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Abstract

This work describes synthesizing porous nitrogen-doped reduced graphene oxide (N-rGO) via
hydrothermal synthesis and it's application as non- enzymatic glucose sensor . Before that,
graphene oxide (GO) was prepared using a modified version of Hummer's process. The
crystallinity and phase have been verified with an XRD device. Morphological analysis using
FESEM images confirms the porous nature. Conversely, comparisons of their UV-vis have been
done to help determine the band gaps between GO and rGO. In this project, electrical (resistive)
biosensor for glucose monitoring has been experienced. A comparison study of different layers,
enzymatic interaction and their out has been carried for the rGO based devices. Here, alpha-
glucose has been tested with the biosensor. After a layer-dependent experiment, it can be
expressed from the I-V analysis 1layer rGO device has shown a better response than GOx+rGO-
coated all devices.1L rGO-coated device also gives better response than 1L GOx+rGO and
from LOD curve it can be clearly stated that 1 layer rGO coated device has better sensibility in

all aspect.
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Introduction:

Our bodies needs Glucose7 (reasonable simple sugar) and that we cannot exist with 0 glucose particularly

for Athletes, Faculty Players. The primary energy source for all of our cells, including the brain and
muscles. Glucose is six carbon one object (C6H1206)-- meaning it has 6 carbons, 12 hydrogens and only
six oxygens. As a cyclic molecule, it can cyclize to form glucopyranose. The ability to monitor and
control the concentrations of glucose in bodily fluids, such as blood, urine or saliva is essential for good
health & optimum performance. For athletes and college sportsmen in particular, this is key because
training as well as gaming requires a steady stream of the bodies to deliver energy.

Real-time glucose levels allow athletes to optimize their nutritional intake and timing, which will assist in
improving recovery from injury as well as aid peak performance. One example is in the case of intense
exercise, which oxidatively burns glucose. An athlete's performance can make it or break by this.
Therefore, if we can know its level at a particular time this awareness could be quite powerful. This will
allow everyone, but especially athletes using continuous glucose monitoring to have a real time measure
of their optimal diet and exercise load for the day. Those with higher average blood glucose have
increased risk of stroke, dementia, renal and nerve failure as well - >diagront to be rewritten!! Therefore,
the importance of studying and advancing mechanisms for glucose detection in sports health is very high.
There are numerous methods where the levels of glucose in biological fluids can be detected. These are
the finger prick test, continuous glucose monitoring (CGM), flash monitor and oral glucose tolerance
tests. Although these techniques of blood glucose measurement are efficient, they possess some
limitations, too. For one thing, there may be a few techniques that seem less likely since they are invasive
and could potentially offer some discomfort for the user to have their blood work done. Others perhaps
will not provide real time monitoring, a necessity for diseases like diabetes (59).

Furthermore, also spectroscopy (NIR), mid-infrared ((MIR)) Raman and high performance liquid
chromatography ((HPLC)) have viability ever since been investigated for glucose detection [465], as well
gas/gasless sensor arrays can be implemented for the simultaneous analysis of e.g. glucokinase activity
was further quantized by an enzyme-linked immunosorbent assay which is a lateral flow electrochemical
sensors technique that detect either superoxide or nitric oxide during enzymatic processes in media
culture []. Electrochemical sensors are one possible approach to address these challenges. They function
by converting a chemical reaction into an electrical signal that may be read and are often used due to their
high sensitivity and specificity. Nanostructures have revolutionized the world of sensors These
nanostructures hence make the sensor more sensitive, faster and also improve its selectivity. They also
significantly improve the surface area for reactions to occur and this improves both sensitivity as well as
response time of the sensor.

Looking at things like wearable glucose sensors, the research is extremely encouraging. This is a
completely practical and convenient option for users in contrast to traditional blood sugar monitor sensors
as it can measure glucose levels from perspiration or interstitial fluid without the need of a drop of blood.
Offering a range of uses for the medical and sports communities, these sensors enable constant
monitoring of blood glucose levels that are crucial when it comes to managing energy levels and
performance. In that context researching and developing these sensors becomes most critical.

Here, a non-invasive glucose detection system was designed based on the electrochemical sensor
GOx/PdO-rGO/C-PE prepared by screen-printing of reduced graphene oxide (rGO) detected in PdO
nanoparticles immobilized for cellulose-based substrates. GOx/PdO-rGo/C-PE is a composite material
assembly composed of several individual components each contributing unique properties beneficial to
the performance of the sensor. GOXx is an enzyme which catalyzes the conversion of glucose to D-
glucono-é-lactone and hydrogen peroxide. Due to its fast acting mode of action, excellent stability and
specificity it is often called the ideal enzyme. It provides the metabolic response needed for sensing
glucose in the sensor. It is known to be a catalytically very active PdO nanoparticle. That in turn can
increase the performance of the sensor to higher selectivity and sensitivity towards glucose detection. One



product of chemical reduction is Reduced graphene oxide (rGO). There lie excellent electrical
conductivity, high aspect ratio and good biocompatibility in it. On account of this rGO can be an
unprecedented material to improve the performance of sensors in sensitivity and speed. Plant materials
contain a major amount of cellulose and this compound is the most abundant polysaccharide on Earth.
The bio-inspired material provides the sensor a biocompatible and environmentally-friendly substrate.
This is because it has a porous structure that allows the other components to be immobilized properly,
thereby assisting glucose detection.

Thus, the GOx/PdO-rGO/C-PE sensor using these materials can contribute to non-invasive glucose
monitoring valuable in treating diseases such as diabetes (Scheme 1). The glucose detection mechanism
has been established on the basis of a series biochemical reaction cascade viz., GOx to induce catalytic
activity, PdO NPs for more and continuous development oxygen reduction Owings onto its surface as
well rGO with large aspect ratio possessing excellent conductivity are discussed. Thus they are a very
promising tool in the fields of biomedical engineering and medicine.

The field of non-invasive glucose monitoring has seen major developments thanks to the advances
discussed herein. This sensing electrode construction of the GOx/PdO-rGO/C-PE sensor implies that
biochemistry with nanotechnology and materials science shall be integrated making disposable glucose
sensors dependable. The sensor performance has been enhanced by employing GOx, PdO nanoparticles-
rGO, and a cellulose substrate. It opens new horizons not only for biomedical engineering and medicine,
but also for diabetes regulation in humans. The technology has numerous potential applications, including
improving athletic performance or providing better patient care in various specialties. As we continue to
learn more about these materials and how they work, additional glucose tracking solutions will probably
be ever further progressed and stronger in the future.

[ Reduced Graphene Oxide:

Reduced Graphene oxide is part of the 2D materials family and a hot topic of nanoscience
and technology because of its unique properties and efficient applications in various fields
of our daily life. Since of its high conductivity and large surface area, single layer graphene
is the carbonous substance that researchers are most interested in studying because it may
be used to create any type of sensing device. Graphite restacks easily, making the chemical
production of large-scale single-layer graphene sheets from raw graphite extremely difficult.
To address this issue, graphite sheets are first chemically oxidized to create layered graphene
oxide (GO), which is then reduced to create reduced graphene oxide (rGO), which has nearly
identical properties to graphene but a larger surface area due to its porous structure. To date,
different



reducing agents have been employed to create rGO from GO, including hydrazine,
hydroxylamine, urea, dimethyl ketoxime, pyrrole, ammonia, and pyrrolidine. In addition,
several oxygen-containing groups have been added, including ascorbic acid, gallic acid,
hydroquinone, and metal particles like Fe powder and Zn/HCL. In particular, groups that
contain oxygen and nitrogen have been chosen above other chemicals for reduction purposes
because these functionalities on the carbon moiety can start the production of sp3 carbon and
defect density, which ostensibly opens the door for various electrochemical features. By
adjusting the reaction's temperature and duration, optimized rGO with the best electrochemical
properties and surface area can be produced. Although forming doped (nitrogen, oxygen, sulfur,
etc.) and undoped or pure rGO in room temperature hydrothermally, which implies a 4-electron
transfer pathway, is possible utilizing non-toxic biological as a reducing agent, it is of great
interest. The appropriate reduction of GO to rGO is thought to induce porosity in the rGO that
increases the material's surface area. Good surface area results in a material's good and effective

super-capacitive nature.

Graphene Graphene Oxide (GO) Redueed Graphene Oxide (rGO)

Fig 1.1. Reduction of Graphene oxide into reduced graphene oxide using oxidation

(collectedfrom web page)

[0 Properties of Reduced Graphene Oxide(rGO):

Reduced graphene oxide or rGO has lots of interesting properties that are not available in case
of 3D materials or bulk materials. This type of 2D material has a layered structure, porous
nature and great specific surface area. Due to these reasons, it offers various tunable properties
which can be used for various types of applications such as supercapacitors (energy storage

system), photodetectors, bio-sensors, temperature sensors etc.



usually have high conductive nature and stability but having less energy density. Thus, these
types of materials are not in that much industrial use compared to metal oxides/hydroxides and
conducting polymers in terms of supercapacitance. Significantly, due to different defect states,
functionalized groups and different dopants such as nitrogen, oxygen, boron etc., reduced
graphene oxide overcomes most of its difficulties in order to become a good supercapacitor and
photodetector materials. Due to well-engineered pores and great surface area of rGO, it is easy
to get more contact with electrolytes which facilitates easier diffusion of ions throughout the

system.

The porous nature and different defect states of the reduced graphene oxide layer brings an
indirect band gap of lower range which causes easier transportation of electrons through the
bands (conduction band and valence band). Thus, it has a low work function which leads to a
great photo-electric effect. Due to this it has a wide range of opto-electronic applications, such
as photodetector, photodiode etc. The band gap of pure rGO can be tuned using different
dopants which will cause multiple applications in different fields.

Biosensors and its Applications Introduction:

What is a Biosensor?

The most widely accepted definition of a biosensor is: “an analytical device which incorporates
a biologically active element with an appropriate physical transducer to generate a measurable

signal proportional to the concentration of chemical species in any type of sample”.
Type of Biosensors:

Biosensors can be categorized according to the basic principles of signal transduction and

biorecognition elements. In the general scheme of a biosensor



the bio bio-recognition element responds to the target compound and the transducer converts
the biological response to a detectable signal, which can be measured electrochemically,
optically, acoustically, mechanically, calorimetrically, or electronically, and then correlated
with the analyte concentration. Biological elements include enzymes, antibodies,
microorganisms, biological tissue, and organelles. When the binding of the sensing element
and the analyte is the detected event, the instrument is described as an affinity sensor. When
the interaction between the biological element and the analyte is accompanied or followed by
a chemical change in which the concentration of one of the substrates or products is measured

the instrument is described as a metabolism sensor.

Finally, when the signal is produced after binding the analyte without chemically changing it
but by converting an auxiliary substrate, the biosensor is called a catalytic sensor. The method
of transduction depends on the type of physicochemical change resulting from the sensing
event. Often, an important ancillary part of a biosensor is a membrane that covers the biological
sensing element and has the main functions of selective permeation and diffusion control of

analyte, protection against mechanical stresses, and support for the biological element.
Types of biosensors Biosensors

started in the 1960s by the pioneers Clark and Lyons. Various types of biosensors being used
are enzyme-based, tissue based, immunosensors, DNA biosensors, and thermal and
piezoelectric biosensors. The first enzyme-based sensor was reported by Updike and Hicks in
1967. Enzyme biosensors have been devised on immobilization methods, i.e. adsorption of
enzymes by van der Waals forces, ionic bonding or covalent bonding. The commonly used
enzymes for this purpose are oxidoreductases, polyphenol oxidases, peroxidases, and amino
oxidases. The first microbe-based or cell-based sensor was actualized by Diviés. The tissues
for tissue-based sensors arise from plant and animal sources. The analyte of interest can be an
inhibitor or a substrate of these processes. Rechnitz9 developed the first tissue based sensor for
the determination of amino acid arginine. Organelle-based sensors were made using
membranes, chloroplasts, mitochondria, and microsomes . However, for this type of biosensor,

the stability was high, but the detection time was longer, and the specificity was reduced.
The DNA biosensors

were devised on the property that a single-strand nucleic acid molecule is able to recognize
and bind to its complementary strand in a sample. The interaction is due to the formation of
stable hydrogen bonds between the two nucleic acid strands.



Magnetic biosensors:

miniaturized biosensors detecting magnetic micro- and nanoparticles in microfluidic channels

using the magnetoresistance effect have great potential in terms of sensitivity and size.
Thermal biosensors or calorimetric biosensors:

are developed by assimilating biosensor materials as mentioned before into a physical

transducer.
Piezoelectric biosensors:

are of two types: the quartz crystal microbalance and the surface acoustic wave device. They
are based on the measurement of changes in resonance frequency of a piezoelectric crystal due

to mass changes on the crystal structure.
Optical biosensors:

consist of a light source, as well as numerous optical components to generate a light beam with
specific characteristics and to beeline this light to a modulating agent, a modified sensing head

along with a photodetector.

Applications of biosensors:

Some examples of the fields that use biosensor technology include: [ General healthcare
Monitoring

[1 Screening for disease

[1 Clinical analysis and diagnosis of disease

[1 Veterinary and agricultural applications

(1 Industrial processing and monitoring

1 Environmental pollution control

Biosensors have been applied in many fields namely food industry, medical field, marine sector
etc., and they provide better stability and sensitivity as compared with the traditional methods.
In food processing, monitoring, food authenticity, quality and safety) Ghasemi-Varnamkhasti
et al. worked on the monitoring of aging of beer using enzymatic biosensors, based on cobalt
phthalocyanine. These biosensors evinced a good capability to monitor the ageing of beer

during storage. Biosensors are used for the detection of pathogens in food. Presence of



Escherichia coli in vegetables, is a bioindicator of fecal contamination in food. E. coli has been
measured by detecting variation in pH caused by ammonia (produced by urease—E. coli
antibody conjugate) using potentiometric alternating biosensing systems. Washing the
vegetables such as sliced carrots and lettuce with peptone water provides us with the liquid
phase. It is then separated by amalgamating it in a sonicator, to disaffiliate bacterial cells from
food items. Enzymatic biosensors are also employed in the dairy industry. A biosensor, based
on a screen-printed carbon electrode, was integrated into a flow cell. Enzymes were
immobilized on electrodes by engulfment in a photocrosslinkable polymer. The automated
flow-based biosensor could quantify the three organophosphate pesticides in milk. One of the
popular food additives extensively used today are sweeteners, which are adversely causing
undesirable diseases including dental caries, cardiovascular diseases, obesity and type-2
diabetes

In fermentation processes

In fermentation industries, process safety and product quality are crucial. Thus effective
monitoring of the fermentation process is imperative to develop, optimize and maintain
biological reactors at maximum efficacy. Biosensors can be utilized to monitor the presence of
products, biomass, enzymes, antibodies or by-products of the process to indirectly measure the
process conditions. Biosensors precisely control the fermentation industry and produce
reproducible results due to their simple instrumentation, formidable selectivity, low prices and
easy automation. Nowadays, several kinds of commercial biosensors are accessible; capable of
detecting biochemical parameters (glucose, lactate, lysine, ethanol etc.) and are widely used in

China, occupying about 90% of its market.
Biosensing technology for sustainable food safety

The term food quality refers to the appearance, taste, smell, nutritional value, freshness, flavor,
texture and chemicals. Smart monitoring of nutrients and fast screening of biological and
chemical contaminants are of paramount importance, when it comes to food quality and safety.
Material science, nanotechnology, electromechanical and microfluidic systems are striding in
to make sensing technology imminent for use in the market. Efforts are being made for
developing control systems ensuring food quality and safety and, as a consequence, human
health. Glucose monitoring becomes indispensable as during storage the food content and

composition may get altered.

In medical field



In the discipline of medical science, the applications of biosensors are growing rapidly.
Glucose biosensors are widely used in clinical applications for diagnosis of diabetes mellitus,
which requires precise control over blood-glucose levels. Blood-glucose biosensors usage at
home accounts for 85% of the gigantic world market. Biosensors are being used pervasively in
the medical field to diagnose infectious diseases. A promising biosensor technology for urinary
tract infection (UTI) diagnosis along with pathogen identification and antimicrobial
susceptibility is under study. Fluorescent biosensors Fluorescent biosensors are imaging agents,
for use in cancer and drug discovery. They have enabled insights into the role and regulation
of enzymes at cellular level. GFP-based and genetically encoded FRET biosensors play a vital

role.
Fluorescent biosensors

are used in drug discovery programmes for the identification of drugs by high throughput, high

content screening approaches, for post screening analysis of hits and optimization of leads.
Biodefense biosensing applications

Biosensors can be used for military purposes at times of biological attacks. The main motive
of such biosensors is to sensitively and selectively identify organisms posing threat in virtually
real time called biowarfare agents (BWAs) namely, bacteria (vegetative and spores), toxins and
viruses. Several attempts to devise such biosensors have been done using molecular techniques
which are able to recognize the chemical markers of BWASs. Nucleic acid-based sensing
systems are more sensitive than antibody based detection methods as they provide gene-based
specificity, without utilizing amplification steps to attain detection sensitivity to the required
levels. The human papillomavirus HPV (double stranded DNA virus) has been categorized into
two types: HPV 16 and 18; and is related to invasive cervical cancer. HPVs can be rapidly
detected using a novel leaky surface acoustic wave peptide nucleic acid biosensor with double
twoport resonators. This probe directly detects HPV genomic DNA without polymerase chain
reaction amplification, and can also bind to the target DNA sequences with a lot of efficacy

and precision.
In metabolic engineering

Environmental concerns and lack of sustainability of petroleum-derived products are gradually
exhorting need for development of microbial cell factories for synthesis of chemicals.
Researchers view metabolic engineering as the enabling technology for a sustainable

bioeconomy.



Biosensors in plant biology

Revolutionary new technologies in the areas of DNA sequencing and molecular imaging, have

lead to advancements in plant science

|
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Artificial Glucose Blond Anthrax,
Organs Monitoring ; -ilualnc Plague,
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Fig. 2: Potential Applications of Biosensors.
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[0 Characterization Techniques:

There are several different methods to characterize the sample to determine its phase,
morphology, band gap, lattice vibration, crystallite size, interplanar distance, crystal plane
etc. Here, in this work also these methods and machineries are being used to determine
various properties of the prepared samples. There are mainly 3 types of characterization

analysis that one sample can have, i.e.,

a Phase or crystallographic characterization

O Spectroscopic characterization.

These three types of characterization techniques include a wide range of different apparatus
and machineries. In this chapter major instruments and their basic working principle which

were used in this project will be discussed briefly.

» Morphological Characterization:

Morphological characterization defines as the technique or method to get information about
th

e morphology of the sample in micro and nano level. In nanotechnology, ordinary optical
microscopes can not be used due to their limited focus range which is not able to get the
information at the nano level. Hence, the need for electron microscopes has emerged
resulting in two types of very important electron microscopes, i.e., Scanning Electron

Microscope (SEM) and Transmission Electron Microscope (TEM).

= Scanning Electron Microscope (SEM):
One of the most adaptable tools for inspecting and deciphering the morphology of
microstructures is the scanning electron microscope (SEM). The surface of the object
is routinely scanned by a focused electron beam in a scanning electron microscope
(SEM), yielding a significant number of signals. An image is produced from these
electron impulses and displayed on a cathode ray tube (CRT). There are two techniques

to produce the electron beam:

a) Thermionic emission; b) Field emission.
Thermal energy is used to regulate the source's electron emission to produce thermionic

emission. In modern electron microscopes, field emission electron guns (FEG) are a



great replacement for thermionic electron guns. Very minute topographic
characteristics on the surface of whole or fragmented objects can be observed with a
FESEM. Researchers in the fields of biology, chemistry, and physics utilize this
technique to examine structures as small as 1 nanometer, or billionths of a millimeter.
Organelles and DNA material in cells, synthetic polymers, and microchip coatings can
all be studied with the FESEM.

b) Sample preparation for FESEM:
The specimens that can be analyzed must be compatible with high vacuum (10-5 mbar),
as the SEM is operated under high vacuum. This suggests that liquids and objects made
of volatile substances, like water, cannot be directly studied. To prevent contaminating
the SEM specimen chamber, fine powder samples must also be firmly connected to a
specimen holder substrate. A thin conductive layer must be sprayed or evaporated onto
non-conductive materials before they are attached to a conductive specimen container.

Common coating materials include carbon, Au, Pt, Pd, and their alloys.

c) Components of FESEM:

= Electron Guns:

Modern FESEM systems require a constant electron beam from the electron cannon
that has a high current, a small spot size, configurable energy, and minimal energy
dispersion. A variety of electron guns are used in a FESEM system, and the quality of
the electron beam produced by each differs greatly. The tungsten "hairpin” or lanthanum
hexaboride (LaB6) cathodes used in the first FESEM systems have since been replaced
by field emission sources, which provide more current and less energy dispersion. The

longevity of the emitter is a crucial consideration when selecting electron sources.



= Electron Lenses:

Electron beams can be concentrated by electrostatic or magnetic fields. The FESEM
system, however, solely employs a magnetic field since an electron beam governed by
one has less aberration. Electromagnets can be used to alter the electrons' routes.

» Condenser Lenses:

The electron beam will diverge after passing through an anode plate from the emission
source. The electron beam is brought together and collimated by the condenser lens into
a nearly parallel stream. Two rotationally symmetric iron pole pieces form a magnetic
lens, and a copper winding generates the magnetic field. The center of each pole piece
has a hole through which the electron beam can travel. Through a lens-gap between the
two pole components, the magnetic field shapes (focuses) the electron beam. Condenser
lens current can be changed to change the focus point's location.

» Scan Caoils:

The scan coils cause the electron beam to be zigzagged as it passes over the object. The
development of the image on the display and the scan movement are coordinated. The
scan velocity controls both the screen's refresh rate and the amount of noise in the
image. In scan coils, upper and lower coils are frequently utilized to avoid the formation
of a circular shadow at low magnification.

« Objective Lens:

The electron beam will diverge below the condenser aperture. The electron beam is de-
magnified further and focused into a probe point on the specimen surface using
objective lenses. The diameter of the electron beam on the specimen surface (spot size),
which affects image resolution, decreases as aperture size and fundamentals of
Scanning Electron Microscopy increase.

« Stigmator Coil:
The stigmator coils are used to rectify inconsistencies in the beam's x and y deflection,
resulting in a perfectly round beam. When the beam is ellipsoidal rather than circular,

the picture seems fuzzy and stretched.



Thermal energy is used to regulate the source's electron emission to produce thermionic
emission. In modern electron microscopes, field emission electron guns (FEG) are a
great replacement for thermionic electron guns. Very minute topographic
characteristics on the surface of whole or fragmented objects can be observed with a
FESEM. Researchers in the fields of biology, chemistry, and physics utilize this
technique to examine structures as small as 1 nanometer, or billionths of a millimeter.
Organelles and DNA material in cells, synthetic polymers, and microchip coatings can
all be studied with the FESEM.

« Sample preparation for FESEM:
The specimens that can be analyzed must be compatible with high vacuum (10-5 mbar),
as the SEM is operated under high vacuum. This suggests that liquids and objects made
of volatile substances, like water, cannot be directly studied. To prevent contaminating
the SEM specimen chamber, fine powder samples must also be firmly connected to a
specimen holder substrate. A thin conductive layer must be sprayed or evaporated onto
non-conductive materials before they are attached to a conductive specimen container.

Common coating materials include carbon, Au, Pt, Pd, and their alloys.

evaporated onto non-conductive materials before they are attached to a conductive
specimen container. Common coating materials include carbon, Au, Pt, Pd, and their

alloys.
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Fig 2.1. Schematic diagram of FESEM

« Object Chamber:

The object is coated with a conductive coating before being set on a particular holder. The
object is anchored on a moveable stage and introduced into the high vacuum section of the
microscope through an exchange chamber. The secondary electron emission detector

(scintillator) is placed behind the object holder in the chamber.



Image Information:
Complex interactions take place when an electron beam impinges on a specimen

surface in a FESEM and stimulates various signals for FESEM inspection. It is

possible to collect and display secondary electrons, back scattered electrons (BSES),

Fig 2.2. FESEM (Hitachi S-4800) set up

transmitted electrons, and specimen current on a monitor. To determine the
specimen’s composition, the excited x-ray or Auger electrons are analysed. This part
will cover the interactions of the electron beam with the specimen surface as well

as the idea behind making pictures out of different signals.

= X-Ray Diffraction (XRD):
X-rays are a form of electromagnetic radiation that has high energies and short
wavelengths on the order of the atomic spacing for solids. When a beam of x-rays

impinges on a solid material, a portion of this beam will be scattered in all directions

by the electron associated with each atom or ion that lies within the beam’s pathway.



Let us now examine the necessary conditions for diffraction of X-rays by a periodic
arrangement of atoms. Diffraction occurs when a wave encounters a series of regularly
spaced obstacles that are capable of scattering the wave and have spacing that are
comparable in magnitude to the wavelength. Furthermore, diffraction is a consequence
of specific phase relationships established between two or more waves that have been
scattered by the obstacles. The phase relationship between the scattered waves, which
will depend upon the difference in path length is important. One possibly results when

its pathway length is an integral number of wavelengths.

Bragg’s Law:

Incident beam Scattered beam

A\
>

o

Fig 2.3. Brag’s Law of diffraction

Considering the two parallel planes of atoms, which have the same h, k and |
Miller indices and are separated by the interplanar spacing d. Now assuming a
parallel, monochromatic and coherent (in-phase) beam of x-rays of wavelength A
is incident on these two planes at an angle of ©. Two rays in this beam are
scattered by atoms A and B. Constructive interference of the scattered waves
occur also an angle of © to the planes, if the path length difference (i.e. CB+BD)
between these waves is equal to a whole number, n, of wavelengths. So, the
condition for diffraction is

nA= CB+BD

or, nA=d sin© + d sin©®

or, nA=2d sin©



Fig 2.5. X-Ray Diffraction (Bruker D8 advance)

Particle Size determination by Scherrer’s formula:
Experimentally obtained diffraction patterns of the sample are compared with the
standard powder diffraction files published by the JCPDS. The average grain size of the

samples was calculated using Scherrer’s formula:

D = 09—
B cos 6

Where, A is the wavelength of x-rays,

And B is the full width at half maximum intensity in radians.

It is important to realize that the Scherrer’s formula provides a lower bound on the
particle size. The reason behind this is that a variety of factors can contribute to the
width of a diffraction peak; besides particle size, the most important of these are actually
dependent on the factors like inhomogeneous strain and instrumental errors. If all of
these other factors contributing to the peak width were zero, then the peak width would
be determined solely by the particle size and the Scherrer’s formula would apply. If the
other contributors to the peak width is non-zero, then the particle size can be larger than

predicted by this formula, with the “extra” peak width coming from the other facts.



> Spectroscopic characterization:

UV-VIS near infrared Spectroscopy:

The optical transmittance, absorbance, and reflectance in the ultraviolet-visible spectral
area are measured using UV-Vis-NIR Spectrophotometers. Measurements of optical
transmittance, absorbance, and reflectance in the ultraviolet visible spectral area are
made using UV-Vis near Infrared (UV- Vis-NIR) Spectrophotometers. The amount of
radiation that is absorbed, transmitted, or reflected at each wavelength is quantified
using UV-Vis absorption spectroscopy. Typically, this is done by measuring the
absorption while scanning the wavelength range. To determine the degree of multiple
bond or aromatic conjugation within molecules, it is frequently employed in organic
chemistry. The method can be expanded to include gasses and solids as well as go

beyond absorption to measure reflected light as opposed to transmitted light.

Light absorption can be described by two fundamental laws as:

Lambert’s Law:
The proportion of incident light absorbed by a transparent medium is independent of

the intensity of the light (provided that there is no other physical or chemical change to
the medium). Therefore, successive layers of equal thickness will transmit an equal
proportion of the incident energy.

Lambert's law can be expressed by

IT_r
IO
Where | is defined as the intensity of transmitted light, lois defined as intensity of

incident light and T is the transmittance.



* Beer’s Law:
The absorption of light is directly proportional to both the concentration of the
absorbing medium and the thickness of the medium in the light path.
A combination of the two laws (known jointly as the Beer-Lambert Law) defines

the relationship between absorbance (A) and transmittance (T).

A= Iog%" = Iog% = ech
Where, A is absorbance, € is molar absorptivity, ¢ is molar concentration and b is

path length.
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Fig 2.6. Basic working principle of UV-Vis spectroscopy

« LIGHT REFLECTION AND REFLECTANCE SPECTRA:

The spectrometer beam is directed into the sample, where it is reflected, dispersed, and
transmitted through the sample material, resulting in diffuse reflectance (shown on the
right). The accessory collects the back reflected, diffusely dispersed light (part of which
is absorbed by the sample) and directs it to the detector optics. Diffuse reflection refers
to the portion of a beam that is dispersed within a sample and returns to the surface.
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Fig 2.7 Diffuse and Specular Reflectance

Particle size, refractive index, homogeneity, and packing are further parameters that
contribute to excellent spectral quality in diffuse reflectance sampling. The raw diffuse
reflectance spectra will seem different from its transmission counterpart despite all of
these sample preparation techniques (stronger than expected absorption from weak IR
bands).

To correct for these discrepancies, a Kubelka-Munk conversion can be performed to a

diffuse reflectance spectrum.

Kubelka-Munk Function:

r) -

R stands for the sampled layer's absolute reflectance, k for the molar absorption
coefficient, and s for the scattering coefficient.

This spectral conversion for ibuprofen obtained via diffuse reflectance is illustrated in
thespectrum above. The Kubelka-Munk converted spectrum for ibuprofen compares
well to the transmission spectrum and is easily recognised using a transmission spectral

data library search.



« Components of UV-Vis:

1) Spectrophotometer consists of the following components
i) A source of radiation of appropriate wavelength.

iii) Monochromator and optical geometry.

iv) Filter sample compartment.

v) Detector, photomultiplier, measuring system and computer.

The UV VIS spectra carried out by the Shimadzu UV 3600 spectrophotometer.

Fig .2.8. UV-VIS-NIS (SHIMADZU UV-3600) Spectrophotometer



FOURIER TRANSFORM INFRA-RED SPECTROSCOPY
(FTIR):

For studying the vibrational properties of synthesis materials, FTIR spectroscopy is a
very useful tool. The band positions and absorption peak of thin films are influenced

not only by their chemical composition and structure, but also by their morphology.

The preferred method of infrared spectroscopy is known as Fourier Transform InfraRed
(FT-IR). Infrared spectroscopy involves passing IR radiation through a sample. The
sample absorbs some of the infrared radiation and passes some of it through
(transmitted). The resulting spectrum depicts the sample's molecular absorption and
transmission, resulting in a molecular fingerprint. No two unique molecular structures
produce the same infrared spectrum, just like a fingerprint. As a result, infrared

spectroscopy can be used for a variety of purposes.

The Spectrometer
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Fig2.9. Spectrometer



So, what kind of information can FT-IR give you?
« It can determine the quality or consistency of a sample
« It can determine the number of components in a mixture

« It can identify unknown materials

WHY INFRARED SPECTROSCOPY?

For over seventy years, infrared spectroscopy has been a workhorse technique in the
laboratory for materials analysis. An infrared spectrum is a sample's fingerprint, with
absorption peaks corresponding to the frequencies of vibrations between the bonds of
the material's atoms. Because each material is made up of a different set of atoms, no
two compounds have the same infrared spectrum. As a result, infrared spectroscopy can
be used to positively identify (qualitatively analyze) any type of material. Furthermore,
the size of the peaks in the spectrum indicates the amount of material present. Infrared

is an excellent tool for quantitative analysis thanks to modern software algorithms.

OLDER TECHNOLOGY:

The first infrared instruments were dispersive in nature. Individual frequencies of
energy emitted from the infrared source were separated using these instruments. A
prism or grating was used to accomplish this. A visible prism separates visible light into
its colours, and an infrared prism does the same (frequencies). A grating is a more
modern dispersive element that separates infrared energy frequencies better. The
detector counts the amount of energy that has passed through the sample at each
frequency. As a result, a spectrum is created, which is a plot of intensity against

frequency.

For several reasons, Fourier transform infrared spectroscopy is preferred to dispersive

or filter methods of infrared spectral analysis:
« It is a non-destructive technique
« It provides a precise measurement method that does not require external calibration

« It can increase speed, collecting a scan every second



« It can increase sensitivity — one second scans can be co-added together to ratio out

random noise

« It has greater optical throughput.
Why FT-IR?

In order to overcome the limitations of dispersive instruments, Fourier Transform
Infrared (FT-IR) spectrometry was developed. The slow scanning process was the main
issue. It was necessary to develop a method for measuring all infrared frequencies
simultaneously rather than individually. An interferometer, a very simple optical
device, was used to develop a solution. The interferometer generates a unique signal
that contains all of the infrared frequencies "encoded."” The signal can be measured very
quickly, usually in a fraction of a second. As a result, the time element per sample is
reduced from several minutes to a few seconds. A beam splitter is used in most

interferometers to divide the incoming infrared beam into two optical beams.

Fig 2.10. An interferogram signal

A flat mirror, which is fixed in place, reflects one beam. The other beam reflects off a
flat mirror that moves a very short distance (typically a few millimeters) away from the
beam splitter thanks to a mechanism. When the two beams meet again at the beam
splitter, they reflect off their respective mirrors and are recombined. The signal that
exits the interferometer is the result of these two beams “interfering” with each other
because one beam's path is fixed and the other's is constantly changing as its mirror

moves.
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Fig 2.11. Process of generating an FTIR spectra

The resulting signal is known as an interferogram, and it has the unique property of
having information about each infrared frequency that comes from the source in every
data point (a function of the moving mirror position) that makes up the signal. This
means that all frequencies are measured simultaneously as the interferogram is
measured. As a result of the interferometer's use, measurements are extremely quick.
The measured interferogram signal cannot be interpreted directly because the analyst
requires a frequency spectrum (a plot of the intensity at each individual frequency) in
order to make an identification. It's necessary to have a way of "decoding" the individual
frequencies. The Fourier transformation, a well-known mathematical technique, can be
used to accomplish this. The computer performs this transformation and then presents

the user with the desired spectral information for analysis.

=5

Fig 2.12. A simple spectrometer layout




THE SAMPLE ANALYSIS PROCESS:
The standard instrumental procedure goes like this:

1. The Source: A glowing black-body source emits infrared energy. This beam passes
through an aperture that regulates how much energy is delivered to the sample (and,

ultimately, to the detector).

2. The Interferometer: The beam passes through the interferometer, which performs
"spectral encoding.” The interferogram signal is then output from the interferometer.

3. The Sample: Depending on the type of analysis being performed, the beam enters
the sample compartment and is transmitted through or reflected off the surface of the
sample. This is where the sample's specific frequencies of energy, which are unique to

it, are absorbed.

4. The Detector: The beam finally reaches the detector, where it is measured. The
detectors used were created specifically to measure the interferogram signal.

5. The Computer: The measured signal is digitized and sent to the computer, which
performs the Fourier transformation. The user is then presented with the final infrared

spectrum for interpretation and any further manipulation.

Fig 2.13. Internal components of FTIR instrument.
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Fig 2.14. Internal Process for the formation of FTIR spectra

Because the absorption intensity must be measured on a relative scale, a background
spectrum must also be measured. Normally, this is a measurement without a sample in
the beam. This can be compared to the "percent transmittance” measurement taken with
the sample in the beam. This method yields a spectrum that is devoid of all instrumental
characteristics. As a result, all spectral features present are solely due to the sample.
Because the instrument's spectrum is characteristic, a single background measurement

can be used for multiple sample measurements.

-V characterization:

The techniques for the measurement of the electrical behavior of laminated composites
are the two- probe method and four probe methods. The two-probe method is based on
the definition of resistance when two electrodes are used to measure the electrical
resistance. Figure below shows a specimen, on which a pair of contacts (probe 1 and
probe 2) with conductive wires is attached. Two probes are used for the electrical
current input, as well as for the voltage measure. The resistance of the segment

between the voltage contacts can be calculated through Ohm's law:

V=I%xR
where, V and I are the voltage and current from the voltage and current contacts, resp
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Fig 2.15. Electrical resistivity measurement by two probe method
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Fig2.16. (a, b) Two probe device used in the project.
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[0 Synthesis Techniques:

Carbonaceous materials such as graphite, graphene, graphene oxide (GO) and reduced
graphene oxide (rGO) have a huge interest in the new days industry due to their huge range
of different applications in different fields of new technology. These materials have a rich
synthesis history of 150 years. With time the synthesis procedure indulging these materials
upgraded itself with bulk production and less hazards. There are multiple synthesis
processes to produce graphene oxide (GO) from graphite and then reducing it into rGO.
The past has revealed three main technigues for producing graphene oxides: Staudenmaier's
(ST) method, which employs a chlorate oxidant in fuming nitric acid; Hofmann's (HO)
version, which uses chlorate in sulfuric acid; and Hummers' (HU) technique which employs
a permanganate oxidant. ST method and Hummer’s method for synthesis of GO are being
discussed in this chapter. The rGO can be produced using this already produced GO by
hydrothermal process. Brief description of the hydrothermal process is also included in this

chapter.

Numerous methods have been developed to fabricate Si nanostructures as well using top-
down or bottom-up approaches, such as vapor-liquid-solid (VLS) growth, reactive ion
etching (RIE), electrochemical etching, solution-liquid-solid (SLS) process, chemical vapor
deposition (CVD), molecular beam epitaxy (MBE) or metal-assisted chemical etching, all
of which aim to control various parameters of the Si structures. In this chapter we have

discussed two techniques namely, Chemical Etching and VLS process, in detail.
= GO synthesis using Staudenmaier's (ST) method:

Materials: Graphite, Sulphuric acid (H2SO4), Nitric acid (HNOs) and Potassium chlorate
(KCIOs).

Process:

1. At first sulphuric acid and nitric acid are added to a reaction flask containing a
magnetic bit for stirring.
2. Then the solution is cooled at 0° C for 10 to 15 minutes.

3. After cooling the solution, graphite is added to the mixture under vigorous stirring so



Once the graphite is dispersed into the acid mixture, potassium chlorate is poured into
the solution very carefully and slowly at 0° C to avoid sudden increase in temperature
and production of chlorine dioxide which is very much explosive at high concentration.
. After the potassium chlorate has completely dissolved, the reaction flask is loosely
sealed to enable gas evolution, and the mixture is rapidly agitated for a lengthy amount
of time (80 to 100 hours) at room temperature.

. The mixture is placed into ultra-pure water and then filtered when the reaction is
finished.

. To remove sulfate ions, the GO is then redistributed and repeatedly rinsed with HCI
solutions.

Finally, the GO is cleaned with ultra-pure water until the filtrate's pH is neutral. Before
usage, the slurry GO is then dried for five to seven days at 50° C in a vacuum oven.

» GO synthesis using Hummers' (HU) method:

Materials: Graphite, concentrated sulphuric acid (H2S0a4), Sodium Nitrate (NaNO3),
Hydrogen peroxide (H202) and Potassium Permanganate (KMnOa).

Process:

1. To start the reaction, at first graphite is stirred with H2SOa in a reaction flask for a
few minutes at 0° C so that it can be dispersed into the solution.

2. After that sodium nitrate is added to the mixture in some portions and kept for 1
hour under stirring.

3. Then potassium permanganate is poured slowly into the solution at 35° C which
eventually raises the temperature to 90° C. The temperature is maintained the same
for the next 1 hour.

4. Extra water is added to the solution followed by pouring of H20:.

Once the solution ends its reaction, it is washed multiple times with warm water.

6. To separate the solid GO, the mixture was then centrifuged multiple times and the

solid GO was collected.

7. The solid GO then dried in a vacuum oven for some days before use.



= Hydrothermal Process:

The hydrothermal synthesis was defined in the literature as a process in a closed system,
in which chemical reactions take place exclusively in a water solvent at increased
temperatures, at a pressure that is higher than atmospheric pressure (P > 101,325 Pa).
This definition is often modified by scholars, e.g., Byrappa and Yoshimura

[2] proposed a definition of the “hydrothermal reaction” as any heterogeneous chemical
reaction in the presence of a solvent (whether aqueous or non-aqueous) above the room
temperature and at a pressure greater than 1 ATM in a closed system. For the purposes
of this review, we assume that the “hydrothermal synthesis” is a process occurring in
an aqueous environment (where mH20 > 50%), with the pressure equal to or higher
than atmospheric pressure. In hydrothermal processes, reaction products are mainly
oxides and salts due to the properties of water as a solvent.

Solvothermal synthesis is a method for preparing a variety of materials such as metals,
semiconductors, ceramics, and polymers. The process involves the use of a solvent
under moderate to high pressure (typically between 1 ATM and 10,000 ATM) and
temperature (typically between 100 °C and 1000 °C) that facilitates the interaction of
precursors during synthesis. If water is used as the solvent, the method is called
‘hydrothermal synthesis’. The synthesis under hydrothermal conditions is usually
performed below the supercritical temperature of water (374 °C). The process can be
used to prepare structures including various morphologies including thin films, bulk

powders, single crystals, and nanocrystals.

In addition, the morphology (sphere (3D), rod (2D), or wire (1D)) of the crystals formed
is controlled by manipulating the solvent supersaturation, chemical of interest
concentration, and kinetic control. The method can be wused to prepare
thermodynamically stable and metastable states including novel materials that cannot

be easily formed from other synthetic routes .

« ADVANTAGES OF THE HYDROTHERMAL METHOD:
i) Possible to precipitate powders directly from solution
i) Ability to synthesize crystals of substances which are unstable near melting point

iii) Suitable when it is difficult to dissolve precursors at room or lower temperatures



« DISADVANTAGES OF THE HYDROTHERMAL METHOD:
i) High cost of equipment e.g., the need of expensive autoclaves.

i) 11. Inability to observe the crystals in the process of their growth

+ REDUCTION OF GO TO rGO:

The prepared GO can be reduced to remove most of the edge linked functionalization
groups to form a pure layer of graphene oxide with less groups (eventually called as
reduced graphene oxide) using hydrothermal methods. As hydrothermal or
solvothermal techniques possess constant temperature and pressure, thus, effectively
the reduction can be done easily in less time. The reduction can include doping as well
which is an extra hand of using hydrothermal processes. Different amide groups, sulfur
groups etc. can be used as reduction agents. Nitrogen, sulfur, boron etc. can be doped

by tuning the components of the reaction.

In this project work, modified Hummer’s method is being used for producing good

quality of graphene oxide (GO) and rGO is synthesized using a hydrothermal process.
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Over the past two decades, research on 2D materials has witnessed a remarkable increase after
Geim and Novoselov ground-breaking experiments in 2004 and the discovery of graphene. Since
then, based on its exceptional physical characteristics, graphene has become prominent in
various research areas of nanoscience and condensed matter physics/chemistry, significantly
contributing to a wide range of interdisciplinary fields. Accordingly, the large-scale preparation
of graphene-based materials has gained extensive consideration, leading to cutting-edge research
and innovative technologies. Concurrently, various enterprises and manufacturers have
contributed to the industrialization of graphene. Furthermore, due to its physicochemical
characteristics and wide spectrum of applications, interest in graphene has shifted beyond
academics to scientific research and industry. However, its susceptible nature to oxidative
environments, evidence of certain toxicity, and ideal conductive characteristics, which make it
unswitchable, are the primary shortcomings of this wonder material. Thus, the initial enthusiasm
created by the “graphene rush” has shifted to exploring more stable and atomically thin materials.
Examples of this type of layered materials are boron nitride, recently discovered class of
materials (e.g., MXenes) composed of transition metal carbonitrides, nitrides, and
carbides,semiconducting transition metal dichalcogenides (TMDCs), and phosphorene. presents
some of the principal advancements and recent discoveries in the field of 2D materials. Several
pioneering discoveries regarding liquid phase exfoliation are also discussed, including
biomedical and sensing applications. The wide range of physical and chemical properties of 2D
materials shows significant possibilities for applied research, given that their properties are
dependent on their dimensionality. Further, various optoelectronic characteristics can be
realized, ranging from the extraordinary semi-metal conductivity of graphene to the
semiconducting properties of certain TMDCs. These TMDCs provide a tunable bandgap energy
with easy conversion from bulk materials (indirect-form) to single-layered materials (direct-
form). These properties result in distinct photoluminescence (PL) characteristics, thus permitting
diverse applications, e.g., electroluminescent devices, photodetectors, luminescent probes, and
transistors. Furthermore, chemical functionalization can offer desirable optoelectronic properties
in the above-mentioned 2D materials. For example, due to their large surface/volume ratio, their
demand has increased in the field of sensing and broadened their application area from the
guantitative determination of heavy metal ions (e.g., Cd2+, Pb2+, As3+, and Hg2+), gasses (e.g.,
NH3), and ultrasensitive detection of essential biomolecules (e.g., DNA and proteins) to single
molecule detection and beyond. Notably, 2D material-based sensors do not possess intrinsic
properties to interact with target molecules selectively. Thus, it is possible to manipulate the
interaction between 2D nanosheets and molecules/ions by modifying their inherent properties.
Chemical adsorption (i.e., chemisorption) of interacting substances via covalent bonds on the
basal planes of 2D materials provides significant control of their sensing profile. In contrast,



physical adsorption (i.e., physisorption) of interacting molecules on the basal planes of 2D
materials via non-covalent interactions is preferred in sensing. These non-covalent interactions
offer high recovery rates and are considered promising for real-time monitoring and rapid onsite
analysis. Given that physisorption depends on the nature of the molecules and the interacting
surface, it has certain limitations. This involves the ineffective and unstable immobilization of
molecules, which can potentially cause false positive and negative results. Primarily, a direct
electrical response is desirable for practical applications, where the interaction of analytes with
2D materials generates an enticing optical response, for instance, a variation in PL characteristics
offers a variety of opportunities. Graphene and its oxide (GO) are known to be effective
fluorescence quenchers compared to organic substances. Hence, Forster resonance energy
transfer (FRET) sensors have attracted significant attention in recent years, particularly in
biomedical applications. Generally, in biomedical applications, FRET can detect in vitro and in
vivo changes and be used to precisely measure nanometer-scale distances. This has resulted in
the development of nano-biosensors with exceptional selectivity, increased bio-stability, and
improved sensitivity. In this regard, single-layer MoS2 nanosheets with superior fluorescence
quenching efficiency are a suitable sensing platform for small molecule determination and DNA
detection.The use of 2D materials in FRET sensors is not limited to energy acceptors.
Alternatively, suitable functionalization produces photoluminescent flakes, which act as energy
donors, and thus quenched by electron-deficient compounds, e.g., for the detection of
trinitrophenol, which is an integral component of intense explosives. Recently, 2D materials
have been the focus of research for the fabrication of extremely selective and sensitive sensing
devices to detect organic vapors, humidity, and hazardous chemicals. These 2D material-based
devices are widely used in emission control, environmental monitoring, and diagnosis. In this
regard, a broad spectrum of materials has been developed, ranging from carbon materials to
metal oxides and various polymers. Certainly, 2D materials should be highlighted owing to their
noteworthy features and potential use.These materials include layered metal oxides, black
phosphorus, hexagonal boron nitride (h-BN), pnictogens, TMDCs, and MXenes. Because of
their high adsorption capacity and broad surface area, these materials exhibit improved
performances for gas sensing. Two configurations of the above-mentioned 2D materials have
been utilized in gas sensors, i.e., field-effect transistors (FETs) and chemiresistors. Because of
their ease of attachment, point-of-care sensing, and the ability to construct compact wearable
electronic devices, 2D materials have become superior technology for assessing human
physiological signals.

Saliva detection. Besides being one of the most prevalent chemical samples, saliva, together with

sweat and tears, contains a broad range of biomarkers that are the same as that in the blood.



Furthermore, the high volume of saliva fluid and big mouth cavity are both favorable for sample
collection and sensor localization. However, although there have been some studies on saliva
sensors to detect glucose and lactate, the application of 2D materials in saliva inspection remains
rare Using a live saliva sample, Mannoor et al. introduced a wireless sensor composed of elastic
graphene and silk, which was sufficiently flexible to be worn on the finger and employed to
detect bacteria in dental enamel. Antimicrobial peptides were added to the surface of graphene
to enable the detection of harmful bacteria over a vast range and time on the material surface.
The signals generated by the bacterium concentration could be sent to an external device without
requiring an external power source by combining a sensing area of graphene using an inductive
coil antenna Also, it was possible to connect it to tissues or tooth enamel because of the water-
soluble and biocompatible silk substrate. The results indicate that monitoring bacteria in the
mouth is effective because there is a linear correlation between the logarithm of bacteria content
and the variation in resistance. Recently, Liao et al. developed flexible organic electrochemical
transistors for the determination of glucose and uric acid in saliva, which was capable of
withstanding considerable deformation Immobilization of the enzyme uricase (UOx) on the
surface of graphene was performed for the selective detection of uric acid. The positively and
negatively charged double layer of Pt-gate/Nafion-graphene/PANI/UOx-GO could prevent the
interaction between uric acid and glucose. According to the results, the proposed device
exhibited a detection limit of ~1 x 10—8 M, which is nearly three times the magnitude and

superior to the detection limit of traditional electrochemical techniques.
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Fig 4.1

Fig. 16 (a) Graphical representation of graphene/silk-based wireless biosensor (mounted on a
tooth) for sensing bacteria. (b) Digital photograph of the developed sensor (over tooth surface).
Adapted with permission from ref. Copyright 2012, Nature Publishing Group. (c) Schematic of
the working mechanism and organic electrochemical transistor with Pt-gate/Nafion-
graphene/PANI/UOx-GO employed for saliva analysis. (d) Application of proposed sensors on
various surfaces. Adapted with permission from ref. Copyright 2015, John Wiley & Sons.

3.6 Biomedical and health care sensors

3.6.1 Single-cell detection. Single sickle cell detection, which distinguishes unhealthy from healthy
cells, provides details about the ailment and plays a significant part in diagnosis. Consequently, the

reliable identification of single cells is needed amongst healthy cells. Currently, optofluidic



technologies and flow cytometry are the most widely used approaches for on-site single-cell
detection. However, these systems have difficulty detecting single cells and require a laser source
(high-energy source), which can destroy the cells. Xing et al. created a graphene-coupled surface
plasmon resonance (SPR) sensor that offers an elevated resolution (1.7 x 10—8) and high sensitivity
(4.3 x 107 mV per RIU), and further used for single cell identification of cancer cells in a group of
healthy cells.As the input source, a helium-neon (He-Ne) laser (4 = 632.8 nm, P = 80 mW) was
utilized, which was then converted into circularly polarized light by a polarizer and quarter-wave
plate. A schematic illustration of the graphene-based optical prism sensor (GOPS) is displayed in
(inset), possessing a sandwiched structure of quartz over prism, thick h-rGO (8.1 nm), microfluidic
chip of polydimethylsiloxane, and cell flow. The optical microfluidic channel possessed a width of
~20 um and height of ~12.5 um. An improvement in the detection range was achieved via a
diaphragm using a polarized light (reflected) beam spotted over 1 um. Subsequently, the obtained
beam was allowed to pass via a polarization beam splitter (PBS) to isolate the transverse magnetic
and electric modes, which were identified through a stable photo-detector.In single-cell detection via
this experiment, the normal lymphocytes and Jurkat cancer cells (JCCs) (1%) present in the blood
could be perceived through the modification of the voltage through a microfluidic device called

GOPS.
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Fig. 17 Schematic of optical prism coated with graphene for the ultra-sensitive low detection of distinct
cells (a typical SPR system): (a) flow-detecting structure for a single-cell setup, and the inset
corresponds to optical sensor platform with graphene-coated for single cell detection, (b) distinct
voltage change (time-dependent) agreeing with mixed Jurkat cells and lymphocytes due to their rolling
through h-rGO sensing frame and (c) enlarged image of certain positions of the panel (voltage signals
are clearly described). Microscopic image (15 um scale bar) of (d) Jurkat cells and (e) lymphocytes.
Adapted with permission from ref.
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Experiments:

Synthesis of Samples




0 Synthesis of Graphene Oxide (GO) using modified
Hummer’s method:

. Materials:

Graphite flakes (7-10 pm grain size, 99% purity) from Alfa

Aesar; sodium nitrate (NaNOs), 99% purity), sulfuric acid (H2SOa4, 98% by

weight, G.R.), potassium permanganate (KMnQas, 99% purity), hydrochloric acid
(HCL), hydrogen peroxide (H202, 30% by weight, A.R.) from Merck were used for

synthesis. Deionized (DI) water was taken from a Direct-Q Millipore deionized (18 Q

at 25°C) [

- Sample Preparation:

1. Graphene Oxide (GO) was produced through oxidation and exfoliation of graphite

flakes using modified Hummer’s method. To start the process, at first 3 gm. of

graphite powder and 3 gm. of sodium nitrate were mixed well and taken in a 500 ml

beaker containing 180 ml concentrated sulphuric acid. This solution underwent

vigorous stirring for 2 hours [3].

2. Then, 10 gm. of potassium permanganate were included into the black solution very

slowly for 30 minutes keeping the temperature under 15° C. Again, the solution was

kept under vigorous stirring for next 24 hours.

3. Then, to achieve a colour change from black to golden yellow, 200 mL DI and 10

mL 30% H202 were gradually added to the solution while maintaining a

temperature of roughly 40°C. After that, the mixture was allowed to settle and cool

to room temperature [4].

4. The bottom portion of the clear supernatant was decanted, centrifuged twice at

12000 rpm for 15 minutes, washed with 5% hydrochloric acid once, and the

resultant supernatant was removed.

5. Following a DI wash, the bottom portion (brown in colour) was centrifuged for 10

minutes at 12000 rpm to create three layers in the centrifuged tube. The middle light

brown colour solution was extracted after the upper colourless portion was first

removed.

6. The bottom part of the solution having GO and excess graphite, was centrifuged

subsequently 5 times and each time the middle portion containing GO was extracted

and the lower part was removed .



7. To obtain newly prepared GO, the light brown suspension was dried in a vacuum
oven for 24 hours at 48°C.

The addition of
graphite
£ powder & NaNOs to
mixed with concentrated H,SO4
mmrantratad was done when the

arid wiac citirrad hu a

The magnetic stirring

KMnOazadded to of

thic mivtiira wac

After addition of
H202the colour of
the solution will be
changed from dark
brown to yellow.

Graphene oxide (GO)

Fig 5.1. Schematic diagram of modified Hummer’s method.



[0 Synthesis of N-doped reduced Graphene Oxide (rGO) using
hydrothermal method:

e Materials: Graphene Oxide (GO) prepared using modified Hummer’s

method, Imidazole, ethanol (C2Hs0H, 99% pure), ammonia solution (NH4OH,
25% by weight), Teflon.

e Sample preparation:

1. The already prepared GO from Hummer’s method is being reduced to nitrogen
doped rGO using in-situ hydrothermal process. At first, 40 mg of fresh prepared GO
had been added into 80 ml DI water in a 250 ml beaker and sonicated for 20 minutes
so that the solid GO flakes can be dispersed well into DI.

2. After completion of sonication, the mixture was settled down for some time. In the
meantime, 20 mg of Pyrazole was weighed and mixed with 10 ml of DI and 10 ml
of ammonia solution. This pyrazole-ammonia-DI solution was then mixed with the
dispersed GO solution and again sonicated for 10 minutes.

3. A prepared solution was then kept in a Teflon auto-clave and packed tightly into a
hydrothermal metal jacket. Finally, the solution was kept in the oven at 90° C for
24h comparative study of reduced graphene oxide and the role of nitrogen as a
dopant.

4. After completion of the reactions, the solution was kept for getting settled and
cooled down to room temperature. Then, the solution was kept into a beaker and
also kept into four centrifuge tube to remove excess and unreacted ammonia and
then 4 to 5 times centrifugation rpm of 10000 the PH level was came in the neutral
then we kept rGO solution into a petri dish and dried at 50 degree C for 24 hours.To
obtain fresh solid N-doped rGO flakes.
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Fig 5.2. Schematic diagram of N-rGO synthesis from GO using hydrothermal process.
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Device Fabrication:

Part-1 (Biosensor)




| Preparation of Ito based Biosensor

A biosensor is an investigative instrument which combines any system with the real
sensors to develop a quantitative signal comparable to the analyte’s content. In
recent decades, a huge quantity of biosensors have been produced for different
applications like food, biomedical, and environmental. By considering the different
types of sensing methods generally applied in the biosensing process, this chapter
focuses on the outline of the present developments in the manufacturing of
biosensors depending on electrochemical, medical, optical, and electronics. FTO
based biosensor has achieved high scalability, sensitivity and low power consumption with
ease of fabrication process. When FTO is used as a Biosensor technology then it increases

the detection capability with enhanced specificity and less amount of analyte required.

1. At first the dimension of 1*1(length by width) cm of FTO substrate was made from the
large FTO substrate.

2. Then both sides of the substrate were coated by Kapton tape and the length of 0.25 cm
and not coating in the middle of the substrate for .5 cm.

3. In the meantime, the FTO substrate was washed by Ethanol ,Acetone and DI water for
15 minutes consecutively . Then the middle part of the substrate was etched by HCL
and Zinc by gently rubbing by the tip of the spatula. Using the same technique, 3 pet
substrate were being prepared with 3 different types of pet substrate with 1 layer ,2
layer, 3 layer by the same sample and also prepared another set of 3 different type of
1,2,3 layered of pet substrate with the 1 layer coating of GOX enzyme for comparative

study.



[0 Preparation of Multiple layer of Rgo based Biosensor:

1% set of 3 different type pet substrate were being prepared then 1mg of rGO sample was kept into
DMF solution and then sonicated into a sonication machine for 15 to 20 minutes.

After the this rGO solution kept into a T20 micro pipet by using the pipet the one droplet of rGO
DMF solution was put on pet substrate then the substrate was kept into Spin Coating machine at the
Rpm of 3000 and spinning time was 30 sec then completing the spinning the substrate was kept on Hot
Plate machine and doing this process the 1 layer of rGO pet substrate was prepared after doing the same
Process we have done 2 and 3 layer rGO pet substrates.

50 +DMF }
;mu:ion - rotating o drying —3—3 Mutilayer Pet
' substrate was

prepared

Evaporatin of
solvent

e PP
= ——

| P

Spin coatin mechine Hot plate

Fig 6.1: diagram of of rGO coated in PET substrate Fabrication process



FIG 6.2: Digital photograph of Multiple layer rGO based PET substrate

Preparation of Multiple layer of rGO_Gox based Biosensor

Step-1 Undergoing the same process of making 1,2,3 layer of pet substrate now 0.1
mg GOX enzyme was kept into 10 ml deionized water and then the solution was kept
into sonication machine for 15 minutes .Then the solution was kept into the

micropipette of T20 then one droplet of gox solution was put on rGO coated pet



substrate then getting equivalent deposition of GOX solution on rGO coated pet it kept
into Spin coating machine after spinning of the substrate it was kept on Hot plate for
evaporating the solvent after doing the all process 1L layer rGO_GOX coated pet
substrate was prepared. Then doing the same process we have prepared 2 and 3 layers
of rGO_GOX coated pet substrate.

GOX enzyme+DI

solution > rotating — drying —3—3 IGO+GOX Pet
) substrate was
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solwvent
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FIG 6.3:Diagram of rGO_GOX coated PET substrate Fabrication process



Fig 6.4 :Digital photograph of Multiple layer rGO_GOX based PET
substrate
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In this chapter, different types of material characterization techniques for hydrothermally
synthesized reduced Graphene Oxide (rGO) and metal assist-chemically etched silicon
nanowires (SiNWSs) have been discussed intensively. These various kinds of characterization
techniques include morphological characterization & analysis; crystallographic
characterization & analysis and optical or spectroscopic characterization & analysis. Apart
from these techniques, to investigate the capacity and efficiency of the final devices,

electrochemical and electrical characterization techniques are also being performed thoroughly.

e Morphological Characterization & analysis:

This thesis work involves mainly two types of morphological characterization for the two
different samples such as rGO and SiNWSs. These are field emission scanning electron
microscopy (FESEM) and high-resolution transmission electron microscopy (HRTEM). The
FESEM image describes the basic morphological structure of the nanoparticles or nanosheets
in the range of 500 nm to 5 um. Whereas, the HRTEM image provides information about the
morphological insights of the nanoparticles such as porosity, length of nanorods etc in the range
of 20 nm to 100nm.

» Field Emission Scanning Electron Microscopy (FESEM) of N doped rGO:
Reduced graphene oxide has almost the same morphology as graphene oxide or graphene
which refers to the nano-structure of 2D nanomaterials. Their primary morphological
structure imitates a sheet-like or layered structure. Here, a crust of thin layers can be seen in
NORG- 6h FESEM images [fig (a) & fig (b)] [1]. As the time is low for this synthesis
process, the reduction is comparatively low which is resulting in small broken thin layers of
N-rGO. Now, in the case of NORG-12h [fig (c) & fig(d)], the layers are stacked one upon one
and have long sheets compared to NORG-6h[2].



Fig 8.2 (c, d). FESEM image of NORG-12h
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Fig 7.1 (h). FESEM image of NORG-18h & NORG-24h

On the other hand, from the FESEM images of NORG-18h [fig (e) & fig (f)], it is evident that
with time the reduction is increasing and resulting in crushed long strains of layered N doped
rGO. From fig(f), it can be seen that the aggregation of the layers has been increased in NORG-
18h compared to NORG-6h and NORG-12h. Finally, from the NORG-24h [ fig (g) & fig (h)]
FESEM images, it is clear that with time the reduction had been increased and resulted in large,
mostly uniform and unbroken layers of N-doped rGO. Fig (g) provides the confirmation of
successful preparation of the best thin layered N doped rGO among the other samples i.e.,
NORG-6h, NORG-12h & NORG-18h [7].



e Crystallographic Characterization & Analysis:

To confirm the crystallographic nature such as crystal structure, interplanar spacing, lattice
structure etc. it is very important to perform X-Ray Diffraction (XRD) for the samples. For
this project work, XRD had been conducted for hydrothermally synthesized reduced graphene
oxide. Here, an illustrative and comparative study of XRD analysis has been carried out and
discussed below for NORG-6h, NORG-12h, NORG-18h and NORG-24h.

X-Ray Diffraction Analysis (XRD):

The XRD tool is being operated on the basic principle of Bragg’s law of diffraction. It offers
information about the crystal type of the material such as amorphous or crystalline structure
and the interlayer spacing in between two layers of the material. In this project work, at first,
the peak of XRD plots of every sample has been compared with JCPDS database to confirm
if the produced material is reduced graphene oxide or not [9]. The average peak angle (2 theta)
is equivalent to the JCPDS database record to confirm the products are rGO only. From the
below graph, it is also confirmed from the hump or broadness of the peak that these materials

are amorphous in nature [12].

rGoO |
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Fig 7.2 XRD analysis of rGO



XRD analysis of rGO:

The provided graph appears to be an X-ray diffraction (XRD)

Pattern for reduced graphene oxide (rGO).Here is a detailed analysis:

XRD pattern Overview:

The XRD pattern displays the intensity (in arbitrary units) on the y-axis versus the 2 theta angle

on the x-axis.

The graph shows a distinct peak labeled “002” at 2 theta =26.43°.

Peak Analysis:

Major Peak: There is a prominent peak labeled “002” at 2 theta= 26.43".This peak corresponds to the
(002) plane of the rGO structure .

The sharpness and position of this peak are indicative of the degree of reduction and the quality of the

graphene sheets .

Minor Peak: There are smaller peaks at higher angles, but the main focus is on the dominant peak
Interpreting the (002) peak:
The (002) peak at 26.43°1s characteristic of the graphitic structure in rGO. It corresponds to the interlayer
Spacing(d-spacing) between graphene sheets.
Using Bragg’s Law,
n\A = 2dsin©
The d spacing can be calculated,
d=nA/2sin©
Where, n=1(first order diffraction),
A= 1.54A (the wavelength of the X-ray source, typically Cu kg radiation)

©=13.215°(half of 26.43°)
So, d = 1.54/2*sin(13.215)

d=338A



Significance of the d-Spacing:

The calculated d-spacing (~3.38 A) is consistent with the typical interlayer distance in reduced graphene oxide,
which is smaller than that of graphite oxide (~6-7 A) due to the removal of oxygen-containing groups and the
restoration of the graphitic structure.

Overall Structural Information:

The sharp and intense peak indicates that the rGO sample has well-defined, crystalline graphitic layers.

The presence of other minor peaks suggests there might be other phases or less ordered regions in the
sample.

Applications and Implications:

Understanding the XRD pattern of rGO is crucial for applications in energy storage, sensors, and other fields
where the structural properties of graphene materials play a critical role.

The quality and properties of rGO can be tailored by controlling the reduction process and starting materials, as
reflected in the XRD pattern.

In summary, the provided XRD pattern shows that the rGO sample has a dominant (002) peak at 26.43°,
indicating good quality graphitic layers with an interlayer spacing of approximately 3.38 A. This information is
essential for assessing the structural properties and potential applications of the rGO material.



e Spectroscopic Characterization & Analysis:

» UV-Vis Spectroscopy of rGO:

Ultraviolet-visible spectroscopy is reflectance spectroscopy and absorption spectroscopy
consisting of the ultraviolet and the adjacent full visible regions of electromagnetic spectrum,
I.e., it uses light in the visible and the adjacent ranges. The reflectance or absorption in the
visible range directly affects the perceived colors of the chemicals involved. In this region of
the spectrum. atoms and molecules undergo electronic transitions. Absorption spectroscopy
is complementary to fluorescence spectroscopy. Fluorescence deals with the transition from
the excited state to the ground state whereas absorption deals with the transition from ground
state to the excited state.

Spectroscopic analysis is usually done in solutions but solids and gasses may also be studied

using this. It can also be used to determine kinetics or the rate of a chemical reaction
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Fig 7.3 UV-Vis analysis of rGO

The provided graph displays the UV-Vis absorbance spectrum of reduced graphene oxide
(rGO).Below is a detailed analysis of the graph.

X-Axis(wavelength in nm): The wavelength range is from 300 nm to 600 nm.

Y-Axis (Absorbance in a.u): The absorbance range is from 0.30 to 0.40 arbitrary units(a.u).



Plot Characteristics:

Line color and Label :The plot line is purple ,labeled “rGO” in the legend.
Observations

Initial Absorbance (300 nm): The absorbance starts at just above 0.3 a.u around 300 nm.

Peak formation :There is a slight peak in absorbance occurring around 320 nm, reaching

slightly above 0.36 a.u.

General trend: After the peak , the absorbance decreases gradually with slight fluctuations

until it reaches around 0.33 a.u at 600 nm.

Smoothness: The overall curve is relatively smooth with no sharp spikes , indicating
consistent absorbance characteristics across the measured wavelength.

Analysis:

Peak near 320 nm: This peak could correspond to the characteristics 1 7* transition as the

wavelength increases.

The UV-Vis spectrum of rGO shows a characteristics peak around 320 nm, which is typical
for the m_ m* transition in graphene based materials.The absorbance decreases slightly over
the measured range, which aligns with typical behavior for rGO as the energy with increasing

wavelength.



FOURIER TRANSFORM INFRA-RED SPECTROSCOPY (FTIR) of rGO:

The image is an FTIR (Fourier-transform infrared spectroscopy) spectrum, which
shows the transmittance of a sample across a range of wavenumbers (cm”-1).The
peaks and their corresponding wavenumbers indicate the presence of specific

functional groups in the sample.
Here is a detailed analysis of the FTIR spectrum:

3440 cm”-1 (O-H stretch): The broad peak around 3440 cm”-1 corresponds to the O-
H stretching vibration, This is typically indicative of hydroxyl groups (alcohols and

phenols) or moisture content in the sample.

2944 cm”-1 (C-H stretch): is associated with the C-H stretching vibration, which is

characteristic of aliphatic hydrocarbons (alkanes).

The peak at 2326 cm”™-1: corresponds to the C=N stretching

vibration, indicating the presence of nitriles (cyano groups).

1745 cm”-1 (C=0 Stretch)

The peak at 1745 cm”-1: is due to the C=0 stretching vibration. This is commonly
seen in carbonyl groups, such as those in aldehydes, ketones, carboxylic acids, and

esters.

1647 cm”-1 (C=C Stretch): The peak at 1647 cm”-1 is indicative of C=C stretching,

which is characteristic of alkenes or aromatic rings.

1440 cm”-1 (C-O-C Stretch): The peak at 1440 cm”-1 corresponds to the C-O-C
stretching vibration, suggesting the presence of ether linkages or epoxy groups.

1300 cm”-1 (C-O Stretch)

The peak at 1300 cm”-1: is associated with the C-O stretching vibration, often seen in
alcohols, ethers, carboxylic acids, and esters.

These peaks provide information about the chemical bonds



and functional groups present in the sample. The specific
functional groups identified include hydroxyl (0—H),
aliphatic hydrocarbons (C—H), nitriles (C=N), carbonyl groups
(C=0), alkenes/aromatic rings (C=C), and ether/epoxy (C—-0-C,
C-0).

The colors highlighted in the background of the graph (yellow, green, blue, pink,
brown, and light blue) are used to emphasize the regions corresponding to these

functional groups for easier visualization and identification.
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Fig 7.4. FTIR plot of rGO-24h.
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Chapter-8

Device performance

(Glucose sensor)




e |-V Analysis:

1.5x10° - 1L rGO/GOX
] -2L rGO/GOX
—— 3L rGO/GOx
1.0x10° <
—~ 5.0x107 1
<
c
g 0.0
-
(8] 5 N
-5.0x107 N
Heterojunction Formation ~
-0.019V --0.0214V
-1.0x10°
-1.5x10°
1 . T ' ” T ¥ ]
-1.0 -0.5 0.0 0.5 1.0
Voltage (V)
Fig 8.1 1L,2L,3L rGO
1.5x10° - 1L rGO/GOx
-2L rGO/GOx
3L rGO/GOX
1.0x10° <
—~ 5.0x107 4
<
-
5 0.0
£
3
-5.0x107 N
Heterojunction Formation ~
-0.019V --0.0214 V
-1.0x10° 4
-1.5x10° 4
1 L] L] L]

40 05 00 05 10
Voltage (V)

FIG 8.2 1L rGO/GOX, 2L rGO/GOX, 3L rGO/GOX.



6.0x10°4 |- 1mg
{|—3mg
4.0x10°4 |- -5mg
——8mg
——10mg
2.0x10°
< ——1L rGO
£
£ 0.0
=
=}
O 20x10°-
-4.0x10° -
-6.0x10° -
] v I v v ] v L]
1.0 0.5 0.0 0.5 1.0

Voltage (V)

Fig 8.3 1L rGO following glucose concentration

8.0x107
6.0x107
4.0x107
— '7-
s 2.0x10
= ]
g 0.0
=1 9 -
o . 1mg
-2.0x10" - — 3mg
1 ——5mg
-4.0x107 —8mg
1 ——10mg
6.0x107 4 —1L rGO/GOx
L = L) 2 = L) % L)
-1.0 -0.5 0.0 0.5 1.0

Voltage (V)

FIG 8.4 1L rGO+GOX following glucose concentration



Current (A)

Current (A)

1.0x10?

8.0x10° /’
6.0x10° 4

< //
4.0x10° //

E /
2.0x10° 4 7

0.0

] ——1m
-2.0x10° - e 3mg

1 e 5 M
-4.0x10° Smg

| Z _— "
-6.0x10° 4 / 23'?8 o
-8.0x10'3: y

1 ) L | ® L}
1.0 0.5 0.0 0.5 1.0
Voltage (V)

Fig 8.5 2L rGO following glucose concentration

0.0 +— T
! |
! |
| i //
! i 4
s0x10° ! ! /
! ! Z
! 7
I i
i 7
| F ———1mg
o I/'/ ——3mg
-1.0x10°4 | A ——5mg
: 7 | - 8mg
! // | —10mg
% i | —— 3L rGO/GOX|
I i
| | i - J
A1.5x10° : ! Operating Voltage : -1.0 V to -0.75 V
L] bt 2 L
1.0 0.5
Voltage (V)

Fg8 .6 3L rGO+GOX following glucose concentration

0.0



Current (A)

0.000154 3L ayer rGO

0.00010 -
0.00005 -

0.00000

-0.00005
-0.00010

-0.00015

-0.00020

Voltage (V)

Fig 8.7 3L rGO following glucose concentration

2.0x107
Bare FTO
1.5x102 — GOx
1L rGO
1.0x107 —— 1L rGO/GOx
~ 5.0x10°
<
t 0.0
£
= 3
o 5.0x10
-1.0x10% 4
-1.5x102 4
-2.0x10%
L) L L] L)
-1.0 0.5 0.0 0.5 1.0
Voltage (V)

Fig 8.8 Bare FTO+GOX+1L rGO+1L rGO/GOx



Current (A)

2.0x107%
- ] Bare FTO
OX -1
] | —GOx
1.0x102 4 2L rGO
{ |——2L rGO/GOx
5.0x10" -
0.0 R —
-5.0x10° 4
-1.0x107% 4
-1.5x102 4
-2.0x107
T ¥ T v v T T T
1.0 0.5 0.0 0.5 1.0
Voltage (V)

Fig 8.9 Bare FTO+GOX+2L rGO+2LrGO/GOx

2.0x102 -
i Bare FTO
1.5x1024 |——GOx
. 3L rGO
2
1.0x10°q9 | —— 3L rGO/GOx
—~ 5.0x10°
< ]
c 0.0 4 — S
(4]
t E
= -3
3 -5:0x10
-1.0x1072 1
-1.5x102 4
-2.0x107 4
L) b L) L L4 L) | )
1.0 0.5 0.0 0.5 1.0
Voltage (V)

Fig 8.10 Bare FTO+GOx+3L rGO +3L rGO/GOX



0.006

] 1 Layer rGO

0.004
0.002 4
<
£ 0.000
[}]
=
: -
© .0.0024 —— 0 min
—— 30 min
-0.004 —— 60 min
-0.006 . . . T . ’
1.0 0.5 0.0 0.5 1.0

Voltage (V)

FIG 8.11 Retention time 0 min,30 min,60min 1L rGO

0.0000006 4 Layer rGO/GOx
0.0000004 -
0.0000002 4
0.0000000
-0.0000002 —— 0 min
—— 30 min
-0.0000004 - —— 60 min
-0.0000006
) % ] b T L]
1.0 05 0.0 05 1.0

CH1 Voltage

FIG 8.11 Retention time 0 min,30 min,60min 1L rGO/GOx



Resistance (Ohm)

Resistance (Ohm)

2004 |——LOD of 1L rGO|

165 +——p—4m—F—">—-—"—""—"T—"T—"T—"—"T—"—T
(] 2 4 6 8 10 12 14 16
Concentraion (micro gram/ml)
Fig 8.13 Load 1L rGO
1.8x10°
1.8x10° - | ——LOD of 1L rGO/GOx|

0 2 4 6 8 10 12 14 16

Concentration (micro gram/ml)

Fig 8.14 Load 1L rGO/GOX



Chapter-9

Conclusion




e Conclusion:

The study successfully synthesized porous nitrogen-doped reduced graphene oxide (N-rGO)
using a hydrothermal method, following the prior preparation of graphene oxide (GO) through
a modified Hummer's method. The crystallinity and phase were confirmed using XRD tools,
and morphological analysis through FESEM and HRTEM revealed a flake-like structure and
porous nature of the reduced graphene oxide (rGO). UV-vis comparison of band gaps between
silicon nanowire and rGO identified the latter as the most suitable for fabricating
photodetectors.

This work describes synthesizing porous nitrogen-doped reduced graphene oxide (N-rGO) via
hydrothermal synthesis and it's application as non- enzymatic glucose sensor . Before that,
graphene oxide (GO) was prepared using a modified version of Hummer's process. The
crystallinity and phase have been verified with an XRD device. Morphological analysis using
FESEM images confirms the porous nature. Conversely, comparisons of their UV-vis have
been done to help determine the band gaps between GO and rGO. In this project, electrical
(resistive) biosensor for glucose monitoring has been experienced. A comparison study of
different layers, enzymatic interaction and their out has been carried for the rGO based devices.
Here, alpha- glucose has been tested with the biosensor. After a layer-dependent experiment, it
can be expressed from the 1-V analysis 1llayer rGO device has shown a better response than
GOx+rGO-coated all devices.1L rGO-coated device also gives better response than 1L
GOx+rGO and from LOD curve it can be clearly stated that 1 layer rGO coated device has
better sensibility in all aspect..



