[20]. When sulfur is melted at temperatures around 380 K, the PEDOT: PSS
coating remains intact without losing its high electrical conductivity. The PSS
unit in PEDOT:PSS , dispersed in water is generally known to enhance the
polymer solubility in aqueous media, which helps to form a homogeneous film
or layer over sulfur in the composite, as compared to the PEDOT:PSS when
used as itself [21].

Liand co-workers have [22] compared the electrochemical performance
of different conducting polymer/sulfur composites and verified that long-term
cycling stability and high discharge capacity are observed for PEDOT coated

samples. Chen group [15] has reported an initial discharge capacity of
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1117 mAh g for S-PEDOT nanocomposite cathode prepared by membrane
assisted precipitation technique. Yang group [16] has applied PEDOT based
conducting polymer coating on mesoporous sulfur-carbon composite and
reported a discharge capacity of 1140 mAh g and a capacity retention of 85 %
over 100 cycles. Lee group [23] has applied a wet mixing method (surface
modification ) on the commercially available sulfur to prepare S-PEDOT
composite and reported an initial discharge capacity of 1100 mAh g

In the present work, we have synthesized sulfur/polymer composite by
hydrothermal method using the commercial sulfur powder and the PEDOT:PSS
conducting polymer to investigate the effect of having the conducting polymer
buffer layer, without carbon support on sulfur electrodes. The advantage of
hydrothermal method is that the sulfur/conducting polymer composite can be
synthesized at low temperatures around 120 ° C in a short time span with sulfur
being homogeneously distributed in between the polymer layers after the
treatment. The resulting, layered sulfur/polymer nanocomposite can be
considered as a potential cathode material for lithium—sulfur cells with
impressive electrochemical characteristics and the advantages of low energy
consumption and short period of synthesis, maintaining the required sulfur
content in the final composite [12].

The sulfur/polymer composite cathodes are evaluated on the basis of

various electrochemical parameters such as capacity, rate capability and cycling
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stability to establish the application prospects of these composite cathode
materials in the design of high energy density Li-S cells.
5.2 Experimental details

Conductive  grade, poly  (3,4-ethylenedioxythiophene)-poly
(styrenesulfonate), 1.3 wt % dispersion in H,O, (PEDOT:PSS), dimethyl
sulfoxide, ACS reagent, >99.9% purity (DMSO) and sulfur were purchased
from Sigma-Aldrich(India) and were used as received.

Three samples with sulfur/PEDOT: PSS ratios of 90:10, 80:20 and
70:30 were synthesized using hydrothermal approach. In a typical synthesis, 10
wt % of PEDOT: PSS was added to 5 ml of dimethyl sulfoxide (DMSO) and
left stirring for 4 hours. In a separate beaker, finely powdered sulfur was
dispersed in 5 ml of DMSO by stirring for 2 hours. The as prepared PEDOT:
PSS in DMSO was then added drop wise to the sulfur dispersion in DMSO and
the stirring was continued for another 6 hours. The resulting mixture was
transferred to a teflon lined auto clave and kept at a temperature of 120 °C for
6 hours. The auto clave was allowed to cool to room temperature after the
hydrothermal treatment. The resultant product was subjected to washing several
times using deionized water to remove the residual DMSO. The product
obtained after washing was dried at 60 °C under vacuum overnight to get the
final sulfur/polymer composite sample. The sulfur/polymer composite has a
greenish appearance and is labelled as PS1. The synthesis procedure is

represented in figure 1. The above synthesis approach was repeated for
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compositions with 20 wt% and 30 wt% of PEDOT: PSS and the samples
obtained are named as PS2 and PS3 respectively.

The structural aspects of these samples were studied using XRD
technique, employing PANAlytical X’Pert PRO machine with Cu-K, radiation
of wavelength 1.54 A. The Raman studies were carried out using Horiba
LabRam (800 nm) HR spectrometer equipped with a 514 nm Argon ion laser
of 15 mW power. The morphological aspects of the samples were investigated
using Nova Nanosem 450, field emission scanning electron microscope. The
high resolution TEM images of the samples were obtained using Jeol/JEM 2100
machine of the Sophisticated Analytical Instrument Facility (SAIF) at CUSAT,

Kochi, India.

Sulfur ‘
\_ Micro-particles /

Hydrothermal Vo Filtering
process 9 \ é
120 °C Drymg “,
- PEDOT:PSS / Sulfur
Nano-composite

 PEDOT:PSS
in )
DMSO

-

Figure 1: Schematic representation of the synthesis of the sulfur
/ PEDOT:PSS nano-composite.

The working electrodes for the electrochemical characterisations were

prepared by mixing 80 wt% of sulfur/PEDOT:PSS active material with 10 wt%
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of carbon black as conducting medium and 10 wt% of polyvinylidene difluoride
(PVDF) as binder in the presence of N-methyl pyrrolidinone (NMP) solvent.
The homogeneous slurry obtained was coated on a thin aluminum foil by spray
coating and was allowed to dry at 60 °C under vacuum overnight. Circular discs
of 16 mm diameter were cut from the coating and used as active cathode
electrodes. Electrochemical characterisations were carried out by assembling
2032 type coin cells with 1 M LiClO4 in 1,2-dimethoxymethane (DME)/1,3-
dioxolane (DOL) (1 : 1 v/v) with 0.5 M LiNOs as the electrolyte and lithium
chip as the anode [24].

The cells were assembled in an argon filled glove box. The assembled
cells were subjected to charge-discharge cycling at current rates of 0.1 C, 0.2
C, 0.5 Cand 1 C ( The C rate was calculated, taking the theoretical capacity of
sulfur with respect to lithium as 1650 mAh g™') within the potential window of
1.5-3 V using the 8 Channel Battery Analyser (MTI Corporation-USA). The
specific capacity calculations were done with respect to the active sulfur content
in the electrodes”. The cells were also subjected to cyclic voltammetry (CV)
analysis within 1.5-3 V at a scanning rate of 0.1 mV s'. The Electrochemical
impedance spectroscopic (EIS) studies of the cells were carried out from 1 MHz
to 10 mHz at the open cell voltage of the cells. The CV and the EIS studies were
carried out using the Bio-Logic SP300 unit.

*Appendix B-TGA Curves of PS1, PS2, and PS3 composite samples.
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Results and discussion

5.3

5.3.1 The XRD analysis
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Figure 2: XRD patterns of pure sulfur and PS1, PS2, PS3
The XRD patterns of pure sulfur and sulfur/polymer composite samples

are shown in figure 2. Characteristics peaks of the orthorhombic Fddd phase of

sulfur can be observed in the XRD patterns of all the samples studied , which

The peaks

fit the JCPDS no. 08-0247 without any impurity phase.

corresponding to PEDOT: PSS polymer are not seen in the XRD patterns owing
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to its amorphous nature. [23] . A decrease in the intensity of sulfur diffraction
peaks is observed with the increase in PEDOT:PSS concentration, which is due
to the formation of the polymer covering layer over the sulfur particles and the
intensity is found to be minimum for the PS3 sample with maximum
PEDOT:PSS concentration. [25]. The XRD patterns of pure sulfur and
sulfur/polymer composites confirm the formation of an active polymer layer
over the sulfur particles without any chemical reaction, as the structural features
of pure sulfur are found to be retained in the final composite.
5.3.2 Raman spectroscopic studies

The Raman spectra of the PS1, PS2 and PS3 composite samples are
presented in figures 3A and 3B. The characteristic peaks of elemental sulfur
and those of polymer are present in all the studied compositions. The spectra
shown in Figure 3A between the range 50-2000 cm™ have three sharp peaks
centred at 153, 220 and 476 cm! respectively, which are the signature peaks of
elemental orthorhombic sulfur [26] . The peaks of PEDOT: PSS are not visible
in figure 3A.This is either due to the very high intensity of the sulfur peaks or
because the resulting coating of the PEDOT: PSS over sulfur is very thin. A
separate scan carried out exclusively in the range of 1000-2000 cm™ is shown
in figure 3B, which clearly gives the characteristic peaks of PEDOT: PSS. The
band located at 1264 cm™ is attributed to the stretching vibrations of CR-CR’,
where R and R’ denote alkyl groups [27]. The strong peak at 1442 cm! is due

to the C—C stretching vibration of the thiophene ring, originating from the
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neutral parts existing between the localized elementary excitations such as
positive polarons or bipolarons generated upon doping . The peaks centered at
1498 ¢cm” and 1570 cm™ are assigned to the C=C asymmetric stretching
vibrations of the thiophene rings in the middle and at the end of the chains,
respectively [28]. The appearance of the peaks corresponding to pure PEDOT:
PSS in the sulfur/polymer composites indicates the existence of PEDOT: PSS

without any structural changes in the composite samples.
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Figure 3: Raman spectra of the PS1, PS2, PS3 samples scanned in the range (A)
50-2000 cm™ (B) 1000-2000 cm™!

The formation of the sulfur/polymer composites with the retention of
the individual polymer-sulfur structural features further supports the

assumption that the polymer coating process over the sulfur particles in the
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composite takes place without any possible chemical reaction between the

polymer and the active sulfur.

5.3.3 The FESEM and TEM analysis

.
Map data 260 < .
SE MAG: 1000kx_HV: 20kV WD: 5.5mm

Figure 4: FESEM micrographs of (A) PS1 (B) PS2 (C) PS3 samples,
(D) Elemental mapping of PS1 sample, (E) and (G) TEM images of PS1
sample and (F) SAED pattern of PS1 sample.
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The FESEM images of the studied sulfur/polymer composites are
presented in figure 4, with the figures 4A, 4B and 4C representing individual
micrographs of the PS1, PS2 and PS3 compositions respectively. In all the
studied compositions, the polymer PEDOT: PSS is expected to form a covering
layer over the sulfur particles during the hydrothermal process. The FESEM
images support the proposed structure of the composites, with the nano sized
sulfur embedded within the polymer layers. Increase in the concentration of the
polymer in the composite leads to the formation of a thick polymer coating over
sulfur nanoparticles, which results in partial masking of the active sulfur within
the polymer layer. In the case of the PS1 composition, a thin layer of polymer
is coated over the sulfur particles and the active sulfur is readily visible on the
surface of the composite as evidenced from figure 4A. In the images of PS2 and
PS3 samples with increased polymer content, sulfur is found to be concealed in
between thicker polymer layers with a fewer fraction available on the surface
of the composite.

The PS1 sample, with 90 % sulfur content is further subjected to an
elemental mapping analysis in order to understand more about the distribution
of active sulfur within the polymer layer. In the PS1 sample, active sulfur is
seen to be widely distributed all over the composite with the polymer forming
only a thin covering layer. Elemental mapping of C, N and S contents in the
PS1 composite is shown in figure 4D. The mapping confirms the homogeneous

distribution of C, N and S elements over the surface of the sulfur/polymer
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composite. The presence of C and N is mainly due to the presence of these
elements in the polymer back bone of PEDOT: PSS. Elemental mapping with
spots representing sulfur spots surrounded by those of C and N, supports the
formation of a thin polymer layer over the sulfur particles in the final composite

The TEM image of PS1 composite is shown in figure 4E, which
illustrates the presence of nano sized sulfur particles packed in between thin
polymer layers. Sulfur, during the hydrothermal treatment melts and diffuses
into the polymer. After the hydrothermal process, polymer forms a thin
covering over the sulfur particles, with the sulfur being finely distributed in
between the thin polymer layers. The inset in figure 3E, titled as 3F shows the
SAED pattern of the PS1 composite with the diffused spots representing the
nano sized sulfur particles and the bright circles representing the amorphous
polymer content. The packing of sulfur particles in between the polymer layers
is further evidenced from figure 4G with the sulfur particles leaking out from
the polymer layer. The sulfur particles have nearly spherical shape with particle
size in the range of 50-100 nm. No large agglomerates have been observed in
the FESEM/TEM investigations. The FESEM images with elemental mapping,
the TEM images and the SAED pattern clearly confirm the formation of the
sulfur/polymer nano composite with the polymer serving as a covering layer

over the sulfur particles.
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5.3.4 Electrochemical studies
5.3.4.1 Cyclic voltammetric and impedance spectroscopic analysis
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Figure 5: (A) The CV curves of the Li-S cells based on the PS1, PS2 and PS3

samples at a scan rate of 0.1 mV s™ (B) Nyquist plot of the PS1 sample.

The cyclic voltammetric curves of the lithium sulfur cells based on the
PS1, PS2 and PS3 samples, at a scan rate of 0.ImV s between the voltage
range 3 V to 1.5 V are shown in figure 5(A). During the first cycle, two broad
reduction peaks at ~2.25 V and ~1.95 V are observed [7]. These two peaks
correspond to the reduction of elemental sulfur to the soluble lithium
polysulfides (LixSy, 4<n<8) and the subsequent formation of the insoluble Li,S
and Li2S». . The strong and broad oxidation peak observed at ~2.62 V is due
to the conversion of the polysulfides to elemental sulfur [14].

For the PS2 and PS3 based cells , a small shift in the reduction peaks is
observed with respect to that for the PS1 based cell, but the intensity of the
peaks is less compared to that of the latter. A small shift is also observed in the
oxidation peaks of the PS2 and PS3 cells compared to that of the PS1 cell. For

the PS1 test cell the oxidation peak at 2.62 V and the reduction peaks at 2.25V
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and 1.95V are all quite broad compared to those for the PS2 and PS3 test cells.
This indicates that upon lithiation, the conversion from the soluble polysulfides
to the insoluble forms LizS or LixS» takes place more effectively and to a higher
extent in the PS1 based cell compared to the other two cells. Hence for the PS1
cell, the possibility of dissolution of sulfur in the electrolyte, leading to the loss
of sulfur can be minimized to a higher degree, compared to the other two cells.
Upon delithiation, the conversion of the insoluble polysulfides to elemental
sulfur takes place more efficiently for the PS1 cell owing to the broad nature of
the oxidation peak at 2.62 V. The CV results conclusively establish that for the
PS1 cell, the transition between Sg and lithium sulfides (Li2S2 or Li,S) and vice
versa takes place more efficiently, compared to the other two cells [29] The
clear, broad and overlapped CV peaks in the PS1 test cell indicate its excellent
electrochemical capability [16].

The electrochemical impedance spectroscopy (EIS) studies were carried
out for the PS1 based lithium sulfur cell and the corresponding Nyquist plot is
shown in figure 5(B). The measured data was fitted with the help of EC-Lab
software and the equivalent circuit used is shown in the inset of figure 5(B).
The impedance spectrum in figure 5(B) is composed of one depressed
semicircle in the medium-frequency region which represents the charge transfer
resistance of the interface between the sulfur electrode and electrolyte, and the
inclined line (Warburg impedance) in the low frequency region corresponding

to semi-infinite diffusion. In the equivalent circuit shown as inset in figure 5(B),
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R1 is the resistance of the electrolyte, R2 the charge transfer resistance, Q1 the
constant phase element, and W the Warburg diffusion impedance of the
electrode. [30,31]. It is observed that for the cell based on the PS1 sample, the
charge transfer resistance is very low mainly due to the presence of the polymer
PEDOT: PSS layer over sulfur, which enhances the overall electrical
conductivity of the PS1 electrode. This effect, in turn, provides improvement
in the electrochemical performance with better reversible capacity in the Li-S
cells.

5.3.4.2 Charge-Discharge studies

The charge discharge profiles of the PS1, PS2 and PS3 based Li-S cells
at 0.1 C rate are shown in Figures 6 A and 6 B .The performance data including
the values of capacity and efficiency are given in table 1. For the first cycle, the
initial discharge and charge capacities of the PS1based cell are 1301 mAh g!
and 1190 mAh g respectively with a columbic efficiency of 91 %. For the
PS2 cell, the discharge and charge capacities are found to be 1132 mAh g™! and
985 mAh g ! respectively with 87 % efficiency and for the PS3 based cell, the
values are 740 mAh g and 620 mAh g respectively with an efficiency of
83 %. The PS1 based cell shows two characteristic plateaus during the discharge
process in the first cycle, one at 2.25 V and the other at 2.0 V. The short plateau
at 2.25 V corresponds to the formation of soluble higher order lithium

polysulfides, and the longer one which is observed at 2.0 V is related to the
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formation of insoluble lower order lithium polysulfides such as Li,S», and Li,S

from Sg during the initial lithiation process within the Li-S cell.
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Figure 6: Charge discharge curves of the Li-S cells based on (4) PS1
(B) PS2 and PS3 samples (C) Rate capability data of the PS1, PS2 and
PS3 based Li-S cells (D) Cycle life performance of the PS1 based cell.

Cycle Number

During the second charge/discharge cycle, the PS1 based cell shows a
higher columbic efficiency compared to the first cycle, mainly due to a decrease
in the formation of higher order polysulfides as clear from the charge-discharge
profile. The discharge and charge capacities of 1104 mAh g and

1031 mAh g!, respectively are observed for the second cycle. The second cycle
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discharge capacity is around 85 % of the initial capacity. For the PS2 based cell,
the second cycle discharge and charge capacities are found to decrease to
874 mAh g and 735 mAh g respectively and for the PS3 based cell these
values are 476 mAh g and 390 mAh g respectively. These capacities are
77 % and 64 % of the respective first cycle discharge capacities. During the 3™,
4% and 5™ cycles, the discharge capacities of the PS1 based cell are
905 mAh g, 813 mAh g and 796 mAh g! respectively. The capacity attains

a stable behaviour during the 4™ and 5 cycles.

Table 1: Specific capacity and efficiency data of the PS1,PS2 and PS3

based cells
lst 3rd 5th
Cells Discharge Charge | Efficiency | Discharge | Discharge
(mAhg') | (mAhg") | (%) | (mAhg') | (mAhg')
PS1 1301 1190 91 905 796
PS2 1132 985 87 744 580
PS3 740 620 83 451 432

For the PS2 and PS3 based cells, the retention of capacity is poor
irrespective of having a thicker polymer coating, compared to the PS1 based
cell. The stable capacities of the PS1 based cell may be attributed to the
presence of the thin layer of polymer coating as observed in the FESEM and
TEM micrographs. The polymer coating acts as a buffering medium to control
the morphological changes like volume expansion, happening during the initial

cycling process, in addition to helping in enhancing the overall electrical

conductivity of the composite electrode. In the case of the PS2 and PS3 based
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test cells, the thicker polymer coating hinders the easier diffusion of lithium
ions to the active sulfur sites. [15]. For these two cells, the main lithiation
plateau around 2.0 V gradually decreases in size with cycling, resulting in
capacity fading during the charge/discharge process.

The results of the rate capability studies of the PS1, PS2 and PS3 based
Li-S cells are presented in figure 6C. Cells based on the PS1 electrodes exhibit
much higher capacities compared to the PS2 and PS3 based cells when cycled
at a current rate of 0.1 C. Capacities are found to be fading during initial cycling
and stability is attained after 4 cycles of continuous charging/discharging. For
the PS2 and PS3 based cells, the 5% cycle capacities go down to 580 mAh g!
and 432 mAh g, respectively, much less than their initial capacities. The PS1
based cell is found to deliver a capacity of 796 mAh g at the end of the 5%
cycle, with a capacity retention of ~60 % with respect to the first cycle discharge
capacity.

The cell based on the PS1 electrode was further subjected to cycling at
higher current rates for the rate capability studies. The cell exhibits a stable
behaviour from the 5™ cycle onwards up to the 20" cycle, with retention of more
or less the same capacity. The cell is also found to retain a capacity of
~751 mAh g at a rate of 1 C after 20 continuous charge/discharge cycling.
The improved capacity values of the PS1 based cells could be due to the
formation of an efficient polymer coating on the nano sized sulfur with sulfur

particles packed in between the polymer layers. The coating helps to prevent
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the dissolution of the polysulfides into the electrolyte, enhances the electrical
conductivity of the composite electrode and also acts as a buffer layer to control
the volume expansion of sulfur during high lithium intake. The cell is found to
recover the initial capacity of ~850 mAh g when cycled at a rate of ~ 0.1 C,
after multiple electrochemical cycling at higher current rates. This retention of
the initial capacity indicates the stability of the electrodes with resistance to any
sort of exfoliation during the continuous cycling at different current rates. The
cells based on the PS1 electrode were also subjected to cycling for 200 cycles
at a constant current rate of 1C. The cycling performance and the columbic
efficiency values of the PS1 based cell at 1 C rate for 200 cycles are shown in
figure 6D. The cell has an initial discharge capacity of 1136 mAh g with
92 % columbic efficiency. The capacity attains a stable value of around
897 mAh g'! with 98 % efficiency at the end of the 3™ cycle. A discharge
capacity of 664 mAh g is found to be retained at the end of the 200™ cycle
with a retention of ~75 % with respect to the initial stable capacity.

The improved electrochemical performance of the sulfur/polymer
composite electrodes can be correlated with the formation of a thin polymer
layer around the sulfur particles, which acts as a buffering layer to overcome
the limitations of the sulfur cathodes. One of the prime factors promoting the
improved electro-chemical performance is the reduced particle size of the
sulfur/polymer composite electrode to the nanometer scale, attained by the

PEDOT: PSS assisted hydrothermal method of synthesis. This helps to have
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better contact for the sulfur nanoparticles with the conducting polymer layer,
which facilitates better and easier electron transport across the electrodes and
in turn enhances the utilization of sulfur. The conducting PEDOT: PSS
encapsulation provides better electrical contact and limits the dissolution of the
lithium polysulfide ions and the shuttling effect during cycling. In addition, the
polymer matrix can prevent the aggregation of sulfur particles. Lastly, the
PEDOT: PSS shells can also withstand the volume changes during the

charge/discharge cycles.
5.4 Conclusions

The sulfur / PEDOT: PSS composites with different weight ratios of the
component materials were synthesized by hydrothermal method. From the
XRD and Raman spectroscopic analysis the structural integrity of sulfur and
PEDOT: PSS in the sulfur/polymer composites, after the hydrothermal process
can be established. The morphological studies using FESEM and TEM
techniques confirm the formation of a thin polymer coating over the sulfur
particles, with sulfur being finely distributed in between the polymer layers.
The presence of the conducting polymer coating over the sulfur particles
enhances the overall electrical conductivity of the composite electrode. The
polymer coating helps to minimize the volume changes of sulfur due to lithium
insertion during the charge/discharge cycles .The electro-chemical studies show
that the cells assembled with the sulfur/PEDOT: PSS composite synthesized in

9:1 weight ratio of sulfur and PEDOT: PSS (PS1) respectively as electrode ,
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offer quite impressive electrochemical behaviour with an initial discharge

capacity of 1301 mAh g™ at 0.1 C rate and a columbic efficiency of 91 %. The

PS1 based cell retains 75 % of the initial stable capacity of 897 mAh g™ after

200 cycles at a rate of 1 C. The electro-chemical investigations convincingly

establish the excellent application prospects of the sulfur/ PEDOT: PSS

nanocomposite to be used as the cathode material for developing high energy

density, next generation Li-S cells
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CHAPTER 6

Poly(Ethylene Oxide) (PEO) - Poly(Vinyl
Pyrrolidone) (PVP) Blend Polymer Based Solid
Electrolyte Membranes for Developing Solid
State Magnesium Ion Cells

Abstract:

This chapter deals with the investigations carried out on the solid
polymer electrolyte (SPE) material, based on the polymer blend of
poly(ethylene oxide) and poly( vinyl pyrrolidone), complexed with magnesium
nitrate. Flexible and free-standing membranes of this SPE are obtained by
solution casting technique. These SPE membranes are found to have quite high
Mg ion conductivity at room temperature, higher than the previously reported
ionic conductivity for solid polymer electrolytes, complexed with Mg salts. The
chapter begins with the synthesis procedures and the structural
characterization of the SPE membranes and evolves into analyzing their
application prospects in developing all solid state Mg ion cells, based on the

detailed electrochemical studies.

Anilkumar.K.M. ,et al Poly(ethylene oxide) (PEQ) - Poly(vinyl
pyrrolidone) (PVP) blend polymer based solid electrolyte membranes for
developing solid state magnesium ion cells, Eur. Polym. J. (2017).
doi:10.1016/j.eurpolymj.2017.02.004.
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6.1 Introduction

All solid-state, rechargeable cells, assembled using solid electrolytes
have many distinct advantages over those with liquid electrolytes. The main
advantage is the prevention of the leakage of the electrolyte from the cell which
may result in chemical reactions with the cell container that can damage the cell
performance. Consequently, the need for robust sealing of the cell can also be
avoided [1] . Miniaturization of the device design is another added advantage of
using solid electrolytes [2]. Solid-state cells have long shelf life and are
inherently safer [3,4]. Solid polymer electrolyte(SPE) membranes have recently
been identified as promising candidates for developing all-solid-state
electrochemical devices like rechargeable cells, fuel cells and supercapacitors
[5,6]. The flexibility and the excellent, mechanical, chemical, and thermal
stability possessed by the SPE membranes facilitate the designing of devices of
any desirable shape or size, having intimate electrode/electrolyte contact and
with wider temperature ranges of operation, excellent cycling stability and shelf
life [7] .They can also serve as the separator membranes between the electrodes
along with helping in the transportation of ions.

Rechargeable cells based on Li, Na, and Mg are currently being widely
investigated for applications in portable electronic devices and hybrid electric
vehicles owing to the abundance and availability of the starting materials along

with the high energy density and stable electrochemical behavior inherent to
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them. Lithium being the lightest metal, the Li-ion technology has dominated the
scenario during the past two decades [8—11]. Magnesium ion cells are being
identified as possible replacements for lithium-ion cells, with the significant
advantages of comparatively lower production costs and the more availability of
magnesium on earth [12]. Beyond the economic and environmental concerns,
magnesium is also beneficial as an anode material due to its non-dendritic
electrochemical behavior and the large theoretical volumetric capacity[13] of
3832 mAh/cm® . Many research groups are concentrating on the development of
magnesium ion cells with high specific capacity, efficiency and good cycling
stability, using suitable electrolyte materials [14]. The first step in the full-
fledged development of secondary Mg ion cells should be the identification of
suitable electrolyte materials, capable of maintaining the stability of the anode ,
in which Mg can be reversibly, deposited [15,16].

Poly(ethylene oxide) (PEO) is a semi crystalline polymer constituted by
both crystalline and amorphous micro structures. It is possible to have complex
formation of PEO with a wide variety of salts of lithium , sodium and magnesium
[17,18]. Initially it has been assumed that the ion transport in PEO is promoted
by the presence of the crystalline phases and the ions move along the PEO
helices. However, the sole function of the amorphous phases of PEO in effecting
ion transport in PEO could soon be identified [19].

The dissociation of inorganic salts in polymer hosts can be easily

effected, provided the lattice energy of the salt is low and the dielectric constant
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(¢) of the host polymer high. The fraction of free ions that can be effectively
transported is a significant factor. A prerequisite for the formation of free ions
and the subsequent enhancement in ionic conductivity is the good extent of
dissociation of the salt in the polymer [20]. The degree of dissociation of the salt
dissolved in the polymer host is dependent on the total concentration of the salt
in the polymer matrix. Generally, the degree of dissociation decreases with
increasing salt concentration [2]. As a consequence, the fraction of “free ions” is
a maximum at an optimal salt concentration. Polymer_based electrolytes
synthesized from solvate-free magnesium salts such as MgClL and Mg(SCN),
incorporated in poly(ethylene oxide) are found to show a low ionic conductivity
at temperatures below 100 °C [21].

Two or more polymers can be blended to get new polymeric materials
with desired mechanical strength and charge transport properties [22]. The most
common interactions present in polymer blends are hydrogen bonding and ionic
and dipole interactions. The blend systems have many advantages, the most
significant one being the control over the physical and the micro-structural
properties in terms of the compositional changes [23].The polymer, most
commonly used for developing solid electrolytes is poly(ethylene oxide) [24] .
The good ionic conductivity of PEO is due to the ionic transport in the
amorphous region, and hence, the conductivity decreases with the increase in the
extent of crystalline order. [25] . Poly(vinyl pyrrolidone) (PVP) is a promising

material for making polymer blends with PEO, because of the following unique
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properties. First of all, PVP is an amorphous polymer that possesses high glass
transition temperature (Tg) due to the presence of the rigid pyrrolidone group
[26]and the amorphous nature permits faster ionic mobility compared to other
semi-crystalline polymers. The presence of the carbonyl group (C=0) in the side
chains of PVP facilitates complex formation with a large variety of inorganic
salts [27] .

The present work is focused on realizing flexible and free-standing
membranes of the polymer blend, PEO-PVP, complexed with the Mg salt,
Mg(NO3)2 , named as the solid polymer electrolyte (SPE) , using solution casting
technique and assessing their suitability in the design of solid state Mg ion cells.
The obtained SPE membranes are characterized by X-ray diffraction (XRD),
Fourier transform infrared (FTIR) spectroscopy, Raman spectroscopy, scanning
electron microscopy (SEM), thermo-gravimetric analysis (TGA), impedance
spectroscopic analysis, transport number studies and cyclic voltammetry (CV)

analysis.

6.2 Experimental details

Poly(ethylene oxide) (PEO) (average molecular weight 100,000, purity
- 98-99 %), poly(vinyl pyrrolidone) (PVP) (average molecular weight
360,000,purity - 99 %) and Mg(NO3) (purity - 99 %) were purchased from

Sigma Aldrich and were used as received for synthesizing the solid polymer
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electrolyte (SPE) membranes, based on the polymer blend, PEO-PVP,

complexed with Mg(NO:3), .

As the first step of the synthesis, 0.1 g of PVP and 0.4 g of PEO were
mixed in 5 ml anhydrous methanol and the mixture was stirred continuously at
700 rpm for 3 hours to get the polymer blend of PEO and PVP. To the solution
of the polymer blend, the required amount of Mg(NO3)> ( taken as 10 weight
% ofthe polymer blend), dissolved in 5 ml anhydrous methanol was added drop
wise and the stirring was continued for 2 hours. The whole mixture was
transferred to a teflon petri dish and kept in a vacuum oven at 80 °C for 12
hours to form flexible SPE membranes (labeled as Mg10) of thickness 100-150
pum, which could be peeled off from the petri dish to form free standing
membranes. The experiment was repeated for different amounts of Mg(NO3)»
corresponding to 15,20,25 and 30 weight percentages of the polymer blend and
the resulting membrane samples were labeled as Mgl5, Mg20, Mg25 and

Mg30 respectively.

The cathode active material, MgMn,O4 used for assembling the
magnesium ion cells, was synthesized by sol-gel method as described in
previous reports [28]. Required amounts of magnesium acetate and manganese
acetate, were dissolved in 100 ml of de-ionized water. Citric acid was added to
this solution in the 1:1 molar ratio of metal ions to citric acid. The solution was

stirred and heated on a hot plate until all of the liquid evaporated. The resulting
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material was fired in a furnace at 450 °C for 5 hours. The powder obtained was
then pelletized and fired at a temperature of 900 °C for 12 hours to obtain
MgMn;04 .This spinel-type material was used as the positive electrode for

assembling the magnesium-ion cells.
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Chart 1: Schematic representation of the formation of the PEO-PV P-
Mg(NO3): based SPE

In order to investigate the structural aspects of these SPE membranes, the
XRD patterns were recorded using Rigaku Dmax C diffractometer with Cu K
radiation. The IR spectra of the samples were obtained in the wave number range
400-4000 cm ! using the JASCO 4100 model FTIR spectrophotometer. Raman
spectra were acquired using Horiba LabRam (800 nm) HR spectrometer
equipped with a 514 nm argon ion laser of 15 mW power. The field emission
scanning electron microscopic (FE-SEM) images were collected using Carl-
Zeiss Sigma electron microscope. The schematic representation of the

formation of the SPE membrane, based on the PEO-PVP blend, complexed with
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Mg(NO3)a,is represented in chartl, drawn with the help of CHEMDRAW Ultra
12.0 software.

The thermo-gravimetric analysis (TGA) of PEO, PVP, PEO-PVP polymer
blend and the SPE membrane samples was done from room temperature to 700
°C using the Perkin Elmer, Diamond machine. The SPE membrane was
sandwiched between two stainless steel blocking electrodes in a sealed teflon cell
case for carrying out the impedance measurements. The ionic conductivity of the
SPE membrane was measured using HP4192 A impedance analyser, in which the
ac frequency was scanned from 5 MHz to 5 Hz. The ac impedance was measured
in the temperature range from 298 K to 358 K. The ionic transport number of the
mobile species in the SPE membrane was calculated using Wagner’s D.C.
polarization technique. The cationic transference number of the SPE membrane
was evaluated by Evans method using non-blocking electrode configuration and

the cyclic voltammetry studies were carried out using the Bio-Logic SP-300 unit.

6.3 Results and Discussion

6.3.1 The X-ray diffraction(XRD) analysis

The XRD patterns of PEO,PVP, Mg(NO3); and the SPE membranes are
shown in figure 1. Pure PEO, being semi crystalline has two intense peaks at
19.2 ° and 23.6 ° and a less intense one at 27.1 © corresponding to the (120 ), (1

1 2) and (2 2 2) planes respectively [29,30]. The PVP being totally amorphous
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does not give rise to any crystalline peaks [18]. Two broad amorphous peaks are

observed at 11 °and 22 °.
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Figure 1: The XRD patterns of Mg(NO3)2, pure PEO, pure PVP and the
SPE membranes

Figure 2: The photograph of the solid polymer electrolyte (SPE) free-
standing membrane.

In order to analyze quantitatively, the effect of Mg(NO3), salt on the
crystalline nature of the SPE membrane consisting of PEO-PVP blended
polymer and Mg(NOs), the intensity of the most intense peak at 23.6 ° of PEO

is normalized and the effect on the other intense peak at 19.2 ° is studied for
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different concentrations of Mg(NO3)2 in the SPE membrane. With the addition
of Mg(NOs), to PEO-PVP blend, the peak at 19.2 ° becomes less intense,
indicating enhancement in the amorphous nature of the blended polymer. The
amorphous structure facilitates better ionic diffusivity and the ionic conductivity
is subsequently enhanced [20,31,32]. The absence of the Mg(NO3), peaks in the
XRD patterns of the SPE membranes indicates the complete dissolution of salt
in the blended polymer matrix. The photograph of the SPE membrane, which is
free-standing and flexible, is shown in figure 2.

6.3.2 Fourier transform infrared (FTIR) spectroscopy studies

The FTIR spectra of pure PEO, pure PVP, Mg (NO3)2, PEO-PVP polymer
blend and the SPE membrane sample Mg30 are shown in figure 3(A). The
spectrum of pure PEO shows absorption peaks at 2870 cm™!, between 1300-1400
cm!, 1100 cm™, 950 cm™ and 845 cm™. The broad peak at 2870 cm™ is the
inherent band of the asymmetric C-H stretching of the CHz group of PEO [20] .
The peak at 1100 cm™ corresponds to the C-O-C stretching vibration of PEO and
is also attributed to the presence of the amorphous content of PEO. The peaks
between 1300-1400 cm™ are related to the swinging vibrations of C-H in the
CH: group of PEO and are also the signatures of its amorphous phase [33]. The
peaks at 950 cm™ and 845 cm™! are assigned to the CHx rocking vibrations of the
methylene group and are related to the helical structure of PEO. The IR spectrum
of pure PVP shows a peak at 2950 cm™ corresponding to the CH, asymmetrical

vibration. The C=0 stretching and the C-N stretching vibrations in PVP are
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observed at 1665 cm™ and 1332 cm™ respectively. The peak at 1465 cm™ is
attributed to the CH, bending vibration. The broad peak at 3450 cm™ is due to

the presence of adsorbed moisture.
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Figure3: (A) The FTIR spectra of PEO, PVP, Mg(NO3),, PEO-PVP
polymer blend and the SPE membrane Mg30;(B) The FTIR spectra of
the SPE membranes with different concentrations of Mg(NO3):.

The co-existence of the peak of PEO at 2870 cm and that of PVP at
1665 cm’!, in the IR spectrum of the PEO-PVP blend indicates that PEO and
PVP form a good blend, upon mixing. The peak at 1097 cm™ corresponding to
the C-O-C vibration in PEO is found to be enhanced in intensity in the spectrum

of the PEO-PVP blend .The CH; stretching vibration of PVP observed at 2950

cm’!, gets shifted to 2870 cm™, in the spectrum of the PEO-PVP blend. These
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observations also confirm that the blend formation between PEO and PVP is
effective to produce a homogeneous and stable polymer blend.

On the addition of the Mg(NO3), salt into the polymer blend, an increase in
the intensity of the peaks between 1300 cm™ -1400 cm™ is observed. This could
be due to the overlapping of the peaks observed in pure Mg(NOs), , PEO and
PVP in the above region [34]. The intensity of the peaks at 845 cm™ and 950 cm”
"of PEO gets enhanced in the spectra of the SPE membrane samples due to the
stretching of the helical confirmation of PEO, upon the incorporation of the Mg
salt, so that the structure of PEO is completely distorted [35]. The peak observed
at 670 cm™ in the IR patterns of the SPE membranes with enhanced intensity,
indicates the presence of Mg-O vibrations [36]. The changes in the intensity of
the peaks, broadening of the peaks and the shifting of the peaks to lower wave
numbers are observed as the effects of the Mg salt incorporation, on the
vibrational modes of the PEO-PVP polymer blend. The anticipated Mg*"
incorporation into the PEO-PVP blend system is schematically illustrated in
chart 1. In the chart, the dotted lines in the C-O-C group of PEO and the C=0
group of PVP are the possible coordination sites for the incorporation of Mg*"
ions into the PEO-PVP polymer blend system, to form the SPE membrane.

The effect of varying the Mg salt concentration in the SPE samples, on their
IR spectra is illustrated in figure 3(B). It is observed that the intensity of the peak
corresponding to the C=0O group in PVP at 1665 cm™ gets enhanced in tune with

the enhancement in the concentration of the Mg salt. This observation provides

160




Ph.D. Thesis

additional possibility for the C=O group of PVP to act as the coordination site
for Mg®" incorporation. The peak observed at 3450 cm™ is found to get enhanced
in intensity with the increase in the concentration of the Mg(NQO3), in the SPE
samples. This peak represents the adsorbed moisture content and the
enhancement in intensity could be due to the cumulative effect of the amount of
moisture content in the SPE samples. The Mg salt concentration was increased
up to 30%, resulting in the sample Mg30, and further enhancement in the
concentration was not practically possible due to the poor quality of the resulting

SPE membranes.

6.3.3 The analysis of the Raman spectroscopy data
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Figure 4: The Raman spectra of PEO, PVP, Mg(NOs);, PEO-PVP
polymer blend and the SPE sample Mg30
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The Raman spectra of PEO, PVP, Mg(NO3),, PEO-PVP polymer blend
and the SPE sample, Mg30 are shown in figure 4. The characteristic Raman
peaks of PEO are observed at 1485 cm™ (bending mode CH>), 1280 cm™ (CH;
symmetric stretching), 1232 cm™ (CH, asymmetric stretching) and 1066 cm’!
(C—O-C stretching) [37]. In PEO and PVP, the peak at 1142 cm™ corresponds to
the rocking modes of CH; vibrations [38]. In the Raman pattern of Mg30, a
strong peak is observed at 1049cm™ due to the presence of the paired [39] anion
(NO3)™ .The presence of (NO3)™ like anions in the polymer matrix is reported to
improve the amorphous nature of the host polymer[35]. The broadening of the
peaks in the Raman spectra indicates the enhanced amorphous nature of the
blended polymer. By the addition of the Mg salt to the PEO-PVP polymer blend,
the broadening of the Raman modes increases, resulting in drastic reduction in
the peak intensity [40,41]. The Raman spectroscopic studies support the
conclusions arrived at from the XRD analysis, regarding the enhanced

amorphous nature of the SPE samples.

6.3.4 Field emission scanning electron microscopy(FE-SEM

)studies

The scanning electron microscopy is an excellent technique to assess the
compatibility between various phases of the materials under study, through the
detection of phase separations and interfaces [42]. The FE-SEM images of pure
PEO, PEO-PVP polymer blend and the SPE sample, Mg30 reveal various surface

morphologies as shown in figure 5.
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Figure 5: The FE-SEM images of (A) PEO; (B) PEO-PVP polymer
blend; (C) & (D) SPE sample, Mg30
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It can be seen from figure 5(A), that the micro structure of pure PEO
shows several micro-cracks due to the rigid nature of PEO. After the formation
of the polymer blend with PVP, the micro cracks disappear and the sample
surface becomes more flexible due to the increase in the amorphous nature of the
polymer blend, as seen from figure 5B [43]. On adding the Mg salt to the
polymer blend, it is observed that, in addition to retaining the smooth appearance
of the blend, several micro pores are also formed, as illustrated in figures 5C and
5D.These micro pores have average size around 1.5um. The presence of such

pores on the surfaces of the membranes is one of the desirable characteristics of
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the separator membranes used in rechargeable cells[44]. The random distribution
and the dissociation of the Mg salt in the PEO-PVP polymer blend brings about
a topological disorder in the blend which enhances the flexibility of the SPE
membranes. The flexible nature makes the membranes more amorphous and this

observation is well supported by the X-ray diffraction and the Raman

spectroscopic studies.

6.3.5 Thermo-gravimetric analysis (TGA)
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Figure 6: The TGA curves of PEO, PVP, PEO-PVP polymer blend
and the SPE membranes

The TGA curves of PEO, PVP, PEO-PVP polymer blend and the SPE

membrane samples are shown in figure 6. The weight loss of the samples with
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temperature was investigated under nitrogen ambience. For the pure PEO
sample, there is a plateau extending up to 380 °C indicating minimal weight loss
and good thermal stability up to 380 °C, and the sample gets completely
dissociated at 450 °C. The TGA curve of PVP shows an initial weight loss of
10 % around 110 °C due to the release of adsorbed moisture. For the PEO-PVP
polymer blend sample, the region without significant weight lossisupto 340
°C. Compared to the crystalline and rigid sample PEO, the PEO-PVP blend
system is more amorphous and flexible, which results in a lower
decomposition temperature for the polymer blend. There are two weight loss
regions observed in the SPE membrane samples. The first region isup to 110 °C
with a weight loss of around 7 % , which can be attributed to the evaporation of
the trace amounts of the residual solvent and adsorbed moisture [45] . Thereafter
there is a flat region extending up to 220 °C without any significant weight loss.
The next weight loss region is around 340 °C with a weight loss of around 20 %,
corresponding to the decomposition of the SPE membrane. A sharp fall is
observed at 340 °C which is due to the degradation of the back bone of the
PEO-PVP polymer blend and all the SPE membrane samples get completely
dissociated at 420 °C. Such decompositions are usually observed in polymer
samples due to the random decompositions or polymer unzipping [33]. The
decomposition temperature observed for the SPE samples in the present work is
considerably higher than that of the liquid electrolytes currently employed in Mg

ion secondary cells [46]. The thermal analysis indicates that the SPE membranes
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ofthe present work are thermally stable up to 220 °C and are hence quite suitable

for applications in high temperature Mg ion cells.

6.3.6 Ionic conductivity studies

The electrochemical impedance analysis was carried out using stainless
steel blocking electrodes and the complex impedance plots (the Nyquist plots)
for the SPE membrane sample, Mg30, at different temperatures are shown in
figure 7(A). The impedance plots can be modeled to the general equivalent
circuit, shown in figure 7(B), where Ry represents the resistance of the SPE
membrane, Cqi is the coupling capacitance between the SPE membrane and the
electrodes in the measuring circuit and Q, the constant phase element [47]. The
complex impedance plots show two well-defined regions. The bulged semicircle
observed in the high frequency region is due to the bulk effect of the SPE
membrane, and the linear region, in the low frequency range arises due to the
effect of the blocking electrodes. This linear tail indicates the capacitive nature
of the interface and the absence of electronic conductivity[48].

The room temperature ionic conductivity of the SPE membrane samples

was calculated using the equation

T S TIPS ¢}

where t is the thickness of the membrane sample, Ry, the bulk resistance
and A the cross sectional area of the sample [49]. The measurement was carried

out in the frequency range of 5 MHz to 5 Hz of the ac source with an amplitude
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of 10 mV,,. The variation of the ionic conductivity of the SPE membranes with
the concentration of Mg(NOs3): in the samples is shown in figure 8A and it is
observed that the maximum ionic conductivity ofthe SPE membrane is around
5.8x10*S cm™ at room temperature for the sample Mg30. This is much higher

compared to that of the PEO-PVP polymer blend, which is only around 1.13x10"

8 -1
Scm™ [34].
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Figure 7: (A) The Nyquist plots of the Mg30 sample at different temperatures
(B) The Nyquist plot of the Mg30 sample with theoretical fit

The ionic conductivity saturates around the maximum value observed
and any further increase in the concentration of the Mg salt, Mg(NOs)> , results
in the formation of poor quality SPE membranes. The present studies on the
PEO/PVP/ Mg(NOs), based solid polymer -electrolyte membranes, for
applications in Mg ion cells are quite novel and have not been reported earlier.
There are reports on PEO-Mg salt based solid electrolyte with ionic conductivity
ranging from 107 to 10 S cm ™! at 80-100 °C [50,51]. The polymer electrolyte

obtained by incorporating Mg(NO3), in PVA-PVP polymer blend is reported to
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have an ionic conductivity of 3.44x107° S/ecm[52]. For the complex, (PEO-
PMA)/PEGDE/MgX> ,an ionic conductivity around 4x10* S cm™ has been
reported for the system containing Mg[(CF3SO2)>N]> at 60°C, but not at room
temperature[53]. Compared to the previous reports, the room temperature ionic
conductivity of the SPE membranes of the present work is quite high and is of

much significance in the design of all solid state Mg ion cells.
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Figure 8 (A): The variation of the ionic conductivity of the SPE
membranes with the concentrations of Mg(NO3): in the membranes at
room temperature (B) The Arrhenius plots of the SPE membranes.

It is also observed that the ionic conductivity of the SPE membrane
samples increases with increase in the concentration of Mg(NO3), and attains a
saturated value. The increase in the ionic conductivity with the increase in the
Mg salt concentration can be related to the increase in the concentration of the
mobile charge carriers in the SPE samples [54]. The ionic conductivity attains

saturation mainly due to the formation of ion pairs and ion aggregates [55].
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Beyond the saturation limit, the number of mobile charge carriers gets reduced
and the quality of the membranes formed is also affected [21].

The variation of the ionic conductivity, as a function of the temperature in
the range 298-358 K for the SPE membrane samples is shown in figure 8(B). It
can be seen that the conductivity obeys the Arrhenius behavior as expected for
the electrolyte materials. The excellent correspondence with the Arrhenius
behavior is evident from figure 8(B) [56,57]. With the increase in temperature,
the ionic conductivity of the SPE samples is found to get enhanced. The rise in
temperature results in polymer expansion to produce free volume which
facilitates enhancement in ionic mobility and polymer segmental mobility[58]
and in turn gives rise to increase in the ionic conductivity. The conductivity-
temperature plots follow the Arrhenius behavior throughout the temperature
range. The variation of the ionic conductivity ¢ with temperature T can be fitted

to the equation given below [59],

E

0 = 0, exp <K_;‘) [SURTTRRRR ¢

where o, is a constant, K, the Boltzmann constant, and E,, the thermal activation
energy. The activation energy for the Mg30 sample with the highest ionic
conductivity is found to be 0.31 eV. It is the energy required to provide the
suitable conductive conditions for the smooth migration of the ions through the
electrolyte [17]. The smaller value of the activation energy obtained for the
Mg30 sample indicates the possibility of the smooth and easy migration of ions

through the SPE membrane sample.

169




Ph.D. Thesis

6.3.7 The transport number studies
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Figure 9: The variation of current with time of the SPE membrane,
sandwiched between two stainless steel (SS) blocking electrodes

The total ionic transport number, tin was measured using the d.c.
polarization method[60] . In this method, the d.c. current was monitored as a
function of time on the application of a fixed d.c. voltage of 1V across the
SS||SPE||SS arrangement, where SS stands for the stainless steel blocking
electrode and SPE, the solid polymer electrolyte membrane. The current decays
immediately and asymptotically approaches a steady value. The value of tion was

determined from figure 9, using the equation,

tion = "% ver ver eee wreeee e ene s (3)

It
where i; is the total current and i the saturated current. The value of tion 1S found
to be 0.9997 for the SPE membrane sample which indicates that the conductivity

of the sample is mainly ionic [42].
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The cationic transference number T+ of the SPE membrane, Mg30, was
calculated using the Mg||SPE|Mg configuration, employing non-blocking Mg
electrodes, by Evans Method [61]. In this method, the SPE membrane,
sandwiched between the Mg electrodes was polarized by applying a constant
voltage of about 1 V and the initial and the final current values were recorded at
room temperature. Impedance measurement technique was employed to estimate
the resistance of the system before and after polarization. The polarization curve
of'the Mg||SPE |[Mg system for the SPE membrane,Mg30, and the ac impedance

plots are depicted in figure 10. The values of T+ are obtained using the equation,

_ Is(V=IyRy)
L ==—00
Io(V—IsRs)

where I, and s are the initial and the final current values respectively on d.c.
polarization and R, and R, the grain boundary resistance values obtained from
the impedance plots, before and after polarization respectively.

For pure PEO-Mg salt complexes, it is already reported that the Mg ion
conduction is almost negligible and these salts are dominantly anionic
conductors [50]. Rather than using the pure PEO, in the present work, the PEO-
PVP polymer blend system is used for making the complex with Mg(NOs). For
the resulting SPE membrane sample Mg30, the value obtained for Mg ion
transference number is 0.33. The earlier reports on PEO based Mg solid
electrolytes give a cationic transference number close to zero [50]. One of the

recent reports claims a value close to 0.45 in the presence of an ionic liquid [45].
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The value of the cationic transference number obtained in the present case is
0.33. Although this number is less than the anionic transference number 0.67,the
former guarantees Mg>* ion flow between the electrodes, which is more

important in the working of the cell.
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Figure 10: (A) The impedance plots of the SPE membrane,
Mg30, before and after polarization. (B) The variation of current
with time of the SPE membrane sandwiched between two
magnesium non-blocking electrodes.

6.3.8 Cyclic voltammetry (CV) studies

The small current voltammetric response of the SPE membrane, Mg30,
in SS||SPEJ|SS arrangement was studied using the Biologic SP300 unit at a scan
rate of 0.5 mV/s from 0 to 4 V. The full cycle CV curve shown in figure 11 does
not have any distinct peaks. The CV curves for five cycles are shown as inset in

figure 11. The purity as well as the electrochemical stability of the SPE sample
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can be established on the basis of the reproducible and clear nature of the cyclic
voltammetry curves [34] . From the CV curve, the stability window of the SPE

sample is found to be in the voltage range 0 to 4 V.
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Figure 11: Cyclic voltammetry (CV) curve of the SPE membrane
sandwiched between two stainless steel (SS) blocking electrodes. The CV
curves for five cycles are shown as inset.

The CV analysis was repeated on the symmetric
Mg||SPE|[Mg arrangement, using the Mg non-blocking electrodes and the Mg30,
SPE membrane sample. The CV curve is shown in figure 12. The cathodic and

the anodic peaks are distinctly observed, which are not observed with the SS
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blocking electrode arrangement. The presence of these peaks clearly indicates

Mg?" ion conduction in the SPE membrane[45].

Cyclic Voltammetry

s
. _(MglISPEIMg) :
4 7
3 / s,
/ /
P /
5 / &
— / ™
& O
= 4
L
T - >
2
] /
3 ]
4
5
3 2 1 0 1 2 3
Epe(V)

Figure 12: Cyclic voltammetry (CV) curve of the SPE membrane
sandwiched between two non-blocking Mg electrodes

Using the SPE membrane,Mg30 as the electrolyte, all solid state
electrochemical coin cells were assembled using magnesium metal as the anode
and MgMn>0Oy as the cathode active material. The SPE membrane,Mg30 serves
both as the solid electrolyte and the separator. The cells show an open circuit
voltage (OCV) of 1.46 V as illustrated in figure 13(A). The presence of the
OCYV indicates that the assembled cells are electrochemically active which in
turn establishes the electrochemical activity of the SPE membrane sample. The
assembled cells were further characterized using cyclic voltammetry at a scan

rate of 0.1 mV/s and the CV curve is shown in figure 13(B). The CV curve
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shows the peaks corresponding to the cathodic and the anodic scan respectively
at 2.24 V and 0.79 V. From the CV studies, it is observed that the Mg**
intercalation occurs near 2.24 V and the deintercalation, around 0.79 V.

Large voltage difference between these intercalation and deintercalation
peaks is possible in Mg ion cells mainly because of the slow kinetics of Mg
insertion and the low level of attainable intercalation upon discharge [62,63].
The intercalation potential can be higher compared to the one for deintercalation,
since more energy is required to insert the +2 cations into the oxide lattice. The
large potential difference between the intercalation and the deintercalation

processes for the Mg ion cells of the present work is also a consequence of the
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Figure 13: (A) Open circuit voltage of the assembled Mg ion coin cell.

(B) Cyclic voltammetry curve of the assembled Mg ion coin cell with
MgMn;04 as the cathode, SPE membrane as the solid electrolyte cum
separator and Mg metal as the anode.
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fact that the deintercalation process in Mg ion cells is not continuous and does

not begin until a certain threshold voltage is reached [64,65].

6.4 Conclusions

In the present work, a fundamental study has been carried out for assessing
the application prospects of the Mg salt, Mg(NO3)2, incorporated, PEO-PVP
polymer blend based solid polymer electrolyte (SPE) membranes in Mg ion
secondary cells. The SPE membranes, flexible and solid are synthesized for
various concentrations of the Mg salt, Mg(NO3),. The increase in the Mg salt
concentration is found to bring about a decrease in the crystalline nature of the
SPE, and improvement in the flexibility and ion diffusion and subsequently an
enhancement in the Mg ion conductivity up to a saturation limit. The highest
Mg ion conductivity observed in the present work is 5.8x10* S cm™, which is
much higher than the previously reported ionic conductivity for Mg salt
incorporated, solid polymer electrolytes. Based on the thermal studies, this solid
electrolyte membrane is found to be thermally stable up to 220°C, which makes
it suitable for designing Mg ion cells for high temperature applications. The total
ionic transport number and the cationic transference number are found to be
0.9997 and 0.33 respectively for the SPE membrane sample Mg30, which is
having the highest ionic conductivity. The electrochemical stability of the SPE
membrane has been established on the basis of the CV studies and the stability

window is found to be 4 V. The Mg ion coin cells assembled using the SPE
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membrane, Mg30, serving both as the solid electrolyte and the separator show

an open circuit voltage of 1.46 V. The characteristic aspects of the CV curve of

the coin cells establish the electrochemical activity and the rechargeable nature

of the cells. These SPE membranes, developed in the present work, can be of

profound applications in realizing all solid state magnesium ion cells with

desired performance characteristics.
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CHAPTER 7

Realizing Li Ion Full Cells Using LiFePO4 and
Activated Carbon as Electrodes

Abstract:

One of the prime objectives of the present investigations is to practically
accomplish the assembling of Li ion full cells using the non-toxic material
LiFePOy as the cathode active material and the steam activated, coconut shell
derived carbon as the anode. The present chapter gives an account of the
attempts carried out to assemble the LiFePQOy based Li ion full cells and assess

their electrochemical performance efficiency.
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7.1 Introduction

Lithium ion cells are presently struggling to meet the demanding
standards in terms of cost, charge/discharge rate, power and energy densities,
and safety in order to enter the new emerging markets of electric vehicles and
the storage systems of renewable electrical energy [1]. Electrochemical cells
exhibit relatively high energy densities as a result of the faradic reactions in
the bulk of the active particles, but the rate capabilities are limited. An
example of a well-known material that undergoes a redox reaction during the
charging and the discharging processes is the lithium iron phosphate
(LiFePO4) [2]. After two decades of the seminal work by Goodenough and co
workers, LiFePO4 has been established as one of the most promising positive
electrode materials for Li ion cells because of its low cost, safety, low toxicity,
structural stability and excellent electrochemical properties [3—5]. This
material can be reversibly charged and discharged at a stable voltage of 3.2 V
vs Li+/Li, with negligible changes in the unit cell parameters during the
LiFePOs4 to FePO4 phase transition[6,7].

For the development of high power batteries based on this material, it is
essential to understand and overcome the challenges related to the lithium
transport through the electrodes [8]. In spite of its relatively high theoretical
specific capacity around 170 mAh g and long cycling life,the high-rate
performance of pure LiFePO; is restricted by its poor electrical

conductivity,which is around 10 S cm™ and slow lithium diffusion[9] . Large
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and inhomogeneous particle size distribution of LiFePO4 can lead to a decrease
in its lithium ion diffusion coefficient which further reduces the rate capability
[10]. In order to achieve good rate capability and excellent electrochemical
cycling behavior, it is very important to synthesize LiFePO4 with small grain
size, preferably in the nano range, and high electrical conductivity[11]. Many
different approaches involving surface coating have been tried to improve the
capacity and rate performance of LiFePO4 as the cathode active material for
Li ion cells. Increasing the electrical conductivity by coating the LiFePOs
surface with conducting carbon or conducting polymers is one of the most
popular methods. In this context, multiwalled carbon nanutubes (MWCNTs)
are highly preferred for surface coating and they offer improved interfacial
contact, owing to their quite high electronic conductivity, flexible nature,

nanoscale dimensions and high surface area [12,13].

Currently, the most commonly used anode material in commercial Li-
ion cells is graphite.Its lower theoretical capacity around 372 mAh g is not
sufficient for developing high energy density,rechargeable batteries to meet the
ever increasing energy demands, especially of the automobile sector[14].
Intensive research efforts are being carried out to identify alternative anode
materials. Silicon, SnO; [15], and the transition metal oxides [16], including
CuO[17] and Fe;O3 [18] have been extensively investigated to assess their
suitability as the anodes. Although there have been improvements in the

electrochemical performance, large volumetric expansion and the poor
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electrical conductivity are the major challenges that need to be addressed in
these materials, as a result of which, there is a surplus of issues related to poor
cycle performance, lack of the required connectivity with the current collectors
and poor columbic efficiency [19] in the first cycle. These drawbacks
emphasize the need for developing novel types of carbon based anodes, for
the Li ion cells, with the anticitated material qualities for ensuring excellent
electrochemical behaviour.

Carbon is used extensively as the electrode material in the
Electrochemical Double Layer Capacitors (EDLCs). With the recent
development of the Li-ion capacitors (LICs) [14], which combine the
advantages of both of the Li ion cells and the EDLCs, carbon, especially the
activated carbon (AC) is gaining popularity as the LIC electrode, as well. The
activated carbon can be mixed with the cathode material LiMn2O4 [20], or the
anode material LisTisO12 [21]to act as the cathode or the anode, in Li-ion
capacitors. Since the capacitance has a direct link with the surface area, porous
activated carbon with high surface area can be employed as the LIC
electrodes.There are not sufficient reports on the design and working of the Li
ion cells,using activated carbon as the anode material. It will be quite
advantageous to explore the application prospects of the activated carbon
materials,derived specifically from natural raw materials as the anodes for high

energy density Li ion cells.
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The meritorious qualities of the hydrofluoric acid (HF) washed,steam
activated carbon,derived from the natural product,coconut shell, for
applications as the electrode material in high power supercapacitors form the
focal theme of'the third chapter. The laudable electrochemical behaviour of this
HF washed, steam activated carbon sample,(AC) has been established,based
on the CV,GCD and the EIS studies,as illustrated in the third chapter.The
present work is hence directed towards developing Li ion full cells,using
LiFePO4/MWCNTs composite as the cathode material and the AC as the anode
material with standard liquid electrolyte. The nano-structured LiFePO4 with
high electical conductivity, in bulk form is synthesised by sol-gel technique [22]
and the HF washed,steam activated,coconut shell derived carbon,AC is

synthesized,as described in chapter 3.

7.2 Experimental details
7.2.1 Materials and methods

The starting materials, ferrous oxalate dihydrate, lithium nitrate,

ammonium dihydrogen phosphate,citric acid and nitric acid, all of AR grade,
were purchased from Alpha Chemicals,India.The MWCNTs were obtained
from Grapheme Supermarket,USA.The synthesis of LiFePO4 was carried out
as follows. Stoichiometric amounts of ferrous oxalate dihydrate and lithium
nitrate were dissolved in 1 M nitric acid solution into which 20 ml citric acid
solution was added drop wise with continuous stirring. To this solution, a

saturated solution of ammonium dihydrogen phosphate was added. The
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mixture was then heated gently at 50 °C with continuous stirring for 4 hours
to remove the excess water. The resulting gel precursor was dried in a
circulation oven for a week at 80 °C and then fired at 700 °C in a tubular
furnace under 99.99 % flowing argon for 2 hours to get LiFePO4 powder. In
the above experiment, the molarity of the citric acid solution was fixed at 1 M

to achieve particle size in the range 20-40 nm.

Ammonium
dihydrogen
phosphate

Iron oxalate

Lithium nitrate dibytirate

1 M HNO; Solution
Dried at 80°C +1M Citric Acid at
BOC

Fired at 700 °C in
argon atmosphere

Sintered at 300°C in

Mixed with MWCNTs
argon atmosphere

Figure 1 : The schematic representation of the synthesis of LiFePO4 /
MWCNTs composite

In this sol-gel technique, the citric acid serves as the complexing
/chelating agent that facilitates the mixing of cations at the molecular level.
The citric acid also functions as a carbon source which prevents the oxidation
of ferrous ions to the ferric state and provides the network structure of carbon

for electron conduction. The LiFePOs-MWCNTs (LFP-CNT) composite
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samples were obtained by mixing the synthesized LiFePOs powder with 10
weight % of MWCNTs and sintering the mixed powder in the form of pressed
pellets at 300 °C for 3 hours under flowing argon. The schematic
representation of the synthesis procedure of the LFP-CNT is shown in
figure 1. The coconut shell derived, steam activated ,HFwashed, granular
carbon, AC with high specific surface area,to be used as the anode, was

synthesized,as explained in chapter 3.

1M LiPF, (EC:DMC)

Activated Carbon coated Pre-Lithiated
on Copper sheet Activated Carbon

o— .

b 4

Figure 2: Schematic representation of the pre-lithiation of the AC
electrode

In order to investigate the structural aspects of these samples, XRD
patterns were recorded using PANAlytical X’Pert PRO with Cu-K, radiation of
wavelength 1.54 A.The FESEM images were collected using Carl-Zeiss sigma
electron microscope. The composite cathode, LFP-CNT, electrodes were
prepared by mixing 80 wt% of the active material LFP-CNT,10 wt % of
conducting carbon and 10 wt% of poly(vinylidene difluoride) (PVDF), in the

presence of N-methyl pyrrolidinone (NMP), to make a slurry. It was pasted on
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aluminum sheet and heated at 120 °C under vacuum overnight. In this case, the
carbon content of 10% includes both the MWNTs and the conducting diluents.
The anode electrodes were prepared by mixing 80 wt% of the active material
AC4, 10 wt% of conducting carbon and 10 wt% of poly(vinylidene difluoride)
(PVDF), in the presence of N-methyl pyrrolidinone (NMP), to make a slurry. It
was pasted on copper foil and dried at 80 °C under vacuum overnight.

The electrochemical behaviour of the LFP-CNT and the AC samples
was investigated by assembling prototype lithium half cells with pure lithium
metal as the counter electrode and the above materials as the working
electrodes. The electrolyte used was the 1 M solution of LiPF¢ in a 1:1 mixture
of ethylene carbonate (EC) and dimethyl carbonate (DMC). For full cell
assembling, the AC sample was subjected to pre-lithiation process [24] as
shown in  figure 2. The pre-lithiation of the AC samples was carried out by
dipping circular discs of the AC4 electrode in the LiPFs based
electrolyte,mentioned above, for 6 hours inside the argon filled glove box, in
which, the oxygen and the moisture levels are controlled to be < 1 ppm. After
the pre-lithiation process,the AC sample was immediately transformed to the
coil cell case as the anode,in which the LFP-CNT electrode disc was already
loaded as the cathode. The pre-lithiation and the half cell and the full cell
assembling were done in the argon filled glove box. The assembled cells were
subjected to cyclic voltammetry and charge-discharge stu using the Bio-Logic

SP300 Unit.
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7.3 Results and discussion

7.3.1 The XRD analysis

1500
— LFP-CNT
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Figure 34 : The XRD pattern of the LFP-CNT composite

The XRD patterns of the LFP-CNT and the AC composite samples are
shown in  Figures 3A and 3B respectively. The pattern shows all the
characteristic peaks of LiFePO4. The absence of any extra peaks confirms the
phase purity of the LiFePOa, obtained by the sol-gel synthesis route adopted in
the present work.. The peaks can be perfectly indexed to the ordered
orthorhombic olivine crystal structure (JCPDS 40-1499, space group Pnma)
[25]. There are no diffraction peaks for the MWCNTs, due to the low content

or the low crystallinity of the MWCNTs in the LFP-CNT composite, indicating
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that the addition of the MWCNTs does not have any effect on the crystal
structure of the LFP. The X-ray diffraction peaks of the LFP-CNT are broad,

suggesing that the LFP-CNT sample is of smaller crystallite size.

300
HF washed activated carbon

200

Intensity (Count)

100

0 T T T T
20 30 40 50 60

Angle (2-Theta °)

Figure 3B : The XRD pattern of the HF washed activated carbon

The XRD pattern from 26= 15 to 60° of the HF washed, activated carbon
sample,AC,is shown in figure 3B. The AC sample shows a broad diffraction
peak between 20 to 30 °. The absence of sharp peaks in the XRD pattern
suggests that the phase present in the AC sample is largely amorphous [26]. A
broad peak of the (002) reflection exists between 20° and 30°,centered at ~23°,

which is contributed by the disordered carbon [27].
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7.3.2 The FESEM analysis

.
EHT = 200k

3 ) &
EHT = 300kV Signal A= InLens Date :5 May 2016
WD = 48mm Time :14:27:33 H WD= 46mm Mag= 501 KX Time :13:45:26

Figure 4: The FESEM micrographs of (A) the LFP-CNT composite
(B) the AC sample

Mag= 80.00KX

The FESEM micrographs of the LFP-CNT composite and the AC
sample are shown in Figures 4A and 4B respectively. The LiFePO4 sample has
a small average particle size, less than 100 nm. The MWCNTs can also be seen
in the FESEM image. These MWCNTs form a homogenous mixture with the
nanostructured LiFePOs. The presence of the MWCNTs  significantly
enhances the electrical conductivity of the LiFePO4. The LFP-CNT composite
contains well-crystallized and densely aggregated nanoparticles with
interconnected nano-channels, which give rise to a high tap density. The
MWCNTs and the citric acid are responsible for the formation of the nano-
sized morphology of the LiFePO4 during the synthesis process. It is found that
the citric acid helps to decrease the packing density of the sample and regulate

and control the homogenous distribution of the LiFePO4. The MWCNTs can
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be observed on the LiFePOs particles clearly and the interlaced particles
together form a carbon nano-network which leads to electronic continuity
between particles. These interconnected nanochannels allow the liquid
electrolyte to penetrate in all directions [28].

The FESEM image of the HF washed, steam activated coconut shell
derived, carbon sample AC, shown in figure 4B, clearly shows its porous
structure with an average particle size around 6 um. As seen from the
micrograph, pores are formed,possibly due to the release of some volatile
materials and the activating agent from the sample. The external surface of the
AC sample is full of cavities which are due to the removal of impurities upon
washing with the hydrofluoric acid. The HF washing provides a larger surface
area which helps in the rapid access of the electrolyte into the bulk of the
electrode material and enhances the utilization ratio of the active material.. The
FESEM image also reveals that AC has a high specific surface area and a
shorter diffusion path, which provides the structural foundation for a high

specific capacity [29].

7.3.3 Cyclic voltammetry studies

The cyclic voltammetric curves of the LFP-CNT and the AC samples based
half-cells with lithium chip as the counter electrode at a scan rate of 0.1 mV/s
are shown in figure 5. The CV curve of the LFP-CNT based half-cell, scanned
between the electrochemical window of 2.5 V to 4.5 V is shown in figure 5A.

During the anodic sweep,the lithium ions are extracted from the LiFePOs
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structure. The oxidation peak is located at ~ 3.65V versus Li/Li+. During the
scan from 4.5 to 2.5V, the reduction peak is observed at ~3.2V, corresponding
to lithium insertion, back into the LiFePOy structure. The well-defined peaks
indicate the higher electrochemical reactivity of the LFP-CNT composite and
the related reflection of small polarization, high Li-ion diffusion rate and low
inner resistance.The lithium-ion intercalation/deintercalation reactions,
accompanied by electron removal, essentially depend on the electronic
conducting nature of the electrode material. The addition of the MWCNTs
significantly improves the electrical conductivity of the LFP-CNT composite
and leads to the active redox reactions. The lithium ions and the electrons are
quite active in the redox reactions as a consequence of the formation of the
uniformly distributed and nanosized LiFePOjs particles.The diffusion length
of the lithium ions in LiFePOs gets considerably reduced which helps to
facilitate reversible electrochemical reactions during the extraction and
insertion of the lithium ions [9].

The cyclic voltammogram of the AC sample based lithium half-cell,
scanned between 0-3 V is shown in Figure 5(B). During the cathodic and
anodic scans, no peaks are observed versus Li/Li+, which can be attributed to
the absence of the intercalation of lithium ions into the carbon structure. The
absence of the oxidation and reduction peaks indicates that the lithium ion are

adsorbed on the surfaces of the activated carbon. . In general, the cathodic and
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anodic scans remain almost unchanged, confirming good reversibility and

cycling stability of the electrochemical process.
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Figure 5: The cyclic voltammetric curves of (A) the LFP-CNT composite
and (B) the AC samples based half cells, scanned at 0.1 mV S-'.

7.3.4 Galvanostatic charge discharge studies

The initial charge discharge curves of the LFP-CNT sample based half
cell, at different current rates are shown in figure 6A. The voltage plateaus at
the range of 3.3V-3.5 V which corresponds to the Fe**/Fe*" redox couple due
to Li extraction, indicate the lithium extraction reactions of LiFePOy particles
from the composite. It is observed that the voltage plateau is flattened for the
LFP-CNT composite material, which can be attributed to the higher
electrochemical reactivity of the modified LiFePO4 and its excellent kinetics.
This result is in accordance with the CV profiles. This composite exhibits
higher capacities of 158 mAh g, 152 mAh g and 126 mAh g' at C/2, C

and 2C rates respectively .The gap between the charge and the discharge
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voltage plateau is very small. The high-discharge capacity of the composite is
presumed to be associated with the fast reaction and ionic diffusion kinetics of
the nanosized particles and good electronic contact facilated by the surface
carbon coating.

The initial Charge/discharge curves of the AC sample based half cell at
different current densities are shown in figure 6B . The charge / discharge
experiment of the cells was performed between 0.2 -3 V at lower rates of 0.1
A g'and 0.2 A g to minimize the SEI layer formation. For higher rates the
cycling was performed between 0 to 3V. No plateau is observed for in any
current density is due to the adsorption of the lithium ion on the surfaces of
activated carbon , which agrees with the CV result. The first discharge and
charge specific capacities are 678 mAh g and 662 mAh g' respectively for
0.1A g' which leads to a small irreversible capacity, because the lower
potential is 0.2 V. The specific capacities of the first discharge cycle are 532
mAh g' and 461 mAh g' for current densities of 0.5 A g' and 1 A g
respectively.

Some researchers have demonstrated that the ability of lithium
intercalation and deintercalation in non-graphitic carbonaceous materials
depends on their crystalline phase, micro structure and micromorphology. In
the present work , using the activated carbon sample the reversible capacity is
lower. This is because of its larger surface area which facilitates

interfacial/surface Li ion storage. The lithium ion storage in defective locations
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such as cavities and nanopores could be another reason for the higher capacity

of'the AC sample.
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Figure 6: The GCD curves of (A) the LFP-CNT and (B) the AC samples
based half cells at different current rates

Comparison of the rate performance of the LFP-CNT composite based cell

is shown in figure 7A. After the cells were cycled for 10 cycles at a rate of C/2,

the current densities were increased stepwise to 1 C for the next 10 cycles and

again the current density was hiked to higher rate at 2 C for the next 30 cycles.

The cell exhibits improved electrochemical performance because of the

enhanced electrical conductivity due to the presence of the MWCNTs. The

capacity of the cell decreases much more slowly with the increasing discharge

rate. The cycling performance is comparable to those of the previous reports

on LiFePO4/C composites [30,10,31]. The excellent rate performance and the

cycling stability of the LFP-CNT composite based cell can be attributed to the
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presence of the nanosized particles with high surface area and improved

electrical conductivity through the MWCNTs.
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Figure 7: The Rate capability curves of (A)the LFP-CNT and (B) the AC
samples based half cells at different current rates

The rate performance of the HF washed activated carbon electrodes based
half cell at different current densities for 100 cycles is shown in figure 7B . At
a current density of 100 mA g, the specific capacity decreases from 749 mAh
g' to 439 mAh g at the end of 100 cycles. For a current density of 1000 mA
gl the decrease is from 445 mAh g to 412 mAh g™!. The specific capacity
of the AC electrode based cell decreases much slower when tested at 1000
mA g'. This is because of the large surface area and the porous structure of

the AC, which shorten the diffusion path, making diffusion more facile [32].
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7.3.5 Full cell characterization
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Figure 8 : (A) The Cyclic voltammetric (B) The Charge- discharge and
(C)The Cycle life curves of full cell assembled using LFP-CNT as the
cathode and pre-lithiated AC as the anode

In designing the full lithium ion cell , it is very important to obatin an
optimal balance of the cathode and the anode [33] both in terms of mass and
electrochemical activities, as mentioned in the experimental section. The CV
curve of the full cell with LFP-CNT as the cathode and AC as the anode is as
shown in figure 8(A). It shows a behaviour similar to that of the LiFePO4
based half cell , corresponding to LiFePO4 reduction at ~3.0 V and oxidation
at ~3.75 V. The charge-discharge profile of the full cell cycled between 2.5 V

to 4.2 V at arate of 100 mA g is shown in figure 8B
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The full cell shows a discharge capacity of 80 mAh g'. The cycling
performance of the full device over 50 cycles at a rate of 100 mA g is shown
in figure 8(C). It is remarkable that one can cycle this device at C/3 rate to
obtain the maximum capacity in terms of LiFePOs , taking the therotical
capacity as 150 mAh g™ [4]. This is an indication of a faster charge / discharge
process for the full cell and the consequent possibility of the performance
improvement. Finally, the cycling performance of the full cell shows the
stability of the device, over 50 cycles. However, there is a small decay in the
capacity of the device. To the best of our knowledge, the lithium storage
performance of the LFP-CNT // AC based full cell is much better than most of

the reported results[34,35].

7.4 Conclusion

A scalable sol-gel process has been successfully demonstrated for the
synthesis of the nano sized LiFePO4 in which MWCNTs are ideally dispersed
to make efficient electricaly conducting networks in the composite. A small
amount of the MWCNTs (~10 wt%) is quite effective in achieving stable
electrochemical performance of the composite. The present work demonstrate
for the first time the possible application of the HF washed steam activated
coconut shell derived carbon as a prospective negative electrode in lithium ion

based energy storage devices. The performance of the full cell has been
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demonstrated in terms of specific capacity of LiFePO4 .The full cell are found

to have good cycling stability over 50 charge discharge cycles. These full cell

offers ample application prospects for designing the next generation , the high

energy density battery systems.
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CHAPTER 8

Summary and Scope for Further Studies

Abstract:

The conclusions drawn from the present investigations are summarized
in this chapter. The significant outcome of the present study are highlighted and

the prospects for further investigations in this direction are also discussed.
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8.1 Summary and conclusions

The entire work presented in the thesis can be portrayed as the pursuit
to identify the best category of materials for developing energy storage devices
with the anticipated electrochemical behavior to meet the commercial
standards. Devices for the efficient storage of the generated energy are
mandatory for devising sustainable energy systems. The potential of the clean
and the pollution free energy, harvested from the sun and the wind can be fully
utilized only when efficient storage systems are also developed simultaneously.
The energy storage systems mainly include the primary and secondary batteries,
the fuel cells and the supercapacitors. In general, these systems for
electrochemical energy storage convert chemical energy into electrical energy.

In the modern era, one can justifiably boast of a rich variety of
electrochemical storage devices which include the rechargeable cells,
supercapacitors and fuel cells, as mentioned before. Many categories of these
types of devices are beset with single or multiple drawbacks and deficiencies.
The deficiencies are associated with different parameters like shelf life ,
cycle life , energy power ratio, low conductivity, low rate capability and so on.
With the proper rectification of these issues, the electrochemical devices can
assume an elated status in the commercial markets and the daily life of the
human society. An unprecedented advancement in this direction is envisaged to
be achieved through suitable changes in the selection of materials and

alterations in the synthesis procedures employed.
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The studies on the realization of, steam activated carbon based
supercapacitors, exhibiting electrode double layer capacitance, form the focal
theme of the first work on supercapacitors described in the thesis. The steam
activated, coconut shell derived carbon (CSC) and its three variants are obtained
by washing the CSC in different acids. The PIXE analysis is used to verify the
purity of the samples. The structural and the surface studies using Raman
spectroscopy and the BET surface analysis technique reveal that, the structural
features of the activated carbon samples get improved, after washing with the
acids. Out of the three acid washing procedures, washing with hydrofluoric acid
(HF) is found to yield activated carbon samples with maximum purity,
structural order and surface morphology with the optimum ratio of micropores
to mesopores, suitable to facilitate fast electrolyte ion diffusion and transport.
The supercapacitor test cells, assembled using the HF washed activated carbon
as the electrode material, give a capacitance of 162 F g' and an energy density
of 35.2 Whkg! at a current density of 1 A g, and a power density of 3967 W
kg at 10 A g along with good cycling stability. It is also observed that 95 %
of the initial capacitance is retained after 5000 cycles at a current density of 10
Agl

The studies carried out on the nanocomposite material of manganese
oxide (Mn304) and reduced graphene oxide (rGO), obtained by the simple,
physical mixing of the components, as a prospective electrode for high power

supercapacitor applications, constitute the second type of work on
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supercapacitors. The Mn3O4 nanorods of average diameter 36 nm is synthesized
via the hydrothermal method and rGO, by the chemical reduction of graphene
oxide, obtained by modified Hummer’s method. The structural and the
morphological studies conducted using the XRD, Raman spectroscopy, the
BET surface analysis, the FESEM and the TEM techniques reveal that, in the
nanocomposite, the Mn3O4 nanorods are dispersed homogenously within the
rGO layers, with the structural characteristics of the component materials, kept
intact. The nanocomposite electrode with the component materials taken in 1:1
ratio shows excellent , three electrode electrochemical performance in 1 M
NaySOy4 electrolyte and a specific capacitance of 228 F g at a current density
of 5 A g'! has been observed for the nanocomposite electrode. The symmetric
supercapacitor test cells assembled, using the Mn3O4/rGO nanocomposite as
the electrode material, give a capacitance of 94 F g, an energy density of 82
Whkg'at1 A g', a power density of 7097 W kg! and good cycling stability
with 95 % retention of the initial capacitance after 5000 cycles, at 5 A g”'. The
above investigations provide conclusive experimental support to identify the
steam activated, HF washed, coconut shell derived carbon and the Mn3O4/rGO
nanocomposite as suitable electrode materials for assembling high power
supercapacitors.

The lithium-sulfur (Li-S) cells are considered to be the potential
candidates for the development of next generation energy storage devices

owing to the impressive electrochemical properties of sulfur electrodes with
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high theoretical specific capacity of 1675 mAh g'.The lack of electronic
conductivity of sulfur in the required range, the large volume expansion of
sulfur during lithium intake and the formation of soluble polysulfides during
the cycling process are the main limitations of this technology. To address these
challenges, in the present work, the composite of sulfur with the conducting
polymer PEDOT: PSS, obtained using the hydrothermal technique, is tested as
the electrode material for Li-S cells. The formation of the layered
sulfur/PEDOT: PSS nanocomposite, with the polymer coating formed over the
sulfur nanoparticles can be established, based on the XRD, Raman
spectroscopy, the FESEM and the TEM studies. The electrochemical studies
show that the cells assembled using the sulfur /PEDOT: PSS composite as the
electrode, with the component materials taken in the weight ratio of 9:1, give
an initial discharge capacity of 1301 mAh g at 0.1 C rate. The highlight of the
present work is the observation of the discharge capacity of 664 mAh g at 1 C
rate, at the end of the 200" cycle with the capacity retention of 75 % of the
stable discharge capacity. For the emerging Li-S technology, the present results
are quite promising, and the higher rate capability offered by the
sulfur /PEDOT:PSS electrodes, extend superior application prospects in the
ongoing developmental research activities of this technology.

The next phase of the research work deals with the studies on the
suitability of the solid polymer electrolyte (SPE) , based on the poly(ethylene

oxide) (PEO) - poly(vinyl pyrrolidone) (PVP) blend polymer, complexed with
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Mg(NOs3)., for applications in all solid state magnesium ion cells. On solvating
the PEO-PVP blend with different concentrations of Mg(NO3); salt, the PEO-
PVP-Mg(NOs3), complex electrolyte, termed as the solid polymer electrolyte
(SPE) is formed. Flexible, free-standing membranes of this SPE of thickness
around 100 pum are obtained by solution casting technique. The ionic
conductivity evaluated for this SPE membrane is four orders higher than that of
pure PEO and close to that of liquid electrolytes used in Mg ion cells. The
highest Mg ion conductivity observed for the SPE membrane, in the present
work is 5.8x10* S cm™ at room temperature, which is higher than the
previously reported ionic conductivity for Mg salt complexed solid polymer
electrolytes. The cyclic voltammetry (CV) curve of the SPE with stainless steel
(SS) blocking electrodes shows a wide electrochemical window of4 V. The Mg
ion cells assembled using this SPE as the electrolyte, without the need for any
additional separator, show an open circuit voltage around 1.46 V and are
electrochemically active.

The olivine-type, LiFePO4 has been recognized as one of the most
promising cathode materials for rechargeable Li ion cells. Its advantages
include, high theoretical capacity, high stability, nontoxicity, and low cost.
However, LiFePO4 has inherently low electrical conductivity which results in
its poor rate capability. The large and inhomogeneous particle size distribution
in LiFePO4 can lead to a decrease in its lithium ion diffusion coefficient which

further reduces the rate capability. To achieve good rate capability and excellent
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electrochemical cycling behaviour, it is very important to synthesize LiFePO4
samples with particle size preferably in the nano-dimensional range, and high
electrical conductivity. The studies carried out to realize lithium ion full cells
using nanostructured LiFePOj4 as the cathode active material, pre-lithiated, HF
washed coconut shell derived, steam activated carbon as the anode material and
IM LiPFg, dissolved in EC: DMC as the electrolyte, constitute the last part of
the work included in the thesis. It is observed that, these cells can be charged
and discharged at high C rates without much capacity fading, compared to the

commercialized cells, assembled using graphite as the anode.
8.2 Future prospects

The inferences drawn from the present studies extend ample scope for
further investigations to establish quite promising approaches for
accomplishing commercial standards for the different types of the energy
storage devices which are presently in the infant states of development. The
next phase of activities can be focused on the following aspects.

1. Development of all solid state lithium and magnesium ion cells with high
energy density and excellent cycling performance, compatible with
commercial standards, using solid polymer electrolytes.

2. Realization of lithium ion capacitors using the activated carbon, derived

from coconut shell through steam activation.
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. Explorations on the commercial designs for the proto type lithium and
magnesium based cells and the carbon and transition metal oxides based
super capacitors developed in the present study.

. Pursuit of novel types of cathode and anode materials to enhance the
specific capacity and the energy density of the Li and the Mg ion cells,
compatible with the energy demands of the next generation portable devices

and the hybrid electric vehicles.
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Appendix A

BET surface area, pore volume and average pore size of the samples
AC Surface Avg. Total Pore | Micropore %
Types area Pore volume Area micropore
m2 gt size cmé gt m2 gt Area
AO
AC1 2077 17.56 0.912 1211 58
AC2 1882 17.54 0.83 1249 66
AC3 1824 17.83 0.813 767 42
AC4 1864 18.75 0.874 690 37
Appendix B
TGA Curves of PS1, PS2, and PS3 Composite samples.
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