Introduction Chapter 1

“I walk slowly but never walked backward”- Abraham Lincoln
1.1 Metal organic frameworks (MOF)

Porous material has attracted a great deal of attention in the recent few decades from a
variety of scientific disciplines, including physics, chemistry, material science and
environmental science. The study of porous materials in physics has revealed fascinating
phenomena pertaining to their structural and electrical characteristics [1]. The complex
relationship between the porous architecture and physical behavior has prompted studies
to understand new quantum effects and emergent phenomena in these materials.
Comparably, research in chemistry has accelerated the investigation of designing,
synthesizing and tuning porous materials with specific chemical functions. Porous
materials offer a platform for the development of high-performance materials for
applications such as catalysis, gas storage, sensing, drug delivery, and energy storage [2].
Research in porous architecture has sparked an interest in materials with better mechanical,
thermal, and electrical properties. Metal organic Frameworks (MOFs) are a new class of
hybrid porous material, also known as porous coordination polymers (PCPs), made up of
metal nodes connected to organic linkers through coordination bonding, known for its
fascinating properties like ultra-high surface area, tunable nanopores, ordered crystalline
structure, high thermal stability etc. (Fig.1.1) [3]. Prof. Yaghi, a chemist, and materials
scientist, laid the foundation for exploring the synthesis and properties of these innovative
materials in late 1990s [4]. Since then, MOF research has flourished globally, with

scientists exploring a vast array of MOF structures and applications [5].
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Fig.1.1. Molecular diagram of UiO-66 MOF formation from 1,4- benzenedicarboxylic
acid linker and ZrsO4(OH)4 metal cluster.
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The fundamental component of MOFs is secondary building unit (SBU) which governs
the geometry of the framework. The SBUs are typically metal nodes or clusters that are
connected by organic linkers to create the three-dimensional network of the MOF[6]. The
use of different SBUs in MOFs leads to distinct topologies due to the unique coordination
environments, geometries, and connectivity patterns associated with each type of SBU [7].
The geometry and number of coordination site of the SBU is mainly determined by the
type of metal used while porosity and rigidity of the MOF depends on the organic linker.
Some of the possible SBU are shown in Fig. 1.2 (a, b, c, d,) as illustrated by Yaghi and
group [8]. The structural illustration showing how molecular clusters, such as SBUs,
shaped like squares, triangles, tetrahedrons, and octahedrons, are used to assemble
crystalline MOFs. A fascinating characteristic of MOF is its structural tunability, which
arises from different shapes and sizes of SBUs as well as length and orientation of the
organic linker [9]. The usage of different combination of SBUs and organic linkers has
contributed to the structural diversity of MOFs which in turn influence the properties like

surface area, pore size, thermal stability, and chemical stability of the framework [10].
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Fig.1.2. (a), (b), (c), (d) lustrations of possible SBUs and (f), (g), (h), (i) organic linkers

in MOF construction.
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Some of the generally used organic linkers are based on carboxylic acid,
organophosphorus compounds, salts of sulfonic acid, and heterocyclic compounds (Fig.1.2
(e, f, g, h). It is possible to create different MOFs with same topology with the only
differences being in the kind and size of the linkers [11]. Such an example is the series of
MOF composed of octahedral ZnsO SBU connected to different dicarboxylic linkers,
named as isorecticular MOFs (IRMOFs)[12]. Similarly, there are some other series of
MOFs with same topology are available like MIL-series (Materials Institute Lavoisier),
ZIF-series (Zeolitic imidazolate frameworks), UiO-series (University of Oslo) etc [13]-
[15]. These series have been obtained by substituting the linker with a new one, which has
kept the structural symmetry maintained in some cases, and in some other cases, the unit
cell parameters have changed because of the length of the carbon chain. To enhance the
versatility of MOFs and tailor them for diverse applications, researchers attach specific
functional groups to the organic linkers, thereby introducing desired traits such as
enhanced reactivity, selectivity, or affinity for certain molecules [16],[17]. Additionally, by
employing post synthetic techniques, the accessible pores and active sites of metal clusters
or linkers of the as-prepared MOFs can be artificially changed. As a result, with
distinguished combination of SBUs and linkers a large variety of MOF with diverse
structure, different pore sizes, morphologies and surface areas has been reported so far
[18],[19]. Owing to the diverse characteristics of each MOF, researchers found a wide field
of applications such as gas separation, absorption, sequestration, catalysis, sensing, etc
[20]. MOFs can be synthesized through various routes, with hydrothermal or solvothermal
methods being among the most commonly employed. In these processes, MOF precursors
are allowed to react in a high-temperature aqueous or solvent environment, allowing
controlled crystallization [21]. The hydrothermal/solvothermal approach offers a precise
control over the MOF structure and properties, making it a versatile and widely used
synthesis method in materials chemistry [22]. Moreover, layer-by-layer assembly, liquid
phase self-assembly, physical/chemical exfoliation, and other techniques can be used to
create MOFs with 1D, 2D, and 3D morphologies, which promotes the application of MOFs

in electronics and electrochemical devices [23].
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1.2 Electrically conducting MOF

MOFs in their conventional form are non-conductive due to low in charge carriers and
absence of conductive pathways. They function as electrical insulators because of the
linked inflexible metal ions and redox-inactive organic ligands, which raise the energy
barrier for electron transfer. But, because of their high porosity and structural integrity
MOFs have been serving unquestionably for the past 20 years in various applications. The
MOFs have explored in some advanced applications like energy storage supercapacitors,
batteries, fuel cells, oxygen evolution, hydrogen evolution, sensing etc [24]. All these
applications involve electrochemical processes where MOF has to serve either as the
electrode material or electrocatalysts or membrane. A crucial parameter to optimize the
electrochemical performance of the active material is the charge transfer mechanism.
However, the absence of electrical conductivity in the conventional pristine MOFs would
suppress its efficiency to certain extent. Therefore, studies for introducing the conduction
mechanism in MOF is still under active consideration [25]. Two important strategies
employed by the researchers are by developing redox-active ligands or m-conjugated
ligands and by encapsulating guest molecules into the framework. For convenience the
MOFs obtained through the above-mentioned processes are termed as ‘intrinsically’ and

‘extrinsically’ conducting MOFs [26].

1.2.1 Intrinsically conducting MOF

The MOFs which possess electronic or protonic conductivities in its pristine form without
any addition of external source are termed as intrinsically conducting MOF(ICMOF). Most
of the ICMOFs are found to have a 2D morphology exhibiting a network of extended n-
conjugated bonds. In 3D conducting MOFs, mainly the metal center provides the free-
charge carriers and charge transport generally takes place via ‘through-bond’
processes[27]. Compared to the traditional MOFs and ICMOFs exhibits high electrical
conductivity and decent charge mobility which endow them with rapid electron transfer
and efficient ion transport [28]. The 2D ICMOF possess unique sheet-like structures with
a large degree of anisotropy, exhibiting substantially large exposed surfaces, regular open
channels, abundant active sites, and good mechanical property [29]. They adopt a graphite-

like structure with 2D layer lattices formed via the planar coordination between metal
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nodes and organic ligands. Furthermore, these 2D layers stack along the z axis by n-n
interactions and thus form regular and open nanochannels. Ligands of 2D ICMOM
comprises highly planar and conjugated structures containing multitrophic ortho-
substituted -NH>, -OH, -SH, functional groups, while the chelating centers are usually
transition metal ions (Fe, Cu, Co, Ni or Pt, etc.) having unpaired electrons [30],[31]. It first
forms a square-planar coordination geometry with strong dn-Prn orbital hybridization, and
further extends over the in-plane direction through the metal-ligand interactions, leading

to a high charge delocalization in 2D ICMOFs.

1.2.2 Extrinsically conducting MOF

Minor alterations in the structure and compositions of Metal-Organic Frameworks (MOFs)
bring about a significant transformation in their properties including conductivity. Even
slight modifications can induce a remarkable shift in the electrical properties of these
materials. Hence, MOF researchers have post-synthetically changed MOFs with guest
molecules to tune and improve their electrical conductivity [32]. The encapsulation of
guests into the pores of MOFs is the most widely adopted strategy to lower the energy
barriers for charge transfer and realize conductivity in MOFs. The available pores of MOFs
provide good platforms for loading guests via post synthetic modification. This process
involves the addition of stoichiometric amount of new species into pre synthesized MOF.
In order to create continuous charge transport channels and reach enhanced mobilities,
higher guest loadings are usually required [33]. It is typical practice to incorporate guests
with longer structures, like conductive polymers and inorganic oxides in order to attain a
continuous path for charge transfer. Charge transfer mechanisms between the MOF
framework and the guest are thought to be responsible for the increased conductivity since
they produce free charge carriers[34]. This approach is beneficial as the adjustment
between guest and the framework maximizes their synergistic effect. The MOFs with
billion-fold increase in the conductivity can be realized through this process. In addition,
when just a portion of the pores are filled with guests, the MOF's porous structure is
preserved which maintains its large surface area [35]. To finely customize the transport
properties of these materials, a promising strategy involves matching the reduction

potentials of both the framework and guest, along with considering the sizes of the guest
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molecules and the pores. This approach offers the potential for enhanced control and

tailoring of the material's electrical characteristics.
1.2.2.1 Guest for extrinsically conducting MOF

Conducting polymers: Conducting polymers are a class of organic polymers that have
the unique property of conducting electricity. Unlike traditional polymers, which are
insulators, conducting polymers can carry an electrical charge due to the delocalized n-
electrons within their molecular structure. The conductivity of undoped polymer ranges
between 10 to 1071 S cm™!, which lies in the boundary region of semiconductor and
insulators [36]. However, the conductivity of the polymer can be enhanced up to the
metallic conductivity area by doping it with oxidative/reductive substituents or
donor/acceptor radicals. For example, ClO4-, BFs-, I, Br2, and so on [37]. Some popularly
known CPs are polyaniline (PANI), polypyrrole (PPy), polyazulene, PEDOT, poly-
aminonaphthalenes etc. The CPs can be easily processed through various methods of
polymerization like oxidative, electrochemical, photochemical etc. The introduction of
conductive polymer into the pores of MOF greatly enhances the conductivity of the
material. The inclusion of CP in MOF can make it beneficial as an electrode substrate since
it gives the electrode the conductive qualities it needs as well as the effective surface area
for analyte accumulation. Moreover, loading CP with proper concentration into MOF will
retain the porous nature of the MOF which is necessary for ion diffusion during the
electrochemical process. Dhara et al. reported an intercalation of pyrrole monomers into
the pores of Cd - HONDC = 2,6-napthalenedicarboxylic acid based fluorescent 3D MOF.
The monomer was polymerised by treating with iodine solution which enhanced the
electrical conductivity nearly by 9-fold [38]. Abraira et al. demonstrated a confinement of
conducting PEDOT inside the pores of iron-based MOF MIL-100. They found than the
PEDOT@MIL-100(Fe) composite exhibits a 10 times higher electrical conductivity that
the pristine CP which could be due to the nanoarrangement of PEDOT within the pores of
MOF. They further investigated the electrochemical and electrochromic properties of the
composite [39]. Another example of CP incorporated MOF is the work of Ouay et al. where
they performed a controlled loading of EDOT monomer into the pores of MIL-101(Cr)
MOF. They achieved a conductivity of 1.1 x 10> S cm™! along with a higher surface area
after the polymerization of PEDOT inside the pores of MOF [40].



Introduction Chapter 1

Metal nanoparticles (NPs) or nanoclusters (NCs): In recent decades, metal
nanoparticles (NPs) have received growing interest owing to their abundant active sites
and high electrical conductivity, and hence they have been widely investigated in a broad
range of applications, particularly in electrochemical sensing and catalysis [41]. The metal
NPs are considered thermodynamically unstable due to their enormous surface areas and
high surface energy. As a result, they often agglomerate, resulting in inefficient exposure
of active areas, weakening their catalytic and conducting characteristics. Thus, an
appropriate platform is required to avoid the aggregation in order to obtain the stability
[42]. Since MOF has pores to accommodate guest, they are suitable for loading metal NPs
or metal nanoclusters. This nanoscale confinement within the pores of MOF can induce
change in the electronic property of the host-guest moieties. This change can create
additional charge transport pathways within the framework structure in which electrons
can hop between the metal nanoclusters through metal-metal interactions or through
delocalized states within the MOF framework. As a result, overall conductivity of the
system increases. For example, Grzybowski et al. infiltrated AgNO3 to the pores of
rubidium y-cyclodextrin MOF (Rb-CD-MOF) which enhanced the conductivity by 10000-
fold magnitude [43]. They found that the charge transport would take place through
tunnelling between the NCs. They also observed similar performance in NC loaded MIL-
53 MOF. A metal NP encapsulated MOF was reported by the group of Zhang where they
loaded platinum (Pt) NP in three different MOFs ZIF-8, ZIF-67 and UiO-66. They applied
the material as a catalyst which exhibits good selectivity and a good conversion of energy

in hydrogenation reaction[44] .

Redox-active and other guest: Many other materials ranging from organic to inorganic
oxides, metallocarbene, metal oxides can also be integrated in the structure of MOF in
order to obtain a high conductivity to ensure their uses in electronic or electrochemical
applications. Organic species with C-H or C-C bonds infiltrated in MOFs are evident in
the work of Goswami et al. [45]. They encapsulated Cgo fullerene in Zr-tetrakis (p-
benzoate) pyrene (TBAPy) MOF Nu-90. The composite has resulted an increase in
conductivity from <107'*S cm™ to~107 S cm™ which is 10! times higher than the pristine
Nu-90 [45]. A similar work was reported by the group of Kung et al. where they infiltrated
the Zr-based MOF (Nu-1000) with Ni-bis(dicarbollide) to get a conductivity which is

several orders higher than the guest free MOF [46]. An organic compound known as
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7,7,8,8-tetracyanoquinodimethane (TCQN) is one of the most widely used guest material
to enhance the conductivity from the infancy of generation of extrinsically conducting
MOF. In 2013 the group of Talin et al. incorporated TCQN into a thin film Cu-BTC MOF
which enhanced the electrical conductivity of the overall composite. Their investigation
demonstrated that the high is a result of strong electronic interaction between the guest and
binuclear copper nodes [47]. In the later years many reports on TCQN incorporated MOF
have arrived [47]-[49]. There are also numerous studies available in the literature on how

the addition of iodine or polyiodides altered electrical conductivity [48],[49].

1.3 Strategy to impart modification in structure or microstructure of MOF

To make MOF useful in areas like energy storage, photovoltaics, sensing, and catalysis, it
is necessary to tailor its features, including band structure, conductivity, adsorption
behaviour, and charge separation. Defect engineering is currently regarded as an essential
technique for customising MOF's physicochemical characteristics. Defect engineering
pertains to the intentional introduction of structural defects or irregularities into metal-
organic frameworks (MOFs) with the aim of modifying their microstructural
characteristics and optimising their performance for a range of applications [50]. Existence
of defects in MOFs indicates the deviation from an ideal long range ordered crystalline
structure. Point defects that usually formed in MOF are missing linker defect, missing
cluster defect, modified linker defect, modified cluster defect etc. The defects in MOF can
be created during the synthesis itself or they can be introduced in post-synthesis steps[51].
Approaches like modulator assisted synthesis, mixed linker synthesis are some of the “de
novo” methods to impart defects during the synthesis of the crystal. Post-synthetic
modification in the MOF structures has been carried out through various methods like
ligand exchange methods, functionalization, grafting of polymers or foreign molecules,

etching methods, harsh activation condition etc [52].

In polymers, oxides of metals and other carbon-based materials the structural modification
and hence optical / electrical property tuning is most popularly carried out by a method
known as energetic ion irradiation method. Factors like bond length, charge transfer
between adjacent active sites, aromaticity, conjugation length, intermolecular interaction

etc can influence the electrical properties of a materials to a great extent [53]. As a result,
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one of the best ways to cause structural and microstructural changes in materials is through
swift heavy ion (SHI) irradiation. It is used to modify the characteristics of many different
kinds of materials, such as semiconductors, metals, and insulators. The energy of the ions,
fluences and type of ions used for irradiation are the factors that play vital role in
modifying the material property. When the energy of the ion is relatively low in few

hundreds of keV they are used to modify the surface or interface of the materials [53].

Swift heavy ion irradiation: Swift Heavy Ion (SHI) irradiation is a technique of
bombarding a target material with high energy heavy ion beams with energy range of few
MeV to hundreds of MeV. During the bombardment, the energy of the fast-moving ions
are transferred to the target material through two processes- elastic collision and inelastic
collision. When the energy loss takes place through elastic collision the atoms of the target

material get displaced and the method is referred as nuclear stopping. This is essentially

nuclear energy loss, S,, = (%)n. In inelastic collision the high energy heavy ions excite or
ionize the atom by interacting with the electron density of the atoms in the target material.
This process is mediated via electronic stopping power and energy loss during the process
is called electronic energy loss, S = (%)e[54]. In SHI irradiation, electronic stopping
dominates over nuclear stopping in the energy range tens of MeV to hundreds of MeV.
When a SHI traverse through a material medium, it creates a trail of electronic excitations
and ionizations along its path due to its strong Coulomb field. This track consists of
displaced lattice atoms and electrons, forming a long cylindrical core of charged ions. In
certain cases, particularly when the electronic stopping power of the ions exceeds a critical
threshold, the strong Coulombic repulsion between the highly charged ions leads to an
explosion, termed as "Coulomb explosion” [55]. This results in the generation of a radial
shock wave, where the electrostatic energy is converted into coherent atomic movements
radially outward from the ion path. This radial expansion continues until the ions are
screened by the conduction electrons in the material. This repulsion can lead to the ion
breaking apart into multiple smaller fragments, releasing a significant amount of energy in
the process. The fragments produced by Coulomb explosion can include charged particles
such as ions and electrons as well as neutral species. In some cases, it can lead to the

formation of nanoscale defects, such as vacancies, interstitials, and dislocations, within the

material. These defects can significantly alter the material's structural, mechanical, and
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electronic properties [56]. Another model that competes this process is known as thermal
spike model where the kinetic energy is transmitted to the lattice by electron-phonon
interaction which results in the increase in lattice temperature above its melting. The drop
in temperature is again very rapid which causes amorphous ion tracks upon melt
solidification [57]. Although both models are well-established and competitive, the
Coulomb explosion model can be more important in insulators, whilst the thermal spike
model is highly relevant to metals and semiconductors. SHI irradiation changes physical,
chemical, optical, electrical properties of the target material by introducing defects in its
structure. The material modification from SHI includes higher electronic conductivity,
thermal stability, phase change (from crystalline to amorphous), enhanced electrochemical
stability, change in optical properties, randomly placed pore formation and also

crosslinking in polymer matrix etc. [58].
1.4 Mechanism of charge transport in MOF

The factors influencing the conductivity of materials are charge carrier electrons (e) and

holes (%) density (n) and mobility(u) as given by-
0 =npeu, +ngel, (1.1)

The material must have a large concentration of delocalised charge carriers say ~ 10'°> cm’
3 in order to have a high charge density [59]. A MOF's organic ligands and metal ions have
the potential to serve as sources of charge carriers. Metal clusters with unpaired electrons
can contribute to the free charge carriers in MOF by making the metal site potentially
redox-active. For example, Cu?* with d° configuration has an unpaired electron which can
act as a source of free charge carrier [60]. To facilitate unpaired electron transport between
metal ions or nodes, the organic ligands should be either redox-active compounds or stable

radicals.

Band theory additionally reveals key strategies for raising a material's charge
density. According to the band theory the orbitals of adjacent atoms or molecules overlap
when they are arranged closely. As a result, overlapping of appropriate orbitals give rise
to a band with continuous energy state. The forbidden energy states in between those

continuous bands are called energy gap. This bandgap is also a determining factor for the
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conduction in the materials. The term ‘valence band’ (E,) refers to the energy band of the
outermost electron orbital. Conduction band (E.) refers to the energy band that is partially
filled with electrons. In metallic conductors, these two bands overlap, and the Fermi level
(Er) lies in between the bands, which allows the electrons to transfer freely. In
semiconductors and insulators, the band gap is large hence the charge carriers are absent.
The Fermi level in semiconductors and insulators lies in the band gap between the
completely filled valence band and entirely empty conduction band. The difference
between the lowest energy state of conduction band (Ec;), or highest energy state valence

band (Eyx) and Fermi level is called activation energy (E.) —
Eq = Ep — Eyy = E¢, — Ep (1.2)

Activation energy is the energy required to move charge carriers from the valence band to
the conduction band [61]. The electrons in the valence band can be thermally activated by
raising the temperature in order to attain the activation energy, thereby increasing the
carrier density (n). Now, the relation between carrier density, activation energy and

temperature are given by the following relation-

n = nyexp (— i—;) (1.3)

In the eqn n, refers to prefactor, k refers to the Boltzmann constant and T is the absolute
temperature. Unlike intrinsic semiconductor in extrinsic semiconductor Fermi level does
not lie at the middle of band gap rather it moves towards the conduction band or valence
band depending upon the type of dopant [62]. Charge mobility is a key parameter that
reflects how efficiently charges (electrons or holes) can move through a material. In the
conducting MOFs, there are two main charge-transport regimes to consider: hopping
transport and band transport [25]. In hopping transport mechanism charge carriers move
through the material by hopping between localised states or sites with discrete energy
levels. In this transport, the phenomenon mobility is determined by the hopping probability
(P), which is a function of the spatial distance (R) and energy differential (E) between
consecutive hopping sites, as given by the equation-

P =exp (—aR - :—T) (1.4)

11
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Here, constant « is defined by the nature of hopping site. Because of this, the hopping
transport depends on charge hopping between adjacent units with small energy difference
and close spatial distance [59]. The band transport refers to the transport of charge carriers
(electrons or holes) through delocalized states created by continuous coordination or
covalent bonds within the framework. The orbital symmetry and energy level
compatibility between the metal centres and organic ligands are critical for effective
conduction. The mobility in band transport mechanism is dictated by the effective mass
(m*) of delocalized charge carriers and the mean time (7) between two consecutive charge-

scattering events as shown in equation-

n== (1.5)

Higher quantity of charge-scattering sites like defects, disorders, impurities or grain
boundaries will result in smaller T which can reduce the mobility of the carriers. Contrarily,
the smaller effective mass can contribute to higher mobility [61]. Effective mass is
influenced by various factors such as band dispersion, crystal structure symmetry, and unit-
cell features. A well-dispersed band, resulting from good orbital overlap, is crucial for

achieving a low effective mass.

In intrinsically conducting MOF two strategies are seen to be employed to provide
charge transfer pathways- “through bond” and “through space’. Both strategies have the
potential to provide band transfer or hopping. The through-bond mechanism seeks to
increase charge transmission by allowing the metallic node and organic ligand orbitals to
overlap in the right energy and spatial patterns through covalent bonding. The extended
charge-transfer channel created by the coordination and covalent bonds made up of metal
and organic molecules improves the charge transfer in MOFs [63]. This mechanism is
mainly observed in MOFs composed with redox active ligands or metal ions and 2D MOFs
with long-range m-conjugation. For example, transition metal (Ni, Fe, Cu, Zn etc.) based
2D MOFs with electroactive ligands like hexahyroxytriphenylene (HHTP),
hexaiminotripheylene (HITP), bezenhexathiol (BHT) etc [64]. The non-covalent bonds
between the organic components of MOF such as n-n stacking give rise to through-space
carrier transport channels. Within MOFs, redox active fragments held together by metal

ions and ligands at interplanar lengths of less than 3.5 A would exhibit the aforesaid
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mechanism of charge conduction. TCQN, tetrathiafulvalene (TTF) etc. based MOFs

conducts current through this conduction mechanism [65].

The extrinsically conducting MOF takes advantage of the structure's inherent
porosity, which allows for the integration of guest molecules and so boosts conductivity.
When the guest molecule itself is conductive species, the conductivity of entire host-guest
composite enhances as the guest will have their own charge carriers and pathways for
charge conduction. If the guest molecules are redox active, they can give rise to charge
carriers through creating conductive channels within the MOF skeleton or on the walls by
guest-framework interaction. Guest molecules in MOFs can indeed serve as examples of
through-bond charge transport, particularly when they are tightly coupled to the MOF
framework. When these guest molecules are in close proximity to the framework, they
easily interact with the metal ions or organic linkers, facilitating charge transfer through

direct electronic interactions, rather than through-space charge transfer.

1.5 Applications of conducting MOF

1.5.1 Energy storage device

With time, the demand for energy storage device has increased to meet the need of
alternative energy source. Electrochemical energy storage devices are systems that store
energy through chemical reactions involving the transfer of electrons between electrodes
and electrolytes. The researchers aim to explore improved electrode materials for
electrochemical energy storage systems such as supercapacitors, Li-ion batteries, metal-
sulphur batteries etc. Supercapacitors, are energy storage devices that store charges
electrostatically (electric double layer capacitor (EDLC) or through chemical reaction
(pseudo capacitor). They fill the gap between traditional capacitors and batteries,
providing higher power density, faster charge and discharge rates, and longer cycle life.
Thus, electrodes of the supercapacitor should have a sufficiently large surface area along
with electrical conductivity for efficient functioning. Electrically conductive MOF with a
synergistic combination of favourable features such as improved charge transport,
precisely controlled porous structure, and large surface area show great promise as active
materials for supercapacitors electrodes. Basically, 2D MOFs with inherent conductivity,

MOF derived metal oxides, MOF composites with metal oxides, metal nanoparticles and

13
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MXenes are utilised as supercapacitor electrode so far [66],[67]. For example, a Cu3(2, 3,
6, 7, 10, 11-hexahydroxytriphenylene), catecholate (Cu CAT) MOF reported by Hou et al.
was used to develop a flexible supercapacitor electrode on polypyrrole membrane [68]. It
resulted in a high capacitance of 252.1 mF cm™ with an energy density of 22.4 pWh cm™
and a power density of 1.1 mW cm™. This case demonstrates the use of an intrinsically
conducting MOF nanowire in supercapacitor electrode due to its large surface area and
high conductivity. The MOF derived metal oxide nanocomposite was reported by Li et al.
where they used Ni-MOF as a template to prepare Ni (OH)>-MnO»@C ternary composite
which resulted in a high specific capacity of 2.9C cm ™ (965.1C g'!) at a current density
of 2 mA cm 2 along with high specific energy density of 39.1 Wh kg ! with a power
density of 221.4 W kg ! [69]. Rajasekaran et al. describes a supercapacitor electrode
material based on MOF composite with reduced graphene(rGO) and polyaniline (PANI)
[70]. The samarium-based MOF/rGO/PANI composite resulted in a high specific
capacitance of 218 F g ! and specific power and energy are calculated to be 59.3 Wh
kg ' and 581 W kg .

Metal-ion batteries (MIB), such as Li-ion and Na-ion, are rechargeable devices that
have a higher energy density but a lower power density. In MIBs, charge-discharge
phenomena take place when metal ions migrate from the electrolyte solution to the
electrode to get intercalated in the crystal lattice of the electrode material and the stored
metal ions are freed from the electrode material and returned to the electrolyte solution
through a process known as de-intercalation[71]. Porous architectures, redox activity, and
electrical conductivity are important considerations while developing high-performance
electrode materials for MIBs. In the early years of 2000, researchers have explored the
pristine MOF composed of Fe, Co, Mn, Ni and BDC or BTC linkers as anode material in
Li-ion batteries [72]-[74]. Later on, MOF derived metal oxides and nanoporous carbon
have caught much attention due to the ability of exchanging electrons rather than
intercalation to enhance their conductivity [75],[76]. A Fe-based MOF was first reported in
2017 by the group of Jin et al. as active electrode for Li-ion batteries. They prepared a
stable MIL-88B(Fe) with 1,4-dicarboxybenzene linker which exhibits high capacity of 680
mA h g with current density 200 mA g™! [77]. The example of a conductive MOF based
Li-ion battery is reported by Sun et al. for anode material for hybrid capacitor-battery
application. They prepared a 1D nanowire of Co-HHTP MOF that produces reversible
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capacity of 435 mAh g'at 1 A g”! and power density of 10 kW kg! and with energy density
of 64 W h kg! [78]. Apart from Li-ion batteries, the MOF in its pristine or modified form
has been exploited for cathode as well as anode material for Zn-ion, Na-ion, Li-S batteries

[79],[80].
1.5.2 Energy conversion

Electrochemical energy conversion involves a process known as electrocatalysis which
uses electricity to separate water molecules into their constituent elements, hydrogen and
oxygen. Electrocatalyst are potentially used in oxygen evolution reaction (OER), hydrogen
evolution reaction (HER), oxygen reduction reactions (ORR) etc. [81]. The application of
these electrocatalytic processes say ORR is required in fuel cell as the fundamental
reaction to dictate the conversion of fuel to electricity. During electrocatalytic water
splitting OER and HER takes place in energy storage devices like metal-air battery. The
electrocatalytic performance is evaluated by low overpotential, high current density with
low Tafel slope [82]. The breaking of highly energetic O=O bonds during the ORR poses
a significant challenge, requiring an efficient catalyst to overcome the kinetic sluggishness
of the process. Owing to the advantage of tunable porous structure, open redox active sites,
thermal and chemical stability MOF can be exploited as an electrocatalyst. Including
pristine MOFs, porous carbon derived from MOF, bimetallic MOF have made significant
progress as electrodes for energy conversion. Li et al. reported a bimetallic MOF composed
of Fe-Co cluster and BDC ligands [83]. The composite u-CoFe0.5-BDC was prepared via
ultrasonic treatment which resulted in an overpotential of 295 mV at a current density of
10 mA cm?. This was significantly higher than the commercial RuO; catalyst, while being
cost-effective and stable. Zhang et al. developed a bifunctional electrocatalyst for ORR
and OER for metal-air batteries. They derived a honeycomb-like FeS/FesC@NS-C-900
composite from a Fe-BTC MOF through pyrolysis. The composite has an excellent cyclic
stability upto 1730 cycles at 2 mA/cm? when used as cathode material [84].

1.5.3 Electrochemical sensors

Chemical sensors represent sophisticated analytical tools employed for both qualitative
and quantitative assessments of target specific species. These sensors operate through

selective chemical reactions, allowing for precise identification and measurement of the
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Potentiostat

Electrolyte

Fig.1.3. Three-clectrode system with counter electrode (CE), reference electrode (RE) and

working electrode (WE) in an electrolyte connected to a potentiostat.

target substance. As per the IUPAC definition, a chemical sensor is a device designed to
convert chemical information, spanning from the concentration of a singular component
to comprehensive composition analysis, into a practical and analytically useful signal [85].
Typically, a chemical sensor comprises two fundamental components: a receptor and a
physicochemical transducer. The receptor is specifically designed to recognize and
distinguish the analyte while the transducer converts the chemical information into a
discernible and amplified analytical signal. Receptors are diverse and can be complex
(macro)molecules that form highly specific interactions with the target analyte, or they can
be activated or doped surfaces. Now, depending on the type of transducer employed the
chemical sensors can be classified as, electrochemical sensor, optical sensor, mass

sensitive sensor, calorimetric sensor etc. [86].

Electrochemical sensors typically consist of an electrode, where electrochemical
reactions with the target analyte occur, and a transducer that converts these reactions into
measurable electrical signals, such as voltage or current. The sensor's ability to generate a
signal proportional to the concentration of the analyte makes it a valuable tool for various
applications, including environmental monitoring, healthcare diagnostics, and industrial
processes. Generally, electrochemical sensors use a three-electrode setup immersed in an
electrolyte. An additional electrode called reference electrode along with the counter and

working electrode completes the setup. The reference electrode maintains a constant
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potential at the working electrode, ensuring that the electrochemical reactions being
studied are not influenced by variations in the reference potential. The potential of the
reference electrode serves as a reference point for the electrochemical reactions occurring
at the working electrode. Generally used reference electrodes are calomel and Ag/AgCl.
Auxiliary or counter electrodes can complete the circuit by allowing the current to pass
without changing the potential at the reference. Platinum (Pt) wires are typically used as a
counter electrode due to its inert nature. The working electrode is the electrode where the
actual electrochemical reactions of interest take place in an electrochemical cell. It is the
site where oxidation and reduction reactions occur, generating a measurable current or
potential that is indicative of the studied electrochemical processes. Conventionally, glassy
carbon electrode, carbon paste, gold/Pt are used as working electrodes [87]. However,
traditional electrodes in direct electrochemical determinations encounter challenges like
elevated overpotential, slow electrode kinetics, electrode surface fouling, limited
selectivity, and low sensitivity. The primary issue with bare electrodes is the fouling of
their surfaces, primarily caused by the adsorption of analyte molecules or their reaction
byproducts. This fouling significantly compromises the stability of the electrode response.
To alleviate these challenges, modifying the electrode surface with suitable modifiers
offers a promising approach to mitigate issues related to stability and enhancement of

overall electrochemical performance.

1.5.3.1 Potentiometric sensors

Potentiometric sensors are a type of chemical sensor that are based on the measurement of
the potential difference, or voltage, between two electrodes in a solution. When an analyte
undergoes redox reaction at the electrode- analyte interface which changes the potential of
the electrode, that change quantify the activity of the ions undergoing the electrochemical
reaction. Commonly used potentiometric sensors are based on ion-selective electrodes.
These electrodes exhibit selectivity for specific ions, allowing for targeted and precise
measurements. In the traditional setup, these electrodes typically contain an ion selective
permeable membrane which segregates the sample from the internal environment of the
electrode. Of these two electrodes, one is the working electrode (dependent on the
environment), while the other is the reference electrode. With the help of a solution that

contains the particular ion of interest at a steady activity level, the reference electrode is
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able to maintain a constant potential. The potential difference, or cell potential, can be
directly associated with the dissolved ion concentration while the potential of the reference
electrode remains fixed. Potentiometric sensors have been widely utilised to monitor pH

change for many years.

1.5.3.2 Amperometric sensors

In an amperometric sensor, current is measured while a constant potential is applied to
drive the electrochemical redox reaction. The intensity of the measured current is
proportional to the concentration of the analyte present. Two-electrode and, more
conveniently, three-electrode systems are used in this process. The behaviour of the
working electrode is the key factor in amperometric sensors. Therefore, much effort has
been made to construct a working electrode to achieve significant sensitivity and stability.
Noble metals and various carbon-based solid electrodes have found their way to serve in
this method as solid electrodes. Nowadays, a widely adapted strategy to enhance
performance is the deliberate chemical modification of the conventional electrode surface.
The modifiers can be incorporated into the surface of the electrodes through
chemisorption, physisorption, electrochemical deposition, electrochemical polymerization

etc.

1.5.3.3 Voltametric sensors

Voltammetry can be performed in a similar electrochemical setup as amperometry, the only
difference is the potential is not constant in this method. The current is scanned within a
potential window where the redox activity of the analytes is most likely to take place.
Various voltametric techniques are cyclic voltammetry, differential pulse voltammetry,
square wave voltammetry, stripping voltammetry etc. In these techniques the voltage is
applied between the counter and the working electrode and the current is measured
between reference and the working electrode. Due to the application of potential redox
reaction occurs at the interface of electrolyte and electrode which in turn causes the charge
transport to establish a current flow between the counter and working electrode. For a
particular working electrode, the observed current response usually exhibits a peak or
plateau that precisely matches the concentration of the electroactive component in the test

solution.
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1.5.3.4 Impedimetric sensors

In impedimetric sensors the detection of analytes is characterized by the change in
impedance of the circuit. It measures the impedance provided by the electrode and
electrolyte solution to the flow of current between the counter and working electrode when
the system is simulated by a small potential. Electrochemical impedance spectroscopy
(EIS) is the most commonly used technique to measure impedance. The impedance of the
system is analysed by varying the frequency of the potential in a range say 10 mHz to 100
kHz. This method is used because it delivers an enhanced sensitivity at lower concentration

of the analytes.

1.5.4 Electrochemical biosensors

The electrochemical biosensor is a sensing device that translates complex bioanalytical
events into readable signal by using a biomolecule or bioinspired object as a bioreceptor
[86]. In simple words when the receptor of the electrochemical sensor is composed of
biological components like DNA, enzymes, proteins or antibodies the sensor is called as
biosensor as illustrated in Fig. 1.4. The bioreceptors recogniz bio analytes through a highly
specific molecular interaction and transducer convert recognition event into an electrical
signal in an electrochemical biosensor. Immobilization of biomolecules to the working
electrode ensures the selectivity of the sensor to specific analytes. Moreover, use of
electroanalytical technique discards the need of applying an additional electronic device
for the analysis of biorecognition event. Biosensors were first introduced by Clark and
Lyons to detect components present in the blood of patient during 1950-1970 [88]. Such
biosensors are termed as first-generation (I gen) biosensors where bioreceptors are coupled
or encapsulated in a membrane connected to the transducer. The analytes when diffuse
through the membrane to transducer an electrical signal is produced which is the indication
of detection. The limitation with I gen biosensor is that it requires high reaction potential
for measuring the sensing signal. With time biosensor evolved to second generation (II
gen) and third generation (III gen). In the II gen biosensors a mediator has been integrated
in the bioreceptor layer or allowed to freely suspend in the electrolyte in order to reduce
the requirement of high operational potentials and to obtain a better sensitivity. In the third
generation (III gen) biosensor the electron transfer directly takes place between redox

active bioreceptor layer and electrode. In this case the mediator and the bio molecules are
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Fig.1.4. Schematic of a typical electrochemical biosensor setup.

Table.1.1 Classification of biosensors according to the generation

Generation | Description Advantage or drawback

I Mediator less, employ | suffer  from interference  from
enzymes like glucose oxidase, | compounds present in the sample
works by reducing oxygen to | matrix that can react with the enzyme or
hydrogen peroxide electrode surface, slow response time,

Limited Stability

II Mediators are immobilized, | Enhance sensitivity, reduces
works at potential, advanced | interference, Improved stability.
membranes are also used

Mediator instability, mediator toxicity,
complexity of fabrication are some
disadvantages.

i Mediator less- direct electron | Enhanced selectivity and sensitivity,
transfer between enzyme and | multifunctionality, specific interaction
electrode material, based on | with the antigens as biocompatible
bio-electro  catalysis, fast | materials is used to modify the
response. electrode.
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immobilized together into the electrode which makes the electron transfer mechanism
easier. Quicker reaction times are achieved by minimising the electron transfer distance
between the mediator and the enzyme by their close proximity to the transducer surface.
Different nanomaterials and nanocomposites have been explored in the recent years to
accomplish the direct electron transfer mechanism. Important applications of these
biosensors include environmental monitoring, food safety, and medical diagnostics. Based
on the types of bioreceptors biosensors are classified into enzyme based, antibody based,
aptamer based, whole cell based, nanoparticle based etc. The classification of biosensors
depending on their generations are described in Table 1.1 with their benefits and

advantages.
1.5.4.1 Antibody based

Antibodies are special class of protein produced in the living organism by the immune
system in response to fight the foreign materials like pathogen or antigens which are
composed of amino acids and plasma proteins. Antibodies, also known as
immunoglobulins (Ig), possess a distinctive Y-shaped structure comprising two identical
pairs of protein chains: heavy chains and light chains which are interconnected by disulfide
bonds. This molecular architecture embodies two functional regions: the variable region
(Fab) and the constant region (Fc) [89]. The variable region located at the tip of the Y-
shaped structure of the antibody contains antigen-binding sites that confer specificity by
recognising and binding to unique antigens. The multiplicity of amino acid sequences in
this area supports the wide range of antibodies that can target several diseases. Conversely,
the constant region, found at the base of the Y-structure, encompasses the crystallizable
fragment (Fc), comprising constant domains from the heavy and light chains. The Fc
region coordinates a number of effector activities that are essential for immune responses.
Antibodies are classified into five groups depending on its constant region namely IgG,
IgM, IgA, IgD and IgE [90]. Antibody based biosensors are commonly termed as

1IMMunNoSensors.
1.5.4.2 Enzyme based

Enzymes are catalyst which speed up a chemical reaction involving biological component.

The enzyme-based biosensors work under principle of catalytic activity of the enzyme and
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binding to the analyte. The enzymes have specific binding sites called binding pockets to
interact with the analyte through a lock and key analogous mechanism.[91] Because of this
particular interaction, the substrate and the enzyme's redox active site exchange electrons,
forming the product. Further detection is based on measuring current response
corresponding to the concentration and activity of the enzyme or analyte. One example of

enzymatic biosensing is glucose detection by using glucose oxidase as enzyme.

1.5.4.3 Aptamer based

Aptamers are single stranded sequence of RNA or DNA molecules which possess an
amazing capacity to adapt to a variety of three-dimensional structures for binding with
various targets. To interact with specific target molecules like peptides, protein complexes,
pathogen, live cells or inorganic molecules, aptamers can mould themselves into different
configurations from helices to loops to fit the surfaces of their chosen targets like jigsaw
pieces [92]. Therefore, they have great selectivity and specificity towards binding targets.
Aptamers can often tolerate a range of temperatures without losing their structural
integrity. They can easily be synthesized in a laboratory. They follow a selection process
known as Systematic evolution of ligands by exponential enrichment (SELEX) introduced
by Tuerk, Gold, Ellington and Szostak [93]. Using this method, appropriate binding
sequences are amplified after being initially extracted from big oligonucleotide libraries.

Aptamers are seen to be used in diagnostic as well as therapeutic applications [94].

1.6 Scope of the thesis

Since its discovery in 1995 by Professor Omar Yaghi and his research group, MOF has
garnered widespread attention and popularity across various scientific disciplines, ranging
from chemistry to material sciences [95]. The MOFs are three-dimensional network of
metal nodes connected to monodentate or multidentate organic linkers via coordination
bonds. The topology of the metal centre dictates the overall structure of a particular MOF.
The aesthetic properties of MOFs are influenced by how specific metal components
interact with the organic ligands. Interestingly, even if the organic linker maintains the
same overall structure, slight variations in its size or shape can lead to a range of MOF
structures that share a common underlying framework. Following the publication of the

MOFEF-5 prototype composed of ZnsO(BDC)3 [where BDC = 1,4-benzenedicarboxylate],
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a great deal of research has been done to find other MOF types [96]. As of right now, over
20,000 different varieties of MOFs have been synthesised. The main attraction of the MOF
is their highly ordered porous structure with an ultra-large specific surface area. Therefore,
the majority of the early enthusiasm surrounding MOF materials was centred on its
traditional uses as microporous materials for the storage of gases, separation of gases from
mixtures, sequestrations etc. In the later years, as diverse MOF structures have been
uncovered, their applications have expanded into numerous fields, including catalysis,
drug delivery, sensing, and beyond [97]. In the earlier years, the MOF suffered the
structural instability due to the weak coordination bonding between the ligand and the
metal centre. These linkages can be prone to hydrolysis in the presence of moisture or
water. Hydrolysis leads to the degradation of the framework, resulting in the collapse of
the porous structure and loss of crystallinity. Thankfully, with the discovery of highly
stable MOFs based on Zr, Fe, Cr with robust metal centres, the issue regarding the practical
use of MOF has been resolved [11] . In spite of being multifunctional with versatility, most
of the MOFs are less utilized in the field of energy storage, optoelectronics or
electrochemistry as MOF is electrically insulating in nature because of lack of free charge
carriers and restricted charge transport pathways [15]. In the meantime, two approaches
have been surfaced to address this drawback. The first strategy was to produce an
intrinsically conducting MOF by using redox active metal centers, redox active ligands, n-
conjugated organic linkers, acceptor-donor pairs during the synthesis of MOF [98].
Nevertheless, these MOFs demonstrated fairly good electrical conductivity. There are few
building blocks for these MOFs that are readily available, and they require expensive raw
ingredients for synthetic methods. Till date, only a few numbers of intrinsically conducting
MOFs are available in comparison with the large variety of structurally diverse
conventional MOFs. Still the fundamental aspect behind the conduction mechanism of
such MOF is questionable and very less reports can be found regarding its fundamental
behavior like mobility, transport property etc. Moreover, employing this method has not
enabled stable traditional MOFs to establish charge transfer pathways. The second
approach involves the post synthetic modification of as synthesised MOF by loading guest
materials into the framework which can be termed as extrinsically conducting MOF.
Owing to its highly porous nature, the MOF offers a suitable platform for guest

accommodation in their specific nanochannels where guest molecule shows unique
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properties regarding their motion, charge transfer, electronic properties magnetic
properties, phase transition etc. [99]. The extrinsically conducting MOF can be generated
by adding other conducting materials like conducting polymers, metal nanoparticles,
graphene, porous carbon, quantum dot etc. [100]. These guests then form charge transport
pathways throughout the material through guest—guest or guest—framework interactions
[101]. With controlled loading of guest into the pores can partially fill the pores by keeping
the porosity of parent MOF intact and also can provide the charge carriers or charge
transfer pathways to generate electrical conductivity. Inspired from earlier reported works
on guest assisted conductivity in MOFs, the present work of the thesis aimed to develop
an extrinsically conducting MOF by loading different guest molecules. Since Zr- based
MOFs are established as highly stable MOF in aqueous media, UiO-66 has been selected
as the host for loading guest through post-synthetic treatments for this thesis work.
Research on the incorporation of metal nanoclusters and nanoparticles into MOFs has
primarily focused on MOFs containing metals such as zinc, copper, and cobalt [102].
However, there has been limited exploration of using metal oxide nanoparticles (MONPs)
as guests within MOF pores, despite their potential advantages. The MONPs offer greater
stability compared to metal nanoparticles and demonstrate superior redox activity. These
properties are particularly valuable for applications in the electrochemical field, which is
the specific focus of this study. Despite the infancy in this area of research, the unique
characteristics of MONPs make them promising candidates for enhancing the
electrochemical performance of MOFs, warranting further exploration in applied research.
Due to the cost effectiveness and easy processibility the metal oxide chosen for the host
UiO-66 is silver oxide nanoparticle (Ag>0O). Another suitable candidate for guest is
conducting polymers because of their semiconducting nature, delocalized m-electrons,
redox active behavior, high stability. PEDOT has emerged as one of the most widely
studied conducting polymers, garnering significant attention from both academic and
industrial sectors [103]. This is primarily attributed to its combination of relatively high
conductivity and exceptional stability under ambient conditions. Furthermore, PEDOT
exhibits potential to achieve transparency in the visible range, making it even more
appealing for desired applications. Therefore, PEDOT was opted as another guest material

to incorporate into the UiO-66 host.
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A unique strategy apart from intrinsically conducting MOF or extrinsically
conducting MOF for tuning the band structure or electronic behaviour of MOF is defect
engineering. It involves deliberate introduction of structural imperfections or
modifications to enhance specific properties or functionalities of the material. This
approach can significantly impact various aspects on MOF performance, including
porosity, stability, conductivity, catalytic activity, and gas sorption properties. SHI
irradiation is a powerful technique used to create defects in materials by bombarding them
with high-energy charge particles. When energetic ions penetrate into a material, they
interact with the atomic nuclei and electrons, leading to the creation of various types of
defects, such as vacancies, interstitials, dislocations, and Frenkel pairs. This energetic ion
interaction can also cause electronic excitations and ionizations which leads to the creation
of electron-hole (e-h) pairs. The migration and recombination of these carriers can
contribute to the electrical behaviour of the MOF. Looking into these advantages of SHI
the present work aimed to include the irradiation induced eftects on the pristine MOF UiO-
66. For that purpose, 60 MeV N>* SHI of different fluences has been irradiated on UiO-66

to tune the conductivity.

Over the years electrically conducting MOFs have drawn interest as promising
candidates for electrochemical sensing applications due to their unique properties [104].
These materials boast high surface areas, providing ample active sites for analyte
adsorption and enhancing sensitivity. Additionally, their adjustable pore structures enable
precise tuning of active site accessibility, leading to improved selectivity towards target
analytes. Unlike traditional insulating MOFs, electrically conducting MOFs exhibit
conductivity, facilitating efficient electron transfer during electrochemical reactions and
resulting in rapid response times and enhanced signal-to-noise ratios. Moreover, these
materials demonstrate excellent stability under various environmental conditions, ensuring
long-term sensor performance. With the ability to be functionalized for specific
applications, electrically conducting MOFs offer versatility in detecting a wide range of
analytes with high sensitivity and selectivity. As research progresses, these materials are
poised to drive advancements in electrochemical sensing for diverse fields such as
environmental monitoring, healthcare diagnostics, and food safety [105]. Environmental
contaminants pose significant threats due to their toxicity, bioaccumulation potential,

disruption of ecosystems, persistence, and ability to spread over long distances. These
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pollutants, which include industrial chemicals, heavy metals, pesticides, and other human-
caused pollutants, can have a variety of harmful health consequences on people and
wildlife. High atomic density metals, such as lead (Pb), mercury (Hg), cadmium (Cd),
arsenic (As), and others, are heavy metal ions that have a propensity to accumulate in
bodily tissues, organs, or living things when they are ingested, inhaled, or come into direct
contact with the skin [106]. They can form bonds with proteins, enzymes and nucleic acids
and interfere cellular activities, leading to dysfunction of organs. They can also induce
oxidative stress by generating reactive oxygen species (ROS) within cells, which can
damage cellular components like lipids, proteins, and DNA. Along with these organic
environmental contaminants are also harmful for living organisms. Aromatic molecules
called dihydroxybenzene isomers, such as hydroquinone, resorcinol, and catechol, are
frequently found in a variety of consumer and commercial products [107]. Even though
these substances have numerous uses, living things may be at risk from them. Catechol is
a common ingredient in medications and insecticides that, at high amounts, can cause
organ damage like respiratory problems, and skin irritation. Hydroquinone, utilized in
skin-lightening products, can lead to skin irritation, allergic reactions, and ochronosis with
prolonged use, and has been associated with potential carcinogenicity. Therefore, the
detection of environmental contaminants is essential for protecting human health,
safeguarding ecosystems and wildlife, ensuring regulatory compliance, and guiding
pollution prevention and mitigation efforts. Furthermore, MOFs possess high surface areas
and tunable pore structures, which provide ample space for the immobilisation of

biomolecules such as enzymes, antibodies, or DNA strands.

Regarding the ongoing topic discussed above, the goal of this work is to develop
extrinsically conducting MOFs to fabricate electrode materials for a sensing environmental
contaminant and to irradiate UiO-66 with SHI for using the defected material as biosensing
electrode. Thus, the work aspires to incorporate guest molecules Ag>O and PEDOT in
UiO-66 through different post synthetic approaches. Since the conducting MOF produced
will have different guests, they will be having affinities for different analytes. In this
manner, the same MOF can be used as a selective detector for different analytes by varying
the guest incorporated in it. Due to the SHI irradiation on UiO-66, structural as well as
other properties of the pristine MOF could be altered. To verify the modifications

developed as an influence of SHI irradiation, UiO-66 can be immobilised with an antibody
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known as immunoglobulin G extracted from mouse (mouse IgG), which is a protein
developed in a mouse by its defence mechanism upon the introduction of foreign species.
The resulting bioreceptor/transducer component can be used for the detection of antigen
goat anti-mouse IgG. The motivation behind the modification being produced in the MOF
through different approaches is to enhance the functionality of the potential host so that it
can offer a stable, sensitive and selective electrode for electrochemical and biosensing

applications.

Being motivated from the above aspects, the following objectives have been set to

address the thesis

1) To synthesize Zr based UiO-66 MOF and incorporating conducting polymers
(PEDOT) and metal oxide nanoparticles (Ag) in their nanopores (Extrinsically
conducting MOF).

2) To explore the electrical charge transport property and temperature dependent
conductivity of Ag>O incorporated UiO-66 and PEDOT inserted UiO-66.

3) To fabricate Ag20 incorporated UiO-66 MOF in ITO coated glass electrodes for
sensing inorganic environmental contaminants like Hg?', Cd*', Pb*" etc.
individually as well as simultaneously.

4) To fabricate PEDOT inserted UiO-66 MOF on ITO coated glass electrodes for
sensing organic environmental contaminants like hydroquinone (HQ) and catechol
(CT) individually as well as simultaneously.

5) To examine the SHI irradiation effect on UiO-66 MOF bombarded with high
energy ions of different fluences and observe the change in the sensing parameters

of the electrodes.

The complete work of this thesis has been compiled into the seven following chapters in
accordance with the aforementioned goals. Further the materials and chemical reagents
utilized to get the desired products and various synthesis procedures employed to obtain
the products has been discussed in Chapter 2. The investigation regarding the structural,
morphological, vibrational aspects of parent UiO-66 and modified UiO-66 with guests are
discussed in Chapter 3. Then in Chapter 4, the electrical and carrier transport studies of
guest loaded UiO-66 are discussed. In chapter 5 Ag,O loaded UiO-66 has been

investigated for individual and simultaneous sensing of analytes Hg?" and Cd**. In a
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similar manner chapter 6 discusses the individual and simultaneous sensing of HQ and CT
by PEDOT inserted UiO-66. The SHI irradiation induced effects on structural,
morphological, electrical properties of UiO-66 and its application as biosensing electrode
for anti-goat mouse IgG are highlighted in Chapter 7. Conclusive remarks on the of overall
work performed for the thesis along with future perspective have been summarized in

Chapter 8.
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