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ABSTRACT

Nanocomposites play a pivotal role in the fabrication of extraordinary
electrochemical sensing platforms as they possess high catalytic ability, good
chemical stability, versatility, and ultra-high surface sites for accurate,
selective probing of target analytes. Taking into consideration, copper ferrous
sulfide (CuFeS,, widely known as chalcopyrite), a promising candidate of
ternary transition metal chalcogenide family (TTMC) that possesses good
chemical stability, high carrier concentration, commendable adsorption ability,
and high catalytic nature. Hexagonal Boron Nitride (h-BN) on the other hand
is an inorganic layered material with notable properties such as excellent
thermal and chemical stability, biocompatibility, and high surface adsorption
compatibility. Yet, it lacks catalytic properties and electron transfer efficiency.
In this work, a nanocomposite based on CuFeS;-hBNNS was synthesized by
one-pot facile hydrothermal synthesis, as an attempt to overcome the
shortcomings of hBNNS. The properties of as-synthesized nanocomposite
were investigated through XRD, SEM, FT-IR, and UV-visible spectroscopy.
Further, the hydrolyzed indium tin oxide (ITO) glass substrates were used as
the substrate for the electrophoretic deposition process (EPD), which was used
to develop microelectrodes of CuFeS2-hBNNS at low DC potential (20 V).
Successive immobilization of the protein biomarkers associated with Non-
Small Cell Lung Cancer (NSCLC), including Anti-CEA, BSA, and CEA, were
carried out. Subsequently, cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) unravelled the diffusion-controlled process and the fruitful
protein immobilization depicts the potentiality of CuFeS,-hBNNS

nanocomposite for electrochemical sensing of the targeted inoperable disease.
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CHAPTER-1: INTRODUCTION

Nanotechnology and nanomaterials have garnered substantial attention in recent years
due to their remarkable properties and diverse applications across various fields.
Various industries in the present era such as energy, textiles, agriculture, defence,
healthcare, and so on are evolving due to the emergence of nanomaterials-driven
technology that includes supercapacitors, sensors, point-of-care biosensors,
surveillance systems, protective gear, smart fabrics, water purification systems,
packaging, and more. This technology revolves around the manipulation and control
of matter at an atomic scale and represents not only an incremental advancement but
also arevolutionary leap in science and engineering. It promises to redefine the aspects
of technology and industry by exploring and exploiting exceptional properties of
materials that emerge at the nanoscale. It bridges the molecular and atomic worlds,
where conventional laws of physics merge with quantum mechanics, endowing
"guantum confinement" at the atomic and molecular levels. [1]. Nanomaterials, the
foundational elements of nanotechnology, possess unique and remarkable mechanical,
chemical, optical, and biological properties that are markedly different from those of
their larger counterparts [2]. The exquisite chemical traits exhibited by the
nanomaterials can be attributed to their high surface area and quantum effects which
help them to be excellent catalysts [3, 4]. Due to their grain boundary-strengthening
effects, physical qualities such as mechanical strength, magnetic properties, energy
band gap, and thermal conductivity are also distinct from their bulk counterparts [5,
6]. Quantum confinement of the nanoparticle gives rise to unique optical phenomena
such as size-dependent photoluminescence [7, 8]. Finally, due to their large surface
area equipped with several binding sites, they play an instrumental role in biological
fields making them much more effective and efficient than their bulk counterparts [9,
10].

Nanomaterials exhibit a wide range of properties that are influenced by their origin,
structure, size, and chemical composition. Their physical, chemical, optical, and
electrical properties are drastically altered by these factors, thereby impacting the
performance of transducing devices used across various applications. Consequently,
they are divided into various subclasses based on their: (1) Dimensionality and (2)
Composition. The nanomaterials are categorized into four categories based on their
morphology: (i) Zero (0-D), (ii) One (1-D), (iii) Two (2-D), and (iv) Three (3-D)
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dimensional nanomaterials [2, 11]. Among the mentioned subcategories of
nanomaterials, 2-D nanomaterials differ from the rest due to their high electron
mobility, ease of functionalization, high surface area, flexibility, layer-dependent
properties, commendable mechanical strength, and binding sites [12]. These unique
properties make 2-D nanomaterials particularly interesting. Definition-wise, 2-D
nanomaterials have two dimensions outside the nanoscale and one well within it
(about 1-100 nm), indicating that we have one-way confinement, which gives rise to
the supremacy of quantum effects that are impossible to ignore [13]. Further, the 2-D
nanomaterials are classified into subcategories based on their composition as, organic,
inorganic, and hybrid composite [14, 15]. The absence of carbon and hydrogen sets
inorganic nanomaterials apart from organic layered materials. They are in turn made
up of elements like sulfur, nitrogen, boron, and molybdenum. Due to their high
chemical and thermal stability, a diverse range of electrical capabilities, and
noteworthy mechanical strength, they have been employed in variegated spheres of

applications [16, 17].

Among various different members of inorganic layered material family hexagonal
boron nitrides (h-BN) is the most notable member. h-BN has earned the title "white
graphene” because of its astonishing isomorphism with graphene. It consists of layers
of hexagonally arranged boron and nitrogen atoms joined by sp? hybridization [18].
Recognized for having a large energy band gap (~ 5-6 eV) coupled with low chemical
catalytic properties this substance has unfortunately not received enough attention for
electrochemical uses. However, it is a promising candidate for use in various scientific
domains due to its other intriguing qualities, which include a large surface area,
superior chemical stability, inertness to oxidation with ease of functionalization, and
an adjustable band gap [18, 19]. Hence, to fully exploit this eccentric material we need

to overcome its shortcomings which can be done by coupling it with suitable materials.

Here, the fascinating family of Ternary Transition Metal Chalcogenides (TTMCs), a
subclass of Transition Metal Chalcogenides (TMCs), emerges as a suitable candidate.
As the name suggests each member of TTMC is made up of three elements: one is a
chalcogenide, such as oxygen or sulfur, and the others are either metals or non-metals.
The transition elements are those found in the d-block, such as copper, silver, and
gold. The family's well-known qualities are good adsorption ability, chemical

stability, high carrier concentration, high catalytic activity, and structural variety.
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CuFeS;, CuAlS,, CulnS; are among the most intriguing members of this family [20,
21].

Within the TTMC family, CuFeS», widely referred to as chalcopyrite, garners
significant attention due to its remarkable and distinguishable traits. This mineral, with
its brassy yellow hue, exhibits a tetragonal crystal structure and is widely recognized
for its metallic lustre and semi-conductive properties. This is because CulnS;
extraction and processing have serious environmental impacts [22, 23] on the other
hand CuAlIS; have stability issues [24, 25], and hence their usage is limited. CuFeS>
holds immense significance due to its extensive utilization across a wide range of
industries. It is notably the most commonly used element in its family. Its applications
are diverse and can be found in fields such as photo-catalysis, solar cells, energy
storage, and battery technology. This versatile mineral plays a crucial role in
advancing various technological and industrial processes. [26, 27]. This element
stands out due to its exceptionally low optical bandgap and outstanding photo-catalytic
effectiveness, making it an incredibly compelling choice for a wide range of
applications. With its high catalytic activity, variable bandgap, low toxicity, and
synergistic effects, it presents a wealth of promising opportunities. Moreover, its
environmentally friendly nature warrants thorough exploration of its potential use in
green energy sources [26, 27]. Previous research has demonstrated that
nanocomposites have the potential to yield materials with vastly improved, enhanced,
and customizable properties, thereby offering a broad range of practical applications
across various industries [28, 30]. The versatile properties of nanocomposites make
them indispensable in a wide range of applications, including automotive, batteries,
electronics, medical field, and sensing. [31-35].

In the context of sensing inoperable ailments, nanocomposites have proved to be far
superior to the conventional methods of diagnosis in terms of sensitivity, efficiency,
and reliability [34, 35]. The researchers have extensively discussed the crucial role of
nanocomposites in advancing electrochemical sensing technologies for detecting
specific biomarkers associated with Non-Small Cell Lung Cancer (NSCLC). This is
particularly noteworthy due to NSCLC being the most prevalent form of lung cancer,
constituting more than 85% of all cases [36]. The potential implications of this
research are vast, as improved detection methods could lead to earlier diagnosis and

more effective treatment strategies for NSCLC patients [36]. Smoking [37], passive
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smoking [38], prolonged exposure to radon [39, 40], asbestos [41], air pollution [42,
43], and genetic factors [44] are the most common risk factors of NSCLC. The clinical
signs of NSCLC include explanatory weight loss, prolonged coughs, chest uneasiness,
fever, clubbing of fingernails [45], and so on, which unfortunately are non-specific
[46]. Due to such inconspicuous symptoms and expensive methods of diagnosis, it is
normal for the patient to delay seeking medical treatment until it is too late [47].

The remarkable advancements in the field of molecular biology have paved the way
for the discovery of biomarkers, which play a pivotal role in assessing the severity of
various illnesses, with particular emphasis on cancer prognosis. These biomarkers are
highly regarded by medical professionals worldwide due to their ability to provide
valuable insights into the progression of diseases. Specifically, in the context of non-
small cell lung cancer (NSCLC), carcinoembryonic antigen (CEA) has garnered
attention as an exceptionally reliable biomarker for accurate diagnosis and monitoring
of the disease's progression. This detailed information aids in developing personalized
and effective treatment plans for patients, ultimately contributing to improved
outcomes and quality of care. It was observed that the levels of CEA in the body fluids
of a typical person were maintained at 5 ng/ml, which is treated as a cut-off
concentration [48], and with the onset of the disease, the levels rose, as high as to its
70 % of its normal levels [49, 50].

In our study we synthesized a unique nanocomposite by combining h-BN with
CuFeSy, leveraging its straightforward functionalization process. This innovative
approach allowed us to overcome the limitations of h-BN, such as its large energy gap
and low catalytic activities, resulting in a nanocomposite with vastly improved
characteristics. Through the enrichment of valence states and the utilization of notable
synergistic effects from copper and iron, CuFeS; significantly enhanced the catalytic
nature of h-BN, leading to a drastic reduction in the energy band gap. This strategic
coupling of h-BN with chalcopyrite has given rise to a new class of nanocomposite
with remarkably enhanced electrocatalytic activity. Our comprehensively discussed
various physical characterization techniques to confirm nanocomposite was
successfully synthesized using a simple one-pot hydrothermal route. Subsequently,
the fabricated nanocomposite was deposited onto indium tin oxide (ITO) substrates
through electrophoretic deposition. The electrochemical characteristics of the
electrodes were thoroughly analyzed using Cyclic Voltammetry (CV) and Differential
Pulse Voltammetry (DPV) studies.




CHAPTER 2: EXPERIMENTAL SECTION

2.1 Importance of Hydrothermal Route

Hydrothermal synthesis stands out as a cornerstone in the realm of nanomaterial
fabrication, offering a remarkable avenue for tailoring the properties of materials at
the nanoscale with unprecedented precision and control. Rooted in the principles of
aqueous chemistry under elevated temperature and pressure conditions, hydrothermal
synthesis harnesses the transformative power of water as both a solvent and a reactant
to devise the assembly of nanoscale architectures with tailored functionalities and
morphologies [51, 52]. The captivating features of hydrothermal synthesis include its
ability to serve as a versatile and robust platform for the creation of a diverse array of
nanomaterials, ranging from metal oxides and sulfides to carbon-based structures and
beyond. By modulating reaction parameters such as temperature, pressure, pH, and
precursor composition, the researchers have focussed a profound influence over the
nucleation, growth, and crystallization processes that underpin the formation of
nanomaterials, thereby bestowing precise control over their size, shape, surface
chemistry and crystallinity [53-55].

Beyond its unparalleled control over material properties, hydrothermal synthesis
offers distinct advantages over the other conventional synthesis methods. It operates
at moderate temperatures and pressures, rendering it energy-efficient and amendable
to large-scale productions, while its aqueous milieu promotes homogenous reactions
and enables facile incorporation of dopants or functionalization agents [55].
Moreover, the closed, pressurized environment of hydrothermal reactors fosters the
synthesis of materials with enhanced purity and uniformity, as well as the realization
of metastable phases or exotic nanostructures that may be elusive under ambient
conditions [53-55]. Hence, due to its versatility and efficacy, hydrothermal synthesis
finds widespread applications across diverse fields, spanning catalysis, energy storage,
environmental remediation, biomedicine, and beyond [56, 57]. From high-
performance electro-catalysts for fuel cells to drug delivery carriers with precise
control over drug release kinetics, the impact of hydrothermal synthesis reverberates
across a spectrum of technological frontiers, propelling advancements that promise to

reshape industries and redefine the boundaries of scientific exploration [56, 57].




Despite these advantages, hydrothermal synthesis also suffers from certain
shortcomings such as longer reaction times and the need for specialized equipment.
Additionally, controlling reaction conditions precisely can be challenging, and the
optimization of parameters may be required for each specific material system [58].

2.2 Materials Used

Copper chloride dehydrate (CuCl2.2H20) was procured from Central Drug House
(CDH), whereas ferric chloride (FeCls) and thiourea were purchased from Thermo
Fisher. Sigma Aldrich provided the bulk boron nitride powder(BN), 1-(3-
(dimethylamino)-propyl)-3-ethylcarbodiimide hydrochloride (EDOC), N-
hydroxysuccinimide (NHS), bovine serum albumin (BSA), and monoclonal CEA
antibody and antigen. Chemical reagents that were used in the whole experimental
procedure were acquired from Fisher Scientific which included hydrazine
(N2H4H20>99%) and isopropanol (IPA, (CHs3).CHOH). Also, the acetonitrile
(CH3CN) and ethanol (C2HsOH) were bought from Merck. All the purchased
chemicals and reagents were discovered to be high purity and were directly used
without further purification.

2.3 Synthesis of CuFeS; Nanoparticles

For the synthesis of CuFeSz nanostructures, we followed an in-situ hydrothermal
procedure which was mentioned in great detail in the works [59]. Accordingly, we
prepared a solution of cupric chloride dihydrate and ferric chloride each of 0.15 M.
Then the solutions were stirred vigorously for 10 mins with the help of a magnetic
stirrer. Following this, a solution of thiourea of 0.30 M was added to the mixture after
which the solution was then subjected to magnetic stirring for an hr. For the
conduction of a successful hydrothermal procedure, the solution is transferred to a 100
ml Teflon autoclave and then kept the same in an oven at 200 °C for 10 hrs.
Subsequently, the products so obtained were thoroughly washed with DI and
centrifuged. After this, the yield was dried with the help of a vacuum oven at 60 °C
for approximately 25 hrs. At the end of 25 hrs, the products were grinded and were
annealed at 300 °C for an hour at a rate of 3 °C/min. Fig. 1 depicts the synthesis

procedure that was followed for the fabrication of the CuFeS..




Weighing The Salts

Grinding Washing via Centrifugation Technique Hydrothermal Treatment

Figure 1: Pictorial representation of hydrothermal synthesis of CuFeS:
nanoparticles.

2.4 Synthesis of the CuFeS2-hBNNS Nanocomposite

Nanocomposite are the materials that combine nanoparticles with bulk matrix
materials like metal, polymer and so on in order to improve their properties. In this
work we enhanced the electrocatalytic efficiency of hBNNS by synthesizing a
nanocomposite that decorates CuFeS> nanoparticles over hBNNS nanosheets.
Interestingly, h-BN exhibits isostructural properties to graphene thereby exhibit
immense potential in biosensing applications. Whereas, CuFeS; is a potential
inorganic layered material that can efficiently tune the properties of hBNNS.To
synthesize the proposed nanocomposite we resorted to in situ synthesis which involves
the generation of nanaoparticles within the matrix during the composite formation
process. Hence, for the fabrication of the nanocomposite, equal amounts of the
synthesized CuFeS, and Bulk h-BN were ultrasonicated individually in 10 ml of
isopropyl alcohol for an hr. Then the solutions were mixed at the end of the procedure.
Then, to the above solution, 10 ml of deionized water (DI) was added and stirred for
another half an hr. Again for the conduction of the hydrothermal route, the solution
was transferred to a 100 ml Teflon autoclave. The autoclave was sealed in a stainless
steel autoclave and then kept in the oven at 130 °C for a period of 4 hrs. Then the

products were grinded and thoroughly washed with DI. Finally, the products were




annealed at 300 °C for an hr at a rate of 3°C/min. Fig. 2 illustrates the one-pot
hydrothermal synthesis followed for the successful fabrication of the nanocomposite,
I.e., CuFeS2-hBNNS
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Grinding Washing with DI water Hydrothermal Treatment Hydrothermal Autoclave

Figure 2: Pictorial representation of the hydrothermal synthesis of the CuFeS:z-
hBNNS nanocomposite.

2.5 Fabrication of the Immunoelectrodes for the Electrochemical
Detection of CEA

The electrophoretic deposition (EPD) approach was used to deposit the
nanocomposite onto the indium tin oxide (ITO) slides, following the entire procedure
indicated [60]. ITO electrodes are used because of their excellent conductivity, large
potential window, steady electrochemical response, facile scaling, and cost-
effectiveness [61]. Before deposition, the ITO electrodes went through hydrolysis. The
electrodes were extensively hydrolyzed with ammonia, hydrogen peroxide, and DI
water ina 1:1:5 ratio (volume). Deionized water was used to ensure that the hydrolysis
process reaction occurs in a clean and controlled environment. Since it is free of ions
and other impurities, which could interfere with the hydrolysis process or introduce
contaminants to the ITO slides [62, 63]. By using deionized water, we make sure that
we achieve reproducible results with minimal background noise [64]. Hydrogen
peroxide is used as an oxidizing agent in the hydrolysis process of ITO slides. It helps
in removing organic contaminants and surface residues from the surface, preparing it

for matrix deposition. It promotes the formation of hydroxyl groups on the surface of




the slides during the hydrolysis reaction [65]. Ammonia is employed in the hydrolysis
process as a base to adjust the pH of the solution. Controlling pH is crucial for
optimizing the hydrolysis reaction and promoting the formation of hydroxyl groups
on the surface of the ITO slides and ensures the successful fostering the matrix [66].

The process of hydrolysis can be described as an instrumental course of treatment to
activate the radical groups on the electrodes. In the present context of ITO slides, this
involves treating the surface of the slides with a strong acid or base, thus modifying
the surface chemistry of ITO slides by creating hydroxyl (-OH) groups on the surface.
These hydroxyl groups play a very significant role in fostering the matrix (CuFeS,-
hBNNS) onto the ITO slides, as they provide potential reactive binding sites for the
successful immobilization of the matrix that are pivotal for biosensing applications
[67].

Accordingly, the prepared nanocomposite was then suspended in acetonitrile at a
concentration of 0.5 mg/mL Following that, a suspension of magnesium nitrate
(MgNO3) was developed using acetonitrile and ultrasonically treated for an hr to
create a colloidal solution equivalent to the previously developed suspension of the
nanocomposite. We made use of acetonitrile for the film formation onto I1TO slides
for many reasons. Firstly, acetonitrile offers high dispersibility for many organic and
inorganic materials ensuring the solvent is versatile, as a result, a very thin film is
formed [68]. Secondly, acetonitrile is very compatible with ITO slides and does not
readily react with the surface, ensuring the integrity and conductivity of the ITO layer
are maintained during the film deposition process [68]. Compatibility is vital for
preserving the functionality of the slides. Also, the low surface tension of acetonitrile
facilitates the formation of uniform and smooth films on the surface of the slides [68].
This property ensures minimal defects and good coverage of the substrate, leading to
enhanced film quality and performance in biosensing applications.

A small amount of the produced MgNOs was then added to the nanocomposite
solution to ensure that the nanocomposite securely bonds to the electrode surface
throughout the EPD process. As a result, the above-mentioned homogeneous
suspension of CuFeS,-hBNNS was placed in a glass beaker comprising of 2 electrode
system. The positive terminal of the EPD setup was connected to the platinum
electrode, whereas the negative electrode was connected to the copper electrode. Then,




the pre-hydrolyzed ITO slides (3 cm x 1 cm) was mounted on the copper electrode for
film deposition. Uniform deposition of the CuFeS,-hBNNS (1 cm x 1 ¢cm) onto the
ITO electrode was attained at a DC voltage of 20 V as shown in Fig. 3. The choice of
MgNO:z to be used as a binding agent for the film formation is attributed to several
advantageous reasons. The high solubility of MgNOs in water makes it easy to prepare
homogenous precursor solutions for film deposition processes [68]. By adjusting
parameters such as precursor concentration, deposition technique, and heat treatment
conditions, researchers can tailor the properties of the deposited films to meet specific

requirements for biosensing applications.
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Figure 3: EPD film comprising of CuFeS2-hBNNS nanocomposite on ITO slide.

Following at room temperature (25 °C), CuFeS:-hBNNS/ITO electrodes were
immobilised with protein biomolecules, and the modified immunoelectrode
underwent comprehensive electrochemical examination. To begin, a stock solution of
monoclonal Anti-CEA (50 pg/ml) diluted in pH 7.4 along with EDC (0.2 M) and NHS
(0.05 M) in a 2:1:1 ratio to operate as an activator and stabilizer, respectively. Then
20 pL of CEA antibodies were mounted onto the unaltered film of CuFeS>-hBNNS.
The immunoelectrode was further evolved by adding 10 pL of BSA, resulting in the
electrode composition BSA/Anti-CEA/CuFeS,-hBNNS/ITO. The addition of BSA
was required to rectify the alignment of the adsorbed Anti-CEA and prevent the
contribution of all those Anti-CEA that were not adsorbed perpendicular to the
electrode. Finally, 10 uL of CEA was applied to the BSA/Anti-CEA/CuFeS;-
hBNNS/ITO electrode.
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CHAPTER-3: CHARACTERIZATION

3.1 MATERIAL CHARACTERIZATION
3.1.1 X-Ray Diffraction

X-ray diffraction (XRD) stands out as a critical technique used worldwide to validate
compound synthesis [69]. Solid-state compounds fall into two categories: crystalline
and amorphous. When X-rays interact with solid atoms, they are deflected, producing
a diffraction pattern. This pattern is a result of the interference of waves emitted by
atoms at different positions. Constructive interference occurs when the atomic
structure is ordered, while destructive interference occurs when it is not. The periodic
atomic structure of crystals is intricately linked to their diffraction patterns. Diffraction
occurs at small angles when there is a periodic atomic arrangement with long repeated
distances, and at high angles when the distances are short. The intensity of diffraction
peaks reveals the atomic location and number within the cell, while the position of the

diffraction peaks determines the size and shape of the unit cell [69-71].
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Figure 4: Physical mechanism of the X-ray diffraction [reprinted from Jung et
al., 72]
According to Bragg's analysis (Fig. 4), crystals are arranged in atomic planes (lattice

planes) whose miller indices are given as [hkl] with a separation of d, wherein d is the
inter-planar spacing. The Bragg's diffraction requirement for constructive interference
is met when the path difference lengths equal nA, which can be expressed
mathematically as follows:

2dsin®= ni (1)
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Where d is the inter-planar spacing between two atomic planes

® is the diffracting angle

n is the order of the diffraction (only integral values)

A is the wavelength of the incident light

Hence eq. (1) relating the wavelength of the radiation with the angle of diffraction
which can be experimentally observed will help us to deduce the unique set of
interplanar spacing which helps us to correctly identify the compounds. The diffracted
rays are collected and accounted for, and then subsequently these diffraction peaks are
converted to the interplanar distances [70, 71].

A standard X-ray diffractometer is composed of three key elements: an X-ray tube, a
sample holder, and an X-ray detector [69]. Electrons are accelerated in the cathode
tube towards the sample, producing characteristic spectra when they have sufficient
energy to probe the inner electrons [70]. The sample and the detector are rotated
simultaneously to direct collimated rays onto the sample, with the detector recording
the diffracted rays. Notable intensity is only generated and recorded when constructive
interference occurs. These intensity recordings are then processed to generate the
spectra [69, 70].

3.1.2 Scanning Electron Microscopy (SEM)

A scanning electron microscope utilizes a focused beam of electrons to produce
detailed images of the sample under study, offering valuable insights into its
composition and size [73]. SEM represents a significant advancement over light
microscopes, providing superior magnification and resolving power to visualize the
world at a smaller scale with exceptional clarity. Moreover, the SEM's high-voltage
(around 50 KkV) tungsten lamp serves as the radiation source, employing

electromagnetics to focus the electrons [73-75].

The working principle of SEM is as follows [74, 75]. The produced electron beam
from the tungsten source lamp is accelerated towards the target with the help of the
application of high positive voltage. Following this, the beam is confined and focussed
with the help of an electromagnetic lens which uses a magnetic field and metal
apertures to produce a monochromatic beam of highly focused electrons.

Subsequently, these electrons interact with the sample under study which produces an
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output signal from which vital information about surface topography, composition,

and other properties can be communicated by constructing images from these signals.

electron beam wl\x\« anode
!

magnetic lens

backscattered
electron detector

secondary
electron detector

specimen stage

Figure 5: Scanning Electron Microscope components and their working
[reprinted from William et al., 76]

SEM is extensively used to study the microstructure, composition, and defects of
materials like metals, ceramics, polymers, and composites [73]. It plays a crucial role
in characterizing nanoparticles, nanostructures, and nanomaterials, aiding research
and development in nanotechnology. SEM provides high-resolution imaging of
biological specimens such as cells, tissues, and microorganisms, contributing to
advances in biology, medicine, and biotechnology. The following are the notable

advantages and disadvantages [73-75]:

Advantages:
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1. High Resolution: SEM offers superior resolution compared to optical microscopes,
allowing visualization of fine surface details. Typically, optical microscopes have a
diffraction limit of around 200 nm, whereas SEM resolutions are in the range of 1-10

nm

2. Depth of Field: It provides a large depth of field, enabling clear imaging of three-
dimensional structures without any sample preparation. This is due to the nature of
electron optics. This means that more of the specimen can be kept in sharp focus at

the same time.

3. Elemental Analysis: SEM coupled with energy-dispersive X-ray spectroscopy
(EDS) allows for elemental analysis, identifying the chemical composition of samples.
Hence, they are equipped with additional detectors such as energy-dispersive X-ray

spectrometers.

4. Magnification Range: SEM offers a wide magnification range, from tens to
hundreds of thousands of times, accommodating various sample sizes and types. It
offers magnification often exceeding 100000x, as compared to 1000-2000x of an
optical microscope.

5. Non-destructive: SEM is a non-destructive technique, meaning samples can be

imaged without altering their structure or composition.
Disadvantages:

1. Complexity: Operating SEM requires specialized training and expertise due to its
complex instrumentation and techniques. The process of aligning the electron beam,

adjusting the vacuum system, and interpreting the results is complex.

2. Vacuum Requirement: Samples must be placed in a vacuum chamber, which may
limit the analysis of certain materials or biological specimens. Biological specimens,

for example, need special preparation techniques which may change their natural state.

3. Limited Depth Information: SEM provides surface imaging and lacks depth

information, requiring complementary techniques for three-dimensional analysis.

4. Cost: SEM equipment and maintenance can be costly, making it less accessible for
smaller laboratories or academic institutions. It’s expensive both in terms of initial

purchase and maintenance costs
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In conclusion, SEM is a versatile and powerful tool for surface imaging and analysis,
offering high resolution and a wide range of applications across scientific disciplines
and industries. Despite its complexity and limitations, its advantages make it
indispensable for research, quality control, and technological advancement.

3.1.3 Fourier Transform Infrared Spectroscopy (FT-IR)

Fourier Transform Infrared Spectroscopy is one of the most effective material
characterization methods. Its roots are deeply ingrained in the molecule's distinct
vibrational spectrum. Furthermore, the infrared spectra assist us in doing both
qualitative and quantitative examination of the material, with the depth of the peak
depicting the amount of the required component in the material [77].

The initial infrared spectrometers relied on the dispersion of light, utilizing prisms or
diffraction gratings to separate individual light frequencies. These frequencies were
then individually passed through the sample, and the detector analyzed the energy
content of each frequency after passing through the sample, resulting in a plot of
transmitted light intensity versus frequency. However, this method was hindered by
slow scanning speeds. Fourier transform infrared (FT-IR) spectroscopy has emerged
as one of the most widely used characterization techniques due to its non-destructive
nature, high optical throughput, enhanced sensitivity, and faster scanning speeds.
FTIR devices are user-friendly, with mechanical simplicity and no need for external
calibration [77]. Potassium Bromide (KBr) pellets were commonly used due to their
opaque nature in the desired wavelength or spectrum range [77]. For our FTIR
analysis, we utilized PerkinElmer's Spectrum Two Spectrometer.

A typical FTIR spectrometer consists of three key components: a broadband infrared
light source, an interferometer, and a detector. Fig. 6 illustrates the working and
design of the FT-IR spectrometer The radiation source emits infrared radiation, which
is split into two parts by the beam splitter. One part goes to the movable mirror, and
the other to the stationary mirror. Reflected rays are directed towards the sample,
absorbed, and then recorded by the detector. Applying the Fourier transform using a
computer produces spectra showing the intensity of transmitted light as a function of
wavenumber. The resulting FTIR spectrum offers valuable insights into the functional
groups present in the sample's molecules. Each peak or band in the spectrum

corresponds to specific vibrational modes of chemical bonds within the sample. By
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comparing the sample's spectrum to reference spectra or databases, analysts can
identify compounds and elucidate their chemical structure. FTIR spectroscopy is
applied across various fields, including pharmaceuticals, polymers, environmental
analysis, forensic science, and materials science, for qualitative and quantitative

analysis, monitoring chemical reactions, and identifying unknown substances.
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Figure 6: FT-IR spectroscopy mechanism [reprinted from Saptari, 78]
The following are the notable advantages of Fourier Transform Infrared Spectroscopy
(FTIR) as stated in the reliable sources [79]:

1. High Sensitivity: FTIR offers high sensitivity, allowing the detection of small

amounts of sample material.

2. Wide Applicability: It can analyze various types of samples including solids,

liquids, and gases, making it versatile.

3. Rapid Analysis: FTIR provides rapid data acquisition, enabling quick analysis of

samples, as it captures the entire band of wavelengths simultaneously.

4. Quantitative Analysis: It allows for quantitative analysis of sample components,

facilitating accurate determination of concentrations.

5. Non-destructive: FTIR is a non-destructive technique, preserving the integrity of

samples for further analysis.

The noticeable disadvantages of Fourier Transform Infrared Spectroscopy (FTIR)

techniques are listed as follows [80]:
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1. Sample Preparation: Some samples require preparation techniques such as
grinding, pressing, or dilution, which can be time-consuming and may alter the

sample's properties.

2. Instrument Cost: High-quality FTIR instruments can be expensive to acquire and

maintain, limiting accessibility for smaller laboratories or institutions.
3.1.4 UV-Visible Spectroscopy

Ultraviolet spectroscopy is a powerful optical characterization technique that
leverages light in the visible and ultraviolet regions to identify and quantify light-
absorbing substances. When molecules or ions in a solvent are exposed to ultraviolet
and visible light, they undergo electronic transitions, leading to significant changes in
their electronic states. It stands as a crucial tool in the realm of optical characterization,
offering precise and reliable analyses of light-absorbing substances This technique is
governed by two fundamental laws: Lambert’s law and Beer’s law. According to
Beer’s law, the light-absorbing capability of a solute in a solvent is directly
proportional to the solute's concentration, although deviations are observed at higher
concentrations due to vibrational effects. Lambert’s law states that each layer of the
absorbing media of equal thickness will absorb an equal amount of light passing
through it. When a beam of monochromatic light of intensity lo falls on a sample with
concentration ‘c’ and sample length ‘d’, both laws can be combined into a single

expression given as eq. (2):
loglolTo = Kcd (2)
Where lo represents the intensity of the incident beam of light,
I represent the intensity of the transmitted light,
K is the constant of proportionality dependent upon the absorbing substance,
c is the concentration of the sample in the given solvent,
d is the distance traversed by the light through the cuvette

This particular physical method is known for its versatility, ease of use, sensitiveness,

reliability, correctness, and cost-effectiveness [81].

17




The principle of operation of the spectrometer is as follows, firstly light belonging to
a specific range of wavelength is made to pass through the cuvette containing the
sample and consequently, is made to fall onto a photoelectric cell which converts the
radiant energy to electrical energy which can be fruitfully measured by a galvanometer
[81]. Hence physically it generates the absorbance spectra of the sample under study.

Beer Lambert's law is stated as eq. (3):

A= €bc 3)

Where A is the absorbance of the sample,

€ is the absorptivity of the sample

b is the path length travelled by the light in the cuvette
c is the concentration of the solute in the solvent

A typical UV-Vis spectrometer consists of the following components as pictorially
depicted in Fig. 7:

1. Source: The light source provides a stable and continuous spectrum of UV
light. Xenon and Deutrium lamp are commonly employed for this purpose.

2. Filters and Monochromators: These are used to isolate specific wavelengths
of light from the continuous spectrum of light produced by the source. It consists of
prisms or diffraction grating for separating the light into its component wavelengths.

3. Sample Compartment: It houses the cuvette which is typically made up of
quartz or another material transparent to UV light. It aligns the cuvette with the path
of light.

4. Detector: The detector measures the intensity of light that passes through the
sample. Common detectors include photomultiplier tubes and photodiodes, which
convert the transmitted light into an electrical signal.

5. Recorder: It records the electrical signal from the detector and converts it into
a readable format. It displays the absorbance or transmittance as a function of

wavelength.
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Figure 7: A simple representative diagram of a UV-visible spectrometer
[reprinted from Mukadam et al., 82]
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Figure 8: Working of a typical UV-Visible spectrometer [reprinted from majeed,
83]

As shown in Fig. 8 the working of a common UV-Vis spectroscopy consists of

splitting of light with the help of diffraction grating, which passes through the filter to
get a collimated beam of light. Next, with the help of a mirror and a half-polished
mirror, we split the beams into two parts which consequently made to pass through
the reference sample and the sample cuvette. After this, the collected intensity is

produced to give the absorption spectra.
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The applications of UV-vis spectroscopy include the identification of contaminants,
structural classification of organic compounds, quantitative, qualitative, and chemical

analysis, and deviations from Beer- Lambert’s law [81].

3.2 ELECTROCHEMICAL STUDIES

The complete electrochemical study was conducted on a three-electrode system
consisting of a working electrode, reference electrode, and counter electrode. We have
used a three-electrode system, as when we do measurements in the two-electrode
system there is an addition of an intrinsic resistance which introduces errors that can’t
be accounted for accurately. The working electrode was modified immunoelectrode
CuFeS2-hBNNS/ITO, the reference electrode was Ag/AgCl and the counter electrode
was the Platinum wire. The choice of the reference electrode was the basis of its high
work function, and chemical inertness so that it does not interfere with the reactions
[84], and hence can be used as a reference for voltage and current measurements. We
chose platinum wire as the counter electrode due to its great electrical conductivity,
comparatively low work function, and chemical inertness [85]. The main purpose of
a counter electrode is to complete the circuit without giving out any foreign chemical
products. Hence this fits the choice of the electrodes.
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Figure 9: A typical three-electrode system employed for electrochemical studies
[reprinted from Parthasarathy, 86]
We conducted Cyclic Voltammetry(CV) and Differential Pulse VVoltammetry(DPV)

to inspect the electrochemical properties of the electrodes with the help of a three-

electrode system as shown in Fig. 9. For this purpose, we made use of a Phosphate
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Buffer Solution (PBS, 50mM, 0.9% NaCl) consisting of 5mM of ferri-ferrocyanide

redox couple (Fe(CN)> /*

). The choice of PBS solution may be attributed to its close
resemblance to the ionic strength and atmosphere found in the biological species along
with commendable compatibility with the biomolecules equipped with high electrode
and pH stability [87]. We preferred the ferri-ferrocyanide redox couple for the
electrochemical studies as it gives us an excellent one-electron redox reaction which
is both simple and reversible making it best suited for studying the electrochemical
properties of the electrodes [88]. In addition to this, the redox couple is so electro-
active that it gives us very sharp and well-defined peaks in CV and DPV graphs which
play a crucial role in calculating the precise values of currents and potentials in turn

helping in the calibration and optimizing the experimental conditions [88].

3.2.1 Cyclic Voltammetry
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Figure 10: Pictorial representation of the measurable physical parameters of
Cyclic Voltammetry [reprinted from Khan et al., 92]

Cyclic voltammetry (CV) is an essential technique used by researchers worldwide to
gain insights into the kinetics and various parameters of electrochemical reactions at
the electrode interface [89-91]. This method involves varying the applied potential and
measuring the resulting current as a function of potential. In a three-electrode system,
the potential is adjusted across the reference and working electrode, and the resulting
current is measured between the counter and the working electrode. In cyclic
voltammetry, a triangular potential is employed, with the potential being swept back
and forth, hence the term "cyclic." The rate at which this potential is varied over time

is known as the scan rate. By increasing the potential, we enhance the repulsion force
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acting on the substrate's electrons, leading to the liberation of electrons once the
potential exceeds the substrate's ionization potential, resulting in oxidation.
Conversely, decreasing the potential leads to the reduction or acceptance of electrons.
Fig. 10 provides a visual representation of the mechanism behind the cyclic

voltammetry test.

This means during the forward scan, when the change in the potential is positive we
have the occurrence of oxidation and during the reverse scan we have the occurrence
of reduction. The graph that is drawn between the potential swept and resulting current
(scientifically known as voltamogram) communicates many important features about
the process. One of them is the nature of the reaction. If the plot is in the form of a
closed duck-shaped curve, then it implies that the reaction occurring in the vicinity of
the electrodes is reversible. If the plot is closed and the shape has a notable deviation
from that of the duck it implies that the process is quasi-neutral. This means that even
though the system can come back to its initial state but may suffer from some energy
loss. And if the plot is neither of them then the process is irreversible. All the possible

curves that can retained during the potential sweep are depicted in Fig. 11.
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Figure 11: Curves of Cyclic Voltammetry for the reversible, irreversible, and
quasi-reversible process [reprinted from Lee et al., 93]
Mathematically, if the difference between the cathodic and anodic peak potential (i.e.,
AEp=Epc-Epa) is less than 57 mV, then the process can be considered reversible [16].

Physically Nernst equation predicts the equilibrium potential that needs to be applied

externally so that there is no movement of ions, that is the motion of the ions due to
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diffusion which arises due to differences in concentration is countered by the motion

of the ions due to external potential.

3.2.2 Differential Pulse Voltammetry (DPV)
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Figure 12: Pictorial description of the applied voltage and response curve of

Differential Pulse Voltammetry [reprinted from Liu et al., 94]

It is a type of voltammetry technique, a potential scan is made by using a series of

pulses with constant amplitude, superimposed on the dc-potential (also called linear

ramp potential), consequently, the response of current is in the form of peaks as shown

in Fig. 12. Hence by using a series of voltage pulses we measure the current response

of electroactive species in a solution. It is instrumental in determining the oxidation

and reduction process depending on the analyte concentration [95, 96].
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Figure 13: Linear Ramp Potential scan employed in a differential pulse
Voltammetry [Source: Knowledge Base, Palmsens: online,95]

23




In Fig. 13, it is clear that 11 represents the electrochemical current measured before
applying the pulse at time t1 and |2 represents the electrochemical current measured at
the end of time t, then Al gives the peak-like response current and is given by I-1s.
And the highest peak is directly proportional to the concentration of the analyte [96].
The keynote advantages and disadvantages of this technique were found to be as
follows [96, 97]:

Advantages:

1. High Sensitivity: DPV offers high sensitivity, making it suitable for the analysis of
trace amounts of substances in solution. This is because it employs differential pulses

which minimizes the background noise.

2. Selective Detection: By subtracting the baseline current, DPV can enhance
selectivity by eliminating background noise and interference from other species in the

solution.

3. Low Background Current: DPV typically exhibits low background current, which
improves the signal-to-noise ratio and enhances the detection limit.

4. Wide Range of Applications: DPV is versatile and can be applied to various
electrochemical systems, including the analysis of organic compounds, metal ions,

and biomolecules

In summary, while DPV offers high sensitivity and selective detection, its
implementation can be complex, requiring specialized equipment and careful
optimization of experimental parameters. However, its versatility and ability to
analyze trace substances make it a valuable tool in electrochemical research and

analysis
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CHAPTER 4- RESULTS AND DISCUSSIONS
4.1 MATERIAL CHARACTERIZATION

4.1.1 X-ray Diffraction
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Figure 14: X-ray diffraction of (a) Bulk h-BN, (b) CuFeS2, and (c) CuFeS:-
hBNNS respectively.

Fig. 14 depicts the x-ray diffraction (XRD) results of the as-synthesized CuFeS; and
CuFeS2-hBNNS, carried out in the range 20 to 80°. The studies were carried out to
comprehend the crystallinity and phase of the as-prepared products. Fig. 14(a)
illustrates the XRD pattern of the Bulk h-BN portraying sharp peaks positioned at
26.65°, 41.56°, 43.86°, 50.1°, and 55° corresponding to hkl planes (002), (100), (101),
(102), and (004) which is found to be in lines with JCPDS card number 00-034-0421
[60, 16]. The peaks observed in Fig. 14(b) at 20@= 29.48°, 31.76°, 35.54°, 41.12°,
49.88°, 55.12°, 57.86°, and 80° were catalogued to the characteristic hkl planes of
CuFeS; positioned at (112), (103), (004), (211), (220), (310), (312) and (316), which
respectively matched with that of the tetragonal chalcopyrite phase having the JCPDS
card number 37-0471 [ 16, 98-101]. The highest intensity observed at 29.48° suggests
that the fabricated chalcopyrite was more structured along (112) plane. The notable
existence of a peak at 27.98° may be inferred from the presence of CuS particles [101].
Further, the XRD pattern of the nanocomposite demonstrated the presence of peaks of
both the chalcopyrite and Bulk h-BN. The peaks at 25.48°, 41.92°, 43.66°,47.24°,
56.44°,73.44° and 76.04° were attributed to (002), (100), (101), (102), (004), (104)
and (110) planes of the bulk h-BN, while those at 29.02°, 31°, 34.52°, 41.92°, 49.6°,
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54.38°, 57.52° and 79.82° may be indexed to the planes given as (112), (103), (004),
(211), (220), (310), (312) and (316) confirming the phase formation of the

chalcopyrite in the nanocomposite

There is a keynote absence of the peak at 27.98° in the case of the nanocomposite,
which indicates that the impure phase of CusS reacted to produce many more CuFeS;
nanoparticles [101], thus concluding the fact that the fabricated nanocomposite turns
out to be much purer than the earlier produced chalcopyrite. Hence, the high
crystalline behavior demonstrated by the XRD pattern of the nanocomposite infers

that CuFeS; has been successfully fostered on hBNNS.

4.1.2 Scanning Electron Microscopy (SEM)

Figure 15: Scanning Electron microscopy images of (a) Bulk h-BN, (b) CuFeS,
and (c) CuFeS2-hBNNS scanned at 20 um respectively

The morphological and structural characteristics of the as-synthesized chalcopyrite
and nanocomposite were comprehensively examined using a scanning electron
microscope (SEM). This analysis was instrumental in gaining insights into the surface
morphology and topographical changes of each sample during the synthesis process.
Fig. 15(a) provides a visual representation of the SEM analysis of Bulk h-BN at a
scale of 20 um, revealing the presence of Bulk h-BN in the form of large clusters.
Furthermore, Fig. 15(b) illustrates the outcome of the suggested hydrothermal
synthesis, showcasing two-dimensional CuFeS; nanoparticles arranged in the shape
of a flower with smooth surfaces. Subsequently, Fig. 15(c) presents the SEM analysis
of the nanocomposite at a 20 um scale, indicating that the in-situ hydrothermal
treatment facilitated the successful deposition of CuFeS; onto hBNNS, resulting in the

formation of tiny nanoparticles of CuFeS: decorated on the surface of hBNNS.
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4.1.3 Fourier Transform Infrared Spectroscopy (FT-IR)

The Fourier Transform Infrared Spectroscopy (FT-IR) analysis was performed within
the range of 400 cm™ to 4000 cm™ to thoroughly examine the bond formation and
functionalization in (i) Bulk h-BN, (ii) CuFeS>, and (iii) CuFeS2-hBNNS, as depicted
in Fig. 16. The spectrum of CuFeS, unequivocally demonstrates a prominent peak at
619.02 cm™?, directly linked to the distinctive interactions with the metals, signifying
the stretching of the S-O bond [100]. Furthermore, the peaks at 482.95 cm™ and 732.48
cm™* unambiguously correspond to the vibrations of Fe-SO4 [102], establishing the
connection between the vibrations of copper sulfate species and those of ferrous
sulfate species [100]. This unequivocally suggests the successful bonding between
copper and sulfur. Similarly, the peaks at 1114.66 cm™, 1629.48 cm™, and 1401.50
cmt are indisputably attributable to Cu-CO, Fe-C=0, and Fe-COO bond bending and
stretching, respectively [103]. Finally, the peaks at 2856.42 cm™, 2921.91 cm™, and
3444.91 cm™ unambiguously signify OH bond stretching, as supported by references
[100, 102, 103]
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Figure 16: FT-IR spectra of (i) Bulk h-BN, (ii) CuFeSz, and (iii) CuFeS2-hBNNS

A bunch of peaks were observed on closely examining the FT-IR spectra of the

developed nanocomposite (CuFeS2-hBNNS). The presence of peaks in the fingerprint
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region of the spectra corresponding to CuFeS> and h-BNNS confirms that the bond
formation and functionalization of the materials have been successfully achieved
through the prescribed one-pot hydrothermal synthesis route. The presence of B-N-B
stretching, B-N bond stretching, and B-H bond stretching was validated by the peaks
at 812 cm, 1395 cm™, and 2510 cm™ respectively.

The trail of small indistinguishable peaks within the 3219 cm™ to 3519 cm™ range
corresponds to N-H bond stretching [16, 60]. The characteristic peak depicting the S-
O bond was perceived at 620 cm™. The peaks at 1106 and 1420 cm* positively confirm
the presence of Cu-CO, and Fe-COO bond stretches. While the peaks at 3447 cm™ and
1626 cm! depict OH bond stretching and Fe-C=0 bond stretches. Finally, the doublet
peaks at 2797 cm™ and 2890 cm? are the indicators of C-H bond stretching
respectively [39-41]. The presence of peaks in the fingerprint region of the spectra
corresponding to CuFeS; and h-BNNS confirms that the bond formation and
functionalization of the materials have been successfully achieved through the
prescribed one-pot hydrothermal synthesis route, and the findings of the FT-IR
spectroscopy have been tabulated which confirms the bond formations at each step of

synthesis.

Table 1: FT-IR spectra results of Chalcopyrite (CuFeS2)

Wavenumber(cm-t) Assigned Peaks

1. 482.95 Fe-SOa4 vibrations

2. 615.59 S-O bond bending

3. 732.48 Fe-SOa4 vibrations

4. 1114.66 Cu-CO stretching mode
5. 1629.48 Fe-C=0O bond stretch
6. 1401.50 Fe-COO stretching mode
7. 2856.42 OH bond stretching

8. 2921.91 OH stretching

9. 3444.91 OH stretching
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Table 2: FT-IR spectra results of Bulk h-BN

S.No. Wavenumber (cm™?) Assigned Peaks
1. | 82 | B-N-Bstretching |
2. 1395 B-N bond stretching
8 2510 B-H bond stretching
4. 3219-3519 N-H bond stretching
5. 3505 OH bond stretching

Table 3: FT-IR spectra of the fabricated nanocomposite (CuFeS2-hBNNS)

S.No. Wavenumber(cm™) Assigned Peak

1. 812 B-N-B stretching

2. 1395 B-N bond stretching
3. 2510 B-H bond stretching
4. 3219-3519 N-H bond stretching
5. 3505 OH bond stretching
6. 620 S-O bond

7. 1106 Cu-CO stretches

8. 1420 Fe-COO bond stretches
9. 1626 Fe-C=0 bond stretches
10. 2797 C-H bond stretching
11. 2890 C-H bond stretching
12. 3447 OH bond stretching
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5.1.4 UV-Visible Spectroscopy Analysis
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Figure 17: UV-Vis spectra of (a) Bulk h-BN, (b) CuFeS2, and (c) CuFeS2-hBNNS
respectively.

The obtained visible and ultraviolet spectra of the synthesized chalcopyrite shown in
Fig. 17 were seen to exhibit two large peaks: one at 339 nm, exactly in the 300-400
nm range, and the other at 928 nm, exactly in the 900-1000 nm range. At 650 nm, a
little peak was also seen. All the mentioned peaks were corroborated with the previous
works [104]. As per the literature [102], it can be ascertained that the strong band at
339 nm is related to the distinct energy transition of the Fe3*, specifically the transition
corresponding to ®A; — “E (*D). However, the existence of Fe** is once again
confirmed by the peak at 928 nm, which was weaker than the prior one. Ultimately, a
considerably weaker peak at 630 nm indicates that Cu?* is present in the sample [102].
The nanocomposite consists of notable peaks given by 300 and 600 nm resembling
peaks of the CuFeS,. All the wavelengths corresponding to the CuFeS> were also

observed to be present in the UV-visible spectra of the nanocomposite.

The optical band gap of calculated from the Tauc plot associated with CuFeS;
corresponds to 0.99 eV and 3.69 eV respectively by extrapolating the tangents to the
x-axes. Based on the absorbance data, one may conjecture that the energy band
determined at 0.99 eV, may potentially correlated to the wavelength transition of 928
nm, and another wavelength that could correspond to 339 nm. The band gap energies
of Bulk h-BN were found to be between 4.69 and 3.83 eV based on the Tauc plot.
Likewise, the nanocomposite's Tauc plot, which was projected to the x-axis, displays
four large energy band gaps. The values were determined to be 2.91 eV, 1.74 eV,

0.68 eV, and 0.99 eV. In comparison, it is clear that the nanocomposite has the
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contribution of chalcopyrite. It can also be noted that the optical band gap of h-BN
was observed to be shifted after the nanocomposite formation owing to the
reinforcement of CuFeS; in the nanocomposite. Hence from the UV-visible
absorbance spectroscopy and Tauc plot, it can be concluded that hBNNS has
undergone band-gap tuning and the number of optical states have significantly

changed when hBNNS and CuFeS; are combined.

4.2 Electrochemical Studies

4.2.1 Electrode Studies
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Figure 18: Electrode study of (i) ITO, (ii) hBNNS/ITO, (iii) CuFeS2-hBNNS/ITO
performed using (a) CV, (b) DPV scanned at 50 mV/s respectively.

Based on Fig. 18, the peak currents for the ITO slides during the CV and DPV analysis
were noted to be 0.798 mA and 0.1637 mA, respectively. However, after modifying
the electrode with hBNNS and chalcopyrite, there was a limited decline in both values.
During the CV and DPV studies conducted on the h-BNNS/ITO electrode, the peak
currents were observed to be 0.6787 mA and 0.1355 mA. In the case of CuFeS»-
hBNNS/ITO, its values were noted to decrease to 0.4477 mA and 0.1078 mA in the
case of CV and DPV analysis. Thus, the reinforcement of CuFeS, on hBNNS in the
nanocomposite resulted in a decrement in the diffusion rate, signifying a significant
decrease in electron diffusion. The nanocomposite hindered the facile electron transfer
process occurring between the electrode and PBS due to its large electroactive surface.
This can also be inferred from the drastic decrement of the area under the respective

curves. The area under the curve can infer the number of charges involved in the
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reactions, which again proves the point that the amount of charges that are mobile or
involved in the reactions drastically decreases when the ITO slide was modified with
the hBNNS and further by the CuFeS..

One of the observations from the graphs describing the cyclic voltammetry curves of
hBNNS/ITO and CuFeS,-hBNNS/ITO is that by carefully zooming on the x-axis at
the point when the current gradually increases during the oxidation cycles, the
potential at which the currents gains a non-zero value which is known as oxidation
potential was found to be smaller for the chalcopyrite electrode than that of the
hBNNS. The importance of the oxidation potential is that it depicts the minimum
potential that needs to be applied so that the electrode becomes electrically active. The
oxidation potential for (BNNS/ITO was 0.17 V and that of CuFeS,-hBNNS/ITO was
0.13 V. This can be treated as evidence for chalcopyrite enhancing the chemical and

electrical properties of hRBNNS.

Table 4: Diffusion coefficients calculated using the Randle -Sevcik equation for

each modification of the electrode

Modifications in the Anodic Peak Current Diffusion Coefficients
electrode (mA) (cm?s)
ITO 0.7980 0.704 X 10
hBNNS/ITO 0.6787 0.509 X 101
CuFeS2-hBNNS/ITO 0.4477 0.22 X 101!

After careful calculations of the magnitude of the peak currents for each step of
modification of the electrodes from the cyclic voltammetry, with the help of the

Randle- Sevcik equation [102], mathematically expressed as follows:
I,=(2.69X% 105)ACD%\/§n3 (4

Wherein, Ip denotes the anodic peak current of the modified electrode

A represents the effective electroactive surface area of the electrode (1 cm?)

C is the concentration of the redox species (5 X 10 M)

D is the diffusion coefficient
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n represents the number of electrons that are transferred during the redox

reaction (n=1)
v is the scan rate (50mV/s)

The diffusion coefficients were successfully calculated, and the following table

summarizes the findings:

The calculated diffusion coefficients for each of the modifications of the working
electrode have displayed a decreasing trend. Thus the reduced values of the diffusion
coefficient confirm that each step of modification of the ITO slide drastically affected
the kinetics of the electrode and obstructed the electron transfer between the slide and
the redox couple. The decreasing trend in diffusion coefficients for each modification
of the working electrode clearly indicates the significant impact of the ITO slide
modifications on electrode kinetics. These reduced diffusion coefficients confirm the
obstruction of electron transfer between the slide and the redox couple at each stage

of modification.

4.2.2 Electrode Modification Studies
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Figure 19: Protein immobilization onto CuFeS2-hBNNS/ITO immunoelectrode
monitored using (a) CV, and (b) DPV respectively scanned at 50 mV/s.

After modifying the electrode with Anti-CEA, a remarkable increase in the peak
current was observed, as illustrated in Fig. 19. The peak currents for the CV and DPV
studies were 0.8657 mA and 0.1692 mA, representing a significant 90% increase from

the previous levels. This substantial rise in current is attributed to the successful
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immobilization of Anti-CEA on CuFeS>-hBNNS/ITO, which promotes interactions
facilitating enhanced electron transfer between the electrode and PBS solution.
Moreover, the subsequent treatment of the electrode with BSA serves the dual purpose
of preventing non-specific contributions from Anti-CEA and establishing precise
interactions between antigen and antibody complexes. The noticeable decrease in peak
current in the DPV and CV curves following the BSA treatment (0.1512 mA and
0.7516 mA, as depicted in Fig. 19) can be attributed to the obstructive nature of BSA,
inhibiting electron transfer from disoriented Anti-CEA. Finally, the immobilization of
CEA (Concentration- 1 ng/ml) resulted in record high peak currents in the CV and
DPV plots (0.9967 mA and 0.2 mA, respectively), highlighting the successful cross-
linking of CEA with Anti-CEA.

Table 5: Diffusion coefficients calculated using the Randle -Sevcik equation after

each protein immobilisation on the electrode

Anodic Peak Diffusion
Modifications in the electrode Current Coefficients
(MA) (cm?/s)
Anti-CEA/CuFeS2-hBNNS/ITO 0.8657 W
BSA/Anti-CEA/CuFeS-hBNNS/ITO 0.7516 0.620 X 10
CEA/BSA/Anti-CEA/CuFeShBNNS/ITO 0.9967 1.01 X 101t

The significant changes in the diffusion coefficients following the immobilization of
BSA, Anti-CEA, and CEA at the working electrode surface strongly indicate
successful binding. The changes in the diffusion coefficients indicates the rate of
charge transfer or the redox species between the electrode and the PBS solution,
which were obtained from CV studies with each modification. It quantifies the swift
or slow movement of the redox species that diffuse towards the electrode, such that
faster mass transport is characterised by higher values of diffusion coefficients.
Notably, the highest diffusion coefficient observed for CEA immobilization can be
attributed to the highly effective binding of CEA with Anti-CEA, resulting in
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conformational changes within the protein and enhanced charge transfer, ultimately

leading to an increased peak current.

4.2.3 Scan Rate Studies
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Figure 20: The scan rate studies employed on the functionalized electrode
BSA/Anti-CEA/CuFeS2-hBNNS/ITO

Furthermore, we conducted scan rate studies on the functionalized electrode, and the
results are quite remarkable. Through cyclic voltammetry studies, we inspected the
effect of scan rate on the stability of the immunoelectrode BSA/Anti-CEA/CuFeS;-
hBNNS/ITO, and the findings have been visually represented in Fig. 20. Table 6
presents the observed peak anodic and cathodic currents for each scan rate. We then
calculated the ratio of the currents, which is crucial in determining the nature of the
process near the electrodes. According to the literature [105], when the ratio of peak
currents for each scan rate is nearly equal to 1, it can be concluded that the process
near the electrode’'s surface was quasi-reversible. Hence we can safely deduce that the

nature of the process occurring at the surface of the fabricated electrode is quasi-
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reversible. Upon detailed examination, it is evident that as we move towards higher
scan rates, the ratio tends to approach 1. Thus, it can be inferred that at high scan rates,
the nature of the process gradually shifts from quasi-reversible to reversible [105].

Table 6: Tabular presentation of the peak anodic current (lpa), peak cathodic

current (lpc), and ratio of lpa/lpc for the functionalized electrode BSA/Anti-
CEA/CuFeS2-hBNNS/ITO

Anodic Peak CathOdiC Peak
Scan Rate
Current Current lpal lpc
(mV/s)
(Ipa)(MA) (Ipc)(MA)
30 0.5901 0.4976 1.186
50 0.7046 0.5962 1.181
70 0.7937 0.6924 1.146
90 0.8658 0.7663 1.129
110 0.9305 0.8362 1.112
130 0.9927 0.8954 1.108
150 1.0468 0.9512 1.100
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Figure 21: (a) Peak anodic voltage and Cathodic voltage (b) Peak anodic and
cathodic current linear variations with the root of scan rate (mV/s)
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Fig. 21 depicts the linearity relationship that the root of the scan with the respective
cathodic and anodic current. The equations of the line were found to be in good
agreement with the equation of a straight line given by y=mx+c, wherein m is the
slope of the line, and c is the y-intercept. The equations of the observed straight lines

are as follows:
1:=0.066 [AVs/mV] *\v [VmV/s] + 0.234 [mA] (R? = 0.996)
1c=-0.066 [AVs/mV] *\v [YmV/s] + 0.131 [mA] (R? = 0.997)
Va=0.017 [VNs/mV] *Y v [NmV/s] + 0.275 [mV] (R? = 0.997)
Vc=-0.0252 [VVs/mV] *V v [V\mV/s] + 0.213 [mV] (R? = 0.974)

Wherein, la is the anodic current, I¢ is the cathodic current, V, is the anodic voltage,
V. is the cathodic voltage, and v is the scan rate. The importance of this linear behavior
is that it claims that the process occurring at the electrodes is diffusion-controlled in
nature. This means that there is no intrinsic contribution towards the sensing. This
depicts that the proposed nanocomposite displays immense potential for biosensing

applications with accurate and reliable sensing capabilities.
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CONCLUSIONS AND FUTURE SCOPE OF WORK

This investigation meticulously explored the potential of CuFeS;-hBNNS
nanocomposite for applications in biosensing. The nanocomposite was synthesized
using a rigorously controlled one-pot hydrothermal method, ensuring high purity
without any harmful residues. XRD analysis conducted across a comprehensive range
of 20° to 80° confirmed the successful formation of the desired phase formation and
the exceptional purity of the as-fabricated nanocomposite. SEM provided a high-
resolution visualization of the morphology and surface characteristics of the
nanocomposite at 20 scale. The micrographs convincingly demonstrated the
successful anchoring of chalcopyrite nanoparticles onto individual hBNNS, resulting
in a unique architecture of nanoparticles decoration on two-dimensional nanosheets.
Further characterization through FT-IR provided compelling evidence for the
formation of bonds at each stage of the synthesis process. This analysis confirmed the
successful bonding between constituent atoms and the functionalization of the
nanocomposite. Evaluation of the optical properties of the CuFeS>-hBNNS
nanocomposite using UV-visible spectroscopy revealed distinct features, indicating
an advantageous tuning of the band gap, that resulted in lowering the band gap
associated with wide band gap of h-BN. Subsequent CV and DPV studies
emphatically demonstrated the capability of the nanocomposite to provide stable
binding sites for anchoring biomolecules. The successful cross-linking between
proteins further underscored the immense potential of this nanocomposite for
biosensing. Notably, the nanocomposite exhibited enhanced electroactivity compared
to hBNNS alone, effectively overcoming the limitations imposed by the low catalytic
properties of hBNNS. Moreover, scan rate studies showcased the nanocomposite's
ability to maintain its exceptional characteristics even across a broad range of scan
rates. This observation signifies the nanocomposite's sensitivity and durability,
making it a highly desirable material for biosensing applications. Furthermore, the
observed linearity between the cathodic and anodic voltages and currents with the
square root of scan rates provided strong evidence for a diffusion-controlled process
occurring near the fabricated electrode. In conclusion, this study successfully
identified a promising candidate material exhibiting several key advantages, including
cost-effectiveness, excellent reproducibility, minimal toxicity, biodegradability for the
development of next-generation, point-of-care diagnostic devices.
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