CHAPTER 1

Introduction

1.1 Introduction: Energy storage

To fulfill the growing and demanding energy requirements of the technologically
evolving world, efficient, affordable and sustainable energy sources are always sought
after. The new energy economy is redefining the need for worldwide transformation of
energy dependence from the conventional fossil based resources to renewable sources
[1]. The Department of Energy, US approved Bipartisan Infrastructure Law (BIL) in
2021 with an aim to widespread commercialization of advanced energy systems capable
of delivering energy continuously for more than 10 hours [2]. The BIL supports energy
storage via electrochemical, thermal and mechanical modes because these technologies
have the capability to provide energy at reduced cost. It has also set an ambitious
deadline for producing energy with net zero emission by 2050 and also lays down a
roadmap to stabilize the global temperature and to fulfill other development related to
sustainable energy. Similarly, the United Kingdom government announced the phasing
out of fossil fuel driven automobiles by 2030 as part of their green industrial revaluation
[3]. This certainly gives an impetus for electrification of transportation and,
subsequently, demands development of energy efficient electric vehicles. This is
possible with the advent of next generation low cost energy dense electrochemical
energy storage devices namely batteries and supercapacitors. The applications of
electrochemical energy storage devices are not only limited to electric vehicles but
these devices also redefined and revamped the world of portable electronics.

A capacitor is a charge storage device that stores energy by separating positive
and negative charges with the help of an electric field and releases energy in the form
of electrical energy. These capacitors store energy at the electrode/electrolyte interface
under applied electric field and thereby the process is capable of delivering energy at a
faster rate but in small quantities since only the electrode surface takes part in the charge
storage processes. The following chart compares the energy and power density of
different energy storage devices which is popularly known as Ragone plot (Figure 1.1).
It is always better to have an energy storage device with high energy and high power
density. Specific energy is the parameter for capacitors and supercapacitors to work on
for its implementations in practical applications. For that purpose, it is necessary to find

suitable electrode materials and electrolytes.

Electrochemical investigations on polymer based ternary nanocomposites, exfoliated
MAX phase (TizAIC) and lithium iron phosphate. 1



CHAPTER 1

Batteries

" | |
0.01 0.1 1 10 100 1000 10000

Specific energy / Whkg-1

Specific power / Wkg™"
8&’

Figure 1.1: Ragone plot for different electrochemical energy storage devices

1.2 Supercapacitors

Supercapacitor is a subject of extensive study since the last two decades owing to their
instant delivery of power in comparison to rechargeable batteries and ability to sustain
millions of fast charge-discharge cycles [4-6]. In 1957, H. Becker for the first time
discussed about supercapacitors in the patent titled “Low voltage electrolytic capacitor”
[7]. Becker described the behavior of charges present at the electric double layer (EDL)
capacitors at electrode/electrolyte interfaces and the principle of electrical energy
storage of porous carbon material in an aqueous electrolyte. With the evolution of
electronic devices during 1990s, the development of power sources with high energy
as well as power density was essential to overcome the disadvantages of the
conventional capacitors and knee-high power density of lithium-ion batteries [8-10].
To solve the issue, in the first approach, the conventional capacitor with high power
density was combined with lithium-ion battery having high energy density. However,
the process required additional accessories, thereby increasing the weight of the device
and also resulting in the decrease in the energy density. During the same time,
Conway’s group introduced a different charge storage mechanism using RuO> films in
H.SO4 electrolyte, which was termed as pseudocapacitance, associated with the
electrochemical adsorption of charges with high specific capacitance and low internal
resistance. However, the problem arose during the fabrication of capacitors at a large
scale since RuOz is generally an expensive material.
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The conventional capacitors are made up of two parallel metal plates separated
by a dielectric like air, paper, ceramics, polyester etc. (Figure 1.2 a). The capacitance
of traditional capacitors is in the range of microfarad. The supercpacitors are also a type
of capacitor consisting of two current collectors with active material coated on it
popularly known as cathode and anode which are separated by an electrolyte. The
electrolyte can be either solid or liquid. Supercpacitors are categorized in three different
groups based on their charge storage mechanisms: (i) electric double layer (EDL)
capacitors where capacitance generated by the charges are accumulated at the
electrode/electrolyte interfaces, (ii) pseudocapacitors, corresponding to fast reversible
redox reaction, and (iii) hybrid supercapacitors. In hybrid supercapacitors, both
physical and chemical processes are responsible for charge storage, and they are the
evolved form of EDLC and pseudocapacitors to overcome various drawbacks of single

mechanisms.

1.2.1 Electric Double Layer Capacitors (EDLC)

The concept of EDL capacitance was first explained by Becker in 1957, where he used
a porous carbon material and an aqueous electrolyte. The double layer charge storage
mechanism was first suggested by Helmholtz [11]. According to Helmholtz, oppositely
charged ions accumulate at the electrode/electrolyte interfaces with a small separation
depending on the size of the electrolyte’s ions. These oppositely charged ions are
developed near the electrode in the electrolyte to maintain the overall charge neutrality
of the system by Coulombic interaction. Thus, the EDL is formed in between the
electrode and electrolyte, as shown in Figure 1.2 b. The double layer structure proposed
by Helmholtz is quite similar to that of the conventional capacitors. Considering the
thermal motion of the ions and assuming charges to be point charge, Gouy and
Chapman described another model for double layer formation. According to this model,
the surface charge of the electrode is neutralized by the “diffuse layers” of oppositely
charged ions due to the thermal fluctuation of the solution. Stern [12] modified Gouy
and Chapman’s model by considering the finite size of the ions. Both the Helmholtz
and the diffusion layers were taken into account by Stern to calculate the total
capacitance of the double layer. Grahame [13] further refined Stern’s model by
considering the size difference of the cations and anions (cations are smaller than the

anions); hence, the cation and anion cover different distances from the electrode.
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The parameters affecting the EDLC component of the double layer are as follows:
size and concentration of the ions, ion-to-solvent interaction, specific absorption of the
ions, and the solvent used as the electrolyte. The EDLC electrodes made up of porous
carbon material with a very high specific surface area (~ 2000 m?g™t) and thin EDL give
rise to an extremely high capacitance value. The pores in the porous carbon materials
used in a supercapacitor electrode are categorized into three categories based on their
size: (i) micropores (pore size < 2 nm), (ii) mesopores (2 < poresize < 50 nm), and (iii)
macropores (pore size > 50 nm) [14]. Dynamics of the electrolyte ions in these pores
significantly affect the specific capacitance of ES. If ES(1) and ES(2) are the surfaces
of the two electrodes, C* and A~ are the cations and anions, respectively, and //
represents the EDL, then the reversible charging/discharging process of EDLC can be
explained as follows:

At the anode side:
ES(D)+ A~ 2ES(D)*//A™ +e”

At the cathode side:
ES2Q)+e 4+ CT 2ES(2)~//C*
The overall charging and discharging reactions at the cathode and anode are as follows:
ES(D)+ES2)+ A~ + C* 2ES()*//A~ + ES(2)~//C*

During charging, electrons flow from the anode to cathode by an external power,
whereas in the electrolyte the cations move toward the cathode and the anions move
towards the anode. The membrane present between the cathode and anode prevents a
short circuit between them but allows the electrolyte ions to migrate from one side to
another. As a result the cell voltage becomes very high and the energy is stored in the
device.

During discharge, electrons flow from the cathode to anode and the stored energy
is utilized. In EDLC process, electrodes do not undergo any structural and volumetric
changes. Thus, these electrodes possess extremely high cycle life (~10° cycles). The
supercapacitors following EDLC mechanism show high power density (> 500 Wkg™!)
owing to quick reversible charge storage-and-release processes at the
electrode/electrolyte interfaces [15]. However, these physical charge transfer processes
are confined only at the electrode surface, which results in low energy density of EDLC

supercapacitors when compared to those of the batteries. Low energy density (< 10
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Whkg™!) is considered as one of the major drawbacks of the supercapacitors and this

can be improved by using the pseudocapacitive charge storage mechanism.
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Figure 1.2: Schematic of (a) conventional capacitor, (b) charge storage in an electric

double-layer capacitor (EDLC).

1.2.2 Pseudocapacitors

Pseudocapacitance is considered as the second mechanism to store charge in
supercapacitors. In pseudocapacitive materials, fast charge transfer occurs by oxidation
and reduction reactions at electrochemically active sites of the electrodes. The
interaction of the charge carriers with the electrode material strongly influences the
pseudocapacitive response of ESs. There are different types of pseudocapacitive
processes contributing to the charge storage process such as redox adsorption of the
ions from the electrolyte at the electrode surface and redox processes in the bulk
provided the rate redox reaction is very fast. Pseudocapacitors possess much higher
specific capacitance (10-100 times more) when compared to EDLC. The
pseudocapacitive charge storage process utilizes both the outer surface and the available
inner surface area in the bulk of solid electrode. The penetration of the electrolyte ions
to the bulk of the electrode and the redox reactions in the electrode result in degradation
of electrode materials which consequently lowers the cycling stability. Therefore,
pseudocapacitors provide elevated specific capacitance at the cost of cycle life.
Improving the cycle life of pseudocapacitive materials is the biggest challenge in the
field of supercapacitors.

1.2.3 Hybrid Capacitors
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In general, the energy density of EDLC is relatively low (< 10 Whkg™). Accordingly,
to boost the energy density of EDLC up to 20-30 Whkg?, the concept of hybrid
supercapacitor is introduced [16, 17]. Both EDLC and pseudocapacitance storage
mechanisms have some advantages as well as drawbacks. The drawback of EDLC can
be compensated by taking the advantages of pseudocapacitors and vice versa. The
hybrid supercapacitors use electrode materials which exhibits both EDLC and
pseudocapacitive charge storage mechanisms. The combination of both these
mechanisms facilitates ESs with higher capacitive responses as compared to the

conventional capacitors.

1.3 Battery
Batteries are basically classified into two categories: (i) primary battery and (ii)
secondary battery. Primary batteries cannot be charged electrically and the redox
processes associated with are irreversible in nature. On the other hand, the Faradic
redox reactions involved in secondary batteries are reversible. Secondary batteries are
also popularly known as rechargeable batteries. Hence, batteries can store relatively
large amount of charges but the delivery process is slower than that of capacitors. This
results in enhanced energy density but with lower power density. One of the primary
objectives in the research field of rechargeable batteries is to develop electrode and
electrolyte materials which can offer high energy and power density at an affordable
rate of cost [18]. In the last three decades utmost emphasis on the research activities is
given on rechargeable Li-ion batteries. It is needless to mention that these batteries have
brought a paradigm shift in commercial energy storage platform because of
extraordinary performance [19, 20]. The first Li-ion battery was fabricated with LiCoO>
as cathode and graphitic-carbon as anode [21]. This is a remarkable invention which is
offering best possible service to the mankind even today. But the use of Co-based
electrode materials and the escalating demand for Li resources have made us to think
for sustainable energy storage devices which can complement, if not replace, Li-ion
batteries [22]. Hence, there is a spurt of research activities in battery chemistries which
involve beyond Li-ion such as Na*-ion, Mg?*-ion, K*-ion, Zn?*-ion, AI**-ion etc.
Since the present thesis also discusses about AI**-ion electrochemistry, a brief

discussion on Al-ion battery is given below.
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1.3.1 Aluminum ion battery

As a beyond ‘Li-ion’ system, Al-ion batteries attracted significant attention recently.
The interest in Al-ion batteries is sustained due to the following reasons: (i) metallic
Al is easy to handle at ambient atmosphere, (ii) Al resources are less expensive, (iii)
The three electron electrochemistry of Al is an attractive trait and (iv) Al has highest
volumetric capacity (8056 mAhcm™®) and better gravimetric capacity (2981 mAhg™)
than that of Na (1166 mAhg™), Mg (2205 mAhg?), K (685 mAhg™), Zn (820 mAhg™)
and Ca (1340 mAhg™). Highest volumetric capacity of aluminum implies higher energy
storage per unit volume which consequently help in overall size reduction of the
batteries. Few examples for Al-ion systems are discussed here. Holleck et al.
investigated Al-ion battery with a vitreous carbon electrode utilizing AlCI3-KCI-NaCl
molten salt non-aqueous electrolyte [23, 24]. Archer et al. investigated Al-ion battery
with V20s nanowires [25]. In this investigation, AlClz and 1-methyl-3-ethylimidazolim
chloride (MEICI) ionic liquid was used as an electrolyte. Lin et al. reported Al-ion
battery with pyrolytic graphite/porous graphitic foam cathode in AIClz/1-ethyl-3-
methylimidazolium chloride ionic liquid electrolyte in the year 2015 [26]. This
Al/graphite cell could deliver high power density of 3000 Wkg™ and sustained for more
than 7500 cycles without any capacity decay.

1.3.2 Aqueous electrolytes
The commercially available Li-ion batteries generally use non-aqueous electrolytes.
These electrolytes are however highly flammable and expensive. As an alternative,
aqueous electrolytes for batteries may be promising although there are certain
limitations such as small electrochemical stability window. Nonetheless, aqueous
batteries are gaining research interest in recent times. The first demonstration of
aqueous Li-ion cell was shown by the group of Jeff Dahn [27]. Some advantages can
be reaped off from aqueous electrolytes such as: (i) safety issue could be mitigated
during thermal run-away (ii) reduction in cost, (iii) aqueous electrolytes are less
hazardous than organic solvents based non-aqueous electrolytes.

Most of the studies on Al-ion systems were performed using choloroaluminate
ionic liquid based electrolytes. Although some of the studies show remarkable
performance, there are certain demerits of this electrolyte such as high corrosion, high

cost, and degradation in ambient atmosphere etc. Therefore, aqueous electrolytes in Al-
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system may also be interesting. There are few reports on aqueous Al-ion systems
available and these are discussed here. The concept of aqueous rechargeable Al-ion
batteries is recent and was introduced in the year of 2015 by Liu et al. using TiO> as
anode with Alx(SO4)s electrolyte [28]. Al-ion electrochemistry has been widely
investigated for different morphology of TiO: in aqueous AICIs electrolyte [29-31]. Liu
et al. reported AI¥*-ion electrochemistry for TiO, nanotube arrays using aqueous AICls
electrolyte and obtained 75 mAhg? of discharge capacity. Also, Kazazi et al.
investigated aluminum ion battery for TiO2 nanospheres and reported capacity of 180
mAhg?. Lahan et al. investigated reversible AI**-ion inertion/ extraction in
graphen/TiO2composite [32]. They reported the enhanced diffusion coefficient after
incorporation of graphene. Also, Lahan et al. reported AI®* ion electrochemistry of
MoOs for different AI** based electrolytes [33]. The report demonstrated AICI; as better
electrolyte than Al2(SO4)3 and AI(NOs)s for MoOs for better storage capacity and
stability. Lahan et al. also investigated the possibility of AI**-ion intercalation/
extraction for WOz [34].

The present thesis could be categorized in two parts. In the first part,
electrochemical investigations on nanocomposites of conducting polymers, 2D
materials such as graphene/MoS:; are illustrated for supercapacitor. The second part
describes the complex AI**-ion electrochemistry in exfoliated MAX phase and
LiFePOs. Therefore, a brief description of these electrode materials is given below.

1.4 Conducting Polymers

Conducting polymers are considered as supercapacitor electrode material because of
their high storage capacity, high conductivity when doped, high potential window, high
energy density, environment-friendliness, low cost, and easy synthesis [35, 36].
Conducting polymers show rapid doping and de-doping process during faradic charge
transfer process. Oxidation and reduction processes in the conducting polymer
backbone can generate delocalized “n” electrons, and the electronic states of the ©
electrons determine the potentials of these states.

Polyaniline (PANI) is the most extensively used conducting polymer for
supercapacitors owing to high specific capacitance in acidic media, high electroactivity,
good environmental stability, high doping level, and highly conducting matrix [37, 38].
Depending upon the synthesis process, morphology, and thickness of the film, PANI

Electrochemical investigations on polymer based ternary nanocomposites, exfoliated
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exhibits wide range of capacitance from 400 to 500 Fg in aqueous acidic medium [39].
Electrochemically deposited PANI shows higher specific capacitance than chemically
synthesized due to the homogeneous distribution in electrochemical polymerization.
Li-doped PANI possesses cycling stability of 70% after 5000 cycles [40]. Polypyrrole
(PPy) is famous among the conducting polymers for energy storage application owing
to its high flexibility and easy synthesis [41]. The greater density of PPy minimizes the
capacitive response of the polymer in thick coating electrodes due to the limited access
of the electrolyte ions ascribed to high density.

GO g\«f *y_z

i. Polypyrrole (PPy)
ii. Poly(3,4-ethylene dioxythiophene)
(PEDOT)

jommoWemey

iii. Polyaniline (PAni)

Figure 1.3: Structures of conducting polymers, (i) polypyrrole, (ii) poly(3,4-ethylene
dioxythiophene), and (iii) polyaniline (Reprinted from Ref. [40], Copyright (2008) with

permission from Elsevier).

Poly(3,4-ethylenedioxythiophene)(known as PEDOT) and its composite are also
used in supercapacitor due to the properties such as low oxidation potential, high energy
density from wider potential window (1.2-1.5 V), conducting p-doped state, thermal
and chemical stability [42]. The high conductivity and surface area of PEDOT provides
fast kinetics of PEDOT electrodes and exhibits longer cycle life. The chemical
structures of PANI, PPy, and PEDOT are shown in Figure 1.3. But generally,
conducting polymers show low cycling stability during rapid charge/discharge
processes due to the swelling and shrinkage, results in mechanical degradation of the
electrode material. For example, PPy electrode exhibits less than 50% of capacitive
retention after 1000 cycles [43]. Polythiophene, another conducting polymer also shows

poor cycling stability which minimizes the overall performance of ESs [42].
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1.5 Graphene

The single layer of graphite is called Graphene. It is the most versatile electrode
material known for supercapacitors. Graphene gains popularity as a 2D material after
its discovery in the year of 2004 by Geim and Novoselov [44]. They prepared single
layer of graphene using mechanical exfoliation (scotch-tap method). For this ground
breaking discovery, they were awarded with Nobel Prize in Physics in the year 2010.
The schematic diagram of graphene and graphene oxide are depicted in Figure 1.4.
Graphene is popular for its light weight, tunable surface area (up to 2675 m?g™?),
excellent electrical conductivity and mechanical strength (~1 TPa) [45, 46]. Graphene

can also be used as a conductive network with transition metal oxides, conducting

(a) Graphene (b) Graphene Oxide

Figure 1.4: Schematic of graphene nanosheets and reduced graphene oxide, (Reprinted
from Ref. [50], Copyright (2017) with permission from Elsevier).

polymer to assist the redox reactions and these hybrid composites exhibit enhanced
electrochemical performances due to the synergetic effects of metal oxides/conducting
polymers. The pioneered work by Ruoff et al. in the year of 2008, graphene was used
for energy storage for the first time [47]. They developed chemically modified graphene
as supercapacitor electrode and reported specific capacitance of 135 Fg? in aqueous
electrolyte (KOH) and specific capacitance of 99 Fg? in nonaqueous electrolyte
(tetraethylammonium tetrafluoroborate). Shi et al. reported one-step reduction process
of GO and successfully prepared electrode material for supercapacitor with specific
capacitance of 175 Fg [48]. Graphene can be prepared with different morphologies by
varying the dimension and used as an active material for supercapacitor electrodes. The

different morphologies of graphene are (i) OD graphene (free standing dots and
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particles), (ii) 1D graphene (fiber-type),(iii) 2D graphene (graphene-based films and
papers), and (iv) 3D graphene (graphene-based foams and hydrogels) [49]. The 0D
graphene particles readily agglomerate and therefore it is essential to treat amphiphilic
GO with selective surfactant to control the rGO assembly [50]. Zhanget al. investigated
surfactant-assistant rGO film for supercapacitor and reported capacitance of 194 Fg
(1 Ag! of current density) [51]. Graphene material with yarn and fibrous morphology
IS gaining attention in the fabrication of next-generation supercapacitors due to the
properties like high flexibility, great mechanical strength, tiny volume and great
conductivity [52]. The 2D structure of graphene materials with larger surface area can
offer easy intercalation/de-intercalation of electrolyte ions into the electrode materials.
The great mechanical strength of graphene sheets helps to construct free standing films
and its excellent conductivity minimizes the diffusion resistance leading to improved
energy density, power density, and low electrode series resistance (ESR). The presence
of all types of pores (micro, meso, and macropores) connected with each other in 3D
porous graphene materials is desirable to fabricate supercapacitors with high capacity,
enhanced energy, and power density [53-56]. The drawback associated with graphene
is severe agglomeration during practical applications which reduces the

electrochemical activity of such electrodes.

1.6 Molybdenum disulphide (MoS2)

After graphene, research interests for 2D materials have refocused and there were
enthusiasm among research community to find new materials analogous to graphene.
One such example is Molybdenum Disulfide (MoSy). It is a material in the category of
Transition Metal Dichalcogenides (TMDCs). TMDCs is a family of large number of
materials have generalized formulae MX> where M is transition metals (Ti, Pt, Ni, Co,
Pd, Mo, Nb, W, Zr, Hf, V, Ta, Tc, Re, Rh, Ir) and X is Chalcogen (Te, Se, S) [57].
MoS, monolayer consists of a layer of molybdenum atoms sandwiched in two layers of
sulphur atoms (S-Mo-S) (Figure 1.5). These monolayers are stacked together by weak
van der Waals interaction and forms bulk MoSz. In MoS,, the Mo-S bond length is 1.54
A and S-S bond is 3.08 A. The layer thickness of MoS: is in general ~ 0.65 nm.
Nanostructures of MoS; were synthesized either with top down method or bottom up
approaches [58]. The top down methods includes electrochemical exfoliation,

mechanical exfoliation and liquid phase exfoliation (ultra sound assisted, shear force
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assisted). On the contrary, bottom up strategy deals with hydrothermal/solvothermal
method, microwave synthesis and chemical vapor deposition methods for the
development of MoS, nanostructures. These nanostructures found applications in
energy storage because of the beneficial properties such as high catalytic activity, high
surface area, and cycling stability [59, 60]. Central ion Mo in the sandwiched structure
possesses various oxidation states from +4 to +6, providing pseudocapacitance for
charge storage. In 2013, Cao et al. prepared micro supercapacitor with ten inter
digitated electrodes of 2D MoS; [61]. These micro supercapacitors were reported stable
enough with volumetric capacity of 178 Fcm™ which is better than the other reported
carbon based micro supercapacitors (~ 160 Fcm?®). In 2018, Karade et al. reported
supercapacitor electrodes prepared from ultrathin MoSz nanoflakes exhibiting specific
capacitance of 576 Fg in 0.5 M Na,SO4 [62]. These electrodes also possessed cycling
stability of 82.2% after 3000 cycles. Nanocomposites of MoS; are also popular as
energy storage active materials. Hu et al. synthesized porous tubular C/MoS;
nanocomposites as electrode material for supercapacitors and obtained specific

capacitance of 210 Fg* (1 Ag™* current density) [63].

(a) (b)
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Figure 1.5: Crystal structure of MoS. (a) The layered MoS: crystal is held together by
strong in-plane covalent Mo-S interactions and relatively weaker S-S van der Waals
interactions. (b) The honeycomb crystal structure of MoS; has a lattice constant of 3.16
A.

1.7 Swift heavy ion irradiation

Conducting polymers show poor cycling stability in repeated galvanostatic cycles as
they undergo swelling and shrinkage. One of the novel techniques to stabilize the
conducting polymers is swift heavy ion (SHI) irradiation. It is a renowned surface

modification technique that can modify the physico-chemical properties of the target
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by imparting electronic energy in a controlled way at the microscopic level [64]. Some
well-known modifications by SHI irradiation on polymer are: intermolecular cross-
linking, fragmentation of molecules, formation of new bond, bond breaking etc. The
parameters on which SHI irradiation depends are (i) irradiation fluence and (ii) energy
of the ion beam. The ion fluences of SHI irradiation can be calculated from the beam

current and irradiation time according to the following equation:

PXAXqgXe
I

Irradiation time(T) = [1.1]

where ¢ is the fluence, A is the area exposed to ion beam, q is the charge state, e is
electronic charge and I is current. In the process, energy deposition in the target material
per unit length along ion track is energy loss written as dE/dx (eV/A). Energy loss take
place in two independent processes: (a) nuclear energy loss — the collision between the
incident ions and the target nuclei is elastic in nature and dominating energy loss at
about 1 keV/amu; (b) electronic energy loss — the collision between the incident ions
and atomic electrons are inelastic in nature and dominating energy is around 1
MeV/amu or more. Energy is transferred to the target material through two independent
processes depending upon the incident energy of the ions: (a) elastic collision at the
target nuclei is nuclear energy loss (dE/dx)n at low incident energy( <1 MeV) and (b)
inelastic collision at the electron cloud is electronic energy loss (dE/dx)e for high energy
irradiation (>1 MeV) [65]. For SHI irradiation, inelastic collision is the dominant
mechanism for energy transfer through ionization and excitation of the surrounding
electrons. The interaction of the incident ions with the material is governed by two
fundamental models: (a) coulomb explosion model and (b) thermal spike model [66].
According to the coulomb explosion model, a long cylinder containing ionized ions
produced during the passage of SHI and explodes under Coulombic force [67]. Due to
the radial Coulombic explosion of the cylindrical shock waves, ion tracks are formed
along the ion trajectories. However, in thermal spike model, kinetic energy of the
ejected electron during SHI is transferred to the lattice through electron-phonon
interaction i.e. by defect formation, which increases the temperature of the local lattice
beyond the melting point, followed by rapid quenching, which on solidification results
in amorphous structures [68]. Conducting polymers are irradiation sensitive and many
of its physico-chemical properties can be changed with this modification technique [69,
70].
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1.8 MXene

MXene may be considered as a new member in the family of 2D materials after the first
report on 2D titanium carbide (TisC>) in the year of 2011 by the group of Gogotsi [71].
MXenes are in general 2D transition metal carbides, nitrides, and carbonitrides with a
common representation of Mn+1XnTx (N=1-3), where M stands for transition metal such
as Ti, Nb, Sc, V, Mo, Cr, X is nitrogen and/or carbon, Ty is terminal groups attached
during exfoliation procedure. “MAX” is the ternary precursor of MXene where A
typically stands for 13" and 14" group elements of periodic table such as, Al, In, Si, Ga
etc. [72, 73]. MXenes are important due to tunable band gap, metallic conductivity,
excellent mechanical properties, unique in-plane anisotropic structure etc. [74].
Because of these unique combinations of properties, MXenes could be used in diverse
applications such as wearable and portable electronics, printable antennas, sensors,
photocatalysis, fuel cell, biomedical activities, etc. [75-80]. However, the most

extensive application of MXene is in the area of electrochemical energy storage

systems.
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Figure 1.6: MAX phase (TisAIC2) to MXene (TisC2Tx). Layered ternary TizAIC:
MAX powder is treated with hydrofluoric acid (HF), then the Al layer is selectively
etched and replaced with surface attached terminations groups (Tx), resulting in
multilayered TisC2Tx MXenes. Delaminated TisCoTx is prepared by the intercalation
of solvent molecules and cations/anions into the interlayer spacing followed by
ultrasoncation (Reprinted from Ref. [73], Copyright (2017) with permission from
Springer Nature).

Unlike graphene, layers of MXenes are not attached with one another by van
der Waals interaction force and, hence, the commonly used methods to obtain
graphene monolayers are not applicable to synthesize 2D MXenes [74]. Typically,
MXene could be derived from the precursors MAX phase by wet chemical top-down

method [71]. This method is possible because of the higher chemical reactivity of M-A
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bond than that of M—X bond. Therefore, selective etching of “A” layer from precursor
MAX phase by using a suitable etching agent gives layered MXene. The separated
layers of MXenes are look alike of graphene and due to this similarity; it was named
as MXene [81]. These layered MXenes can be 1 nm thin and at the same time lateral
size may be in microns. In general, TisAlIC: s treated with 50% of hydrofluoric acid
(HF) for selective removal of Al (A layer) to obtain multilayered TisC; followed by
delaminating process to obtain 2D layered TisC2 nanosheets [76-79]. The schematic of
the synthesis of MXenes from MAX phase is displayed in Figure 1.6. In this process,
delaminated nanosheets are left with various surface functional groups like hydroxyl,
and fluorine and these groups can regulate the properties of MXene [80]. Other than
the use of direct HF acid, in-situ formation of HF, molten salts and ammonium
hydrogen bifluoride (NH4HF.) have also been used by some of groups to prepare
multilayered MXenes [72]. MXenes possess better properties than that of some of
the 2D materials when comparing electrical conductivity. MXenes are considered for
energy storage in batteries and supercapacitors owing to the following advantages : (i)
2D layered architecture provides easy access to more number of active sites for
electrochemical reactions, (ii) high electrical conductivity which is necessary to
provide shorter diffusion path for the charge carriers in the electrode, (iii) hydrophilic
nature makes it convenient for dispersion in aqueous medium, (v) easy preparation of
MXenes free-standing films, (vi) intercalation of different cations irrespective of size
and charge state.

In the present thesis, Chapter 5 describes a novel HF free electrochemical
method to obtain exfoliated MAX phase and also illustrates the Al**-ion storage in

aqueous electrolyte.

1.9 Lithium Iron Phosphate (LiFePOa)

Phosphate based olivine structures LIMPO4 (M = Fe, Mn, Co, Ni) are also regarded as
a notable cathode material in lithium-ion batteries [82]. The strong covalent bond P-O
of the polyanion stabilizes these structures in a fully charged state. One example of
olivine structures is LiFePOas. It was first reported by Padhi et al. which is a notable
discovery and it guides to set up a library of cathode materials for lithium-ion batteries
[83]. LiFePO4 has been extensively studied for non-aqueous lithium-ion batteries [84-

88]. It attains a lot of research interest owing to its crystal structure, comparatively high
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theoretical specific capacity (170 mAhg™?), flat charge-discharge profiles, and better
cycle life [88, 89]. Additionally, processing of LiFePO4 involves inexpensive resources.
It exhibits exceptionally flat charge-discharge profiles at a potential of 3.4 V (vs. Li*/Li)
with negligible polarization. Although the specific theoretical capacity of LiFePOa is
less than LiCoO2, one among the reasons why LiFePOys is a favorite cathode material
for lithium-ion batteries is due to the possibility of replacement of toxic and scare cobalt
with environment friendly and abundant iron species. In addition, the strong P-O
covalent bond in LiFePOs impedes the release of oxygen which in turn provides
intrinsic safety to the cell during any thermal runaway event [87]. The durability,
thermal stability and calendar life of LiFePO4 are magnificently impressive. But
majority of the studies on LiFePO4was performed in non-aqueous electrolyte. There is
only handful of reports on the aqueous Li*-ion electrochemistry of LiFePO4 for
rechargeable aqueous batteries [89-91]. Manickam et al. first investigated the aqueous
Li*-ion electrochemistry of LiFePOsand it was shown in that study that oxidation and
reduction of LiFePO4 due to Li*-ion extraction and insertion is possible in aqueous
electrolyte [90]. While the usual Li*-ion extraction takes place from LiFePOa. during
oxidation to form FePOQg, the reduction process involves formation of FezO4 along with
LiFePOas. This is certainly in contrast to the electrochemical reaction mechanism in
non-aqueous electrolytes where FePO4 transforms to the original state of LiFePO4
during reduction [83, 92]. It was also revealed that the rate capability of LiFePOa is
quite superior in aqueous electrolyte than non-aqueous electrolyte due to easier
desolvation of Li*-ion in aqueous electrolyte at the electrode-electrolyte interface [93,
94]. This reduction in interfacial charge transfer resistance was also observed by
Sauvage et al. in their study on LiFePO4 thin film electrode in aqueous system [95].
However, in general, the degree of specific capacity fading is much higher in aqueous
electrolyte than non-aqueous electrolyte due to the electrochemical instability of
LiFePOs in aqueous electrolyte, which could be significantly mitigated by adopting
strategies such as nanoscopic carbon coating of LiFePOs [96]. Additionally, CeO>
coating and doping of LiFePO4 also improves the stability [94, 97].

In the present thesis, Chapter 6 illustrates the Al®*-ion storage electrochemistry

for LiFePOg in aqueous electrolyte which is hitherto been unknown.
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