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SYNOPSIS

Graphene oxide (GO) and its derivative materials are potential candidates for various
sensing applications due to their spectacular and significant properties. There are several
unique properties of the GO materials. 1. It has a large surface area (2630 m?g?); every atom
present in the materials is exposed to the analytes for interaction. 2. The charge carrier in
graphene materials has high mobility; it is a ballistic transport, meaning electrons can travel up
to the speed of light at room temperature (~200000 cm? V! s1). 3. Graphene is a highly sp?
crystalline structure, a single electron change in the materials can have a noticeable change in
the material's conductivity. 4. The analyte molecules and the materials can interact by
physisorption reaction, also known as Van der week interaction, and chemisorption reaction
(strong interaction). 5. Graphene is a 2D and very strong material in the nanoscale, which is
100 times stronger than steel. 6. Derivatives of graphene can be synthesized using the well-
known modified Hummer’s method, which can be produced on a large scale and is easily
soluble in water and other organic solutions. 7. It can be functionalized by doping using a
chemical method or gas plasma treatment, 8. It changes its electronic properties using
nanocomposite or heterostructure with other metal oxide materials. Due to the wide range of
properties of graphene materials, it is used in surface-enhanced Raman scattering (SERS),
photodetector, gas sensing, water splitting, bio-medical, super capacitor, etc. applications.

Exfoliation from GO is cost-effective, and the attached functional groups can control their
properties. Several top-down exfoliation techniques have been reported emphasizing the lateral
size of GO, their functional property, their scale-up practicality, and their viable applications.
Several methods are used for exfoliation of GO using electrochemical exfoliation, ultrasonic
exfoliation, microwave-assisted exfoliation, shear-mechanical exfoliation, hydrothermal,
thermal techniques, and freezing-thawing based exfoliation, etc. Furthermore, extreme care is
needed during exfoliation for the latter synthesis protocol to obtain high quality and large
lateral size graphene-based sheets to implement in wide-scale electronic applications. The
increase of material resistance due to the flakes' discontinuity increases the potential barrier for
charge carriers to flow in the material. The fabrication of the interdigitated electrode (IDE) on
the RGO required a new method to synthesize large lateral-size GO sheets. We demonstrated
a facile and simple technique at minimal cost to exfoliate large GO sheets based on a mild
temperature hydrothermal process at ambient conditions. Subsequently, a large lateral-size

RGO was synthesized by chemical reduction/ deoxygenation.

XVii
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Recently, trace detection for the various analyte (dyes, pesticides, food adulterants, etc.) has
been enabled by employing the SERS technique. In the SERS technique, metal-based
nanomaterial has been widely used as a substrate onto which a low concentration analyte is
placed for detection or analysis. In most cases, gold or silver nanoparticles/nanostructured
substrates are used to enhance the analyte's Raman signal in the SERS technique. However, the
instability of the metals, susceptible to oxidation and sulfidation, could hinder the efficiency
and consistency of the substrate for creating a plasmonic hotspot, thereby decreasing the
sensitivity of the target molecules. Besides the metal NPs, several semiconductors have also
been used as SERS sensing materials, such as TiO2 nanostructures, CuTe nanocrystals, Cu20
nanospheres, InAs/GaAs quantum dots, and graphene and its derivatives. However, the SERS
sensitivity of semiconductors is relatively low compared to that of metal NPs. Graphene-based
materials are promising applications in SERS sensors because of their low cost, abundantly
available raw materials (graphite), biocompatibility, tunable sheet layers, controllable lateral
size, and tunable electronic properties. Furthermore, graphene exhibits a uniform surface, high

absorptivity, and high stability.

The SERS signal of an analyte on the graphene substrate is primarily contributed by the
interaction of -7 stacking layers and inter-band charge transfer. Further, defects and functional
groups in the graphene assist in more interaction with the analytes, enhancing the intensity of
Raman signals. Additionally, plasma treatment has been used to modify the properties of the
graphene oxide for functionalization, etching, creating defects, and reduction of GO. Plasma
treatment is a simple, cost-effective, efficient, energy and time-saving, and clean process. The
most commonly used gases in the plasma treatment system are N2, Oz, Hz, CHa, NH3, and F.
However, there are very few studies on modifying the GO materials using plasma treatment,
specifically for SERS application. Based on the nature of gases in the plasma treatment, the
effectiveness of GO is changed owing to its defects, doping, electrical conductivity, and n/p -
type nature. The role of functional groups and defects on the SERS application of GO is little
understood, and it is worth exploring since it enables a metal-free platform for cost-effective
and reliable SERS detection.

The development of modern ultraviolet photodetectors is necessary because the human body is
sensitive to UV radiation that may cause different diseases, including cataracts and skin cancer.
The UV spectrum can be classified into three bands (according to the International Commission
on Illlumination), which include the UVA wavelength range from 320 to 400 nm, UVB from
280 to 300 nm, and UVC from 10 to 280 nm, where the content of UVA is the greatest in the

XViii
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solar spectrum. The working mechanism of UV photodetector is mainly based on the
photoconductivity effect. Under UV illumination on a wide band gap semiconductor, the
absorption of UV light occurs, generating electron-hole pairs when the photon energy is larger
or equal to the bandgap. The photo-generated electrons and holes are collected in the external
circuit as a photocurrent. GO-based materials offer a low-cost fabrication of photodetectors,

and we study the GO-based photodetectors in different hybrid configurations.

In the last few decades, many researchers have been interested in the cause, monitoring, and
solution for the change of environment in the world. The factors which changed the world's
climate are using hydrocarbons, exfoliation of mineral resources, deforestation for
modernization and wars, etc. The above factors cause increased global warming, climatic
change, sea level increase, acid rains, green housed effect, extinction of flora and fauna, etc.
The major challenge in the near future is the control of global warming by reducing or
controlling the production of harmful gases like CO2, NO2, and CO, which are significant
contributors to the greenhouse effect. The sensing and monitoring of carbon dioxide gas are
beneficial to various applications like human health care, detection of human or animal captive
inside a room, air quality control room which safe more electrical wastage, etc. Therefore,
developing a durable, simplified, cheap, reusable, highly sensing, fast response CO2 gas sensor
device is essential. The CO2 gas sensing in the typical atmospheric environment is complicated
due to the contribution of sensing response from many gas species like NO2, CO, and humidity
which are considered low selectivity of gases.

This thesis presents a systematic study on synthesizing super large lateral size GO using a
simplified Hummer's method and then exfoliated by mild heating. In addition, the synthesis of
the other derivatives of the GO, such as RGO using chemical and thermal process, graphene
quantum dots (GQDs) using hydrothermal method insisted by the tip- sonication from the GO
are reported. Further, the surface structures of GO and RGO are modified using different gas
plasma treatments. The synthesized GO, RGO, and GQDs are used in various applications such
as SERS, photodetector, and gas sensing purposes. Different dyes such as Rhodamine B (RhB),
Methylene blue (MB), Methyl orange (MO), and Rose Bengal (RB) are studied on large area
GO/RGO for their SERS effect without and with gas plasma treatment. The photodetector
device based on the GO, surface modified GO, and nano-composite of SnO2 NPs is analyzed
for their photo-response and detectivity. Next, the composites of RGO/GQDs with SnO>
nanoparticles were used as CO> sensors, and their gas sensing responses were measured. The
complete thesis work has been organized into seven chapters, as detailed below.

XiX
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Chapter 1 briefly introduces GO and its derivative materials (RGO, GQDs). The history of
GO and the evolution of the synthesized method of GO are presented in this chapter. The
unique properties of the GO, the various methods for synthesizing the GO, and its exfoliation
techniques are presented. Multiple GO-based applications, such as gas sensors, photodetectors,
and SERS, are discussed. We discuss the significant challenges related to the synthesis of large
lateral-size GO/RGO for practical applications and present a brief account of the experimental
techniques used. A brief discussion on the importance of the SERS effect on the bio-sensing
application, trace detection, non-destructive sensing, etc., using the various materials is
presented. An evolution of the gas sensor device made using semiconductor materials to 2D
and 0D materials are studied. The challenge related to the detection of highly stable CO, draws
the attention of many environmentalists; indoor air quality management, greenhouse effect,
global warming, etc., are presented. The importance of the photodetector using the 2D material

is studied. The motivation and focus of the thesis work are presented at the end of the chapter.

Chapter 2 presents a systematic study of the simplified Hummers method for synthesizing
graphite oxide and exfoliating graphite oxide to large lateral-size GO sheets using mild heating.
The pictorial representation of each synthesis step is presented with the well-known reaction
mechanism of graphite oxide. The systematic steps with images for the exfoliation of graphite
oxide to GO using the newly proposed method named "a mild heating method" are presented
along with the proposed mechanism. The reduction of the oxygen functional groups from the
GO is illustrated using a chemical (hydrazine) process and shows the commonly accepted
reduction mechanism. The large lateral size of the GO and RGO is confirmed by the optical
microscopy and FESEM image. The oxidative graphite structure of GO is studied using XRD
and Raman spectroscopy. GQDs are synthesized from the GO using hydrothermal and assisted
with the tip-sonication process. The quality of GQDs is analyzed using various characterization
techniques. The synthesis of GO, RGO, and GQDs and their characterization are discussed in
detail.

Chapter 3 studied the optimization of exfoliation GO using a mild heating technique and a
detailed analysis of as-prepared large-area GO. It is a facile and simple technique at a minimal
cost (about 10 times lower than the commonly used ultrasonic technique). Moreover, it requires
~80 °C to exfoliate GO, which is 3 times lower than the conventional hydrothermal method,
eliminating the need for high temperature in the high-pressure hydrothermal method.
Subsequently, RGO was synthesized by chemical reduction/ deoxygenation. An optical

microscope, FESEM, and AFM investigated the morphology and lateral dimensions of the GO
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and RGO. The structural quality and characteristics of GO and RGO were further analyzed
using Raman spectroscopy, XRD, XPS, FTIR, UV-vis absorption spectroscopy, PL, Thermo
gravimetric analysis (TGA), and Brunauer-Emmett-Teller (BET) analysis. The electronic and
electrochemical behaviors were investigated from current-voltage (I-V) characterization and
electrochemical impedance spectra. Furthermore, the sensing application of large area GO and
RGO was also explored using Rhodamine B at low concentrations to test the surface-enhanced

Raman spectroscopy (SERS) effect.

In Chapter 4, we employ a plasma treatment method on large lateral-size GO and RGO
sheets to modify the surface, leading to structural change in the carbon skeleton. Various gas
plasma environments were used, such as Ar, N2, Oz, and Hz (diluted with Ar) during the
treatment processes. The resulting substrates were used to investigate the structural disorder
and characteristics using Raman and FTIR spectroscopy. The surface morphology of the
synthesized GO and RGO was studied using FESEM, AFM, and FETEM. The functionality of
the GO and RGO (with or without plasma treatments) in terms of their sensitivity to various
dyes such as MO, MB, RB, and RhB was explored using the surface-enhanced Raman
spectroscopy technique. Further, the addition of noble metal (Au NPs) was examined to form
a composite with GO and RGO, and its SERS performance to detect various dyes was studied.

Chapter 5 focuses on the fabrication of inter-digitated electrodes (IDE) on GO sheets and
GO-based photodetector devices. Each step for the fabrication of IDE pattern is presented, from
software design to metal lift-off. The 10 um IDE pattern was analyzed using the FESEM
imaging, and the metal thickness is 30 nm. The role of oxygen functional groups attached to
the GO in the electrical properties of GO is analyzed. The various temperature annealed GO
shows changed structural properties of GO, as confirmed by the Raman, XRD, and FTIR
analyses. The significant change in the electrical conductivity of the GO after 230 °C anneal is
observed in the IV characteristics. The photoresponsivity (R) for GO, nano-composite of GO
and SnOz NPs (SO-GO), and Ar plasma treated on GO (Ar-GO) is 0.39 mAW?, 1.07 mAW,
and 3.7 mAW-, respectively. And the detective (D) for GO, SO-GO, and Ar-GO are 0.22x10*°
Jones, 0.37x10% Jones, and 1.22x10%° Jones, respectively. The Ar-GO has improved the R and

D compared to others.

Chapter 6 concentrates on the fabrication and optimization of gas sensing devices using the
nano-composite of RGO/GQDs with SnO2> NPs. The schematic illustration of the mechanism
of CO2 sensing on the composite material is presented. The sensing materials are analyzed for

XXi
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their IV characteristics. Sensing response of the fabricated gas sensors is measured for CO- gas
at different concentrations, such as 250 ppm, 500 ppm, 1000 ppm, and 5000 ppm.
Interestingly, CO> content in the atmosphere is 410 ppm; if the concentration exceeds 5000
ppm, it is harmful. The sensing properties such as response time and sensitivity are studied in
this chapter. The nano-composite of RGO and SnO2 NPs (SO-RGO) sensitivity (S) is 9% and
4% for 5000 ppm and 1000ppmof CO2. The response and recovery time for SO-RGO is the
20s and 40s at 5000 ppm of CO,. The SO-RGO exhibits improved sensing response up to 50%
as compared to SnOg. Further, the nano-composite of GQDs and SnO> NPs (GQDs-SO)
improved their sensitivity by 2 times and 3 times as compared to SO-RGO and SnO, NPs,

respectively.

Chapter 7 summarizes the work done in this thesis and highlights its contributions to the study
of GO and its derivative materials. Our studies have demonstrated that it is an active material
for SERS applications, photodetectors, and CO; sensors. In the end, we discuss the scope for

future works in this field.

XXii

TH-2752_136153005



LIST OF PUBLICATIONS:

A. In Peer-Reviewed Journals:

1. N. Somorjit Singh, F. Mayanglambam, H.B. Nemade and P.K. Giri, “Facile synthetic
route to exfoliate high quality and super large lateral size of graphene-based sheets and
their applications in SERS and CO> gas sensing”, RSC advance 11, 9488-9504 (2021).

2. N. Somorjit Singh, F. Mayanglambam, H.B. Nemade and P.K. Giri,” Plasma-treated
graphene surface for trace dye detection using surface-enhanced Raman spectroscopy”
ACS Applied Nano Materials, 2022, 5,5, 6352-6364.

3. Ningthoujam Somorjit Singh, H.B. Nemade and P.K. Giri, Effect of annealing
temperature on the photo-response study on GO based materials used as a photodetector
device (under preparation)

4. Ningthoujam Somorjit Singh, H.B. Nemade and P.K. Giri, Nano-composite of
RGO/GQDs with SnO2 NPs used as an active material for CO2 gas sensing applications
(under preparation)

B. Conference Papers Presented:

1. N. Somorjit Singh, H.B. Nemade and P.K. Giri, “Synthesis and characterization of
reduced graphene oxide” in National conference on Recent Advance in Nanoscience
and Nanotechnology (NCRANNT-2016), NEHU, Shillong on 8 & 9 Sept. 2016 (oral)

2. N. Somorjit Singh, H.B. Nemade and P.K. Giri, “Synthesis of ultrasmall graphene
quantum dots using tip sonication CO> gas sensing application”, ICANN 2019, IIT
Guwahati on 18-21 Dec. 2019

3. N. Somorjit Singh, H.B. Nemade and P.K. Giri, “CO2 gas sensing enhancement by
coated rGO material on SnO> sensor” ICFM 2020, IIT Kharagpur, 6-8 Jan. 2020

4. N. Somorjit Singh, H.B. Nemade and P.K. Giri, “Large area graphene oxide and
reduced graphene oxide sheets for high efficiency SERS application” ICEE2020, IIT
Delhi, on 26-28 Nov. 2020

5. N. Somorjit Singh, H.B. Nemade and P.K. Giri, “Facile Low-cost synthesis of
Monolayer reduced graphene oxide with super large lateral size and its application in
SERS” IWSPD 2021, IIT Delhi, on 14-17 Dec. 2021

XXiii

TH-2752_136153005



6. N. Somorjit Singh, H.B. Nemade and P.K. Giri, “Temperature-dependent study of
graphene oxide and use in photodetector applications” NERC, IIT Guwahati, on 20-22
May 2022 (oral)

C. Short-term project/ hands-on-training workshop
1. INUP Hands-on training workshop certificate on “Nanofabrication Technologies” at

the Centre for Nano Science and Engineering, Indian Institute of Science (11SC),
Bangalore, from 7" - 16" October 2014.

2. Short course on “Modeling, Simulation and Characterization of Nano-Transistor” at the
Department of Electrical Engineering, 11T Kanpur, from 26" — 30", October 2015.

XXiv

TH-2752_136153005



Abbreviation
0D

2D

AFM

Au NPs
Ar-GO
Ar-RGO
BET
CuTe

D
EDS/EDX
FESEM

FETEM

FTIR
GO
GQDs
GQDs-SO
HRTEM

H-GO
H-RGO
-V
IDE
MB
MO
N-GO
O-GO
O-RGO

TH-2752_136153005

LIST OF ABBREVIATIONS

Description

Zero dimension

Two dimensions

Atomic force microscopy

Gold nanoparticles

Argon plasma treated GO

Argon plasma treated RGO
Brunauer-Emmett-Teller

Copper telluride

Detectivity

Energy dispersive X-ray spectroscopy
Field emission scanning electron
microscopy

Field emission transmission electron
microscopy

Fourier transform infrared
Graphene oxide

Graphene quantum dots
Nano-composite of SnO, and GQDs
High-resolution Transmission electron
microscopy

Diluted H, plasma-treated GO
Diluted H plasma-treated RGO
Current-voltage

Interdigitated electrode

Methylene blue

Methyl orange

N2 plasma-treated GO

0. plasma-treated GO

O plasma-treated RGO

XXV



PL

RB
RGO

SAED
SERS
SO-GO
SO-RGO
TiO:
TGA
XPS
XRD
uv

Tres

Trec

TH-2752_136153005

Photoluminescence

Responsivity

Rose Bengal

Reduced GO

Sensitivity

Selected area electron diffraction
Surface-enhanced Raman Scattering
Nano-hybrid of SnO2 NPs and GO
Nano-hybrid of SnO; and RGO
Titanium oxide

Thermo gravimetric analysis
X-ray photoelectron spectroscopy
X-ray diffraction

Ultra-violet

Response time

Recovery time

XXVi



CHAPTER 1 1|Page

Chapter 1

Introduction

Graphene is an assembly of carbon atoms arranged in a honeycomb lattice; carbon
means Charcol in Latin. Carbon is the 15" most abundant element in the earth's crust and the
4™ most abundant element in the universe by mass, and the 2" rich element in our human
body after oxygen by mass. Graphene oxide (GO) was popularised after the discovery of
graphene by Geim and Novoselov in 2004, GO is a 2D material that consists of sp? and sp®
carbon atoms and various oxygen functional groups. In other words, it is another form of
graphene (Fig. 1.1(a)) that contains oxygen functional groups. It is composed of oxygen
functional groups such as hydroxyl (-OH), carboxyl (-COOH), carbonyl (C=0), ether (C-O-
C), and epoxy (O-C=0)2. The schematic structure of GO is shown in Fig. 1.1(b). The oxygen
functional groups bonded with the carbon atoms, change the hybridized sp? to sp® carbon
atoms, and interrupt the delocalized mt system. The electrical properties of GO can change by
the degree of oxidation in the in-plane and out-of-plane of the skeleton layer. It has garnered
interest in the research community due to its semi-conducting nature and usefulness in
various applications. GO is synthesized from the exfoliation of graphite oxide, and graphite
oxide is obtained from the oxidation of graphite flakes. GO is one of the cheapest 2D
materials. Moreover, its source materials, such as graphite flakes, charcoals, plants, and
leaves, are readily abundant in our environment, mass-producible, and the synthesis process

is well known?.

There are several unique properties of GO that make it an ideal candidate for a wide
range of applications: (i) It has a large surface area; every atom present in the material can be
exposed to the analyte molecules; (ii) An electron can change the material's conductivity; (iii)
An analyte molecule can interact with GO by van der Waals (weak) and chemisorption
(strong) reactions; (iv) It is readily dispersible in water and other organic solvents; (v) Its
surface structure can be modified by gas plasma treatment, doping of atoms,
functionalization, etc.; (vi) The electronic properties can be altered by forming nano-
composite and heterostructures with other materials*®. The extraordinary properties of the

GO and its derivative materials are applied in various applications such as surface-enhanced
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Raman scattering (SERS), photodetection, gas sensing, in batteries and supercapacitors,

electrochemical water splitting, bio-medical areas, etc’2.

(a) (b)

Fig. 1.1: Schematic structure of (a) pristine graphene; (b) GO.

1.1. History of graphene oxide and its evolution
The evolution of graphitic materials can be traced back to the Neolithic age (4000 B.C.),

where graphite was used to paint for decorating pottery ceramic by Martia culture in Europe.
British used graphite for marking sheep in 1500 A.D. In the year 1859, B.C. Brodie was the
first person who synthesized the graphite oxide from graphite from the chemical reaction
with potassium chlorate (KCIO3) and fuming nitric acid (HNOgz) for three or four days at a
temperature of 60 °C until yellow vapors cases to be evolved!®. The synthesized graphite
oxide contained 61.74% of carbons, 1.85% of Hydrogen, and 37.41% of oxygen after
repeating the oxidation process four times. He used graphite oxide as graphic acid because of
its non-dispersability in acidic media. Further, the oxygen functional groups in the graphite
oxide were reduced by thermal treatment at 250 °C for three to four hours until all perceptible
gas evolution had ceased. After heat treatment, 1.024g of graphite oxide was reduced to
0.684g; the concentration of its elemental composition such as 80.19% of carbon, 0.52% of
Hydrogen, and 19.29% of oxygen. Thus, Brodie showed a way to convert graphite to graphite

oxide for the first time.

In 1898, L. Staudenmaier boosted the oxidation reaction in the process by adding chlorate
(KCIO3 or NaClOs3) and concentrated sulfuric acid to increase the acidity in the solution®.
Thus, he was able to increase the concentration of the oxygen in the graphite oxide to the
ratio of 2:1 of carbon and oxygen, respectively, in one reaction. However, using HNO3

produced hazardous gases such as nitrogen dioxide (NO2) and dinitrogen tetroxide (N20a)
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gases, known as yellow vapor. Moreover, the potassium chlorate being an explosive material.

Therefore, the usage of both nitric acid and potassium chlorate was extremely dangerous.

In the year 1958, Hummers synthesized graphite oxide by using less harmful chemicals
such as potassium permanganate (KMnOs), sodium nitrate (NaNOs), and highly concentrated
sulfuric acid (H2SO4)™. He achieved a high degree of oxidation of graphite oxide from the
reaction of graphite flakes with KMnOs, NaNOs, and H2SOs. Subsequently, most groups
adopted synthesis processes following what came to be known as the “Hummers method.”
Nevertheless, modifications were made to the Hummers method to obtain high-quality
graphite oxide by adding an extra chemical'®’ or a different source of carbon or adding a
few additional steps, thus, following a “modified Hummers method” or “simplified Hummers

method”8,

Further, GO is synthesized from the exfoliation of graphite oxide. Various proposed
techniques exist to exfoliate graphite oxide to obtain GO, such as ultrasonication,
electrochemical, microwave-assisted, shear-mechanical, hydrothermal, and freezing-thawing-
based exfoliation. More detail on the exfoliation technique is discussed in section 1.7.1. In
this thesis, we use a simplified Hummers method for the synthesis of graphite oxide of larger
domain sizes by modifying a few of the experimental steps to achieve a higher degree of
oxidation, following which an optimized heating treatment yielded high-quality graphene

oxide of large later size.

1.2. Structure of graphene oxide
Interestingly, the identical structural model of the GO does not exist, even though many
proposals have been presented. Since graphite oxide was synthesized 150 years ago, the
distinct chemical structure is not well defined due to the presence of sp® hybridized carbon
and the irregular attachment of various oxygen functional groups*®. This complexity is caused
by multiple factors such as the degree of oxidation that cannot be specified, distribution of
oxygen functional groups, oxidizing sites on the graphite material, practical drawbacks, and
lack of analytical techniques. However, the structure of GO has been proposed by various
models such as Hofmann, Ruess, Scholz-Boehm, Nakajima-Matsuo, and Lerf-Klinowki
models, as shown in Fig. 1.2. Hofmann proposed a structural model of GO, which attached
the epoxy functional groups on the basal plane of the hexagonal honeycomb structure of the

carbon atoms®°,
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He arranged the epoxy groups randomly, perpendicular to the basal plane of the graphitic
structure. The net molecular formula of GO is C2O. In the Hofmann model, the
functionalized carbon atoms are arranged in sp? hybridized configuration. Further, Ruess
proposed a model that improved upon the Hofmann model by adding hydroxyl and epoxy
functional groups on the basal plane. The functionalized carbon atoms are converted from sp?
to sp° hybridized structure. Similarly, the proposed oxygen functional groups are attached
perpendicular to the basal plane of the graphitic system. In the Ruess model, a unit structure
of GO contains 25% of oxygen functional groups; 1/3rd are hydroxyl groups, and 2/3rd are
epoxy groups. Whereas in the Scholz-Boehm model, quinoidal species are attached on the

basal plane instead of epoxide and ether functional groups.

o HO o
Ruess Lerf-Klinowski 0

Fig. 1.2: Structural models of GO (adopted from ref.2%).

Nakajima and Matsu proposed a structural graphite oxide model named graphite intercalation
compound (GIC). He explained the oxidation mechanism of GO and the nonstoichiometric
and amorphous structure that constructs the GO structure. The Mermoux model is made by
the tertiary alcohols, epoxy (1,2-ether) groups, and a mixture of alkenes is attached to the
basal plane of the graphitic structures. In addition, he explored the hydrogen with the alcohols
and epoxy functional groups linked to the structural bonding between the stacking GO layers.
Lerf-Klinowski model is based on the reactivity, composition of elements, and experimental
studies. In his proposed model, ether, epoxide, carboxylic, and hydrogen attach to the
graphitic structure, bonding between the stacking layers of GO. And carboxyl and carbonyl
groups are attached at the edge of the graphitic structure, and epoxide groups are attached to

the basal plane of the structure. Further, GO is contained by the attached functional groups
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such as lactols on the edge, esters and tertiary alcohols on the surface, and epoxy and alcohol
groups on the plane of GO which is characterized by the nuclear magnetic resonance

spectroscopy (NMR)?2,

The structure of the GO is a rough surface due to the oxygen functional groups attached
above and below the graphitic structure and the presence of sp® hybridized carbon atoms. The
structure of the GO is studied via various techniques such as high-resolution annular dark
field (ADF), Scanning transmission electron microscope (STEM), NMR, and Scanning
tunneling microscopy (STM), to investigate the sp? and sp® hybridized carbon atoms in a
nano-scale, presence of oxygen functional groups, defects on the planar structure, and
retained size of the unit cell of GO.

1.3. Mechanism of formation of graphene oxide
Dimiev et al. studied the mechanism for the formation of graphite oxide. He explained the
formation of GO in three stages: graphite interaction compound (GIC), pristine graphite
oxide (PGO), and GO?3. GIC stage is a dark green color solution formed within 3-5 minutes
after the reaction of source graphite flakes with highly concentrated H>SOs. The
stoichiometry of the GIC stage is represented by a formula C (21-28)".HSO4™ 2.5 H2SO4. H2SO4
and HSO4 ions occupy the interlayer corridors in the GIC stage. To oxidize the graphite
flakes, the oxidizing agents must insert in-between the stacking graphene layers or replace the
existing intercalated molecules. PGO is formed after GIC; when the specified amount of
KMnOys is added to the GIC solution, KMnQy is dissolved in the acidic solution and slowly
changes the colour of the solution to dark brown from dark green. The chemical reaction of
KMnO4 and H2SO4 has obtained manganese heptaoxide (Mn207), the potent oxidizing agent.

Thus, the chemical reaction to form oxidizing agent is given in below:

KMnQs + 3H2S0s 2 K+ MnOs © + H3O" + 3HSO4
MnOs" + MnOs~ = Mn20y7 (highly reactive)

In the solution, permanganyl (MnOs*) ion is the cation, and hydrogen sulphate (HSO4") and
sulphate (SO4%) ions are the anions present in the form of MnOsHSOa, or (Mn03)2S0a. If
100% H2SO4 is used as the solvent, the given compound is obtained in non-ionized form,
while in dilute H.SO4 used as the solvent, the given compound is obtained in ionized form.
PGO stage is determined by the rate of oxidation in graphite flakes and a diffusive-controlled
where the oxidant replaces the acid intercalant. The rate of diffusion of the oxidizing agent

into the interlayer of stacking graphene is slower than the rate of the chemical reaction. And
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the movement of the reaction on the various graphite flakes is varied in an oxidation reaction.
The oxidized graphite flakes are identified from the optical microscope in both the light
modes; graphite oxides are observed in semi-transparent light brown in transmitted light
mode and light-yellow pearl in reflected light mode. However, the unoxidized graphite flakes
are obtained with dark color in transmitted light mode and blue color in reflected light mode.
The oxidized graphite and un-oxidized graphite flakes are detected in the Raman analysis
from the emergence of D band for oxidized graphite and this is the most promising
characterization technique used for the study of GO and its derivative materials.

Further, Kang et al. suggested another oxidation reaction of graphite flake after
adding water into the dark-brown solution (PGO)?*. After adding water to the solution, the
color of the solution is changed to dark from dark brown, which is an exothermic reaction.
Similarly, the subsequent oxidation stage by MnOs in the acidic aqueous condition is
determined by Kang et al. This exothermic reaction is stopped by adding diluted H20; into
the solution, and the color of the solution is changed to bright yellow from the dark. The
oxidizing agent is converted into Mn?* ions and manganese sulfate (colorless soluble).

1.4. Derivatives of graphene oxide

GO can be developed into various materials such as reduced graphene oxide (RGO)
and graphene quantum dots (GQDs) based on the degree of oxygen functional groups
attached to it, size of the particles, presence of defects, structural arrangement, etc. The
properties of each derivative material are unique due to the changes in structure, size, and

shape.

1.4.1. Reduced graphene oxide

RGO is the derived material of GO, where a negligible amount of oxygen functional groups
is presented. The accurate value of C/O to determine RGO is not regulated but can reduce to
14.5:1 of C/O by chemical treatment®®. Due to the reduction of oxygen functional groups, the
propertied of the RGO is drastically changed from GO. RGO improves from GO in the
mobility of charge carrier, electrochemical properties, optical transparency, thermal
conductivity, more flexibility and ease to functionalize with foreign analytes, etc. Due to the
controllable and rich property of RGO, it is used in various applications such as biosensors?®,

gas sensors?’, photodetectors?®, SERS?, field-effect transistors?®, solar cells*, etc.
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1.4.2. Graphene quantum dots

GQDs or graphene quantum dots, that can also be derived from GO, are popular
materials for sensing applications. They are zero-dimensional (OD) with lateral sizes less than
~15 nm, have significant defects, and highly luminescent. A negligible amount of oxygen
functional groups is attached. The unique optical and electrical properties of GQDs can be
utilized in various applications such as SERS, bio-imaging, bio-sensing, optical sensing, gas
sensor, optoelectronic devices, etc.3! The properties of GQDs can be tuned by doping and

functionalization312,

1.5. Properties of graphene oxide

GO has been applied in various applications due to its large surface area, unique
physical and chemical properties, cheapness, and ease to modified its structure. Some of the
properties of GO are electronic properties, mechanical properties, thermal properties,

nonlinear optics, etc.®

1.5.1. Electronic properties

The electronic properties of GO are heavily dependent on the degree of oxygen
functional groups attached to the graphitic structure, the creation of surface defects, and the
presence of sp3 carbon atoms. The energy band structure of GO is adjustable by controlling
the oxygen functional groups and structural defects on it. The band gap of GO can be 0.02 eV
to 3.39 eV. The band gap of GO ranges from 3.39 eV to 1.44 eV to 0.22 eV to 0.02 eV
depending directly upon the degree of oxygen functional groups present - from 50% to 25%
to 16.7% to 12.5%, respectively. Also, the tuning of the band gap (2.4 eV to 0.9 eV) of GO
can be achieved by exposure to a laser with different incident powers. A higher laser power
reduces the degree of oxygen functional groups attached to GO. The band gap formation in
GO is due to the bonding between the p-orbital electrons of the attached functional groups
and graphitic carbon atoms, which leads to two bands — the p-bonding and p-antibonding
bands. The increase in the functional groups reduces the width of the m band disturbing the
electron transfer among the carbon atoms. The functional groups increase the localized
electronic state density due to the incorporation of oxygen atoms into the graphitic structure.
The band gap varies noticeably on addition of the relative fraction of epoxy and hydroxyl
groups. Functionalization of the graphitic structure using epoxy groups leads to C:O ratios of
0.094 and 0.063 reducing the band gap to 1.58 and 1.19 eV, respectively. Lian et al.3* studied
the variation of band gap by changing the degree of oxygen attached to the GO maintaining
the ratio of epoxy and hydroxyl groups at 2:1 and then by varying the ratio from 0.5 to 8.0
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without changing the degree of oxygen attached to GO. The electronic band structure of GO
is often ambiguous due to the heavy dependence on the degree of oxidation, type of
functional groups, and distribution of GO. However, the tuneable band gap of GO is useful in
various applications.

A higher density of oxygen functional groups on GO makes it behave like an insulator
due to the breaking of © conjugate networks of graphitic structure. The electrical conductivity
of GO is of the order of 10° S/m, whereas for GO with reduced functional groups (RGO) it
reaches up to 0.05 S/m, comparable to pristine graphene®. The electrical conductivity of
RGO reduces by 100 times when temperature is varied from 298 K to 4 K. At higher
temperatures of ~2750 K, the electrical conductivity of RGO increased up to 3112 S/m®.
Thus, the electrical conductivity of the GO is also affected by the presence of oxygen
functional groups, structural defects, and ambient temperature. The electronic properties of
the GO and its derivative materials depend on the degree of oxidation, defect, and functional

groups that enhance the SERS effect, photodetector, and gas sensing applications.

1.5.2. Transparent-conductor properties

Transparency is one of the interesting properties of a material due to its demand in
various applications such as touch screens, displays, solar cells, and light emitting diodes
(LEDs). GO is a highly transparent material owing to its atomic layer thickness. Moreover,
the conductivity of the GO can be tuned to an order comparable to disordered graphene,
simply by controlling the degree of oxygen functional groups. Thus, RGO can be used as a
transparent electrode in various applications. Zhu et al.*” studied the properties of thermally
reduced RGO thin film and observed 80% optical transparency for 550 nm and 10%-10% Q/
cm?, which lays potential as a transparent conductor. Though single-layer GO has 96%
optical transmittance, it has low electrical conductivity. Again, Eda et al.® studied the optical
transmittance and the respective sheet resistance of RGO samples, which have been
synthesized using various procedures. However, they concluded that a compromise between
the optical transparency and electrical conductivity of GO needs to be made depending on the

required application.

The optical transparency and conductivity of GO can be improved by various
approaches: tuning the degree of functional groups, surface defects, doping, and formation of
GO based hybrid materials. The electrical conductivity of GO/RGO can be enhanced by
increasing the lateral size of the GO/RGO to avoid the loss of the resistance that occurs on

overlapping of small-size GO/RGO. Zhao et al.3® have improved upon the properties of RGO
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film by using a larger lateral size, which acquired 78% of optical transparency at 550 nm and
840 Q/ cm®. Doping of GO can improve the electrical conductivity by means of increasing
the charge carrier concentration. Doping can be done by surface charge transfer and
substitutional doping. SOBr> doped on the GO has increased the electrical conductivity and

optical transmittance of GO up to 1600 /cm? and 82%, respectively*°.

1.5.3. Mechanical properties

Graphene is an extraordinary material due to its unique atomic arrangement. The sp?
hybridized graphitic structure is formed by ¢ bonding with three adjacent carbon atoms and a
2D honeycomb structure. Thus, graphene becomes one of the most robust materials in the
nanoscale owing to 1 TPa of in-plane Young’s modulus and intrinsic strength of 130 GPa. On
the other hand, dissimilarity, due to oxygen functional groups and structural defects in GO,
weakens its mechanical properties. However, the mechanical properties of GO can be tuned
by controlling the degree of oxidation, its stacking orientation, water contained intercalated
molecules/ions, and structural defects. Varying the oxidation degrees of GO from 0 to 0.7
altered the in-plane Young modulus from 495 to 294 GPa and the intrinsic strength of the GO
from 48 GPa to 28 GPa, respectively*!.

GO is a highly flexible material owing to the attachment of oxygen functional groups
and structural defects, which attracts various futuristic devices like touch screens, bio-
compatible sensors, transistors, solar cells, wearable devices etc. He et al.*? demonstrated a
flexible RGO-based transistor, which can retain its stability after testing its flexible properties
for more than 6000 cycles by bending its radius up to 4 mm. GO/RGO-based flexible devices
are fabricated by drop-casting on the flexible, transparent, and bendable substrate (ITO),
which retained its conductivity up to 150 S/cm for GO, and 5.51x10° S/cm for RGO.

1.5.4. Thermal conductivity properties

The thermal conductivity of graphene is exceptionally high, up to 2000 W/mK at
room temperature. For GO, its thermal conductivity can be tuned by controlling the degree of
oxidation and structural defects. Because of the thermal conductivity of graphene, it has the
potential to drain the excess heat from electronic devices. Thermal conductivity of the GO
thin film is obtained up to 10 W/mK, owing to the phonon scattering at the sheets interface,
which is much lower than pristine graphene®®. Thus, the reduction of thermal conductivity
after increased oxidation in GO is due to oxygen defect scattering that decreases the phonon's

mean free path.
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Interestingly, external strain applied on the GO can increase its thermal conductivity
up to 12%, while for graphene, the thermal conductivity decreased to 28.4%, under similar
conditions. The mean free path of phonon on GO increases when stress is applied on GO
which causes the vertical displacement of sp? carbons and flattens the GO structure. Whereas,
in case of RGO, the mean free path of phonon is reduced on application of pressure, causing

a reduction of thermal conductivity on RGO.

1.5.5. Optical properties

The optical properties of GO can be tuned by controlling the degree of oxygen functional
groups and structural defects***°, As discussed earlier, GO is highly optically transparent due
to its atomic layer thickness. GO is a fluorescent material over a wide range of wavelengths
from ultraviolet to near-infrared region, but pristine graphene does not have this property due
to zero bandgap. GO is used in non-linear optics due to a small cluster of sp? hybridized
carbons with sp? hybridized carbon atoms. Due to its remarkable optical features, GO can is a
potential candidate in several applications, such as in-display due to its transparency, in
biosensing due to its fluorescence, and in laser technology due to its non-linear optics

properties.

1.6. Surface modification using gas plasma treatment

The surface structure of the GO/RGO can be modified by using gas plasma treatment.
Gas plasma treatment is a simple, cheap, efficient, eco-friendly, energy-saving, and clean
process that is carried out at room temperature. It is used to modify the properties of GO by

functionalization, etching, creating defects, and reducing oxygen functional groups.

Gases such as N2, Oz, Hz, CH4, NH3, and F (fluorine) are used for gas plasma treatment
systems*®9, The modification of GO depends on the use of the gas in the plasma treatment-
it may change its defects, doping, and electrical conductivity. The effect of the plasma
treatment depends on the chemical activities of ions, electrons, and other active species of
plasma activated by the RF power. Most researchers have accepted the tailoring of the
physical and chemical properties of GO by treating with the gas plasma.

The treatment of Ar plasma can modify the narrow near-surface region of the GO and
cause reduction of the oxygen functional groups from the surface of the GO. Igbal et al.*°
have demonstrated the graphene-based field-effect transistor (GFET), in which its charge
density was controlled by introducing oxygen functional groups and reduction of functional

groups from the surface of graphene using exposure to the Oz and Ar gas environment,
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respectively. N2 plasma introduced nitrogen atoms into the GO and RGO up to 1.35% and
3%, respectively. GO can also be nitrogen doped using NHz plasma treatment. The oxygen
functional groups such as epoxy, hydroxyl, carbonyl, and carboxyl, which are attached to the
GO, are removed and persuaded by the C-N functional groups. The elemental composition
ratio of the O/C was gradually reduced. In contrast, the N/C was increased by nitrogen gas
plasma treatment. In addition, N2> plasma led to formation of various nitrogen-based
functional groups such as pyridine (pyridinic-N), pyrrole (pyrrolic-N), and graphitic-N. O>
plasma aggressively modifies the surface of GO which leads to a change in the electronic and
chemical properties of GO. The process can functionalize GO, etch the GO surface, induce
disorder in the GO lattice, and oxidize the reduced GO or graphene. It can also carbon atoms
from the lattice and functionalize GO with oxygen functional groups. RGO can be
functionalized with oxygen-containing functional groups such as epoxy (C-O-C), and
carboxyl (C-OH), using oxygen plasma treatment. The properties of graphene-based
materials such as graphene, GO, RGO, and GQDs have been altered by modifying their
chemical and structures to suit specific applications, using plasma treatments. However, the
number of studies in this field is limited.

1.7. Synthesis of graphene oxide and its derivative materials

The properties of GO are sensitive to the synthesis process, and also GO is the source
material for its derivative materials (RGO and GQDs). A comprehensive understanding of the
synthesis of GO is required and essential for use in its potential applications. The evolution of
the GO synthesis process has been discussed in section 1.1. The production of GO and
graphene (RGO) on an industrial scale can be done using the top-down approach. Its mass

production can be carried out at a low cost.

1.7.1. Synthesis of graphene oxide

Graphite oxide can be synthesized using the modified or simplified Hummers method.
Graphite/ expanded graphite flakes as source material, concentrated H>SOs4, H3SOas, or
mixture are used as a protonated solvent, and KMnQOs as an oxidizing agent is used for
synthesis of graphite oxide. Adding H20> to end the oxidation reaction, filtration and
centrifugation processes are used to obtain purified graphite oxide after oxidation. Various
proposed techniques exist to exfoliate graphite oxide to obtain GO, such as ultrasonication,
electrochemical, microwave-assisted, shear-mechanical, hydrothermal, and freezing-thawing-

based exfoliation.
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Table 1.1 collates various exfoliation techniques for graphene-based sheets, the

nature of the solvent used, the resulting lateral size, and their applications. Although several

approaches have been reported to exfoliate graphene derivatives into a few layers of large

Table 1.1: Various techniques for graphene-based sheet exfoliation, nature of solvent used,

their resulting lateral dimension and applications

Exfoliation Nature of solvent Lateral size Applications Reference
method

Electrochemical Ag. Ammonium >30 um - %0
sulfate

Ultrasonic Imidazole 10 pm Supercapacitor 5

Ultrasonic Pyridine <1l um Mechanical 52

Ultrasonic Water >30 um Highly conductive 53

thin film

Ultrasonic Ag. salt Up to 30 um | Thin film devices o4

Ultrasonic Ag. PTCA 10-12 um | Conductive wire %

Ultrasonic Ag. salt 5—10 um Electrochemical %

Sensors
Ultrasonic Ag.salt 10 pm Li-battery 57
electrode
Ultrasonic Water/SL/DDAC 100 nm -1 - 58
/DDBAC pm
Ultrasonic Ag. salt 100 nm- 6 Ultracapacitor 59
pm

Microwave Water 30 um - 60

Microwave CHP/DMF/NMP/ionic | 2 -7 pym 3D Printing 61
liquid

Electrochemical Ag. Ammonium >30 um - 50
sulfate

Shear force Water 50 um Energy storage 62

Freeze-thaw Anhy. THF/DMSO 4 um Electronics and 63

energy storage
Hydrothermal Ag. Glucose 20 — 100 pm Photodetector 28

lateral size, the hydrothermal method has shown to be a promising technique exhibiting its

relative cost-effectiveness, producing excellent yield with controllable and large lateral size
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with outstanding electrical properties. However, this method requires additional autoclave
equipment and the exfoliation processes at high temperatures up to 220 °C. Therefore, there
is a further demand for a simpler and more cost-effective approach to exfoliate huge lateral
dimension graphene-based sheets, exhibiting high electrical and sensing performances.

1.7.2. Synthesis of reduced graphene oxide

RGO is one of the derivative materials of GO where the presence of oxygen functional
groups is minimal, and its atomic structures have resorted to sp? hybridized graphitic
structure from sp. The applications of GO and RGO are vastly different due to the difference
in their properties, even though both are the similar derivative materials. The conversion
process from GO to RGO can be achieved using various chemical reactions, thermal
treatment, and electrochemical methods. The above techniques are used to remove the
oxygen functional groups and restore the graphitic structure of GO. However, the RGO
exhibits difference in surface morphology, and structural, electronic, and physical properties.
The conversion from GO to RGO can be observed by change in the colour to black from
bright yellow, its hydrophobic nature, increase in the C/O ratio, high electrical conductivity,

etc.

Table 1.2: The list of chemically reducing agents and its details to synthesise RGO

Reducing agent | C/O ratio | Conductivity (S/m) Expt. Reference
parameters

Hydrazine 10.3 2420 100 °C, 24 hrs 64
NH3BH3 14.2 19300 80 °C, 12 hrs 6>
LiAIH4 12 70 °C, 24 hrs 06
HI 12 29800 100 °C, 1 hr 67
Thiourea dioxide 14.5 90 °C, 1 hr 68
Methanol 4 3.2 x10° 100 °C, 5 days 69
Thiophene 10.9 80 °C, 24 hrs 70

GO can be reduced to RGO chemically using hydrazine, borohydrides, aluminum
hydride, hydrohalic acid, thiourea dioxide, methanol, etc. The list of chemically reducing
agents and their details for synthesized RGO are mentioned in Table 1.2. Reduction of GO

by using a chemical method has its limitations, such as a) it cannot retain the same lateral size
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of RGO as similar to GO, b) it is challenging to exfoliation into mono-layer, c) it becomes
hydrophobic nature leads to agglomerate in a water solvent, d) this process produces harmful
bi-products causes environmental hazard and e) unwanted doping on RGO, etc.

The thermal treatment process is the simplest and has overcome most of the
limitations caused by chemical methods such as retaining the lateral size and monolayer
RGO, which are significant for various applications, especially to fabricate 2-D devices with
two-electrode terminals or transistors. In thermally reduced RGO, oxygen functional groups
from the GO are removed in the form of CO2 and CO gas during heat treatment. Zhao et al.**
studied the thermal treatment of GO in a range of temperatures from 200 to 900 °C. They
analysed the transformation of GO to RGO by using Raman and FTIR analysis and studied

its capacitance properties.

1.7.3. Synthesis of graphene quantum dots

GQDs are another derivative material of GO. They have significant edge defects due
to the breaking down from a large size to a small size (down to 1.53 nm), exhibit quantum
confinement effect, offer large surface area, high photoluminescence, and minimum oxygen

functional groups.

Table 1.3: List of GQDs synthesis methods and obtained sizes.

Techniques Source material Size (nm) Reference
Electrochemical Graphite rods 14 72
Pulsed laser ablation GO 34 2
Chemical reaction GO 5.6 7
Microwave Triethanolamine 5.6 &
Hydrothermal Citric acid 15 7

They are potentially used in various applications such as a photodetector, bio-medical
sensors, solar cell, super capacitor, memory device, catalysis, etc.*®> GQDs can be synthesized
using both top-down and bottom-up approaches. GQDs can be synthesized from GO by using
various methods such as hydrothermal, high-power sonication, chemical reactions,
electrochemical processes, pulsed laser ablation, etc. The list of some of the protocols
adopted for synthesis of GQDs is summarized in Table 1.3. The hydrothermal method is one

of the most well-known and standardized methods to synthesize GQDs from the critic acid,
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1,5-dinitronaphalene, 1,3,6-trinitropyrene, GO, etc. This process is time-consuming (12-24
hours), costly, requires high temperature and pressure. Moreover, it yields QDs with a non-
uniform size distribution, that agglomerate after removal of oxygen functional groups from
GO.

1.8. Applications of graphene oxide
1.8.1. Surface-enhanced Raman Scattering

SERS is a Raman spectroscopy technique that can detect the low concentration of
analytes molecules by increasing the intensity of the Raman signal for molecules with the
help of a plasmonic surface shown in Fig. 1.3. Many technigues can enhance the Raman
signal by using the stimulated Raman process, electronic resonance enhancement, and SERS;

SERS is the most promising technique’®.

Fig. 1.3: Schematic illustration of RhB detection on GO using the SERS technique.

The enhancement of the Raman signal is due to the generation of the electromagnetic
field by the excitation of the surface plasmons around the analytes. It may be assisted by the
charge transfer between the analytes and the substrate. Today, SERS can be studied in many
ways like UV-SERS, Tip-enhanced Raman spectroscopy, and ultrafast SERS. From the first
observation of the SERS in 1974 to present day, SERS has been used in pollutant sensing,
single-molecule, ultrahigh vacuum, trace detection for the various analytes (dyes, pesticides,
food contaminants, etc.), and ultrafast science. In the SERS technique, metal-based

nanomaterial has been widely used as a substrate onto which low concentration analyte is
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placed for detection or analysis’’. In most cases, gold or silver nanoparticles/nanostructured

substrates are used to enhance the Raman signal of the analyte molecule.

Silver is a relatively better choice due to its lower cost than gold. However, the
instability of the metal NPs properties in short duration, susceptibility to oxidation and
sulfidation, could hinder the efficiency and consistency of the substrate for creating a
plasmonic hotspot, thereby decreasing the sensitivity of the target molecules. Besides the
metal NPs, several semiconductors have also been used as SERS sensing materials, such as
TiO2 nanostructures, CuTe nanocrystals, Cu,O nanospheres, InAs/GaAs quantum dots, and
graphene and its derivatives’®, However, the SERS sensitivity of semiconductors is relatively
low compared to that of metal NPs.

Graphene-derivatives are promising candidates as SERS materials because they are
low-cost, synthesized from abundantly available raw materials (graphite), of large surface
area and are biocompatible. Moreover, they exhibit adjustable electronic properties. Ling et
al.” first observed the effect of graphene in Raman signals in which many unknown peaks
emerged when the graphene substrate was treated with organic solvent as compared to that of
SiO2/Si substrate. Several other studies have reported the sensing efficiency of the graphene-
based sheet through enhancement of Raman signal® 82, Jin-Ha Choi et al.®* demonstrated the
reliability of graphene-hybrid (gold array) as a SERS sensing substrate developed by laser
interference lithography and electrochemical deposition method for detecting 10 to 10° M
concentration of dopamine.

A single molecule (10" M) of Rhodamine 6G was detected using a graphene-oxide
quantum sensor (GOQS) with an enhancement factor of 10%* times®.Graphene-based SERS
substrates are enhanced predominantly by the chemical enhancement (CE) mechanism
through charge transfer processes. Monolayer and a few layers of graphene were found to be
more efficient in strengthening the Raman signals, and the intensities decrease as the number
of layers increases. Ling et al.”® reported the enhancement of SERS signals for
phthalocyanine (Pc), R6G, protoporphyrin (PPP), and crystal violet (CV) dyes by using
graphene as substrates. A composite of GO, silicon pyramid arrays, and Ag NPs has
improved the SERS signals of R6G compared to GO, as demonstrated by Zhang et al.®. A
comparative analysis of the SERS enhancement factor (EF) for RhB dye on the modified
GO/RGO using various methods is shown in Table 1.4. It is apparent that most of the EFs are
of the order of 10° or lower for non-metal substrates, and there is enormous scope for

improvement of the EF factor for practical applications.
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The SERS signal of an analyte on the graphene substrate is primarily contributed by
the interaction of m-m stacking layers and interband charge transfer®-"*. Further, defects and
functional groups present in the graphene assist in more interaction with the analytes,
enhancing the intensity of Raman signals’®. In most of the reports, the smaller lateral size of
the graphene-based substrates was used for the SERS analysis. The effect of the large lateral
dimension of graphene on the SERS enhancement is not reported yet. Moreover, it is
challenging to locate the small-dimension graphene sheets using micro Raman spectroscopy
due to their high optical transparency.

Table 1.4: Summary of SERS enhancement factors (EF) for GO/RGO reported.

Substrate Conc. of Peak Intensity EF Reference
RhB position (Counts)
(cm™)
Mildy reduced GO - 1597 - ~6x102 g0
2pH of GO 2x10° 1648 - 40 8
solution
Ozone plasma- 1x10° M 1648 - 2.5x10* %
treated graphene
AgGO 1x10% M 1648 12000 2x10° 8
Graphene 1x104 M - - 40 89
Nanocolloids

1.8.2. Photodetector

GO and its derivative materials are prospective for photodetector applications due to
their large surface area, surface defects, transparency, high charge carrier mobility, flexibility,
ease of fabricating the device, self-bias, etc. Further, the photodetector can be used in remote
control devices, self-driving cars, military applications, night surveillance, etc®. The current
photodetector device made of semiconductor materials show several limitations such as high
cost, required high operational temperature, toxicity, opaque, and rarity. The recent interest in
the RGO and its application on the photodetector is shown as a graphical representation
in Fig. 1.4. The change in the resistance of the device/ material during exposure to light leads
to a generation of excess charge carriers in the material, shown in Fig. 1.4(b). Lin et al.’* has
improved 50% of the external quantum efficiency (EQC) of the RGO after nanocomposite
with CdSe by increasing the absorbance. Shao et al. has enriched the photo response time up
to 9 ms of the RGO by composite with ZnO%. Furthermore, the photo response of the RGO is
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further enhanced 4 times after composite with perovskite®®. The quality of the GO-based
photodetector can be improved by nanocomposite with other materials. As a result, it is
required to obtain high performance GO-based materials by a simple modification process.
The performance of the photodetector can be determined by studying the photo-response,
spectral responsivity, reproducibility, power dependent response, time response, repeatability,

and consistency of a device.
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Fig. 1.4: (a) List of publication based on RGO and its photodetector device are emerging in recent years

(reprinted from®® ); (b) Schematic illustration of GO based photodetector device and with photo-response.

1.8.3. CO2gas sensor

The CO2 gas sensor is one of the emerging applications to monitor the continuously changing
environment of the world. We are faced with a plethora of severe problems, like climate
change, global warming, deterioration of flora and fauna, rising sea levels, and melting of
icebergs, unusual floods, etc. The average concentration of CO: in the atmosphere is
increasing from 300 ppm to 408 ppm since the pre-industrial revolution. However, the
requirement of the CO- sensor is not limited to the environment, but extends into military,
betterment for the human being, monitoring indoor air quality (IAQ), bio-engineering, cell
culture, rescue operations for natural calamities, etc. Many CO> sensors based on optical,
solid electrolyte, surface acoustic, and metal oxide-based sensors’™ are costly, require high

operational temperature, and are not easy to fabricate.

Fabrication of high quality, low-cost, energy-efficient, easy-to-fabricate, reliable, and highly
accurate CO> sensor is essential. A GO/RGO based-CO2 sensor can fulfil the above
requirements. The room temperature-based CO2 sensor can be made from GO based

material, as-shown in Fig. 1.5.
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Physical adsorption
of CO,

Resistance

Fig. 1.5: Schematic illustration of CO, gas sensor device using GO based materials

GO and its derivative materials are one of the prospective materials due to the easily
adjustable surface defects, presence of oxygen functional groups, and easy synthesis and
fabrication process. GO/RGO can detect various gases such as CO2, NO2, NHz, N2, Oz, NO,

CO, SO, etc. and can also be used as humidity sensors’™.

Table 1.5: Summary of performance of GO-based CO; sensors reported in the literature.

Active material | Detection (ppm) | Time response/recovery (s) Reference
H> plasma RGO 300-1500 240/240 4
GO 200-1000 150/250 *
Porous GO 250-1000 25/675 %
Graphene 400-2000 5.5/8.5 10
GO 400-4000 3/5 7
RGO-PEI 1000-15000 43/120 %

The proposed interaction sites of the oxygen functional groups with the suitable analyte gas
molecules are obtained, such as -COOH for CO and NO, -OH for NHs, and NO: for oxygen
functional groups™. CO; is highly stable, has a high contribution to global warming, and has
fewer studies for its detection. Thus, the change in the conductivity of the GO/RGO after the
interaction leads to detection of the analyte gas. A comparative survey of the CO; sensors

using GO and its derivative materials used is shown in Table 1.5.
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In general, gas sensors can be calibrated using various characteristics such as
sensitivity, selectivity, stability, detection limit, resolution, response time, recovery time,
working temperature, life cycle, etc. Sensitivity is the change in resistance/conductivity of the
material per unit of analyte gas molecules; selectivity is the ability to detect a particular
analyte gas among other gases; stability is the ability of a device to provide reproducible
results; detection limit is the minimum concentration of analyte gas can be detected by the
device; response time is defined as the required time taken by the sensor device to detect the
analyte gas molecules; recovery time is defined as the time taken by device to returned to its

initial state after exposer of gas.

1.9. Focus of the Present Thesis

Although the synthesis of GO has been optimized since 1958, any repeatable and low
cost methodology to achieve the sizeable lateral size GO is not established. Thus, the
utilization of GO in applications sensitive to the large lateral size has been somewhat
hampered. In the present thesis, we have introduced a new methodology to exfoliate the large
lateral size GO using the easiest and simplest method of mild heating. Further, the properties
of the GO can be enhanced by gas plasma-treatment. It is the simplest, dry, effective, and
low-cost method to obtain the structural defects and modify the functional groups attached to
the graphitic plane of GO. The application of the GO is vast to all disciplines such as
electronics, mechanical, civil engineering, bio-medical, nanotechnology, material science,
etc. Further, GO-based derivative materials such as RGO and GQDs are synthesized; RGO is
synthesized using chemical and thermal treatment, and uniformed size GQDs are synthesized
using a two-step process, hydrothermal and tip-sonication methods. We have presented
GO/RGO/GQDs and structurally modified GO-based applications such as (a) detection of
residue dye molecules in water at low concentrations using SERS technique, (b)

photodetector, and (c) CO- gas sensor.

1.10. Organization of the Thesis
The present thesis is divided into seven chapters, and the chapter-wise descriptions are
given below:
Chapter 1 briefly introduces GO and its derivative materials (RGO, GQDs). The
history of GO, its unique properties, the various methods for synthesizing the graphite oxide,
the mechanism of formation of graphite oxide, and its exfoliation techniques are discussed.

The synthesized RGO and GQDs are studied. The GO applications such as gas sensor,
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photodetector, SERS are studied. The motivation and focus of the present thesis work are
described at the end of the chapter.

Chapter 2 focuses on synthesizing GO and other 2D materials such as RGO and GQDs. A
systematic study of the simplified Hummer’s method for synthesizing graphite oxide and
exfoliating graphite oxide to large lateral-size GO sheets using sonication and a mild heating
technique. The reduction of the oxygen functional groups from the GO is illustrated using a
chemical (hydrazine) process and thermal treatment. The characterization of the GO and
RGO is studied using FESEM, AFM, Raman spectroscopy, XRD, etc. A comparative study
analyzed the GO synthesized from sonication and mild heating processes. Similarly, the RGO
synthesized from hydrazine and thermal treatment is analyzed using various characterization
techniques. Further, GQDs are synthesized using a two-step process: hydrothermal and Tip-
sonication; the in-detail analysis of the GQDs is done by XRD, Raman, and FETEM with
size distribution analysis.

Chapter 3 concentrates on the brief characterization of the GO exfoliated mild heating and
its applications. The GO synthesized from the mild heating technique is analyzed using
various characterization techniques. The GO layers are analyzed using Raman spectroscopy
coordinate with FETEM and AFM images. The electronic and electrochemical behaviour of
the large area GO and RGO is studied. The enhancement of Raman signals of RhB on the
large area GO, UGO, and RGO are presented using the SERS technique. The study of this
chapter is published in “RSC advance 2021, 11, 9488-9504".

Chapter 4 elucidates the brief concentration on the effect of gas plasma treatment, SERS
effect of various dyes (MB, MO, RB, and RhB) on large area GO and RGO, and SERS effect
of RhB enhanced on the surfaced modified GO and RGO. The characterization of the
modified GO and RGO is briefly studied by Raman spectroscopy of various parameters such
ID/IG, shifting peak position of D, G, and D’, etc. The mapping of the SERS effect of the
RhB on the GO and SiO2 substrate is illustrated. The EF of the Raman signals of RhB is
calculated for all the samples and compared among them. The SERS effect of RhB is
analyzed on the AU NPs, AuRGO, and AuGO substrates. This study is reported in “ACS
Applied Nano Materials 2022, 5, 5, 6352-6364".

Chapter 5 focuses on the fabrication of a photodetector device based on the GO and
its modified materials. At first, we have illustrated the fabrication of 10 um IDE pattern on
the SiO2/Si substrate by using the UV lithography technique; each step for fabrication of IDE
pattern is explained, from software design to metal lift-off. GO-based photodetector devise is

made by drop-casting on IDE pattern and analyzing its photo-electric characteristics.
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Furthermore, measured the photo-electric properties of the various temperature annealed GO,
which shows changed structural properties of GO, as confirmed by the Raman, XRD, and
FTIR analyses. Further, the photodetector characteristics such as photocurrent ON/OFF ratio,
response and recovery time, responsivity (R), and detectivity (D) are measured for gas
plasma-treated GO/RGO with gas plasma-treated samples.

Chapter 6 concentrates on the fabrication and optimization of gas sensing devices
using RGO/GQDs with SnO2 NPs. The schematic illustration of the RGO solution drop cast
on the SnO: thin film and the mechanism of CO: sensing on the composite material is
presented. The IV characteristics of the sensing material are measured, and the change of
current with an increase in temperature is analyzed. The sensing properties such as response
time, responsivity, working temperature, repeatability, etc., are studied in this chapter.

Chapter 7 summarizes the work done in this thesis and highlights its contributions to
the study of GO and its derivative materials. It is an active material for SERS applications,
photodetectors, and CO- sensors. In the end, we discuss the scope for future works in this
field.
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Chapter 2

Synthesis and Characterization of Large Lateral-size
Graphene Oxide and its Derivative Materials

In this chapter, we have focused on synthesizing large lateral-size graphene oxide (GO)
and its derivative materials (reduced graphene oxide (RGO) and graphene quantum dots
(GQDs)). Graphite oxide was synthesized using the simplified Hummers method. The large
lateral size of the GO sheet can be obtained by changing the process steps of Hummers method,
which are discussed in this chapter. We have compared the two exfoliation techniques for
obtaining GO from graphite oxide: sonication and a mild heating technique. In these, a mild-
heating technique is our proposed technique that can exfoliate the large flake size of the GO
sheets. We have characterized and analyzed GO exfoliated from the bath sonicated GO and
mild-heating GO, showing the advantage of mild-heating GO. The synthesis of RGO is
obtained from the reduction of oxygen functional groups from the GO. Various
characterizations such as FESEM, XRD, and Raman are analyzed for large lateral size GO,
oxidation of GO, reduction of functional groups from RGO, etc. Finally, GQDs are synthesized
from GO using a two-step process: hydrothermal and Tip-sonication methods. The
optimization of the size distribution of GQDs by exposing various duration of ultrasonic signals
on the GQDs is studied. The successful synthesis of the GQDs is confirmed by the FETEM,
XRD, Raman, and PL.

2.1. Introduction

Since the discovery of graphene!, immense efforts have been focused on GO since it is
the most promising precursor for obtaining large quantities of this unique material. GO can be
visualized as individual sheets of graphene decorated with oxygen functional groups on both
basal planes and edges, prepared by oxidative exfoliation of graphite. The presence of oxygen
makes GO amenable to chemical functionalization; however, it extends the sp? network of the
graphene hexagonal lattice?. To convert GO back to graphene, the chemical®/thermal reduction*
of GO is the most attractive procedure because of its simplicity, reliability, high yield, and low
cost. Chemical treatment, especially exposure to hydrazine, is the most widely used route to
reduce GO in solution. Hydrazine treatment leads to the formation of nitrogen-functional

groups and hydrazine's inherent toxicity.
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It is a low-temperature deoxygenating process but not completely effective in reducing

GO. This process is amenable to electronic applications of graphene patterned onto glass or
plastic substrates. Finally, a wide range of functional hybrids is synthesized for polymer
composites, biosensors, gas sensors, photodetectors, and conversion technologies. There is
very little knowledge on how the oxygen content of graphene oxide evolves during thermal
reduction. Theoretical and experimental studies have shown the formation of
thermodynamically stable carbonyl and ether groups by transforming the initial nearby
hydroxyl and epoxy groups during thermal annealing. Still, little is known about the survival

of the persistent residual oxygen groups.

Further, GQD is a zero-dimensional (OD) carbon material; it has large edge defects sites
and a low oxygen-containing functional group. It has a lateral diameter of less than ~10 nm
with a few numbers of stacking layers known as quantum dots. The edge defects are more
active than the basal plane of carbon atoms; quantum dots has more edge defect sites due to
the smaller lateral size. The edge defect and a few functional groups could be used as the
trapping sites for various applications such as dye detection®, sensor®, bio-sensing’ etc.. Other
advantages of the GQD are cheap source material, water used as a solvent, a simple synthesis
process, no toxicity, etc. Due to the extreme expediency of the GQDs, we have synthesized the
size-controllable GQDs using the simple method known as the hydrothermal method and
further insisting on the tip-sonication technique to reduce the average size of the GQDs
materials. The synthesis details and its characterization will be studied in the following

sections.

2.2. Synthesis of grapene oxide and its derivative materials

2.2.1. Synthesis of graphene oxide

Graphite was oxidized to obtain graphite oxide using a simplified Hummers method. A
brief synthesis process is explained using each step in Fig. 2.1. A 150 ml borosilicate conical
flask is placed on the hot plate; 4g of solid KMnOQyg is added into the flask and added 0.5g of
graphite flakes (supplied from Asbury Carbon); mixing the chemicals by shaking the flasks by
hand. Surrounded the flask on the ice, poured 100ml of 98% conc. of H2SOg into the flask in
drop by drop. This process is an exothermic reaction; extra care is required when adding acids
to the KMnOas. The solution is stirred using a glass rod, and a further 0.5g of NaNOs is added
slowly; the solution's temperature is kept at <30 “C. After adding all NaNOg, the solution was

heated up to 60 °C for 14 hours; in between, the solution was stirred by a glass rod. During this
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time, the solution became highly viscous and turned dark brown. The reaction flask was then
cooled in a block of ice, and ultrapure deionized water (100 mL) was slowly added to the
solution, ensuring that the temperature remained below 40 °C. Subsequently, the color of the
solution is changed from dark brown to black. Still, the oxidation reaction continues in the
solution, which is observed from the increased temperature of the solution. The second
oxidation process® is explained in the previous section 1.3. The resulting diluted black mixture
was poured into ultrapure deionized water (700 mL) and quenched with 30 % hydrogen
peroxide (4 mL), yielding a light-yellow suspension of graphite oxide. The change of light

yellow in the solution is shown the stop of chemical reaction in the solution.

Added 0.5g graphite
+100ml H2SO04
+ 0.5g NaNOs

1 Sz

Heated at 60 °C
for 14 hours

Centiifge? Added 4ml of
graphite oxide H20: (30%)

ol

Fig. 2.1: Digital images of products obtained in each steps of the simplified Hummers method.

The residue was allowed to settle overnight. The supernatant liquid was discarded, and
fresh de-ionized water was added again and diluted to make up to 2 L. pH was about 1.8. The
solution was allowed to settle overnight, and the supernatant liquid was discarded.
Approximately 400 mL of the sediment solution was left at the bottom. The sediment solution
was taken out for centrifugation (Legend X1R Centrifuge, Thermo Scientific) at 9000 rpm for
30 min using 30 mL centrifuge tubes. The supernatant liquid was discarded, and de-ionized
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water was added to the tubes (pH was 3.6). The solution was washed several times to attain
neutral pH using de-ionized water and filtered using wvacuum filtration (grade
1, Whatman filter paper). The as-obtained graphitic oxide was dried on the hot plate at 35 °C
for 48 h. All Chemicals (KMnOs4, H2SO4, NaNOs, and H202) were procured from Merck.
Finally, graphite oxide is exfoliated into GO sheets using sonication and a mild heating
technique.

The synthesized graphite oxide flakes were exfoliated using two techniques; (a) mild-
heating technique and (b) ultrasonication. For mild heating exfoliation, 3 mg of graphite oxide
was added into a 250 mL beaker containing 100 mL of de-ionized water (Milli-Q) and heated
at a constant temperature of 80 °C for two hours in a typical environment using a hot plate
(Anitech). Notably, the separation of smaller flakes was visible. The schematic diagram for

exfoliation of GO from graphite oxide using a mild heating technique is shown in Fig. 2.2.

Exfoliation Process
S— N—
Mild Heating

... 0
. 85 -C
LS e *

Graphite Oxide Graphene Oxide

\. J

Fig.2.2: Schematic illustration of exfoliation of GO using mild heating technique.

It was cooled down to room temperature. The impurities or dissolved metal ions during
the oxidation process are presented in the solution. These impurities are removed from the GO
solution using a centrifugation process. The solution was centrifuged at 9000 rpm for 15
minutes, 3000 rpm for 15 minutes, and 300 rpm for 45 minutes. Each step is followed by
discarding the supernatant liquid and refilling it with de-ionized water. However, after the last

step (300 rpm), the supernatant liquid was used for further characterization and analysis.
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Moreover, ultrasonic exfoliation of GO was performed using 3 mg of graphite oxide in
a 100 mL beaker containing 50 mL de-ionized water. The solution was sonicated using a
conventional water-bath sonicator (LMUC 2, Labman) for 15 min at a power of 50 W. After
uniform dispersion of GO flakes, it was centrifuged with the same parameters. Similarly, each
step is followed by discarding the supernatant liquid and refilling it with de-ionized water. The

supernatant liquid was used for further characterization and studies.

2.2.2. Synthesis of reduced graphene oxide (RGO)

RGO was synthesized from the exfoliated GO using hydrazine treatment (chemical
reduction process), and thermal treatment. In RGO, the presence of oxygen functional groups
on GO sheets are removed, which leads to restoring the graphitic structure of RGO. The
hydrazine treatment performed the reduction process of the GO samples, and an illustrated
schematic diagram for the reduction process is shown in Fig. 2.3. The chemical reactions on
the drop-casted GO samples on SiOz to retained the original size of GO sheets. The exfoliated
GO solution was drop cast onto SiO2 substrate and dried in a hot air oven (ICON instrument)
at 85 °C for 5 h. This step is more simplified and easier to obtain the mono-layer RGO as
compared to the commonly used methods, like hydrazine treatment in the GO solution then

drop-casted on the substrate for further analysis.

' ™

Y

\_/
H,0 4+ NH4

. GO Substrate

. Hot Plate

\_________/

Reduction of GO

\. J

Fig. 2.3: Schematic illustration of the reduction of GO using hydrazine treatment.
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The dried substrate was immersed inside a 250 mL beaker containing 10 ul of hydrazine
monohydrate in 100 mL de-ionized water, heating at 95 °C for three hours using a hot plate
(Anitech). This process is performed inside the fume-hood, and extra precautions are required
to handle hazardous chemicals (hydrazine). The hydrazine-treated samples are removed from
the beaker after being disposed of in the solution. The samples are cleaned with de-ionized
water and air-dry the samples for further characterizations.

Thermal treatment is another simplest process to obtain RGO from GO without losing
the lateral size of GO sheets; the schematic diagram is shown in Fig.2.4. Similarly, the
exfoliated GO solution was drop cast onto SiO; substrate and dried in a hot air oven at 85 °C
for 5 h. The substrates are placed inside the quartz boat and inserted into the quartz tube, which
diameter is 2 inches. One size of the quartz tube is closed after inserting samples. A rotary

vacuum pump reduces the pressure inside the quartz tube to 2.5 x 10 mbar.

Thermal reduction of GO

I Vacuum

| system

Muffle furnace

Valve

Fig. 2.4: The schematic diagram of thermal treatment on GO to obtain RGO using vacuum annealing.

Subsequently, the muffle furnace's temperature increases at 8§ “C/min until the set
temperature reaches 360 “C. The GO samples are exposed to the heat treatment for 3 h. Then,
the temperature of the quartz tube is reduced to room temperature at the same rate of 8 *C/min.
Removed the samples from the quartz tube after shut down the vacuum system. The thermal
treatment RGO samples are characterized using FESEM imaging, XRD, and Raman
spectroscopy.

2.2.3. Synthesis of graphene quantum dots (GQDs)
The high-quality GQDs are synthesized using the hydrothermal method's optimized

parameters. An amount of 3 mg of GO, synthesized using the simplified Hummers method
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(explained in section 2.2.1), is dispersed into the 50 ml of highly pure de-ionized water in a
100 ml beaker (Borosil). It is sonicated for 30 minutes at 180 watts using a bath-sonicator
(Telsonic AG) to uniformly and highly disperse the GO in a water solution. The solution is
poured into the Teflon tube of a hydrothermal system (Berghof high-pressure reactor) and
sealed the tube air-tight with screws and nuts. The system is heated at 220 °C for 36 hours
inside the fume hood; the schematic diagram is shown in Fig. 2.5. Then, it is cooled down the
system at room temperature, and removed the samples from the Teflon tube for further
analyses. The first observation changed the dark color GO solution to a semi-transparent
solution with small, dark color particles floating after the hydrothermal treatment. The solution
analyzed the size of particles using the FETEM image and size distribution method and
observed the non-uniformed distribution of various size particles from 40 nm to 3 nm scales,

shown in the following Fig. 2.13a.

Il Safety metal cover
B GO solution

Thermometer
Steel seal D D
ressure
B Teflon chamber
Gas gauge
Before in/out

. . Locker

After

Hot plate

Fig. 2.5: Schematic illustration of synthesis GQDs using hydrothermal process.

Further, the size of the GQDs is reduced by using Tip-sonicator (Sonic ruptor 250) in
two different durations (30 and 60 minutes) by applying a constant power (100 watts) and pulse
(50%). The solution is transferred into a 50 ml beaker and placed on a sample (beaker) holder
in the Tip-sonicator, which is placed inside a soundproof chamber. A 4 mm diameter micro tip

is depth into the solution (inside the beaker) up to 70% submerged in the solution. The high-
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energy sonic wave is applied into the GQDs solution for 30 minutes by applying two cycles of
15 minutes between 5 minutes of break. Then, 10 ml of the treated solution is removed for
analysis of its particle size by using FETEM imaging and size distribution technique.The
remaining sample is exposed to another 30 minutes (60 minutes in total) of high-energy sonic
waves using a 4 mm micro tip in the same process; the treated sample is analyzed using a
FETEM image and its size distribution technique. The tip-sonicator technique is the easiest and
simplest method to reduce the particle size to 1.5 nm; however, it is a noisy technique that
disturbs the surrounding environments. The large lateral-sized particle was removed using
centrifugation at 15000 RPM for 15 minutes, and the residue was discarded.

Further, the temperature of the hydrothermal reactor is controlled by a hotplate
(AnTech) which can be heated up to 280 °C. The hotplate's temperature is retained and
monitored constantly throughout the experiment's completion to achieve reproducible results.
Moreover, the Teflon tube is cleaned using de-ionized water for 24 hours at 220 °C to remove
the residue impurities from the previous experiments. The capacity of the GO solution is less
than 50% of the Teflon tube's total capacity to avoid complications and safe the instruments.
The characterization of the GQD is done using a FETEM, XRD analysis, Raman analysis, XPS,
FTIR, UV absorption spectrum, and PL spectrum.

2.3. Characterization techniques

Microstructural features were studied using a field emission scanning electron
microscope (FESEM, JEOL, JSM-7610F). The high magnification morphology of GQDs was
examined using a field emission transmission electron microscopy (FETEM, JEOL JEM-
2100F), operated at an accelerating voltage of 200 kV. The thickness and dimension of the
sheets were further examined by AFM (Bruker, Innova series) in tapping mode. The crystalline
nature and the interlayer spacing of graphite, GO, and RGO were studied from X-ray
diffraction (XRD), Rigaku RINT 2500 TTRAX-III, using CuKa radiation. The functional
groups on the basal plane and edge of GO and RGO were analyzed by Raman spectrometer
(Horiba Jobin, LabRam HR). Before the measurement, the samples drop-cast onto a Si
substrate were focused using a 100X optical microscope with a spatial resolution of ~1 um. A
532 nm laser was used to excite the sample.

Fourier transforms infrared (FTIR) spectroscopy (Perkin Elmer, Spectrum BX) was
used to analyze the functional groups of GO and RGO. Sample preparation involved mixing
graphene-based materials and KBr powder, and thin circular pellets were made using the KBr

pellet machine. X-ray photoelectron spectroscopy (XPS) analysis was performed using an XPS
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microprobe (PHI X-tool, ULVAC-PHI INC.) with Al Ka as an X-ray source at 20 kV and 54
W. Commercial UV-visible spectrophotometers (Shimadzu, UV3101PC) were used to obtain
the UV-visible absorption spectra. Photoluminescence measurement was conducted using a
commercial fluorimeter (Fluromax-4, Horiba) with a Xenon lamp source. GO, and RGO

samples were excited at 360 nm wavelength.
2.4. Results and discussions

2.4.1. Morphological and microstructural

The morphology of the exfoliated GO sheet using sonication and mild heating is shown
in Fig. 2.6. This analysis focuses on the lateral size of the GO sheets obtained using the
mentioned two techniques. In Fig. 2.6a, the GO sheet is observed, which only has a lateral size
of up to 10 um. Moreover, the GO sheet is rested on the SiO2/ Si substrate with numerous

wrinkles and folded shapes?®.

Sonication-GO Mild heating-GO
T 6

£ Sonication-GO | (d) MiIdheating-GO‘

» j | &. .,‘ |
]

02 0.4 06 0.8 10 A 01 02 03 04 05
Distance (um) Distance (um)
= / ;

Fig. 2.6: FESEM image of GO sheet exfoliated from (a) bath-sonication; (b) mild heating; AFM images (inset:
AFM height profiles) of GO obtained from (c) bath-sonication; and (d) mild heating.

In Fig. 2.6(b), the GO sheets are spread across the substrate by overlapping; the large
lateral size GO sheets were exfoliated from the mild heating technique. Most of the GO sheets
obtained their lateral size up to 80 um, and the lateral size of the GO sheets is varied. Similarly,
wrinkles are observed on this GO. The AFM image of sonicated GO, and mild heating GO are

shown in Fig. 2.6¢ and Fig. 2.6d, respectively. The extensive distribution of small sheets is
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observed in the sonicated GO, whereas a part of the GO sheet is observed in the mild heating-
based exfoliation GO. Therefore, the particle size of the GO is significantly reduced after bath-
sonication; this technique can exfoliate the GO sheets from graphite oxide and break down the
GO sheets into small pieces. The thickness of the ultrasonicated-GO (Fig. 2.5¢ (inset)) and
mild heating-GO (Fig. 2.5d (inset)) are measured using the height profile of the AFM data and
obtained at 1.1 nm and 1.3 nm, respectively. The thickness variation may be due to oxygen
functional groups attached to it. Moreover, mild heating is the simplest technique to exfoliate

the large lateral size GO without reducing their sizes.

Hydrazine-RGO Thermal-RGO

(c)

0.0

00 01 02 03 04 05
Height (um)

Fig. 2.7: FESEM image of RGO obtained from (a) chemical treatment; (b) thermal treatment; AFM image of

RGO (inset: height profile) achieved from (c) chemical and (d) thermal treatment.

The FESEM and AFM images of chemically and thermally obtained RGO are shown
in Fig. 2.7. The large lateral size GO sheets obtained from the mild heating technique are used
to synthesize the RGO from both the reduction treatments. In Fig. 2.7a, RGO has observed a
large lateral size up to 100 pm after chemical treatment for three hours at 95 °C. Small bright
spots on the samples, which may be the dust particle, fall during the characterizations.
Similarly, the large lateral size of RGO sheets is detected after thermal treatment (Fig. 2.7b).
The AFM images of RGO sheets from chemical treatment (Fig.2.7¢) and thermal treatment
(Fig.2.7d) confirmed the large lateral size of RGO. The thickness of the chemical treatment
RGO (Fig.2.7c (inset)) and thermal treatment RGO (Fig.2.7d(inset)) are 0.74 nm and 0.75 nm,

TH-2752_136153005



CHAPTER 2 43 |Page

respectively. Hence, mild heating-based exfoliation of GO will be used for various applications
which are required a large surface area of GO. Furthermore, thermally produced RGO will be
a suitable method compared to chemically reduced RGO due to the less hazard, generation of
toxic fumes, unwanted contaminations, etc.

The mechanism for the mild temperature exfoliation is presented in Fig. 2.8. It is
proposed that the water molecules gain kinetic energy owing to the gradual heat supply, which
facilitates entering and adsorbing or intercalating between GO layers. The entrance of the
intercalating molecules could orient towards the electrostatic interaction with the opposite
charge of the oxygen attached as a functional group onto the basal GO plane and edge sites,
thereby weakening the = — m interlinkage between the layers, which eventually decreases the
van der Waal forces between the layers. On attaining sufficient heat energy, the intercalated
molecules forming hydrogen bonding with the oxygen-containing functional group enhance
susceptibility to exfoliate large lateral size sheets due to reduced van der Waal force between

the two layers of GO as compared to graphite.

) Water molecules
@ Oxygen-containing functional group
== Graphene sheet
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., e 0 O o o oY
o e e o Mildheating U @)
Lavets oGO Imtlatlon of

intercalation,
oriented H

@) ) bonding
e e o o
@ ) C\
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exfoliation via weakening
of van der Waal forces

GO-assisted
mechanical exfoliation

Fig. 2.8: Proposed mechanism for the mild heating and mechanical-assisted exfoliation of GO.

Besides, exfoliated GO could also augment further exfoliation for other thicker flakes,

as evidenced from physical observation during the process wherein fragmented thinner flakes
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rise on gaining kinetic energy and subsequently strike other thicker flakes. This GO mediated-
exfoliation occurs mechanically, arising from temperature-assisted momentum. Chong et al.’
reported on the GO-assisted mechanical exfoliation of graphite using the hydrothermal method.
However, we adopted the ambient pressure mild heating condition without using high-
temperature and high-pressure autoclave reactions. Hence, the present simplified exfoliation
technique could be a combination of mild temperature heating, augmenting the intercalation
between GO layers, and the fragmented GO-mediated mild mechanical exfoliation.

Stankovich et al.!® have well explained the deoxygenation of GO by hydrazine
treatment. GO contains mostly hydroxyl or epoxide of oxygen functional groups, lactones,
anhydrides, and quinones!*'3, The epoxide-containing GO has reacted with hydrazine and
formed hydrazino alcohols®*. Further, the bi-product of the solution is diazene, water, and
reduced oxygen functional groups GO (RGO). Thus, hydrazine treatment reduced the oxygen
functional groups of GO to form RGO. However, hydrazine is a toxic and expositive

chemical®®.

2.4.2. Structural analysis of graphene oxide and reduced graphene oxide
The structural properties of the GO and RGO is analysed using the Fig. 2.9 and Fig.

2.10.
(@] — Mild heating-Go | (P — Thermal-RGO
Sonication-GO 1 — Hydrazine-RGO
'5‘ i oy
3 3 (002)
2 21
E. =

8 16 24 32 40 48 8 16 24 32 40 48
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Fig. 2.9: Comparative XRD pattern of (a) exfoliated GO from mild heating and sonication, (b) RGO obtained

from thermal treatment and hydrazine treatment.

In Fig. 2.9a, a prominent diffraction peak of (002) plane for the GO exfoliated by using mild
heating and sonication are persuaded at 206 peak of 10.4° and 11.4° for, respectively. The
shifting of the peak position from the original graphite peak centred at 26.5° to 10.4° and 11.4°

shows the oxidation of graphite or formation of graphite oxide®. The interplanar/lattice spacing
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for mild heating GO and sonicated GO, calculated using Bragg's law (nA=2dsin®), are 0.85 nm
and 0.78 nm, respectively. The observed peak is from the reflection of the basal plane (0 0 2),
which is the characteristic of n—r stacking of the graphite layers!’. More shifting of the peak
position towards the left (lower) or increased lattice spacing indicates a higher degree of
oxidation occurs on the graphite flakes. This shift is due to the intercalation of oxygen
functional groups on the graphitic structure!®!®. The new shifted XRD pattern infers that the
long-range periodicity and orderliness are modified along the c-axis® due to distorted intrinsic
structure and defects created during the oxidation. Furthermore, the peak becomes broader
owing to the decrease in crystallite size, according to the Scherrer equation, which defines the

crystallite size as the reciprocal of the full width at half maximum.

Whereas, after reducing oxygen functional groups from the GO using chemical and
thermal treatment, the position of the 26 peak for RGO is shifted to 26.5°, shown in Fig. 2.9b.
The interplanar spacing is reduced to 0.335 nm after the removing oxygen functional groups.
Interestingly, the peak position of the RGO synthesized from the chemical and thermal
treatments is the same at 26.5°; it is shown that both processes can reduce the oxygen functional
groups from the GO. A hump peak at 45° is observed in the thermally reduced RGO, which is
related to the (102) plane of RGO structure®. It is worthy to note that although the peak position
in RGO changes towards a higher 260, the broadness of the peak does not change significantly
compared to GO, suggesting that the sheet sizes do not vary substantially. However, the
restoration of the sp? carbon skeleton occurs in RGO.

The Raman spectroscopy analysis of GO and RGO are studied in Fig. 2.10. In Fig. 2.10a, the
Raman spectra of the GO obtained from mild heating and sonication are analyzed; two
prominent bands for D and G2 are observed at 1350 cm™ and 1600 cm™. G-band is due to the
in-plane lattice vibration of sp? carbon atoms, mainly arising from Exq phonon at the Brillouin
zone centre. The increase in intensity for D-band in GO compared to graphite is attributed to
oxidation-induced distortion of the continuous sp? plane. There is a slight shift of the G-band
towards the higher side owing to the stress formed by bonding with the functional group during
the oxidation process. D band is related to the presence of oxygen functional groups, structural
defects, disorder, and presence of sp? carbon atoms?® etc. In contrast, the G band results from
sp? carbon atoms, the signature peak for the graphitic structure??. The structural defects of the
GO can be calculated by using Ip/1c%%; the Ip/lg of the GO and UGO are 1.6 and 0.9. As
correlated to XRD analysis, mild heating-GO has a higher degree of oxidation which changes

the structural properties of GO as compared to the sonicated GO.
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Fig. 2.10: Raman analysis of (a) exfoliated GO using mild heating and sonication; (b) RGO synthesised from

thermal and hydrazine treatment.

Further, the Raman spectra of the RGO synthesized from thermal and hydrazine are
shown in Fig. 2.10b. Similarly, the D and G bands appear in the RGO; the presence of the D
band may be due to the donation of structural defects after removing oxygen functional groups
from the graphitic structure®?4?%, The intensity ratio Io/lc measures the degree of defects in
graphene materials; Ip/lg of the thermally and chemically reduced RGO are 0.8 and 0.7,
respectively. The detailed study of the presence of oxygen functional groups and structural

defects is demonstrated in the following chapters 3 and 4.

2.4.3. Optimization of graphene quantum dots size

The size and uniformity of the GQDs are important parameters for determining the quality of
the GQDs, and their analysis is shown in Fig. 2.11. The mean particle sizes synthesized from
the hydrothermal method are obtained at 15.7 nm, which is acquired from data analysis and
extraction using the ImageJ and further fitted by log-normal. From Fig. 2.11a, the size of the
GQDs particles are dispersed non-uniformly and varied sizes downwards from 40 nm, which
is observed from the FETEM imaging. The average particle size of the GQDs is reduced to 3.2
nm after high energy sonicated using the tip-sonicator for 30 minutes (Fig. 2.11b). In this
process, the uniformity of the size distribution is improved to 3.2 nm by removing the bigger
particles using the centrifugation technique. The FETEM imaging of the particles is done on
the supernatant particles of the GQDs after centrifuging at 15000 RMP for 15 minutes at 3 °C.
Further, the average size of the GQDs particles (Fig. 2.11c) is reduced up to 1.53 nm by

sonicating the solution for another 30 minutes upon the previous sample. The fringe width is
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0.25 nm in the high-resolution TEM (HRTEM) of GQDs after 60 minutes of sonication, shown

in Fig. 2.11c, and the size distribution is uniformly dispersed across the substrate.
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Fig. 2.11: Surface morphology of GQDs: (a) as synthesized; (b) after 30 minutes of tip sonicated (HRTEM
image: inset); and (c) after 60 minutes of tip sonicated with respected size distribution as below the figures,

respectively.

2.4.4. Structural analysis of graphene quantum dots

The structure of the optimized GQDs is analyzed using XRD and Raman spectroscopy
which is shown in Fig. 2.12. The XRD analysis of GQDs obtained a prominent broad peak at
22°, which is expected and shown in Fig. 2.123; the shifting of peak position from the 11.4° of
GO to 227 is due to the removal of oxygen functional groups during the hydrothermal process.
Moreover, the peaking board may be due to the polycrystalline nature of the GQDs. The Raman
spectra of the GQDs are shown in Fig. 2.12b-d; the signature peaks of the GQDs are D band,
G band, 2D, D+G, and 2G peaks whereas, D and G bands are observed in the GO?®. The Raman
spectrum of the GQDs is measured from 1200 cm™ to 3300 cm™ to acquire detailed information
on GQD. The D band centered at 1350 cm™ is obtained due to structural defects and a small

percentage of stable oxygen functional groups, which will be discussed later.

The G band centered at 1596 cm™ is attributed to sp? hybridized carbon atoms stretching.
The blue shift of its peak position towards the pristine peak position at 1589 cm™* shows the
returning of a graphitic structure after high oxidization. The detailed study of the G and D band
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for Raman spectra of GQDs is fitted with five Gaussian peaks. Interestingly, another three
peaks such as 2D, D+G, and 2G peaks, emerged in GQDs, centered at 2676 cm™, 2926 cm™,
and 3202 cmL; these correspond to the combination modes or overtones?®. Lastly, the structural
analysis of the XRD and Raman spectra of GQDs concluded the restoration of sp? hybridized
carbon bonds (graphitic structure) after distortion into sp® carbon bonds during the oxidation

process in GO synthesis.
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Fig. 2.12: Structural analysis of GQDs using (a) XRD; (b) Raman; (c) Fitted of D and G bands; and (d) analysis
of 2D, D+G, and 2G peaks.

2.4.5. XPS and FTIR analysis of graphene quantum dots

The elemental composition of the GQDs is analyzed using XPS and FTIR spectra
shown in Fig. 2.13. In Fig. 2.13a, the XPS spectra are measured from 295 eV to 280 eV, which
corresponds to C1s, and 545 eV to 520 eV, which corresponds to O1s. Similar to the reported
data5, the intensity of the C1s is much lower than the O1s. The Cls peak of the GQDs is
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detailed from 280 eV to 290 eV, and the peak is de-convoluted with three Gaussian peaks
centered at 283.4 eV, 285 eV, and 287.2 eV. The prominent peak at 283.4 eV of the sp?
hybridized carbon-carbon bonds is dominated in the Cls peaks. Further, the peaks
corresponding to the C-O and C=0 are presented in the GQDs, which are highly stable oxygen

functional groups attached to the basal plane of carbon atoms.
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Fig. 2.13: (a) XPS spectrum of GQDs, the inset shows the fitted of C1s spectrum; and (b) FTIR spectrum of
GQDs.

Since the GQDs are synthesized from the highly functionalized oxygen functional groups of
GO, the presence of tiny oxygen functional groups in GQDs is expected and observed in other

reported results®’.

Similarly, the presence of minimal oxygen functional in GQDs is analyzed using FTIR,
a fast, simple, and most commonly used characterization technique. The FTIR spectroscopy
measured the GQDs dispersed in the de-ionized water and observed two prominent peaks at
1153 cm™ and 1630 cm™ corresponded to the C-O and C=C (sp?), respectively, which is shown
in Fig. 2.13b. Unlike the GO/RGO spectra of FTIR, only two peaks are observed in the GQDs,
showing that the presence of functional groups is extremely reduced in GQDs, and restoration
of the sp? hybridized carbon is restored atoms after hydrothermal treatment at 220 °C. Finally,
the elemental composition of the GQDs is analyzed by using XPS and FTIR spectra,
confirming the heavily reduced oxygen functional groups in GQDs, and identifying the

elemental structures.
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2.4.6. UV absorption and PL analysis of graphene quantum dots

The optical properties of the GQDs are unique to other derivatives of graphene
materials such as GO and RGO due to the change of structural arrangement and quantum
confinement effect. In Fig. 2.14a, the UV absorbance of the GQDs spectra is shown, and the
spectrum is measured from 200 nm to 330 nm. The two prominent peaks are perceived at 230
nm and 275 nm, which are corresponded to the n—* and 7, respectively’. The UV absorbance
peak for the GQDs may be due to a high degree of daggling bonds at the edge/ more structural
defects at the edge after reducing its size. The hydrothermal method reduced the size and
created more defects in the edges, which helped trap the external molecules or charge transfer
with foreign particles. The corresponding peak of ©—n is shifted from 330nm to 275 nm for the
GO/RGO to GQDs. Furthermore, the corresponding peak of n—x* of GQDs is swollen
compared to the RGO peak.
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Fig. 2.14: (a) UV absorption spectrum and (b) PL spectrum of GQDs fitted with two peaks.

In Fig. 2.14b, the PL spectrum of the GQDs is measured from 330 nm to 600 nm by
exposing the excitation wavelength of 300 nm from a laser power source to the GQDs solution.
The PL spectrum of the GQDs is de-convoluted with two peaks centered at 428 nm and 503
nm?"28, The blue emission (428 nm) is a prominent peak, generated from the intrinsic state
emission consisting of quantum confinement of electrons inside the pi-conjugated C domains,
electron-hole recombination, and zig-zag edge effect. In contrast, the 503 nm peak may be
exhibited by the presence of highly stable oxygen functional groups retained in the GQDs. The
PL spectra of GQDs are more significant than RGO due to defects at the edge and quantum
confinement effect. The synthesized GQD contains the minimal oxygen functional groups,

which contribution is negligible to the PL peak. The main contributor to the PL peak in GO is
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obtained from the attached oxygen functional groups. The PL intensity of RGO is suppressed
due to the removal of oxygen functional groups; however, GQDs attained PL peak due to the
structural defects at the edges and quantum confinement effect. From the UV absorption and
PL analysis of GQDs, the optical properties of the GO and its derivative materials are changed/

varied based on the arrangement of the graphitic configurations.

2.5. Conclusion

Graphite oxide is synthesized using the simplified Hummers method; we have omitted
continuous stirring of solution during the oxidation process, which leads to breaking the
graphite oxide into small pieces. We have oxidized the graphite flakes to a high degree of
oxidation, which is visually confirmed by the change of solution color into dark brown and
later light yellow. Further, it is confirmed from the XRD and Raman analysis of GO. We have
demonstrated a cost-effective and facile approach using mild heating to exfoliate graphene
oxide (GO) sheets with ultra-large lateral sizes up to 104 um using a simplified technique,
superior to the commonly used ultrasonic method. Ultrasonication of GO breaks the GO sheets
apart from exfoliation, leading to reduced flake sizes observed from the FESEM and AFM
image. Subsequently, the reduction of GO sheets was carried out to obtain graphene sheets
(RGO) with fewer defects as indicated by the I/l ration from Raman analysis. The highly
uniformed and small size distribution of the GQDs after 60 minutes of tip-sonication is
validated from the FETEM imaging and its size distribution analysis. Further, the structure of
GQDs is analyzed using XRD and Raman spectroscopy. Thus, we successfully synthesized
high-quality, super large lateral size GO sheets of thickness ~1.3 nm and its derivative materials
such as RGO and GQDs.
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Chapter 3

A Detailed Study of Layer Dependent Properties of Large
Lateral-size Graphene Oxide and Reduced Graphene
Oxide

Chapter 3 studied a facile and simple technique at a minimal cost (substantially lower
than the commonly used ultrasonic technique) to exfoliate GO based on mild temperature
heating (up to 80 °C) at ambient conditions, which is 3 times lower than the conventional
hydrothermal method, eliminating the need of high temperature used in the high-pressure
hydrothermal method. Subsequently, RGO was synthesized by chemical reduction/
deoxygenation. The morphology and lateral dimensions of the GO and RGO were investigated
by optical microscope, FESEM, and AFM. The structural quality and characteristics of GO and
RGO were further analyzed using Raman spectroscopy, XRD, XPS, FT-IR, UV-vis absorption
spectroscopy, PL, Thermo gravimetric analysis (TGA), and Brunauer-Emmett-Teller (BET)
analysis. The electronic and electrochemical behaviors were investigated from current-voltage
(I1-V) characterization and electrochemical impedance spectra. Furthermore, the sensing
application of large area GO and RGO was also explored using Rhodamine B at low

concentrations to test the surface-enhanced Raman spectroscopy (SERS) effect-

3.1. Introduction

After the finding of graphene!, derivatives of graphene are intensely appealing to
numerous research domains owing to their distinctive behaviors, such as tunable electrical
conductivity?™, excellent mechanical properties®®, high corrosion resistance®™!, extremely
efficient electrocatalytic activity'>!3 and so forth!®. These unique properties depend on the
lateral dimension and thickness of the synthesized graphene sheets'®. Besides, the limitation
for mass production lies in the complexities involved, related to the requirement of high-cost
equipment for bottom-up synthesis protocol, rigorous exothermic reactions, and also several
steps associated with the top-down synthesis method despite having the better potential to scale
up for the latter process than the former synthesis route. Furthermore, the need for extreme care
during exfoliation for the top-down synthesis protocol to obtain high quality and large lateral
size graphene-based sheets is of significant concern to implement in wide-scale electronic

applications, in particularly its sensing applications.
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Exfoliation from chemically synthesized graphene oxide is cost-effective and most
functional properties can be tailored to the degree of oxidation-reduction processes. Several
top-down exfoliation techniques have been reported emphasizing the lateral size of graphene
sheets, their functional property, practicality to scale up, and their viable applications. There
are reports on electrochemical exfoliation®'>2°, ultrasonic exfoliation®>?*2°, microwave-
assisted exfoliation®*22, and a few studies on shear-mechanical exfoliation®*-%, hydrothermal*
and thermal techniques®, and freezing-thawing based®” exfoliation, etc. Table 1 collates
various exfoliation techniques for graphene-based sheets, nature of solvent used, the resulting

lateral size, and their applications.

Several techniques have been reported to exfoliate graphite oxide into large lateral size
GO. Among them, the hydrothermal method has shown to be a promising technique exhibiting
its relative cost-effectiveness, producing excellent yield with controllable and large lateral size
with outstanding electrical properties. However, this method requires additional autoclave
equipment and the exfoliation processes at high temperatures up to 220 °C. Therefore, there is
a further demand for a simpler and more cost-effective approach to exfoliate very large lateral

dimension graphene-based sheets, exhibiting high electrical and sensing performances.

3.2. Synthesis of graphene oxide and reduced graphene oxide

3.2.1. Synthesis of graphene oxide

The brief procedure of the synthesis process for graphite oxide is explained in previous
chapter 2 (section 2.2.1).

Further, GO sheets are exfoliated from the graphite oxide using a mild heating
technique. The snapshots for the exfoliation stages from 1 to 5 are shown in Fig. 3.1. The
graphene oxide sheets exfoliated using ultrasonication and mild heating-based methods are
named UGO and GO, respectively.

3.2.2. Synthesis of reduced graphene oxide (RGO)

RGO is synthesized by a chemical process using hydrazine monohydrate. Large lateral
size GO was drop-casted on the SiO»/Si substrate and is used to synthesize RGO. The synthesis
process and generalized mechanism for reduction of GO using hydrazine is explained in

chapter 2 (section 2.3.2). In this chapter, chemically reduced graphene oxide is named RGO.
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Fig. 3.1: Snapshots showing stages of exfoliation during the mild heating condition. The temperature is
carefully adjusted to maintain a constant value. The rise of the initial exfoliated flake is observed at stage 4
driven by mild temperature. At stage 5, numerous fragmented flakes assist in mechanical exfoliation within the

flakes owing to the gained kinetic energy.

3.3. Characterization techniques

In reflection mode, the lateral dimension of UGO, GO, and RGO sheets were observed
using an optical microscope (Leica DM 2500M). Thermogravimetric analysis was performed
using HITACHI STA7200, a thermal analyzer with a heating rate of 5 °C/min. The surface area
and pore volume of graphene-based material was studied using the BET (Brunauer-Emmett-
Teller) method using Micromeritics, TriStar Il instrument at 77 K. The specific surface area
and pore volume were calculated from the N2 adsorption/desorption isotherm data. Prior to the
experiment, the graphene-based material was heated at 50 °C for 24 h in an oven.

I-V measurements were performed using a microprobe station (ECOPIA) and a source

measure unit (Keithley 2400, Germany), and the data were retrieved using KickStart Instrument
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control software (version 1.9.8). Electrochemical impedance spectra were obtained using a
Gamry potentiostat instrument (Model: Reference 600+) in a three-electrode system (Ag/AgCl
as a reference, a platinum wire as counter, and graphene-based materials drop-cast onto a
platinum disk of 3 mm diameter as a working electrode). 0.5 M H>SO4 was used as the
electrolyte. For drop-casting, the graphene-based ink was prepared using 5 mg of GO/RGO
and mixed with 87 pl of Nafion, 261 pl of ethanol, and 652 pl of de-ionized water. The
frequency range was between 0.1 Hz and 10° Hz with a sinusoidal ac amplitude of 10 mV.
Chemical sensing application of UGO, GO, and RGO was studied using various concentrations
of Rhodamine B (RhB, 10* M, 10°M, 10° M, 107" M, and 108 M). A comparative study of
different substrates such as UGO, GO, RGO, and bare SiO> was conducted to test the surface-
enhanced Raman spectroscopy (SERS) effect for RhB detection using the above Raman

spectrometer.

3.4. Results and discussions

3.4.1. Morphological and microstructural

The GO’s typical surface-rippling and wrinkle-shaped structures have been seen in the
optical microscopic, FESEM, FETEM, and AFM images. Fig. 3.2 shown the optical images of
UGO obtained from conventional ultrasonication (Fig. 3.2a (inset)), GO from mild-heating
process (Fig. 3.2b (inset)), and chemically reduced GO (RGO) (Fig. 3.2c (inset)) and their
corresponding statistical lateral size distribution, as represented in Figs. 3.2a, 3.2b & 3.2c,
respectively. For the samples prepared by ultrasonication process (Fig. 3.2a (inset)), UGO
sheets appear smaller in lateral size, and some are broken further into several smaller pieces.
Asymmetric distribution with a mixture of bigger and smaller flakes, exhibiting irregular
shapes, appears staking and overlapping on each other.
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Fig. 3.2: Histogram depicting the statistical distribution of various lateral sizes for (a) GO exfoliation from
ultrasonication, (b) GO exfoliation from mild heating, and (¢) RGO from chemical reduction with an optical

image shown in the inset, respectively.
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The lateral size distribution, as shown in Fig. 3.2a, indicates that most of the lateral dimensions

are 4-5 pm.

In the case of GO prepared by mild heating conditions Fig. 3.2b), the lateral size of the few
layers of sheets is remarkably more significant than that of sheets obtained from the ultrasonic
process. The maximum size obtained is ~104 pum, which is the largest lateral size of GO
reported to date, to our knowledge, using such kind of a facile and simplified mild condition
exfoliation route. However, more miniature sheets of thicker with many stacked layers,
illustrated by darker shades overlapping the large dimensional flake, are also seen.

Fig. 3.3: Optical images of exfoliated GO obtained from mild heating at different temperatures (RT stands for

room temperature, 23 °C). Darker patches correspond to the thicker sheets, which are not efficiently exfoliated.

The corresponding statistical distribution of flake size evaluated from 54 flakes using
an optical microscope is presented (Fig. 3.2b (inset)). The majority of the flakes are in the
range of 40—50 pm. The statistics indicate that the flakes are well separated and
distinguishable, enabling the size measurement of the lateral dimension by end-to-end
demarcation. Fig. 3.2c exhibits the flakes for RGO and their lateral size. An immense lateral
size in the range of 100—110 um is obtained, as seen in the inset of the optical image. However,

the smaller flakes appear relatively thicker, as depicted by the darker patches. Most lateral
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dimensions are 40-50 um (Fig. 3.2c (inset)). Some of the layers are found to be folded and

stacked in all the images.

The exfoliation of the GO is studied at different operating temperatures; room
temperature (RT, 25 °C), 40 °C, 50 °C, 60 °C, 70 °C, and 85 °C. The optical images of the
exfoliated GO sheets are shown in Fig. 3.3. GO flakes are seen to be exfoliated at all
temperatures, and the optimum temperature for GO exfoliation is 85 °C. At 85 °C, a large
number of GO flakes are exfoliated, and the super large size of the GO sheets is obtained. If
the operating temperature increases beyond 85 °C, it is expected that the evaporation of the
solvent will occur with more kinetic energy, leading to the breakdown of the GO sheets.

For the ultrasonic technique, the exfoliation for different sonication times (5 minutes,

15 minutes, 30 minutes, 60 minutes, and 180 minutes) is analyzed as shown in Fig. 3.4. The

| 5 Minutes !I 15 Minutes
| 30 Minutes !I 60 Minutes

Fig. 3.4: Optical images of GO flakes obtained from exfoliation using ultrasonication at different time intervals

at 50 W. Flakes fragmentation and layer exfoliation occur simultaneously wherein fragmentation predominates

over-exfoliation as indicated by the presence of several smaller lateral size flakes.

optical microscopic analysis reveals that it is difficult to control the size and thickness of the
UGO flakes using the ultrasonication technique. For 5 minutes of exfoliation of UGO using
ultrasonication, most of the graphite oxide flakes are not exfoliated. After 15 and 30 minutes,
the GO flakes break down into smaller pieces, which mainly existed with multi-layered GO

flakes. After 60 and 180 minutes of ultrasonication, the UGO sheets are almost broken down.
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GO sheet with super large size and presence of wrinkles on it is observed from the
optical image shown in Fig. 3.5a. A closer observation in TEM from the portion of the large
lateral size GO sheet shows that the sheet has high optical transparency, suggesting the thin
graphitic nanostructure (Fig. 3.5b). The selected area electron diffraction (SAED) pattern
in Fig. 3.5b (inset) shows bright diffraction spots, which indicate the crystalline structure of
GO has a (002) plane. However, the blurry/ less sharp spots suggest the presence of functional
groups. The wrinkled nano feature is also preserved in the few layers of RGO, as observed in
TEM images (Fig. 3.5¢). SAED pattern shows polycrystalline nature for RGO having (0 0 2)
plane (Fig. 3.5c (inset)). However, in the case of RGO, the well-defined bright and sharp six-
fold spots are the hexagonal honeycomb framework of the graphene skeleton, indicating the
restoration of the sp2 character of carbon structure after the removal of oxygen-containing
functional groups during the reduction process. The distinct lines confirm the crystallinity from

diffraction with an interlayer spacing of 0.355 nm (Fig. 3.5d).

Fig. 3.5: Higher magnification images of GO and RGO showing the nano-/micro features and diffraction of
graphene-based sheets; (a) optical image showing the dimensions of the GO sheet; (b) TEM image for large-
area GO sheet with SAED pattern(inset); (c) TEM image for RGO sheet with SAED pattern (inset); (d) HRTEM
monographs showing the interlayer spacing of RGO and magnified pattern for the interlayer spacing of RGO

(inset).
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3.2.2. Structural and chemical features of graphene oxide and reduced graphene oxide

The evolution of disorder-induced Raman spectra of carbons along an amorphization
trajectory can be classified into three stages: (1) graphite to nanocrystalline graphite; (2)
nanocrystalline graphite to low sp® amorphous carbon; (3) low sp® amorphous carbon to high
sp? (tetrahedral) amorphous carbon®!2. In the present study for GO and RGO, stage 1 and stage
2 are more relevant. In stage 1 and stage 2 (a) appearance of D-band occurs; consequently,
In/lc increases; (b) D-band and G-band broaden; (c) emergence of oxygen-terminated
nanocrystalline carbon band within D-band and amorphous sp? carbon merged with G-band as
represented in fitted spectra in Fig. 3.6a. Detailed analysis of bands by fitting the Raman
spectra for the GO sample shows the D! band at 1238 cm™ corresponds to an oxygen-
terminated nanocrystalline diamond. D? band at 1355 cm™ relates to the symmetric breakdown
of structure. D* band at 1541 cm™ correlates with amorphous sp? carbon, and G-band at ~1603
cm is attributed to sp? bonded carbon atoms. In the case of RGO, the absence of D! indicates
the elimination of the oxygen group, which eventually restores the ordered hybridized sp?
carbon framework (Fig. 3.6a). Reduction of the D peak intensity in RGO compared to GO
indicates the reduction/removal of oxygen-containing functional groups or healing of structural
defects during exfoliation.
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Fig. 3.6: Characteristics of GO and RGO from various analyses: Gaussian and Lorentzian fitting for (a) and

RGO; (b) FTIR absorption spectra for different samples showing different bonds.

The FTIR analysis further confirms the identification of various in-plane and edge
oxygen functional groups in GO and RGO. Fig. 3.6b represents the FTIR spectra of GO and
RGO. Most of the peaks are concentrated in the range from 1000 to 2000 cm™, revealing the
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characteristic absorption bands of GO and RGO formation. The bands associated with the
various oxygen functional groups and sp? carbons can be distinguished from the FTIR
spectrum. In the case of GO, a weak shoulder at 1035 cm™ correlates with carbon-oxygen
(alkoxyl); a distinctive band appeared at 1226 cm™ corresponds to the carbon-oxygen vibration,
1403 cm™ band is assigned to the —OH in-plane bends (deformation), 1564 cm™ band
corresponds to the sp® C-C stretching, low-intensity band at 1593 cm™ corresponds to the sp?
C=C and 1753 cm™* band is due to the presence of the carbonyl group. Carbon — hydrogen bond
character is shown in the band centered at 2363 cm™. In the case of RGO, the significant
reduction of the band between 1000 cm™ and 1500 cm™, as compared to GO spectra, suggests
the removal of weakly bonded carbon-oxygen groups, which indicates the effectiveness of
nullifying the defects. Shoulder correlated to alkoxyl at 1035 cm™ is absent, and a significant
band corresponding to carbon-oxygen vibration at 1226 cm™ is missing. However, there are
weakly absorbed bands at 1108 cm™ due to C—O stretching; the band at 1160 cm™ is attributed
to C—O—C stretching; the band at 1453 cm™ is due to C—OH; 1564 cm™ band corresponds to
the sp® C-C stretching, and the clear band at 1634 cm™ corresponds to C=C stretching, and the
weak band of the carbonyl group is found at 1743 cm™. Thus, the weak bands in RGO
compared to GO indicate the removal of defects induced by the oxygen functional groups,
which corroborate with the results from XRD and Raman analyses

Furthermore, a slight shifting of the G-band towards the lower frequency side occurs
due to the emergence of the graphitic sp? order. The quantitative confirmation of the degree of
oxygen removal comes from the decrease in the value of Ip/lg (0.8 for RGO) compared to GO.
The Raman scattering mapping for RGO is shown in Fig. 3.7. The Raman scattering was
measured on the large surface area of the RGO sheet (50 x 50 pm?) (Fig. 3.7a). The cumulative
Raman scattering signals (Fig. 3.7b) for the RGO sheet were obtained from the D and G bands.
The uniform distribution of the intensity of Raman signals (D and G) was acquired, shown

in Fig. 3.7c & 3.7d, respectively.
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Fig. 3.7: (a) Optical image of RGO sheet (b) Raman mapping spectrum on the 50 x 50 um size RGO sheet; (c)
mapping of D band; and (d) mapping of G band.

The intensity of the D band ranges from 5,500 to 7,500 counts, and the intensity of the G band
ranges from 7,000 to 9,000 counts. The Raman mapping measurement confirmed RGO sheets
of high quality and super large lateral size.

Bonding characteristics are further supplemented by XPS analysis, as shown in Fig.
3.8. The bonding elements are predominantly carbon and oxygen, as indicated by two
pronounced peaks exclusively from C 1s and O 1s (Fig. 3.8a & b). The raw data mainly
consists of two peaks; the carbon basal plane and the oxygen-containing functional groups.
However, the deconvoluted spectra contain several peaks corresponding to C=C, C—0, C=0,
and O—C=0. For GO (Fig. 3.8a (inset)), the peak centered at 283.8 eV is assigned to C=C.
The second peak (raw data) centered at ~286.5 eV, containing C—O (epoxy and hydroxyl
groups), C=0 and O—C=0 bond characteristics, has high intensity (precisely, C—O — 286.3
eV, C=0 — 288 ¢V, and O—C=0 — 288.9 eV).
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Fig. 3.8: XPS spectra indicating (a) C 1s and O 1s for GO with deconvoluted C 1s spectra for GO (inset), and
(b) C 1s and O 1s for RGO with deconvoluted C 1s spectra for RGO (inset).

In contrast, in the case of RGO (Fig. 3.8b (inset)), a sharp decrease in the second peak,

correlated to combined peaks for C—O and C=0 at 286.3 eV and 288.3 eV, respectively, infers
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the reduced state of RGO by removing the significant oxygen-containing functional groups
attached to the carbon framework. Besides, the peak for O—C=0 is suppressed in RGO,
indicating the removal of the labile carboxylic group completely during the reduction process.
Furthermore, the sp? character for carbon in RGO is revealed from the peak corresponding to
C=C at 284.5 ¢V, which confirms the efficacy of the reduction. The C/O ratio for RGO is 3.66,
which is much larger than that of GO (0.417) as calculated from peak relative maxima of C 1s
and O 1s, suggesting the minimal oxygen content in the reduced state of RGO, which agrees
with the comparative analysis for the presence of oxygen-containing functional groups by the
other techniques.

The UV-visible absorption spectra for GO and RGO are shown in Fig. 3.9a. For GO, a
strong absorption peak at 230 nm can be assigned to ©1 — m* transition or 7-plasmon resonance
common for extended sp? conjugated carbon sheet (C=C present within the aromatic sp?
hybridized carbon framework)!?. A slight hump-like shoulder is also seen at 303 nm,
corresponding to n — 7* from oxygen-containing functional groups. The presence of oxygen-

containing functional groups is evident from the absorption spectra of GO.
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Fig. 3.9: a) UV-vis absorption spectra of GO and RGO showing bands attributed to = / * and n / * transitions.
Photoluminescence emission behavior showing the degree of defect states for (b) GO and RGO, (c) fitted plot
for GO, and (d) fitted plot for RGO.

The redshift of the peak at 260 nm for RGO shows restoration of sp? character predominantly
from © — 7* transition of C=C without the presence of oxygen-containing absorption peak, as
compared to GO spectrum, suggesting the deoxygenated RGO. The low energy transition
corroborates with the previous results, indicating the reduction of defects, thereby decreasing
the energy bandgap.

The PL spectra of GO and RGO are shown in Fig. 3.9b, 3.9c & 3.9d. A significant
difference in the spectra evolution is observed between the two samples, GO and RGO (Fig.
3.9b). GO has a broad peak, and the fitted spectra consist of three peaks centered at 620 nm,
504 nm, and 450 nm (Fig. 3.9¢), arising from the disorder-induced defect states due to the sp*
character of carbon with oxygen-containing functional groups attached to graphene carbons.
The presence of oxygen can increase the number of (C—OH) and (C—O—C) bonds due to the
rearrangement of oxygen and oxygen-containing functional groups with carbons. This
consequently enhances the transfer of resonance energy from O sites to the sp? clusters in the
graphene lattice, contributing to a broad PL emission*3.

The significant number of defect states present in the GO sample within the 1 — ©*
results in the broad PL spectrum. It should be noted that these defect states are distributed
broadly at lower energy and higher energy within the bandgap between n (analogous to valence
band) and n* (analogous to conduction band). Theoretically, the transition within 1 — n* is
caused by Piz states oriented perpendicular to the planar graphene. On reduction, oxidized sp®
carbon responsible for the distortion is transformed to sp? carbon clusters, thereby decreasing
the number of defect states in RGO, which results in the decrease in intensity (Fig. 3.9b) as
well as the absence of PL peak at 620 nm (Fig. 3.9d), as compared to GO spectrum. The
increased cluster-like states from the newly formed sp? domain have higher energy than the
defect states, which correspond to the emission peak at a shorter wavelength, i.e., the higher
energy of 450 nm. This phenomenon is consistent with the mechanism explained by Chuang
et al.’® and Chien et al.'*. A significant drop of the intensity of 450 nm peak confirms the
reduction of several defect states in RGO attributed to more sp? character in the carbon
skeleton. The drastic decrease in the PL intensity from GO to RGO confirms that the present

reduction process is more potent than other photoreduction techniques.
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TGA/DTG profiles of GO and RGO further provide evidence for the presence of
functional groups and their thermal response to weight change, as shown in Fig. 3.10a & 3.10b.
The TGA/DTG data were acquired with a heating rate of 5 °C/min in the presence of nitrogen
gas. For the GO sample (Fig. 3.10a), three stages can be assigned in the thermogram; the first
stage corresponds to evaporation of water (below 100 °C) adsorbed onto the GO or intercalated
between GO layers; secondly, the loss of more labile carbon oxide-based gas (100—220 °C)
and thirdly, the removal of relatively more inert carbon oxide-based gas (220—290 °C). DTG
peaks show pronounced bands centered at 60 °C, 191 °C, and 242 °C.
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Fig. 3.10: TGA/DTG analysis for (a) GO and (a) RGO.

The DTG peaks at 60 °C, 91 °C, and 242 °C correlate to the first, second, and third
stages, respectively, due to the loss of moisture and decomposition of unstable oxygen-
containing functional groups (hydroxyl and epoxy groups). In the first stage/zone, a weight loss
of 9 % of the initial weight in the form of water is observed. In the second zone, 32 wt. % is
lost, which is attributed to the escape of CO2 and CO gases. Subsequently, 5 wt.% is lost in the
third zone due to the release of CO2 and CO. These results are consistent with the reported
works®"5 which describe the three zones for weight reduction owing to loss of water, loosely
bound oxygen, and relatively inert oxygen. Tang et al.® explained that the weight loss in the
second stage originated from the decomposition of the oxygen-containing group, resulting in a
mixture of CO, and CO where CO, dominates. However, in the third stage, CO dominates
during the weight reduction process, originating from CO> and CO. In RGO (Fig. 3.10b), the
weight loss is gradual up to 410 °C and only 4 wt. % is lost over this wide temperature window.
The broad DTG band at 100—400 °C represents the negligible loss of adsorbed water, in-plane
oxygen functional groups, and COOH-related groups.

Interestingly, compared to the GO, DTG for RGO peaks at 522 °C and 706 °C are due
to the removal of more stable carbonyl groups and breaking of sp? carbon bonds, respectively.
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A similar observation was reported by Sundramoorthy et al.*8, describing the two major weight
loss features attributed to the decomposition of the dangling oxygenated compounds and the
graphene itself. The DTG profile of RGO reveals the removal of many oxygen functional
groups and the restoration of the graphitic sp? carbon framework, which is subsequently broken
on further heating. It appears that RGO has lower thermal stability than GO, as seen by the
rapid decrease in weight at elevated temperatures. E.M. Deemer et al.” reported that the weight
losses above 625 °C are due to the rapid combustion of the carbon skeleton. Hence, the removal
of the labile oxygen-containing group is confirmed in both GO and RGO.

To understand the surface area of the graphene-based materials rendering active sites
for gas interaction with large area GO and RGO, BET analysis was conducted, as shown in Fig.
3.11 depicting the adsorption/desorption isotherm in the N2 environment. RGO sheets exhibit
the typical Type IV characteristics with slight hysteresis (Fig. 3.11b), indicating its mesoporous
nature with more active sites available for gas to interact. At the same time, the GO shows a
comparatively flat curve (Fig. 3.11a). The calculated surface areas for GO and RGO are 0.0993
m2/g and 87.256 m?/g, respectively. Thus, the specific surface area of RGO is much higher than
the GO. Pore size distributions for GO and RGO are shown as insets Fig. 3.11a and 3.11b,
respectively. The majority of pore width for GO and RGO is 2.6 nm and 3.5 nm, respectively.
However, the RGO contains additional pores of larger sizes. Micropore volumes analyzed from
BET for GO and RGO are 0.000254 cm®/g and 0.024595 cm?®/g, respectively. More interaction
sites are evidenced by the larger surface area of RGO compared to GO. The low surface area
of GO shows a highly interrupted flow of electrons; thus, GO is electrically less conductive

materiall’ as compared to RGO, which is further discussed in section 3.2.4.
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Fig. 3.11: Adsorption/desorption isotherms in N2 environment and pore size distribution (inset) for (a) GO and
(b) RGO.
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3.2.3. Layer analysis of graphene oxide: Correlation of FETEM, AFM and Raman
spectral analyses

The thickness of the GO sheet determined from the FETEM and AFM imaging is shown
in Fig. 3.12. The number of layers in each sheet can be obtained from the thickness mentioned
earlier. The correlation between the number of layers and Raman spectra was analyzed. The

Raman spectra were measured on the known thickness of GO sheets using the same sample.
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Fig. 3.12: FETEM images of (a) mono-layer and (b) bi-layer GO sheets. AFM images and the height profiles
(inset) of (c) bi-layer, (d) (~ 1603 cm™), and the corresponding ratio of Ip/lg, redshift of G peak, and blue shift
of D peak, as shown in Fig. 14(f —1).
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The monolayer and bi-layers of the exfoliated large area GO are shown in FETEM images (Fig.
3.12a & 3.12b, respectively). The thickness of the monolayer and bi-layers of GO are
calculated using the ImageJ analyzer (~1.6 nm and ~4.2 nm, respectively). Further, the
thickness of the monolayer and bi-layer GO are obtained from the AFM imaging and height
profile measurement as shown in Fig. 2.5e & Fig. 3.12¢ (~1.6 nm and ~2.9 nm, respectively).

The monolayer's thickness is consistent in the FETEM and AFM analyses.

However, the bi-layer does not show exact values in FETEM, possibly due to the
instrumental error. The different thicknesses corresponding to layers of GO sheets as obtained
from AFM, such as monolayer (~1.6 nm, Fig. 3.129), bi-layers (~2.9 nm, Fig. 3.12c), <5 layers
(~7.2 nm, Fig. 3.12d), <10 layers (~14 nm, Fig. 3.12e), >10 layers (~20 nm), and graphite
oxide (Gt) are analyzed in correlation with Raman spectra using intensities of SiO2 peak (~950
cmt), D peak (~ 1333 cm?), and G peak. The cumulative Raman spectra for the different layers
of GO sheets are plotted in Fig. 3.12f in the range 850 cm™ to 1750 cm™, and the changes in
Raman spectra based on no of layers are shown. In agreement with the reported analyses on
the graphene layers®-?!, when the number of GO layers increases, the Ip/lg ratio decreases
linearly from 0.97 to 0.73 (Fig. 3.12g), in which G peak has a redshift from 1602 cm™ to 1586
cmt, whereas the D peak has a blue shift from 1333 cm™ to 1345 cm™ (Fig. 3.12h). The
intensities of the D and G peaks increase from monolayer up to <5 layers and then decrease
afterward, whereas the intensity of the SiO2 peak ~ 950 cm™ gradually decreases (Fig. 3.12i)
as the thickness of the GO layer increases??2%. From the analysis, it can be concluded that the
mild heating-based exfoliation of GO has exfoliated various thicknesses of large-area GO

sheets.

3.2.4. Electronic and electrochemical behaviors of large-area graphene oxide and
reduced graphene oxide

I-V characteristics for large area GO and RGO is shown in Fig. 3.13a & 3.13b. The I-
V characteristic of the GO and RGO sheets are measured by using the interdigital electrode
(IDE) pattern on the sheets. The IDE patterning on the GO and RGO sheets is fabricated using
the lithography technique shown as a schematic diagram in Fig. 3.13a (inset). The channel
width of the IDE pattern is 1mm, shown in Fig. 3.13b (inset). Non-linear ohmic characteristic
is exhibited for GO due to the non-ohmic contact formation. This is primarily attributed to the
reduction of electron flow rate due to the functional group's presence. The sp® character bonds

and defects arising from the oxidation disrupt the transport of charge carriers through graphene
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sp? networks and discontinuities between the sp? domains, reducing electron mobility and

electrical conductivity®. The electron transport is more of a hopping type than ballistic

Table 3.1: Electrochemical impedance spectroscopy parameters for as grown large-area GO
and RGO sheets

Samples Rs (QQ) Cp (UF) Rp (QQ) Cet (UF) Ret (Q)
GO 9.71 0.51 148.7 14 958.3
RGO 11.86 1.06 69.19 1.56 193.2

transport. For RGO, the current flow rate is significantly improved from mA to milliampere,

which is three orders ofmagnitude higher, arising from the good ohmic contact formation of
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Fig. 3.13: (a) -V characteristics for GO showing the schematic device contact (inset); (b) |-V characteristics

for RGO showing device contact (inset); (c) schematic diagram of a three-electrode system for acquiring

electrochemical impedance data; (d) Nyquist plot from electrochemical impedance spectroscopy presenting the
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comparison of impedance dimensions (the parameters from the fitted equivalent circuit (inset) is shown in Table
3.1).

RGO as confirmed by the linear I-V curve. The recovery of the sp? graphitic plane with
increasing the delocalization of electrons in C=C, thereby augmenting the electron flow rate
by removing the functional groups during the reduction process, is evidenced by the 1-V curve.
The 1-V characteristic of RGO is comparable to that of pristine graphene and other reported

literature?2.

The schematic diagram for the three-electrode system used to acquire the electrochemical
impedance data is shown in Fig. 3.13c. The electrochemical impedance spectra for GO and
RGO are demonstrated in Fig. 3.13d. The large dimension of the impedance curve in the
Nyquist plot for GO as compared to RGO reveals the significant resistance to charge transfer
at the interface of the graphene-based electrode and electrolyte (impeding the flow of
electrons). The smaller impedance arc for RGO indicates higher conductivity in RGO than
the GO. The charge transfer resistance (Rct) for RGO is 193.2 Q, five times lower than the
GO (958.3 Q). Suggesting the high conductivity of RGO across the interface, subsequently
transferring the charge along with the carbon frame and through the base substrate of the
working electrode. The Nyquist plot for both GO and RGO is obtained as half of a semicircle
curve. It may be due to experimental errors; By the non-uniform distribution of current at the
electrode surface and ohmic contact at the interface of the metal and solution. Similar curves

are reported in the literature®®4L,

The EIS results are tabulated in Table 3.1 as obtained from the fitting using the
equivalent circuit (inset in Fig. 3.13d). Solution resistance (Rs) is nearly consistent when
immersed with RGO and GO samples as working electrodes. However, pore resistance (Rp) of
RGO (69.19 Q) and GO (148.7 Q) are slightly different, which could be attributed to the
inherent surface inhomogeneity and unavoidable variation in the localized nano/micropores
created during the process drying of the drop-casted electrode. ‘Cct’ and ‘Cp’ represent the
respective capacitance for Rct and Rp. Overall, RGO prepared in this investigation has
demonstrated excellent electronic and electrochemical properties as depicted from the results

of 1-V characteristics and electrochemical impedance responses.
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3.4.5. SERS-based sensing applications of large-area graphene oxide and reduced
graphene oxide for Rhodamine B detection

Surface-enhanced Raman spectroscopy (SERS) is a highly-sensitive and promising
Raman spectroscopy technique, enabling significant enhancement of Raman signals of
adsorbed analyte molecules on an engineered surface*?. Usually, metallic nanoparticles, such
as Au, Ag coated glass / SiO; substrates are used as SERS substrate to enhance the Raman
signal of analytes, which have very weak Raman signal. More recently, semiconductors have
also been used as SERS substrates, where the enhancement factor is much lower than that of
metallic SERS substrates. Rhodamine B (RhB) molecules are highly fluorescent in nature and
have a very weak Raman signal. The intensity of the Raman signal for RhB molecule can be
enhanced on the GO and RGO by using SERS technique. The efficacy of UGO, GO, and RGO
in sensing the low concentration of RhB is studied using the SERS technique, as represented
by Fig. 3.14a, 3.14b, and Fig. 3.15a, respectively.
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Fig. 3.14: (a) Raman spectra of different concentrations of RhB on GO; (b) Raman spectra of different

concentrations of RhB on UGO
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RhB at a concentration of 10* M has no Raman signal when placed on SiO2/Si substrate.
However, with GO and RGO as substrates, the enhancement of Raman intensity is observed,
indicating the detection of RhB on the substrates. The corresponding seven peak positions of
the RhB is explained in Table 3.2. The prominent peak at 1647 cm™ is taken as the detection
signal for the UGO, GO, and RGO materials. With the initial concentration of 104 M of RhB,
the sharp peak at 1647 cm™ is observed for all the substrates of UGO, GO, and RGO. The peaks
with indexing values of relevant Raman shifts of the GO substrate is shown in Fig. 3.15b. On
diluting the RhB to 10° M there is a decrease in the peak intensity, showing the change in the
intensity of the peak at 1647 cm™ as a function of the concentration of RhB for all the three
substrates. On further diluting to 10 M, there is still detection of RhB with lower intensity of
the peak. Furthermore, significant detection is observed down to the concentration of 107 M
for GO and UGO. Interestingly, the detection is observed down to a concentration of 108 M
RhB for RGO substrate. However, the peak at 1647 cm™ disappears on subsequent dilution to
108 M for both GO and UGO substrates. Thus, the GO, and UGO have better Raman signal
for the lower concentrations of RhB down to 107 M. And, Raman spectra of 102 M
concentration of RhB on SiO2/Si is measured to analysed the enhancement factor (EF) of other
substrates (GO, UGO, and RGO), or used as a reference for EF of other substrates, which is

shown in Fig. 3.15c.

Table 3.2. Raman peak positions for RhB molecule®?

Raman Peak Position Bond details
(cm™)
1647 C-C stretching
1595 C-C stretching
1560 C-C stretching
1508 C-C stretching
1358 C-C stretching
1281 C-O-C stretching
1199 C-H Bending

The mild heating-based exfoliated GO sheets exhibit a high enhancement of the Raman
signal compared to the ultrasonic-based UGO. It is observed that there is a sudden enhancement
of the Raman signal for the 10" M of the RhB molecules on the UGO substrate. The detection
of RhB on GO and RGO substrates even at lower concentrations indicated by the amplification

of the Raman signal is contributed by the n-n stacking and from the local electric field generated
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by sp? carbon domains. The enhancement of the Raman signal is also explained when LUMO
levels of the RhB are aligned or closer to the Fermi Energy level of the graphene-based
substrates®*. Recently, Das et al. demonstrated high SERS sensitivity of nitrogen-doped

graphene quantum dots*.

The mechanism of the SERS is mainly contributed by two components;
electromagnetic enhancement and chemical enhancement®. he electromagnetic enhancement
arises from the localized electromagnetic field of metallic nature. The chemical enhancement
factor is due to the charge transfer phenomenon. In the present case, the electromagnetic
enhancement is negligible due to the semiconducting nature of GO and RGO. The primary
reason for the enhancement is the charge transfer between the GO or RGO and the RhB
molecules. The © — & stacking between GO or RGO and RhB molecules could assist in better
interaction, increasing the charge transfer from the substrate to the adsorbed molecules. In the
SERS measurement on the GO substrate, the enhancement of the signal is obtained in all the
peaks, including G-band and D-band. However, the G-band and D-band are subtracted to
illustrate the Raman pattern for RhB. GO, which has several defects due to functional groups,
has higher enhancement in the Raman peak as the interaction sites increase to combine with

more RhB molecules than RGO.
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Fig. 3.15: (a) Raman spectra of different concentrations of RhB on RGO; (b)Raman spectrum of 102 M
concentration of RhB on SiO,/Si substrate; (c) Raman spectrum analysis of 10 M concentration of RhB on GO
substrate.

During the SERS technique, if different substrate samples are used with different
Raman characterization parameters such as laser power and accumulation time, then the

formula for the enhancement factor is below,

I C
EF = SERSX R X X

IR Csers Psers TsErs

PR TR

Whereas, Psers is the laser excitation power in SERS measurement on GO/RGO substrate,
Tsers is the accumulation time of the SERS measurement on GO/RGO substrate, Pr is the laser
excitation power of the Raman signal on base SiO; substrate, and Tr is the accumulation time
of the Raman signal on base SiO> substrate.

If the volume of the sample solution is used differently in Raman characterization

measurement, then the EF formula® is given below,

I C P
EF = SERS>< R X R X X

I Csers Psers Tsers NSeRrs

TR NR

Whereas, Nsers is the volume of the concentration solution used for SERS signal on GO/RGO
substrate, and Nr is the volume of the concentration solution used for the Raman signal on base
SiO2 substrate.

-—o— GO RhB
' —o— UGO
. RGO

EF x 10°
o N NN (o)) (0] o

-

001 01 1 10 100
Conc. of RhB x 10°% (M)

Fig. 3.16: Raman intensity for RhB (1647 cm™) peak for UGO, GO, and rGO substrates at different

concentrations.
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The EF for SERS is a valuable parameter for studying the effect of substrates for SERS

on a material. It is commonly defined as the ratio of the SERS signal intensity to the intensity
of the Raman signal under identical conditions (e.g., laser power, data accumulation time, the
concentration of the analyte) on different substrates*’. The most acceptable mathematical
formula for the calculation of EF is given below, with varying concentrations of the analyte

studied on different substrates:

I C
EF = SERS X R

IR CSERs

Where, Isers is the peak intensity of the SERS signal on GO/RGO substrate at 1647 cm™, Csers
is the concentration of the RhB for measuring SERS signal on GO/RGO substrate, Ir is the
peak intensity of the Raman signal for RhB on SiO> base substrate, Cr is the higher
concentration of the RhB up to which Raman signal is detected on SiO; base substrate.

To simplify the calculation of the EF, the same volume of solution and experimental
parameters are maintained, such as laser excitation wavelength (532 nm) and laser power (5
mW), accumulation time (10 seconds). The concentration of RhB for SERS measurement is
10" M and the higher concentration of RhB up to which Raman signal is detected on SiO; base
substrate is 10 M, shown in Fig.3.15b. The volume of the solution used to drop-cast on both

substrate samples is 5 uL.
So, the value of the EF for RGO at 10* M concentration of RhB is given by,

_ 7750/107*

= 3137
247/102

So, the EF value of the RGO substrate for RhB is 3.137 x10°at 1647 cm™ for 10* M
concentration of RhB using laser excitation of 532 nm. The EF value of the GO and UGO
substrates are calculated to be 9.482 x10%and 7.759 x10° for 10 M concentration of RhB at
1647 cm using the same laser excitation; a relative comparison of EF with substrate is shown
in Fig.3.16. Thus, the EF value for GO is about three times higher than that of RGO, and about
1.22 times higher than UGO. EF values for various substrates at different Raman peaks are
shown in Table 3.3. Thus, the GO has better enhanced the Raman signal of the RhB molecules
as compared to that of RGO. This enhancement of the Raman signal may be due to the
interaction between the RhB molecules and functional groups present on the GO sheets.
Interestingly, the EF value calculated here is the highest among the reported values for GO.

Usually, the reported EF corresponding to the chemical enhancement is only ~102, about one
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order of magnitude lower than the value observed for GO. Thus, the large area GO, and RGO
flakes developed in this work by the simplified technique can be applied as substrates in sensing
low concentration molecules using SERS/ graphene-enhanced Raman spectroscopy (GERS)
technique.

Table 3.3. Raman intensity and Enhancement Factors for various substrates at different Raman
shifts.

Peak Raman Raman EF of RGO Raman EF of
position intensity for intensity for substrate intensity for GO

(cm™) RhB on SiO2 | RhB on RGO RhB on GO | substrate

substrate substrate substrate
(a.u.) (a.u.) (a.u.)

1647 247 7750 3137 23423 9482

1596 188 3261 1734 8571 4559

1505 150 4829 3219 12946 8630

1356 255 4806 1884 12158 4767

1286 344 3042 884 6642 1930

1196 403 1474 365 4277 790

3.5. Conclusion

In summary, we have demonstrated a cost-effective and facile approach using mild
heating to exfoliate graphene oxide (GO) sheets with ultra-large lateral size up to 104 um, the
largest size reported to date, using a simplified technique with varied layers (mono, bi, and few
layers), superior to commonly used ultrasonic technique. Subsequently, the reduction was
carried out to obtain less defective graphene sheets (RGO) as indicated by Ip/lc from Raman
studies. Correlation between the number of GO layers and the Ip/lg ratio was obtained from
Raman spectra in which the Ip/lc ratio decreases linearly (from 0.97 to 0.73) with an increase
in the number of layers in GO (mono, bi, <5, <10 and > 10 layers). Results from FTIR, XPS,
UV-vis, PL, and TGA/DTG confirmed the removal of oxygen-containing functional groups in
RGO, suggesting the minimization of defect-induced disorder in graphene carbon framework,
which results in restoration of sp? hybridized honeycomb skeleton. In RGO, the current flow
was significantly improved from micro-ampere to milli-ampere, which is 3 orders of magnitude
change, arising from the good ohmic contact formation on RGO as confirmed from the linear
I-V curve, indicating the high quality of the graphene-based sheets. The electrochemical
impedance results corroborate with the I-V characteristics, exhibiting much lower charge
transfer resistance (R¢=193.2 Q) for RGO than that of GO (R¢=958.3 Q), which depicts the
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higher conductivity across the liquid/solid interface for the former as compared to the latter
electrode materials. The large area GO and RGO sheets have been utilized for SERS
application for detecting Rhodamine B (RhB) down to a concentration of 10 nM, and a large
SERS enhancement factor of 10 is reported. Thus, the present simplified and economical
approach of large-area graphene oxide could potentially open up a new strategy for industrial-

scale production for cutting-edge sensing applications.
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Chapter 4

Plasma Treated Graphene Oxide Surface for Trace Dye
Detection using Surface-enhanced Raman Spectroscopy

In this Chapter, we employ plasma treatment for large lateral-size GO and RGO sheets
to modify the surface, leading to structural change in the carbon skeleton. Various gas plasma
environments were used during the treatment processes, such as Ar, N2, Oz, and H> (diluted
with Ar). Using Raman and FTIR spectroscopy, the resulting substrates were used to
investigate the structural disorder and characteristics. The surface morphology of the
synthesized GO and RGO was studied using FESEM, AFM, and FETEM. The functionality of
the GO and RGO (with or without plasma treatments) in terms of their sensitivity to various
dyes such as Methyl orange (MO), Methyl blue (MB), Rose Bengal (RB), and RhB were
explored using surface-enhanced Raman spectroscopy technique. Further, the addition of noble
metal (Au NPs) was examined to form a composite with GO and RGO, and its SERS
performance to detect various dyes was studied.

4.1. Introduction

In recent times, trace detection for the various analyte (dyes, pesticides, food
adulterants, etc.) has been enabled by employing surface-enhanced Raman spectroscopy
(SERS). In most cases, gold or silver nanoparticles/nanostructured substrates are used to
enhance the analyte's Raman signal in the SERS technique. Silver is a relatively better choice
due to its lower cost than gold. However, the instability of the metals, susceptible to oxidation
and sulfidation, could hinder the efficiency and consistency of the substrate for creating a

plasmonic hotspot, thereby decreasing the sensitivity of the target molecules.

Graphene-based materials are promising applications in SERS sensors because they are
low-cost, abundantly available raw materials (graphite), biocompatibility, tunable sheet layers,
controllable lateral size, and tunable electronic properties. Furthermore, graphene exhibits a
uniform surface, high absorptivity, and high stability. Ling et al.* first observed the effect of
graphene in Raman signals in which many unknown peaks emerged when the graphene
substrate was treated with organic solvent as compared to that of SiO2/Si substrate. Graphene-

based SERS substrates are enhanced predominantly by the chemical enhancement (CE)
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mechanism through charge transfer processes®. Monolayer and a few layers of graphene were
found to be more efficient in enhancing the Raman signals, and the intensities decrease as the
number of layers increases. Ling et al.! reported the SERS effect for various dyes such as the
phthalocyanine (Pc), R6G, protoporphyrin (PPP), and crystal violet (CV) dyes on the graphene.
A composite of GO, silicon pyramid arrays, and Ag NPs has improved the SERS signals of
R6G compared to GO, as demonstrated by Zhang et al.%. In most of the reports, the smaller
lateral size of the graphene-based substrates was used for the SERS analysis. The effect of the
large lateral size of graphene on the SERS enhancement is not reported yet. Moreover, it is
challenging to locate the small-dimension graphene sheets using micro Raman spectroscopy

due to their high optical transparency.

Recently, plasma treatment has been used to modify the properties of the graphene
oxide for functionalization, etching, creating defects, and reduction of GO*’. Plasma treatment
is a simple, cost-effective, efficient, energy and time-saving, and clean process. The most
commonly used gases in the plasma treatment system are N», O., Hz, CHs4, NH3, and F.
However, there are very few studies on modifying the GO materials using plasma treatment,
specifically for SERS applications. The role of functional groups and defects on the SERS
application of GO is little understood, and it is worth exploring since it enables a metal-free
platform for cost-effective and reliable SERS detection.

4.2. Experimental Details

4.2.1. Synthesis of GO and RGO

GO is synthesized using the modified Hummer's method. 0.5g of graphite flakes (~
1mm) and KMnOs were taken in the ratio of 1:8 and mixed in a conical flake. 100 ml of H2SO4
was added to the mixture along with 0.5 g NaNOz and stirred overnight. The pH of graphite
oxide solution (brown color) was reduced up to 4.5 and vacuum dried at 45 °C for 24 hours.
Further, graphite oxide was washed using de-ionized water (Milli-Q) and propanol. Graphite
oxide was exfoliated to GO sheets using the mild heating method, as reported in chapter
2 (section 2.2.1). All the chemicals were purchased from Merck. The GO solution is drop-
casted on the SiO2/Si substrate and heated at 85 °C on the hot plate (AnTech) overnight to

remove the absorbed water.

RGO was synthesized from the GO using thermal treatment shown in chapter
2 (section 2.2.3), in which the drop-casted GO on the SiO2/Si substrate was placed on the

quartz boat and inserted inside the quartz tube. The quartz tube was placed inside a muffle
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furnace (Kejia Furnace, China) and heated at 150 °C (for analysis of the contribution of the
SERS effect from functional groups) and 360 °C for 2 hours in a vacuum environment. The

furnace was ramped up/down at 8 °C/minute.

4.2.2. Gas plasma treatment

Gas plasma treatment on GO-based materials is performed using a plasma cleaner
chamber (PDC-32G-2) from Harrick Plasma, a rotary vacuum pump (VT-2015), and a Pirani
gauge (VT-DHP-11) from VT vacuum technologies, a gas flow controller, and reader from
MKS, and other essential equipment. The schematic diagram of the gas plasma treatment
system is shown in Fig. 4.1. The drop-casted GO, RGO, and GQDs on the SiO>/Si substrates
are used for this measurement. The explore samples are placed inside the quartz chamber of
the plasma cleaner and evacuated the inside pressure down to 2.5 x 102 mbar with support
from the rotary vacuum pump. The chamber is kept for 30 minutes in the vacuum to remove
any atmospheric particles. Then, 15 sccm of each analysed gas, such as Ar, N2, Oz, and diluted
Ho, is flown inside the plasma chamber. 18 Watts of RF power is applied for the plasma

treatment.

Vacuum Chamber @ : lonized atom

Gas
Outlet

Substrate

Fig. 4.1: Schematic diagram for gas plasma treatment on GO/RGO substrates.

The samples are analyzed for their characteristic change by varying the exposer
duration. The analyzed duration of the exposers is 10s, 20s, 30s, 40s, 50s, 60s, and 90s for each

of the gases. After exposure of each duration, the respective sample is characterized by Raman
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spectroscopy with optical microscopy. Further, the same sample was exposed to another
duration (like 10s + 10s: 20s) until the 90s. The samples are etched from the substrate after the
90s, and it is confirmed from the analysis of Raman spectra. The in-detail of the sample
characteristic will be demonstrated in section 4.5. Based on the applied gases, the samples of
the GO and RGO are named Ar-GO for Ar plasma-treated GO, N-GO for N2 plasma-treated
GO, and O-GO for O, plasma-treated GO, H-GO for diluted H> plasma-treated GO.

4.2.3. Synthesis of Au nanoparticles

The Au NPs were synthesized using a two-step process: deposition of the Au thin film
using RF sputtering and forming Au NPs from Au thin film using RTA (rapid thermal
annealing). SiO2/Si was used as the substrate for Au thin film deposition. The clean substrate
was placed on the substrate holder of the sputtering system (Excel Instrument), and the chamber
was evacuated down to 1.5 x10™ mbar using a diffusion pump supported by a rotary vacuum
pump. 15 sccm of highly pure Ar (99.999%) was allowed to flow inside the vacuum chamber
using a MFC, and the partial pressure was maintained at 8.6 102 mbar inside the chamber. 12
watts of RF power was applied to the Au sputtering target for 15 minutes, and the substrate
was rotated at 2 rpm during the deposition of Au film for uniformity.

The Au thin-film deposited on SiO2/Si substrate was treated with RTA to synthesize
the Au NPs on SiO>/Si substrate. The Au thin-film samples were placed inside the chamber of
the RTA system (ULVAC- RIKO, MILA-3000), then evacuated to 2.2x102 mbar inside the
chamber using a rotary vacuum pump. Highly pure Ar gas was allowed to flow into the system,
and the pressure inside the chamber was maintained at 1 mbar. The sputtered samples were
annealed at 600 °C for 3 minutes. The ramp-up and ramp-down times are the 30s and 60s,
respectively. This process leads to the formation of Au NPs on the SiO, substrate. These
samples were also analyzed for the SERS effect of the RhB molecules
4.3. Characterization techniques

The dye materials, such as Rhodamine B (RhB), Methyl blue (MB), Methyl orange
(MO), and Rose Bengal (RB), were procured from LOBA CHEMIE PVT. LTD. The RhB, MB,
MO, and RB concentrations at 10 M were prepared by adding 0.958 mg, 0.639 mg, 0.654 mg,
and 1.947 mg in 20 ml of de-ionized water. Further, the dye's lower concentrations, such as
(10° M, 10° M, 107 M, and 10 M) were made by adding the calculated volume of de-ionized
water into the 10* M of the dye solution.
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4.4. Results and discussions

4.4.1. Morphological analysis

The large-area, triangular shape of the GO sheet with slight folding is observed in the
optical image, as shown in Fig.4.2a; the lateral dimension of the GO sheet is ~ 100 um, which
is quite large. Higher magnification images of the surface of the GO sheet obtained from the
FESEM and AFM are shown in Fig. 4.2b and Fig.4.2c. The multiple folding at the edge of the
GO sheet is obtained from the FETEM image (Fig. 4.2d), having a (002) plane as observed in
the SAED pattern of Fig. 4.2d (inset). The SAED pattern is acquired from the circular-red spot
on the GO sheet, as shown in Fig. 4.2d. The irregular fashion of the bright spots arrangement
on the SAED pattern and wrinkles on the surface of the GO sheet indicates the attachment of

oxygen functional groups with carbon atoms.

4.4.2. Structural analysis

The XRD pattern of GO and RGO is shown in Fig. 4.2e. GO and RGO peaks are
located at 20 = 11.6° and 260 = 26.3°, respectively, which correspond to the (002) plane of the
lateral structure of carbon atoms. The graphite is located at 26 = 26.7°; however, it has shifted
to 11.6° after the oxidation of the graphite into graphite oxide. The interlayer spacing (d) of the
GO and RGO is calculated using Bragg's law (2d sin 6 = ni) and found to be ~0.762 nm and
~0.34 nm, respectively. The full width at half maximum (FWHM) of the GO and RGO peaks
are 4.82° and 1.05°, respectively. The GO's board peak indicates the GO's polycrystalline
nature, which emerges due to the attachment of oxygen functional groups to the carbon atoms.
Note that the peak position of RGO is shifted towards the graphitic peak at 26 = 26.3° with a
sharper peak, depicting the restoration of the hexagonal carbon framework upon reduction from
GO to RGO. However, the structural defects in RGO exist even after the de-oxidation treatment
due to other stable oxygen functional groups.

The Raman spectra of the GO and RGO are shown in the range from 1100 cm™ to 1700
cmt in Fig. 4.2f, displaying two typical broad peaks, such as D and G. The relative intensity
of the D peak for RGO is less than that of GO. However, the relative intensity of the G peak of
RGO is higher than that of GO, as shown in Fig. 4.2f. The intensity ratio (Io/lg) for GO and
RGO are 0.89 and 1.1, respectively, and the position of the D peak is red-shifted from the GO
peak at 1358 cm™ to the RGO peak at 1348 cm, which is attributed to the restoration of sp?
carbon atoms from sp® carbon atoms 8. The FWHM of the D band of GO and RGO is 161 and
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Fig. 4.2: (a) Optical microscopy image; (b) FESEM image; (c) AFM image; and (d) FETEM image (inset:
SAED pattern) of GO sheet; () XRD pattern of GO and RGO; (f) Raman analysis of GO and RGO; XPS
analysis of (g) GO, and (h) RGO; (i) FTIR analysis of GO and RGO (the respective modes are marked with

arrows).

132, respectively, in which the FWHM value decreases in RGO, indicating the reduction of the
oxygen functional groups attached to the skeleton of the sp? carbon atoms. Furthermore, the
lower FWHM of the G band of RGO (90) is the characteristic of the restoration of hybridized
sp? carbon bonds. Hence, the graphitic structure of the RGO is improved after the thermal
treatment of the GO. Thus, the XRD and Raman analysis confirm that GO has a distorted
graphitic structure (sp? hybridized carbon atoms) owing to its higher attached functional
groups, and the RGO contains fewer functional groups resulting in the restoration of its

graphitic structure.
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The XPS analysis of the GO (Fig. 4.2g) and RGO (Fig. 4.2h) determines various
oxygen functional groups attached to the basal plane of carbon atoms. The XPS spectra of C1s
for the GO and RGO are plotted from 280 eV to 295 eV. The C1s band of GO and RGO is
fitted with four Gaussian peaks and three Gaussian peaks, respectively. The peaks of GO at
283.8 eV, 286 eV, 287.8 eV, and 289 eV corresponded to the sp? carbon atoms (C=C), epoxy
(C-0), carbonyl (C=0), and carboxyl (O-C=0) functional groups, respectively. The integral
area of peaks for Cls of GO, related to C=C, C-O, C=0, and O-C=0 bonds, are in the
proportions of 55%, 35%, 8%, and 2%, respectively. In contrast, the integral area of C1s in
RGO corresponding to C=C, C-O, and C=0 are 87%, 5%, and 8%, respectively. Thus, the
comparison between GO and RGO reveals that RGO has a much lower (3.46 times) percentage
of oxygen functional groups than GO. Further, the O-C=0 group has been removed from the
RGO during the reduction process. For GO, the presence of higher asymmetric carbon atoms
is obtained as compared to the RGO, evidenced by the lower shift of peak position for the C=C
bond from 284 eV (RGO) to 283.8 eV (GO)°.

The FTIR analysis of the GO and RGO is shown in Fig. 4.2i, in which the presence of
oxygen functional groups (sp? and sp? carbon bonds) is exhibited. The transmittance peaks of
FTIR for GO and RGO are concentrated in the range from 1000 to 2000 cm™. The peaks of C-
O (alkoxyl group) at 1057 cm™?, O-C=0 at 1228 cm™, C-OH at 1391 cm™, C=C at 1630 cm™,
and C=0 at 1722 cm™ are more prominent in GO. The intensity of the corresponding peaks for
the C-O and O-C=0 functional groups are suppressed in RGO compared to the GO. The peaks
at 1391 cm™ related to C-OH appear in the spectra for both GO and RGO; these may be due to
the absorption of water from the atmosphere during the preparation of samples. The signature
peak at 1630 cm™ corresponding to C=C bonds is observed on both GO and RGO. The
absorption peak from the carbonyl group (C=0) at 1740 cm™ is present in both GO and RGO,
which is very hard to remove even after thermal treatment. The XPS and the FTIR analyses

show that the oxygen functional groups are reduced in RGO compared to the GO substrate.

4.4.3. PL analysis of RhB in graphene oxide and water solution

Photoluminescent (PL) characteristics of RhB molecules in GO and water solution are
shown in figure Fig. 4.3. In the Fig. 4.3a, PL spectra for 10" M RhB solution, GO and their
mixture in water are presented. Here, GO exhibits a broad PL emission with maximum intensity
at ~ 570 nm. Whereas, 10" M RhB solution in water exhibits a PL emission peak at ~ 577 nm.
It is observed that at low concentration of RhB, the PL emitted by the mixture is due to the

combined effect of both RhB and GO. No charge transfer takes place as there is no interaction
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between GO and RhB at 10" M concentration. In the Fig. 4.3b, the comparative PL spectra for
10 M RhB solution, GO and their mixture in water is displayed. The PL of GO is completely
quenched when mixed with 10 M concentration of RhB. The PL emission of RhB is also
reduced. This is due to the strong interaction between GO and RhB at higher concentration of
the latter. There is a type 2 band alignment which aides in electron transfer from RhB to GO.
This charge transfer plays a significant role in SERS enhancement and will be discussed in
detail in section 4.6.3.
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Fig. 4.3: PL analysis of different concentrations for RhB molecules dispersed in (a) GO solution; and (b) water

solution with magnified (inset).

4.5. Gas plasma treatment on graphene oxide and reduced graphene oxide

4.5.1. Optimization of plasma treated duration

The gas plasma treatment on the GO is optimized by varying the duration of the RF
exposer and retaining the RF power, working pressure, and gas flow rate constant. The effect
of gas plasma treatment on GO is shown in Fig. 4.4 and Fig. 4.5, with various gas applied to
the GO. A mixer of Hz> (10%) and Ar plasma is treated on GO for Os to 90s (Fig.4.4). The
intensity for both the D and G bands of H-GO is reduced as increases the exposure time. This
may be due to the removal of the carbon atoms and attached oxygen functional groups by the
ion bombardment on the surface of GO. Raman spectra are measured on a separate GO sheet
and captured an optical image before treated plasma, named Os for all the samples. The Raman
spectra are measured inside the yellow ring of the optical images, shown in Fig. 4.5. The
intensity of the D and G bands are reduced as the duration of plasma exposure increases, and
the GO is removed after the 90s. The GO etching rate depends on the exposure gas, presented
in Fig. 4.5. In Fig.4.5a, the intensity of the D and G bands of Ar-GO has reduced after
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increasing the duration. Thus, the characteristic of GO is losing after the 30s. The intensity of
the bands is reduced as the exposure increases. Furthermore, the vanishing of the GO sheet

from the optical images shows the etch of the sheet after the 90s.
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Fig. 4.4: Raman spectra of H-GO in different exposer time.

In Fig. 4.5b, the N2 plasma-treated on the N-GO sheet reduced its normalized intensity
of the D and G band as increased the exposure time. However, the changes in intensity for 10s
and 20s, 30s and 40s are not much different, as observed in other samples. Similarly, the optical
image of the Os and 90s shows the etching of the sheet after nitrogen is exposed. The intensity
of the bands is rapidly reduced after exposure to O2 plasma for the 20s, shown in Fig. 4.5c. It
is verified in the optical image of the GO sheet after the 90s. In Fig. 3.7, the O-GO sheet's D
and G band is reduced as the exposure time increases, but the rate of reduction of the intensity
of bands is less affected as compared to the other exposed gases. The D and G bands appeared
after exposure to the 90s. So, the effect of the H-GO has less on the GO sheet than others such
others such as Ar-GO, N-GO, and O-GO.as Ar-GO, N-GO, and O-GO.

4.5.2. Raman analysis of gas plasma treated graphene oxide/ reduced graphene oxide
The Ip/lg of the Raman spectrum is used to determine the induced structure defects and
disordered on the GO and RGO. The higher the value of Ip/lc means, the increased the defects
on the GO. Ip/lg for Ar-GO, N-GO, O-GO, and H-GO are analyzed in Fig. 4.6. The Ip/lg
characterizes each sample for the exposure of plasma time. In the Ar-GO (Fig. 4.6a), Ipo/lg is
increased from 0.85 for the 00s to 0.91 for the 30s. Afterward, it is reduced to 0.74 for the 90s.
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It may be due to the creation of structural defects up to 30s and afterward the removal of carbon
and functional groups from the GO by bombarding Ar ions. Similarly, the Ip/lg of the N-GO
(Fig.4.6b) is increased from 0.85 for Os to 0.89 for the 30s, then reduced to 0.8 after the 90s.

—_
Q

e

Intensity (a.u.)

—
(=2
S

Intensity (a.u.)

—
0O
g

Intensity (a.u.)

Fig. 4.5: Evolution of the Raman spectra of different gas plasma treated GO samples: (a) Ar-GO, (b) N-GO, (c)
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The value of Ip/lg of O-GO (Fig.4.6¢) is 0.88 at Os and increased to 0.91 after the 40s.
The value of the Ip/lc of O-GO is not consistent; its value is 0.88 after the 30s and 0.85 after
the 90s. Again, in the H-GO, the value of Ip/lg after the 30s is 0.92, which is the highest
compared to other samples. The change Ip/lg in the O-GO and H-GO fluctuated due to the
extreme distortion of the structure of the GO sheet. The Ip/lc of GO is decreased/increased
after prolonged exposure of plasma on the GO; it does not imply the improvement of the
distorted structure of GO. That is due to reducing the intensity of both D and G bands by etching
the atoms (carbon and oxygen functional groups). So, it is required to set a particular duration
for further optimization and studies for the SERS effect on GO after changing its structure and
attached functional groups. The optimum exposure time for the gas plasma-treated on the
GO/RGO is set at the 30s for further analysis of the effect of SERS and other applications. The
rate of removal of functional groups and creation of structural defects are different based on
the applied gases to the GO; this is one of the stimulating effects in this present study.

The structural changes in the GO can be studied by the parameters obtained from the
Raman spectra, such as Ip/lg, changing the peak position of G, D, D!, and D? peaks. In Fig.
4.7, the Raman spectra of the 30s of plasma-treated GO and RGO samples are studied by de-
convoluted them with five Gaussian peaks and three Gaussian peaks, respectively. D? peak at
1250 cm™ emerged from the presence of oxygen functional groups in the GO samples®®. D
peak at 1350 cm™ is due to the structural disorder. D? peak at 1570 cm™ is represented the sp?
sp3 bonded carbon atoms. G peak at 1600 cm™ is due to the hybridized sp? carbon atoms.
Furthermore, D' peak at 1622 cm™ emerged from the defects and doping of atoms on the lattice
structure of GO/RGO. D* and D? peaks are constituents in GO, including all the plasma-treated
samples such as Ar-GO (Fig. 4.7¢), N-GO (Fig. 4.7¢e), H-GO (Fig. 4.8a), and O-GO (Fig.
4.8b). Plasma-treated on the RGO samples such as Ar-RGO (Fig. 4.7d) and N-RGO (Fig.
4.7f) are perfectly fitted without D! and D? peaks. It is proof of the reduction of oxygen
functional groups attached to the carbon atoms and the restoration of the sp? hybridized carbon
atoms (graphitic structure). Plasma treated on the GO samples has a disorder on the structure,
attached oxygen functional groups, sp* carbons, and the creation of defects on the graphitic
structure.

However, plasma treatment of the RGO samples created disorder and defects in the
graphitic structure. It is correlated with the XPS and XRD analysis of the RGO, which
explained the attachment of oxygen functional groups and the attachment of oxygen functional
groups that altered sp? to sp® carbon atoms of GO. The changes in structural properties of GO

and RGO are analyzed after plasma treatment using the shifting of the peak position of D, G,
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Fig. 4.6: Ip/lg ratio of Raman spectra for (a) Ar-GO, (b) N-GO, (¢) O-GO and (d) H-GO as a function of plasma

exposure time.

D', D!, and D% D’-G; FWHM of D, G, and D'; Ip/lg; which are shown in Table 4.1. The
changed of structural properties are studied, such as degree of disorder and defects in the
structure, presence of oxygen functional groups, and crystallinity of sp? carbons®. The D* is
1243 cm™ for N-GO, 1244 cm™ for H-GO, 1247 cm™ for Ar-GO, and 1267 cm™ for O-GO.
The peak position of D! is shifting to a higher wavelength, representing a high degree of
functional groups attached to the GO.

Based on the analysis, N-GO contained high functional groups compared to other GO
samples. The O-GO is removed from the oxygen functional groups by the bombardment of the
oxygen ions instead of adding oxygen atoms to the structure of GO. The peak position of D? is
at 1543 cm™ for N-GO, 1556 cm™ for O-GO, 1557 cm™ for H-GO, and 1570 cm® for Ar-GO.
Based on the study by Claramount et al.®, Ar-GO has higher functional groups attached to it,
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which is explained by the shifting of the D? peak position towards the lower wavelength and

has formed sp® carbon atoms after the attached of functional groups. The D peak is 1347 cm™
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Fig. 4.7: Raman spectra and its deconvolution for (a) GO, (c) Ar-GO, & (e) N-GO, with five Gaussian peaks;
and (b) RGO, (d) Ar-RGO, (f) N-RGO with three Gaussian peaks.
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Fig. 4.8: Deconvolution of Raman spectra for (a) H-GO; and (b) O-GO by five Gaussian peaks.

for N-RGO, 1345 cm for H-GO, 1348 cm for Ar-RGO, 1349 cm™ for Ar-GO, and 1352 cm-
! for 0-RGO, 1353 cm™ for N-GO and O-GO, that is observed. The blue shift of the D peak is
due to the increasing disorder of the structure! by the plasma treatment. As a result, N-RGO
has high disorder compared to the other samples; N2 plasma on the RGO sheet has added extra
disorder to the graphitic structure upon the thermally reduced RGO, which has inherently

present structural defects after the removal of functional groups.

The peak shift of the G band is 1576 cm™ for Ar-RGO, 1588 cm™ for N-RGO, 1590
cm for O-RGO, 1594 cm™* for O-GO, 1596 cm™ for H-GO, 1598 cm™ for N-GO, and 1599
cm? for Ar-GO. The blue shift of the G peak position is indicated the presence of higher
functional groups; Ar-RGO is obtained in the least functional groups, whereas, Ar-GO is
attained in more functional groups. Interestingly, plasma-treated on the RGO samples is
attached least. functional groups and plasma-treated GO samples are more functional groups
based on the G band's analysis of the shift in the peak position. This result can be authenticated
with the analysis of XRD and XPS data. The shift of peak position for D' peak is analyzed that
blue shift of this peak position has due to the obtained of more functional groups, doping of
atoms, and vacancies. As a result, plasma-treated RGO samples like Ar-RGO, O-RGO, and N-
RGO peak positions at 1610 cm™, 1615 cm™, and 1616 cm™?, respectively. The low functional
groups are attached to it. However, the D' peak position for the plasma-treated the GO samples
such as H-GO, N-GO, Ar-GO, and O-GO have their peak position at 1619 cm™ and 1622 cm’
11623 cm?, and 1623 cm™, respectively. Plasma-treated GO is created with more oxygen
functional groups and structural defects than RGO. Ar-GO and O-GO obtained more functional

groups and defects from the analysis of the D' position.

TH-2752_136153005



CHAPTER 4 9|Page

Table 4.1: Summary of the Raman modes of the gas plasma treated GO/RGO using peak
position, FWHM, D"-G, and Ip/lc.

Peak Ar- |N-GO | O-GO | H-GO | Ar-RGO | N-RGO | O-RGO
position/FWHM | GO

(cm™)

D band 1349 1353 1353 1345 1348 1347 1352
G band 1599 1598 1594 1596 1588 1576 1590
D" band 1623 1622 1623 1619 1610 1616 1623
D? band 1247 1242 1267 1244 - - -
D2 band 1569 1542 1555 1558 - - -
FWHM of D 99 102 99 100 116 104 112
FWHM of G 55 65 55 55 94 66 94
FWHM of D° 35 36 40 37 56 42 41
D-G 24 24 29 23 34 28 29
Io/lg ratio 2.55 1.77 2.75 2.43 2.47 2.28 2.75

Kondratowiczet al.2 have explained graphene, RGO, and GO based on the value of D’-
G (difference of the value of peak position between D' and G peak). The lower value of D’-G
has determined the GO, meaning it contained more functional groups than the higher value of
RGO and pristine graphene. Similarly, it is obtained that both H-GO, Ar-GO, and N-GO have
values of 23 cm™ and 24 cm™ for both. The least contained functional groups are in the
sequence of Ar-RGO of 34 cm™, N-RGO of 28 cm™, and O-RGO of 25 cm?, respectively.
However, O-GO, which value is 29 cm™, does not follow this pattern. The FWHM of the D,
G, and D peaks are analyzed.

The FWFM of the D peak is determined by creating structural defects/ distortion of the
structure of the sp2 carbon atoms. More value of FWHM of D peak means higher structural

defects; plasma treatment on the RGO samples are more structural defects than the GO

TH-2752_136153005



100|Page PLASMA TREATED GO SURFACE

FOR TRACE DYE DETECTION USING SERS
samples. The FWHM of the D peak is increased from 99 cm™ to 116 cm; in the sequence of
99 cm?, 99 cm™,100 cm?, 102 cm™, 104 cm™, 112 cm™, and 116 cmfor the Ar-GO, O-GO,
H-GO, N-GO, N-RGO, O-RGO, and Ar-RGO respectively. The graphitic structure determines
the FWHM of the G peak; the increase in the graphitic structures®! signifies the increase in the
value of FWHM of the G peak. The value of FWHM of the G peak is increased from 55 cm™,
55 cm?, 55 cm?, 65 cm?, 66 cm™, 82 cm™, and 94 cm for the Ar-GO, O-GO, H-GO, N-GO,
N-RGO, O-RGO, and Ar-RGO respectively. Interestingly, the FWHM of the G peak for Ar-
GO, O-GO, and H-GO have the same value of 55 cm™. The FWHM of the D' is determined by
the degree of defect on the surface /presence of oxygen functional groups. The higher the value
of FWHM for D, the more defects on the surface/ oxygen functional groups*2. The FWHM of
the D' for Ar-GO, N-GO, H-GO, 0-GO, 0-RGO, N-RGO, and O-RGO are 35 cm™, 36 cm™,
37 cm?, 40 cmt, 41 cm?, 42 cm™?, and 56 cm™ respectively. This analysis shows that Ar-GO

has the least structural defects, but O-RGO has more.

The Ip/lg of the N-GO, O-GO, N-RGO, H-GO, Ar-RGO, Ar-GO, and O-RGO are 1.77,
1.8, 2.28, 2.43, 2.47, 2.55, and 2.75 respectively. The higher the value of Ip/lg is determined,
the more structural defects on the sample. Based on the analysis, N-GO has the minimum
structural defects, whereas O-RGO has the high structural defects. Ar-GO has a higher value
of the Ip/lg than the N-RGO and Ar-RGO, which shows the Ar plasma treated on the GO has
created more structural defects than the RGO synthesized by thermal annealing. Most of the
analyses are caused by the structural defects and functional groups of the GO/RGO. Plasma-
treated RGO is presented with higher structural defects than the GO samples, which are
explained in the study of peak positions of D, G, and D' peaks, and FWHM of D, G, and D'.
Plasma-treated GO samples contained more functional groups than the RGO samples, which

is explained by the study of peak positions, FWHM, D’-G, and Ip/lc.

4.5.3. XPS and FTIR analysis of gas plasma treated graphene oxide/ reduced graphene
oxide

The XPS analysis of the Ar-GO and N-GO is shown in Fig. 4.9; the survey spectra are
measured from 220 eV to 550 eV. The bonding characteristics of the GO, RGO, and GQDs are
studied using the XPS spectra in the previous chapters. The two prominent peaks are observed
centered at 284 eV and 532 eV, which correspond to C1s and O1s of the Ar-GO (Fig. 4.9a)
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Fig. 4.9: Survey scan XPS spectra of (a) Ar-GO and (b) for N-GO; deconvoluted C 1s spectra for (¢) Ar-GO;
and (d) N-GO.
and N-GO (Fig. 4.9b). The intensity ratio of the O1s/C1s is obtained up to 1.8 for Ar-GO and
4.5 for N-GO. The C1s peak of Ar-GO and N-GO are fitted with three Gaussian peaks shown
in Fig. 4.9c and Fig.4.9d, respectively. The fitted peaks are centered at 283.8 eV, 286.2 eV,
and 288 eV, which are attributed to the C=C, C-O, and C=0, respectively. The first peak
signified the retaining of the graphitic structure after the Ar plasma treatment, and the second
and third peaks assigned the presence of oxygen functional groups, which is reduced relatively
compared to the GO, but high as compared to the RGO. Similarly, N-GO retained the oxygen
functional groups after N> plasma treatment on the GO. The oxygen functional group (O-C=0)
is removed from both the Ar and N> plasma treatment on GO which is observed from the XPS
analysis. The mildly bonded oxygen functional groups are removed from the gas plasma
treatment on the GO, and the stable oxygen functional groups are attached to the GO. However,
a detailed understanding of the elemental compositions, doping of atoms, and bonding

characteristics is required to study.
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Fig. 4.10: FTIR spectra of the gas plasma treated GO and RGO.

After various gas plasma treatments, the bonding characteristics of the GO/RGO are
analyzed using FTIR spectra shown in Fig. 3.10. Similar to the GO and RGO, which are
analyzed in chapter 3, the transmittance peaks emerge between 1000 cm™ and 2000 cm™. The
plasma-treated GO samples such as Ar-GO, N-GO, and O-GO have distinct peaks at 1057 cm-
! for the C-O group, 1228 cm* for the O-C=0 group, 1391 cm* for the C-OH group, 1630 cm-
! for C=C group, and 1722 cm™ for C=0 group. After the plasma treatment on GO, the
characteristic peaks are retained that the oxygen functional groups exist on the GO even after
the exposure to the gas plasma. The plasma-treated RGO exhibits reduced oxygen functional
groups, which are observed from the disappearance of the C-O and C-OH groups. In O-RGO,
a transmittance peak at 1265 cm™ is observed, which is related to C-O-C. Thus, plasma-treated
GO samples retain a rich amount of oxygen functional groups, whereas plasma-treated rGO

samples possess a low amount of oxygen functional groups.

4.5.4. Analysis of Raman spectra on Ar plasma treated graphene quantum dots

The synthesized GQDs have analyzed the effect of Ar plasma treatment using Raman
spectroscopy which is presented in Fig. 4.11. The Raman spectra (Fig. 4.11a) are measured
from 1200 cm™ to 1800 cm™ in various exposer durations such as 10s, 30s, 60s, 90s, and 120s.
Similar to the GO, the intensity of the corresponding Raman peaks (D and G) are reduced as
increases the exposure duration of Ar plasma on the GQDs. After exposure of Ar plasma for

120s on GQDs, its characteristics of Raman peaks are not exhibited.
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The Ip/le (Fig. 4.11b) of the synthesized GQDs is obtained at 0.57, much lower than
GO; it shows the removal of the oxygen functional groups and restoration of sp2 carbon bonds
in the GQDs. The presence of the large daggling bonds at the edge and a minimal amount of
the highly stable oxygen functional groups of GQDs contributed to the emergence of the D
band. Ar plasma treatment on the GQDs may create structural defects up to the 30s of exposure,

leading to increases in the Ip/lg up to 0.6.
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Fig. 4.11: (a) Raman spectra, (b) o/l analysis of Ar plasma treated on GQDs for different exposer times.

Afterward, the continuous exposure of Ar on GQDs has removed the graphitic structure
of carbons and attached functional groups, which contributes to the reduction of the intensity
of the significance Raman peaks (D and G) and the Ip/lc. After analysis of the gas plasma
treatment of GO/RGO, Ar plasma treatment is chosen for the GQDs and studied the effect of
exposure duration. Similarly, 30s exposer duration exhibited higher structural defects based on
the analysis of Ip/lc. The 30s exposer of Ar plasma treated GQDs is studied for the SERS effect

for detecting dye molecules.

4.6. Analysis of SERS effect on various graphene oxide-based substrates

4.6.1. UV absorbance of the various dyes

Fig. 4.12 shows UV absorbance of the RhB, MB, MO, and RB with their peak position,
and the quenching of peaks is analyzed. GO shows a prominent absorbance peak at 230 nm,
whereas the RhB peak is observed at 553 nm in water solution. The RhB peak is shifted to 562
nm, and the absorbance quenching is observed in the GO solution, shown in Fig. 4.12a. The
MB has a prominent peak, centered at 603 nm in water, whereas the peak is shifted to 613 nm
in GO solution (Fig. 4.12b). Similarly, MO (Fig. 4.12¢) and RB (Fig. 4.12d) have shifted their
absorbance peak from 469 nm to 491 nm & 485 nm to 500 nm, respectively. The shift of the
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Fig. 4.12: UV absorption spectra of GO (a) with RhB and without RhB; (b) with MB and without MB; (c) with
MO and without MO; and (d) with RB and without RB.

absorbance peak is due to the interaction between dye molecules and GO in water solution,
which is observed in all the four dyes'®*. The quenching of UV absorbance of RhB and MB
is due to the charge transfer effects between the aromatic dye molecules and the GO by

deactivating the pathway for charge transfer of the excited state from the n-r interactions.

4.6.2. SERS effect for various dye molecules on graphene oxide/ reduced graphene oxide

The SERS effects of various dye molecules such as MB, MO, RB, and RhB on the GO
and RGO are shown in Fig. 4.13; each of the samples is studied in different concentrations
from 10 M to 10 M in the aqueous solution. The corresponding details of the Raman signals
for all the dyes are mentioned in Table 4.2 and Table 3.2 (chapter 3). The MB molecules on
the GO and RGO sheet show enhanced Raman signal, and the characteristic peaks for MB are
at 1077 cm™, 1388 cm?, and 1627 cm™. The dominant peak at 1627 cm™ is observed on the
GO (Fig. 4.13a) and RGO (Fig. 4.13b) for both the concentrations of 10* M and 10° M:;
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further, this peak is 3.5 times stronger in intensity in the GO case than that of RGO at 10* M
for MB. The SERS effect of the MO molecules on the GO and RGO sheet are analyzed, in Fig.
4.13c & Fig. 4.13d, respectively. The Raman peaks at 1115 cm™, 1141 cm™, and 1187 cm™ are
observed, and both 1115 cm™ and 1141 cm™ peaks obtain similar Raman intensity values on
the GO substrate. Unlike on GO, the 1115 cm™ of MO has enhanced higher Raman intensity

compared to 1141 cm™ at the same concentration on the RGO. The noticeable peak at 1115
cm is observed on the GO and RGO from 10* M down to 107" M for MO; this peak has higher

intensity (up to 1.4 times) on the GO than that of RGO for 10* M of MO.

Table 4.2: Description of Raman modes for MB*¢, MO'’, and RB*.

Dyes Raman peak (cm™) | Details

MB 1077 Bending of C-H
1388 Symmetrical stretching of C-N
1627 Stretching of C-C

MO 1115 Stretching of Ph-N
1141 Stretching of C-H
1187 Stretching of Ph-N
1445 Stretching of C-C

RB 1115 Stretching of C-OH
1143 Deformation of C-H
1193 Deformation of C=C
1447 Asymmetric of C=C

However, the intensity of the Raman signals for the MO molecules on the GO and RGO

sheets is significantly low. The RB molecules exhibit enhanced Raman signals when placed on

the GO and RGO, as shown in Fig. 4.13e & Fig. 4.13f, respectively. A weak intensity peak at

1115 cmt, which corresponds to the stretching of C-OH of RB, has been detected on the GO
and RGO from 10* M down to 10° M of RB. Similar to MO, the 1115 cm™ enhanced its
intensity higher than other RB peaks on RGO. This peak intensity increases to 2.8 times higher
on the GO than RGO at 10-4 M for RB. A prominent peak at 1647 cm™ is observed on the GO
and RGO from 10 M down to 10® M of RhB (Fig. 4.13g & Fig. 4.13h, respectively); this

peak intensity increases up to 1.9 times on the GO than that of RGO at 10* M for RhB.
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Fig. 4.13: Analysis of SERS effects with different concentration of various dyes such as MB on (a) GO; (b)
RGO; MO on (c) GO; (d) RGO; on RB (e) GO; (f) RGO; and on RhB (g) GO; (h) RGO.

Interestingly, the Raman peaks correspond to the GO (D and G band) and are enhanced

after interaction with the RhB and GO. These peaks (D and G) are suppressed after interaction
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with the RhB and RGO, as shown in Fig. 4.13h. The comparative analysis of the various dyes
at the different concentration of GO and RGO are shown in Fig. 4.14. In Fig. 4.14a, the
significant difference in the Raman intensity is observed at 10* M of MB; further lower
concentrations are not noticeable in GO and RGO.
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Fig. 4.14: SERS effect various dyes such as (a) MB; (b) MO; (c) RB; and (d) RhB on GO and RGO.

However, in Fig. 4.14b, the Raman intensity of the assigned peak (1115 cm™) is
enhanced on GO compared to RGO down to the 107 M of MO. The narrow gap between the
SERS intensity of MO at 10° M for GO and RGO is observed. The detection range of the RB
is down to 10* M (Fig. 4.14c); the intensity of Raman is increasing as the concentration of RB
in water solution is reduced. In Fig. 4.14d, the Raman intensity of the RhB peak (1647 cm™)
is obtained highest SERS enhancement compared to discussed dyes. The intensity of the RhB
is reduced as concentration dilution is higher. The increased intensity of MO and RB are much
lower as compared to other dyes (MB and RhB). The Raman scattering cross-section of the
RhB is more prominent than the other dyes; it is another result for RhB exhibiting a higher
SERS effect than other dyes'®. The sensitivity of both GO and RGO to detect RhB molecules
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is very high, which can trace down to 10 M. So, the RhB dye is studied using the gas plasma-
treated GO and RGO samples to improve its SERS sensitivity. In Fig. 4.15, the intensity of the
Raman signals for 10 M RhB and GO (D and G
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Fig. 4.15: SERS effect of 10* M RhB on various annealed temperature GO (a) Raman spectra; (b) its EF.

band) are reduced on the GO substrates which is annealed at higher the temperature. The
Raman spectra shows in Fig. 4.15a is obtained with the combination of GO and RhB signals;
The Raman signals related to RhB are suppressed/covered by the board and highly intense D

and G band of GO before thermal annealed.

As the increased the applied annealed temperature, the Raman signals of RhB emerged
on the Raman peaks of annealed GO at 150 °C. Interestingly, the intensity of the RhB signals
is reduced as the annealed temperature of GO increases, which has shown that the contribution
of oxygen functional groups to SERS enhancement decreases after the removal of attached
functional groups from GO. At the annealed temperature of 360 °C, the rate of reduction for
the intensity of Raman signals of RhB is slowly downed, showing that the role of functional
groups in the SERS effect is minimized. The annealed temperatures (50 °C & 360 °C) of GO
are set from the analysis of TGA and DTG. Fig. 4.15b shows the reduction of EF of thermal
annealed GO at different temperatures after removing oxygen functional groups. The SERS
enhancement after 360 °C annealed GO may be attributed to the structural defects on GO/RGO;

it was created after removing oxygen functional groups.

4.6.3. Mechanism of SERS enhancement on graphene oxide/ reduced graphene oxide
The enhancement of the Raman signal for the dye molecules on GO/RGO-based

material and SiO2/Si is usually explained by the chemical enhancement (CE) mechanism. In
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contrast, electromagnetic enhancement is dominant for metallic nanoparticles. Besides,
GO/RGO has suppressed the fluorescence of the dye molecules, which is emitted during the
exposure of laser on it. The strong interaction between dye molecules and GO is observed from
the shift of the peak position for the UV absorbance of the dye molecules in the GO solution.
Further, charge transfer between the RhB and GO is obtained at the higher concentration (10-
4 M) of RhB in GO solution; it is confirmed from the quenching of the intensity of PL spectra
for RhB in GO solution.
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Fig. 4.16: Schematic illustration of charge transfer mechanism between GO and RhB.

To isolate the contribution of the functional groups, we performed vacuum annealing
of the GO at two different temperatures. The reduction of the functional groups from GO by
thermal annealing at 150 °C and 360 °C has gradually reduced the EF by a factor of 2 for the
annealed samples, shown in Fig.4.15. Thus, the SERS effect on the GO/RGO arises from the
attached functional groups and the presence of structural defects on it. The structural defects
are not annealed at such a low temperature of annealing; hence, the remaining EF pertains to
the structural defects. This is consistent with the higher enhancement factor of Ar plasma
treated GO. In the Ar-GO case, it has created high defect sites on the GO20, which leads to an
increase in the interaction of dye molecules and GO and efficient charge transfer. The CE
mechanism using charge transfer is schematically illustrated in Fig. 4.16; the excitation of the
laser (532 nm) on the GO/RGO leads to an increase in the transfer of electronic charge between
the analyte molecules and GO/RGO sheet through the paths?*. The energy value of the valence
band (VB) and conduction band (CB) for GO is -6.3 eV and -3.4 eV, respectively??. Whereas,
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the energy value for the highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) for RhB is -5.4 eV and -3 eV, respectively?.

The presence of the oxygen functional groups is facilitated energy level just below the

CB of the GO, which is a more effortless charge transfer from HOMO of RhB to the CB of GO

through functional groups that create energy levels. The removable oxygen functional groups

reduce the charge transfer between them, resulting in the reduction of SERS enhancement in

RGO compared to GO. The Ar—GO has exhibited more SERS enhancement due to the addition

of controlled defect states in the GO that leads to an increase the charge transfer from RhB.

4.6.3. Mapping of Raman signals for RhB on GO
The mapping of the Raman signals for the RhB is measured in an area of 80 x 80 um,
shown in Fig. 4.17(a-d).

p—
)
N’

1281 cm™’ sk

Intensity (a.u.)

1100 1350
Raman shift (cm™)

1647 cm’!

Fig. 4.17: (a) The Cumulative Raman spectra of RhB on RGO (inset: optical image of mapped area); Raman

mapping/ intensity profile of the Raman peaks at (b) 1281 cm™; (c) 1353 cm™, and (d) 1647 cm™.
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The Raman mapping is examined on GO and SiO>/Si substrate to analyze the SERS effect of
the GO and SiO.. The cumulative Raman signals of the RhB are shown in Fig. 4.17a; it consists
of various intensities of the Raman signals for RhB on the SiO, and GO sheet. In the GO sheet,
folding at the edges and wrinkles leads to the variation of the intensities of Raman signals for
the absorbed RhB molecules on the GO sheet.

Three Raman peaks, centered at 1281 cm™, 1353 cm™, and 1647 cm™ are observed
prominently for 10* M of RhB. The optical image of the GO sheet on the SiO2/Si substrate is
shown in Fig. 4.17c (inset); the optical image is captured after drop-casting the 10* M
concentration of RhB on the substrate. In Fig. 4.17b, the green color is attributed to the Raman
peak at 1281 cm™ of RhB, which has an enhanced intensity up to 8x10° counts. The dark spot
in Fig. 4.17b indicates that the Raman peak at 1281 cm™ of RhB has no response on the SiO2/Si.
Similarly, the red color in Fig. 4.17c represents the Raman peak of the RhB at 1353 cm'%; its
intensity is enhanced up to 16x10% on the GO sheet, while there is no Raman signal on the SiO;
substrate at this concentration, which is indicated by the dark spot. The blue color in Fig. 4.17d
is the dominant peak of the Raman signal for RhB at 1647 cm™ which has enhanced its
intensity up to 22x10° on the GO; on the contrary, the Raman peak is not observed on the SiO;
substrate, as indicated by dark spot. The mapping of the Raman peaks for the RhB is
demonstrated the SERS effect of the dye molecules on the selected substrate, specially on the
GO and its derivative materials. This technique is a fast and accurate technique used to
determine the effectiveness of the SERS effect. From the Raman mapping of the RhB, it can
be confirmed that the SERS effect of RhB is observed on the GO and its modified surface but
not on the SiO; substrate.

4.6.4. Layer dependent study of the SERS effect on graphene oxide

The effect of the thickness of the GO layers on the SERS signal for RhB is next
analyzed, as shown in Fig. 4.18. The concentration of 10* M of RhB solution is drop-casted
on the different thicknesses of GO sheets with SiO2/Si as the base substrate. The number of
layers for the GO is observed from FETEM, and AFM images measured thickness from the
height profile analysis, which is analyzed in section 3.2.3 of chapter 3. The SERS effect of
RhB is analyzed on the different layers such as mon-layer, bi-layer, <5-layer, <10-layer, <20-
layer, and bulk-layer of GO (Fig. 4.18a). The Raman spectra of RhB are measured on the
different thicknesses of GO sheets, and the signal from 1050 cm™ to 1700 cm™ is analyzed.
The intensity of the Raman signals for RhB varies for the different sheets. The Raman peak at

1647 cm™ is used as a reference peak for further analysis. In Fig. 4.18b, the Raman peak at
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1647 cm™ is plotted as EF vs the number of layers for GO. The EF of the RhB signal on the
few layers (<5-layer) GO is enhanced up to 3.64 times than that of the monolayer GO; up to
2.86 times than that of the bi-layer GO; up to 1.2 times as compared to that of the <10-layer
GO; up to 1.44 times than that of the <20-layer GO; up to 8.25 times as compared to the bulk
GO.

() 15 —mono-ayer RNBonGO |+ |® [RhB on GO —o— 1647 e
P — bi-layer g . Q
£12|—— <sayer s .
5 <10-layer | < 9
8 <20-layer | =2 \
=9 bulk-layer b
(=]
b
X 61
3 i
“n ] ]
2 31 L i -
2
= J %
0= A . ; | o : . . . : :
1200 1350 1500 1650 1 2 <5 <10 <20 bulk
Raman shift (cm™) No. of layers

Fig. 4.18: (a) SERS spectra of RhB on different layers of GO; and (b) SERS intensity as a function to the

number of GO layers.

Thus, the SERS enhancement for RhB is highest for the few-layer GO (<5 layers) compared to
the monolayer GO and multilayer GO. It may be due to the multilayer interference of source

laser on the few layers of the GO sheet and the multireflection of Raman signals in the GO

4.6.5. SERS for RhB on plasma treated graphene oxide/ reduced graphene oxide

Raman signals for various concentrations from 10 M to 10 M of the RhB on the Ar,
N2, Hz, and O plasma-treated GO/RGO are measured, shown in Fig.4.19. In Fig. 4.19a, the
10 M of RhB on Ar plasma treated on GO is enhanced the intensity of the 1647 cm™ up to 32
%102 counts, which is improved by more than 50% as compared to the GO. Similarly, N2 and
O plasma on GO are exhibited 23 x10%and 17 x103 counts, shown in Fig. 4.19b & Fig. 4.19d,
respectively. The prominent Raman peaks (D and G band) of GO are suppressed for the Ar, N2
and O plasma-treated on GO; equally, Ar (Fig. 4.19¢), and Nz (Fig. 4.19f) plasma-treated on
RGO whereas the O, plasma-treated on RGO is heavily distorted. Highly diluted H> plasma
treated on GO is revealed an enhancement of intensity for both the Raman signals of GO with
RhB (Fig. 4.19c).
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Fig. 4.19: Analysis of SERS effect of RhB on (a) Ar; (b) Ny; (c) diluted Hy; (d) O, plasma treated on GO, and
(e) Ar; (f) N2 plasma treated on RGO.

In Fig. 4.20a, the Raman signal for 10 M of RhB on the Ar-GO is deconvoluted with nine

peaks, of which two are Gaussian peaks, and seven are Lorentz peaks. The two dominant peaks
at 1353 cm™ and 1647 cm™ are observed for RhB molecules on the Ar-GO. The EF of the gas
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plasma-treated samples is calculated using the equation used in section 3.4.5 (chapter 3); EF
of the RhB on the Ar-GO up to 1.3x10%; the EF for the N-GO, Ar-RGO, O-GO, H-GO, and N-
RGO, which are 9.4x103, 7.6x103, 7.3x10°, 4.8x10%, and 3.3x103, respectively, are shown in
Fig. 4.20b. The EF of 10* M RhB on the various gas plasma-treated GO, and RGO are given

in Table 4.3.

Table 4.3: SERS enhancement factors (EF) of 104 M RhB on the various gas plasma treated

GO and RGO substrates.

Gas plasma treatment EF of GO EF of RGO
Untreated 5.8x10° 3.2x10°
Ar 13.3x10° 7.6x10°
\P 9.4x10° 3.3x10°
02 7.3x10° -
H> 4.8x10° -

The EF of the plasma-treated samples Ar-GO, N-GO, Ar-RGO, O-GO, H-GO, N-GO,
and RGO increases up to 2.15, 1.53, 1.25, 1.18, 0.79, 0.54, and 0.52 times than the EF of GO.
For 10® M RhB, the peak at 1647 cm™, is noticeable on the H-GO and O-GO; its EF is about
0.4x10°. However, the SERS enhancement of RhB on Ar-GO is the highest among all samples.
The enhancement of the Raman signal of the RhB on GO and plasma-treated GO may be
contributed from the oxygen functional groups attached to the GO/RGO and surface defects

created during the gas plasma treatment.

10* M RhB on Ar-GO Q (b) RhB ——10%M
314 o Expt. d i" 1.2 —— 10-5 M
Fitted . 10° M

23-

—
3]
1

Intensity x 10° (Counts) &
(=]

0.0

Ar-GO N-GO Ar-RGO 0-GO H-GO N-RGO

1200 1320 1440 1560 1680
Raman shift (cm™) Samples

Fig. 4.20: (a) Raman spectrum and its deconvolution of 10 M RhB on GO; (b) analysis of the EF of 104, 107,
and 10 M RhB on Ar-GO, N-GO, Ar-RGO, 0-GO, H-GO, and N-RGO.
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In the case of H-GO, the defects/ functional groups are passivated by the H ions during the H-
plasma treatment on GO, which reduces the SERS signal for RhB molecules. Similarly, as the
RGO contains fewer functional groups than GO after the thermal annealing, the corresponding
SERS signal is reduced. So, the gas plasma treatment on GO improves the SERS EF for RhB

molecules.

4.6.6. SERS effect on Au nanoparticles, nano-composite of Au and reduced graphene
oxide, and nano-composite of Au and graphene oxide substrates

The SERS effect of RhB on Au NPs, AURGO, and AuGO are studied in Fig. 4.12. The
surface morphology of the Au NPs is analyzed in Fig.4.12(a, b).
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Fig. 4.22: (a) FESEM image of Au NPs; (b) Analysis of surface morphology using AFM image; SERS effect of
RhB on the (c) Au NPs; (d) AuGO; (d) AURGO; and (e) EF analysis of Au NPs and its nanocomposite of
GO/RGO with different concentrations of RhB.
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In Fig.4.12a, the FESEM image shows a random distribution of the Au NPs with sizes ranging
from 25-80 nm. The surface roughness and distribution of the Au NPs are analyzed using an
AFM image, as shown in Fig.4.12b. The root means square average (Rq) of the Au NPs is
obtained as 0.319 nm, and the arithmetic average (Ra) of Au NPs is obtained as 0.325 nm. The
SERS effect of the RhB is measured on the Au NPs, AuRGO, and AuGO, as shown in
Fig.4.12(c-e), respectively.

The SERS effect of dye molecules on the AuNPs is well explained using the mechanism
of electromagnetic effect (EE)?°. The SERS effect of RhB on the AURGO and AuGO may be
contributed both by the EE and CE; the CE is mainly due to the charge transfer from the
GO/RGO to the RhB molecules and vice versa. The EF of the RhB on the Au NPs, AuURGO,
and AuGO are calculated using the formula mentioned earlier. The EF of the RhB on the Au
NPs, AuRGO, and AuGO are 2.2x10%, 4.5x10%, and 7.2x10%, respectively. The contribution of
the EE for the EF of the RhB on the Au NPs is 2.2x103. It is well known that the Au NPs enrich
the EF from the EE mechanism. Further, the EF of the RhB on the composite of AURGO and
AUGO are 4.5x10°% and 7.2x103, respectively. Thus, the EF of the composite of AURGO and
AuUGO is higher than the individual Au NPs or RGO/GO due to the former's combined effect
on the EE and CE. Whereas the lower concentration at 10° M of RhB on the AURGO has a
lower enhancement factor than on Au NPs; this may be due to the non-uniform distribution of
the Au NPs concerning their size and shape as well as the tendency to coagulate, which cause
undesired variation in the SERS signals®®. However, the EF on the Au NPs depends on the size,
shape, and distribution of the Au NPs on the substrate?’. In the present case, Ar plasma treated
GO is found to possess the highest EF among all the samples. Thus, the plasma-treated GO can

be explored further and exploited in low-cost SERS sensing applications.

4.7. Conclusion

In summary, extra-large GO sheets are exfoliated using a cost-effective mild heating
technique. Subsequently, the attached oxygen functional groups are removed using thermal
treatment without changing their size. The microscopic structure of the GO is studied using the
optical microscope, FESEM, AFM, and FETEM imaging. The signature of the GO and RGO
has been confirmed from the XRD, Raman, XPS, and FTIR analyses. The structure of GO and
RGO is modified using gas plasma treatment on the GO and RGO, which is evidenced from
the Raman analysis with shifting of peak positions, FWHM of peaks, D"-G, and Ip/lg, and
substantiated by FTIR analysis. We have shown that the SERS effect of the RhB on the
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GO/RGO is selectively more enhanced than the MO, MB, and RB dyes due to the high charge
transfer between the RhB molecules and GO/RGO samples. The EF of the GO and RGO are
obtained as 6.2 x10% and 3.22 x10%, which are increased to 1.33 x10%, 9.52 x103, 7.74 x103,
7.35 x10° for Ar-GO, N-GO, Ar-RGO, O-GO, respectively. Ar plasma treated GO substrate
exhibits the highest EF among all the substrates for RhB detection, owing to the strong
coupling dye molecules on the defect sites of GO. The SERS effect is also improved on the
composite AuGO than the individual Au NPs or GO/RGO owing to the contribution
of EF from both EE and CE for RhB dye detection. This study unveils the application of large-
area graphene-based sheets for SERS application and the role of low-power plasma treatment

on the metal-free substrates for its exploitation in low-cost SERS sensing applications.
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Chapter 5

Fabrication and Analysis of Photodetector Devices based
on Surface Modified Graphene Oxide and SnO3-
Graphene Oxide Hybrid

This chapter deals with the fabrications of interdigitated electrodes (IDE) for photodetector
devices using the UV lithography technique. As-grown graphene oxide (GO) and GO annealed
at different temperatures, such as 50 °C, 85 °C, 120 °C, and 230 °C are characterized using the
XRD, Raman, and I-V measurements. The characteristics of photo response are analyzed on
the as-grown and annealed GO, Ar plasma treated GO and nano hybrid of GO and SnO..
Various features of photocurrent are compared among the different samples and device
parameters such as photo-response, response time, responsivity, and detectivity are studied. It
is shown that Ar plasma treated GO has the best photo detection performance among all

samples.

5.1. Introduction

GO! and its derivative materials ((reduced graphene oxide (RGO)? and graphene
quantum dots (GQDs)?) have potential applications in almost every field of applied science and
engineering; due to the tunable properties such as electrical conductivity*®, surface defects®’,
bandgaps®®, optical transparency®®, lateral size'!, etc'?!3. The photodetector is one of the
applications used in military surveillance?, self-control vehicles, self-power photosensor4,
wearable devices™, bio-sensing®, flexible sensors'®, and home uses!?. The existing
semiconductor-based photodetectors exhibited various drawbacks such as cost, complex
fabrication process, fixed bandgap, a hazard to environments, and limited availability of
materials’. The properties of the semiconductor materials are not flexible as compared to the
GO-based materials in terms of the tunable bandgap, sensitivity, fast responsivity, flexible,

self-bias, etc®.

The property of pristine graphene is limited to use as a good photodetector device due
to the high transparency, no band gap, and fast carrier recombination. However, these
limitations are overcome by oxidation of graphene into GO/RGO and the creation of structural

defects used as charge carrier trappers, which are low cost, easily dispersible in solution, and
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easily fabricated into the device. The bandgap of the GO ¢2.2 eV) and RGO (1.1 eV to 1.9 eV)
can be altered by changing the concentration of oxygen functional groups!®. RGO-based
photodetectors detect a large spectrum of wavelengths from IR to UV regions. The structural

defects on the surface of RGO enhance the performance of the IR-detector?.

Further, photodetectors made with heterostructures and nano hybrids of GO can
enhance their photo responsivity and detection spectrum. A cost-effective, reproducible, high-
quality, easily modifiable, and adjustable photodetector is required. It can be solved by using
hybrid of GO-based materials with SnO2 NPs. SnO2 NPs are basically semiconducting with
large surface area materials, and their absorbance is observed in the UV regions. The
combination of GO/RGO with SnO> NPs has enhanced the UV response. Due to the low
photoresponse of GO and RGO, the photoresponse of the hybrid material using SnO,/GO can
be enhanced. The photodetector performance of the SnO> NP and GO/RGO can be improved

after various treatments such as gas plasma treatment and thermal annealing.

5.2. Experimental Details

5.2.1. Synthesis of graphene oxide, reduced graphene oxide, and graphene quantum
dots

The previous chapters explain the synthesized large lateral size GO and further reduced
the oxygen functional groups from the drop-casted GO using thermal treatment. Again, GQDs

Table 5.1: Description of the samples with sample codes.

Sample code Descriptions
GO-RT GO dried at room temperature
GO-50 GO dried at 50 °C
GO-85 GO dried at 85 °C
GO-120 GO dried at 120 °C
GO-230 GO dried at 230 °C
Ar-GO Ar plasma treated on GO-85
SO Nanoparticles (NPs) of SnO>
SO-GO Nano hybrid of SnO2 NPs on GO layer
SO-RGO Nano hybrid of SnO2 NPs on RGO layer
GQDs-SO Nano hybrid of GQDs on SnO2 NPs
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are synthesized from the GO solution using a hydrothermal method assisted by a tip-sonication

process that was discussed in chapter 2.

5.2.2. Fabrication of Inter digitated electrode (IDE)

The 10 um channel-IDE electrodes are fabricated using UV lithography techniques
shown in Fig. 5.1. A 300 nm thick SiO2 on Si substrate is cleaned using three steps: (a) the
substrate is deep in the Piranha solution (8:1 of H.SO4 in H20> solution) for 15 minutes to
remove the unwanted particles present on the substrate. The substrate is rinsed in the de-ionized

water and then dry it using N2 gas. (b) The substrate is sonicated for 15 minutes in the ethanol

Spin Coater
——

Substrate PR Coating

Laser
r Dipping in
developer

Development Exposure

Thermal/ E-beam
Evaporator

IDE Pattern

Dipping in

/ Acetone

Metal Deposition

Metal Etching

Fig. 5.1: Schematic illustration for fabrication of IDE pattern on SiO2/Si substrate.

solution. Finally, (c) the substrate is sonicated in acetone solution for 15 minutes and dried
after being rinsed in water. Positive photoresist (MicroChemicals GmbH: S1813) is deposited
on the cleaned SiO2/Si at 3500 RPM for 60 s by using spin coater (Apex instruements:
spinNXG-M1). Moreover, the positive photoresist (PR) thickness is at~1 um. The deposited
substrate is baked on a hot plate for 3 minutes at 130 °C and slowly reduced to 60 °C after 3
minutes. The substrate is placed inside the UV exposer stage, just below the microscopic
optical lens (20x) for exposing the UV light. The desired IDE pattern is designed in K-layout
(software tool) and executed program in the system software (DilaseSoft).

After completion of the exposure, the substrate is removed from the system to develop
the pattern. The substrate is dipped in the developer solution for 60 s, and then rinsed with de-

ionized water. Once the patterns are developed, the metallization process is done in the

TH-2752_136153005



124|Page FABRICATION AND ANALYSIS OF GO-BASED
PHOTODETECTOR
thermal/E-beam evaporator system. The substrate is placed on the sample holder inside the
evaporator chamber; the inside pressure of the chamber is evacuated up to 5.8 x 10 mbar
using a turbo-molecular vacuum pump (Pfeiffer vacuum) supported by a rotary vacuum pump.
The wanted vacuum pressure is achieved after 6 hours of a continuous run of the vacuum
system. The substrate is deposited by 10 nm thick Cr using an E-beam evaporator and then by
20 nm of Au using a thermal evaporator. After metal deposition, the substrate is taken for the
metal lift-off process; the 130 “C baked substrate is dipped into the acetone solution for 3
minutes and shaken in the container gently. Thus, the 10 um channel IDE pattern is fabricated
using UV lithography.
Now, the IDE pattern is composed of two parts: fringes and two metal pads. Fringes
are made in dimensions of 10 um width of a metal fringe and 10 um of the minimum gap
between two adjacent metal fringes. Each dimension of the metal pad is 2.5x1 mm? in width

and length, sufficient for electrical probing with metal tips.

5.2.3. Synthesis of nano hybrid of SnO2 on graphene oxide

A composite of GO and NPs of SnO> (Aldrich) is synthesized using drop-casting NPs
of SnOz on the GO sheets. At first, 2 ul of GO solution is drop-casted on the pattern and dried
in an open environment. 3mg of~100 nm NPs of SnO> are dispersed in the 20 ml of de-ionized
water using the tip-sonication process for 30 minutes. 2 ul of dispersed NPs are drop-casted
on the GO sheets where they are placed on the IDE pattern. The device is dried for 45 minutes

at 85 °C on the hot plate.

5.2.4 Characterization Techniques

The morphology of the GO, annealed GO, and IDE pattern on the SiO2/Si was observed using
a field emission scanning electron microscope (FESEM) (JEOL, JSM-7610F). The thickness
of the IDE patterns was studied using an atomic force microscope AFM (Bruker, Innova), and
data were analyzed using analysis software (NanoScope Analysis 1.5). The structural analysis
of the GO and annealed GO was studied using XRD (Rigaku, RINT 2500 TTRAX-II1), with Cu
Ka radiation as a source of x-ray and a scanning speed of 3 °/min. The structural defects and
functional groups attached to the graphitic carbons of GO and annealed GO were studied using
Raman spectroscopy (Horiba, LabRam HR) with the wavelength of 532 nm as a laser source
using a 100x optical lens. The functional groups attached to the GO and annealed GO were
studied using an X-ray photoelectron spectroscopy (XPS) (PHI X-tool, ULVAC-PHI INC) with
Al K, as an X-ray energy source at 20 kV and 54 W. The functional groups of the GO/annealed
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GO were studied using the transmittance mode of the Fourier transform infrared (FTIR)
spectroscopy (Perkin Elmer, spectrum BX). The photoluminescence (PL) of GO solution was

measured using the fluorimeter (Horiba, Fluromax-4) using 360 nm excitation.

5.2.5 Photodetector set-up

A customized photodetector system is used for the photo-response measurement,
shown in Fig. 5.2. It consists of a microprobe station (ECOPIA, EPS-500), a source-measure
unit (Keithley 2401), a 405 nm diode laser (CNI Laser), a monochromator (Oriel Instruments),

a pulse generator (Scientific), and a focusing lens.

Pulse Laser
generator| |__source cPU PC

KickStart

2401
Source Meter

Probe station

Fig. 5.2: lllustrated schematic diagram of a photodetector measurement system.

At first, the device is placed on the micro-probe station, and two gold-coated micro-tips
are engaged on both sides of the metal pads of the device. The metal probes are connected to a
source-measure unit (Keithley 2401) which is further connected to the personal computer
through a GPIB cable. A laser source is focused on the device to measure its photo-response;
it has an adjustable laser power. A pulse generator is connected to the laser source to provide
a pulse form of laser to the device to measure the ON/OFF response. All the response activities
are controlled and acquired using KickStart software.
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5.3. Results and discussions

5.3.1. Morphological and structural analysis

A cross-section area of (120 x100) um? of GO sheet with wrinkles is observed in the
FESEM image, shown in Fig. 5.4a. A magnified image of the wrinkled is shown in
the inset of Fig. 5.4a. The structural analysis of the GO and different annealed GO samples are
studied using XRD (Fig. 5.4b) and Raman spectra (Fig. 5.4c). XRD pattern of the GO samples
dried at room temperature (GO-RT) is obtained in the (002) plane at 10.9° of 20, which is owing
to the highly oxidized GO/ highly oxygen functional groups attached to GO sheets?:%2,
Similarly, GO annealed at 50 *C (GO-50) is also attained at 10.9 °. GO annealed above 50 °C
suppressed the significant GO peaks at 10.9° and shifted towards the graphitic peak at 26.3°.
Interestingly, GO-85 (GO annealed at 85 °C) is flattered on both peaks (10.9° and 25.6°). The
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Fig. 5.3: (a) FESEM image; (b) XRD pattern and (c) Raman spectra of GO and different temperature annealed
GO; (d) In/lg of the different temperature of GO samples; XPS analysis of (e) annealed GO at 85 °C, and (f)
annealed GO at 230 °C.

peak at 25.6° is enhanced as the annealing temperature increases from 120 °C (GO-120) to 230
°C (GO-230). The GO samples' interlayer spacing (d) is calculated using Bragg's law (2d sin 6
= n\). The interlayer spacing (d) of the GO-RT and GO-50 was found to be ~0.81 nm; for GO-
85, GO-120, and GO-230 it was ~0.34 nm.

The Raman spectra of GO and annealed GO samples are analyzed in Fig. 5.4c. The
Raman spectra are measured from 800 cm™ to 2400 cm™; two prominent bands (D and G bands)

are? centered at 1350 cm™ and 1600 cm™. The intensity of the D and G bands are reduced as
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the annealing temperature of GO samples increase, but the position of the peaks is retained as
constant after different heat treatments. The change in the intensity of the Raman signals may
be influenced by the presence of oxygen functional groups on GO. Raman spectra are measured
on the different GO samples, which are complex to justify the nature of the GO from the
intensity of the peak alone.

In/lc analysis of the Raman signal is one parameter to define the GO samples' quality
(Fig. 5.4d). The reduction of Ip/Ig value indicates the restoration of the sp? hybridized structure
of thermal annealed GO. Due to the removal of oxygen functional groups attached to the
graphitic structure and the presence of the functional groups, it leads to a change in the sp? to
sp?. The I/l ratio of the annealed sample was negligibly changed from 0.968 to 0.964 for GO-
RT to GO-85; it may be because the 85 “C annealing cannot remove the oxygen functional
groups in GO. At higher temperatures, its value is reduced to 0.95 for GO-120 and 0.91 for
GO-230. The reduction of the Ip/lg value is shown by removing the loosely bounded oxygen
functional groups from the GO, which is supported by the TGA analysis of GO and RGO,
analyzed in section 3.2.2 (chapter 3).

The XPS analysis of the thermal annealed GO at 85 °C and 230 °C is shown in Fig.
5.3e and Fig. 5.3f. The strong presence of C-O and C=0O functional groups in the GO-85 is
indicated in the 286 eV and 288.9 eV, respectively?*. Moreover, the signified oxygen functional
group (C-O) at 286 eV is flatted after thermal annealing of GO at 230°C. This shows that
removal of C-O functional groups from GO after thermal annealing at 230 °C leads to restoring
the GO's graphitic structure.

FTIR spectra of the GO and thermal annealed GO are studied in the presence of oxygen
functional groups and graphitic structure (sp® and sp? carbon bonds), which is shown in Fig.
5.4. The transmittance peaks of FTIR for GO and annealed GOs are concentrated in the range
from 900 to 3600 cm™. The peaks range from 950 cm™ to 1480 cm™ are comprised of the
oxygen functional groups. The peaks of C-O (alkoxyl group) at 1057 cm™, O-C=0 at 1228 cm"
! C-OH at 1391 cm™, C=C at 1630 cm™, and C=0 at 1722 cm™* are more prominent in GO-
RT, GO-50, and GO-85%>2,

The intensity of the corresponding peaks for the C-O and O-C=0 functional groups are
suppressed in GO-120 and GO-230 compared to the previous case. The peaks at 3400 cm™
related to -OH appears in the spectra for both GO and all annealed GO samples except GO-
230; these may be due to the absorption of water from the atmosphere during the preparation

of samples. The signature peak at 1630 cm™ corresponding to C=C bonds is observed on all
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the samples. The absorption peak arising from the carbonyl group (C=0) at 1740 cm™ are
present in all the samples, which is very hard to remove even after thermal treatment. From the
XPS and the FTIR analyses, it is evident that the oxygen functional groups are reduced in GO-

230 compared to the other GO samples.
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Fig. 5.4: FTIR analysis of as-grown GO and different temperature annealed GO.

5.3.2. UV absorption and PL studies of graphene oxide

UV absorption and Photoluminescent (PL) characteristics of GO-RT are shown in Fig.
5.5. UV absorption spectra of the GO-RT are analyzed in Fig. 5.5a. Two notable peaks at 235
nm and 300 nm are observed. A peak at 235 nm can be assigned to = — ©* transition or 7-
plasmon resonance common for extended sp? conjugated carbon sheet (C=C present within the
aromatic sp? hybridized carbon framework)*2. A slight hump-like shoulder is also seen at 300

nm, corresponding to n — 7* from oxygen-containing functional groups.

(@) ——Gort| ® 04{GoRT e Expt.
_ 3
3 (]
= 235nm:n—n* g0-3-
@ 300nm:n—1° -
(3}
E 2 0.2
]
& € 0.1
< i
o
0.0
300 400 500 600 700 425 510 595 680 765
Wavelength (nm) Wavelength (nm)

Fig. 5.5: (a) UV absorption of GO RT; and (b) PL analysis of GO RT.
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The presence of oxygen-containing functional groups is evident from the absorption
spectra of GO. A broader band in the range 400-780 nm is observed in the PL spectrum of GO-
RT (Fig. 5.5b). This band consists of three peaks, centered at 480 nm, 571 nm, and 665 nm,
arising from the disorder-induced defect states due to the sp® character of carbon with oxygen-
containing functional groups attached to graphene carbons. The presence of oxygen can
increase the number of (C—OH) and (C—0O—C) bonds due to the rearrangement of oxygen and
oxygen-containing functional groups with carbons. This consequently enhances the transfer of
resonance energy from O sites to the sp? clusters in the graphene lattice, contributing to a broad

PL emission®s.

5.3.3. Analysis of interdigitated electrode pattern

Fabricated 10um channel IDE studied the microstructure using FESEM and AFM images,
shown in Fig. 5.6. In Fig. 5.6a, a low magnification image of the IDE pattern with the large
metal pad is observed; this large area (2.5 x 1) mm is sufficient for probing the 0.5 mm diameter
probe for the measurement of photo |-V characteristics. The magnified image on the metal
fringes are shown in Fig. 5.6b; the clear separation of the metal fringes is observed in the
image, and the spacing between the consecutive metal fringes is obtained at~10 um. The IDE
is fabricated on the clean SiO2/Si substrate to confirm that it is essential for the fabrication and
working of a device.

An AFM image is shown in Fig. 5.6¢, which is captured between two consecutive metal
fringes of the IDE pattern. The gap in the spacing is measured~10 um; this is similarly attained
from the analysis of FESEM images. The thickness of the deposited metal is measured using
the height profile of the AFM image; it is obtained~30 nm (Fig. 5.6d). This thickness is
sufficient for measuring the device's I-V characteristic and sustaining the probing multi-times
on the same metal pad.

FESEM image of the GO sheets deposited on the IDE pattern is studied and viewed
in Fig. 5.6e and magnified image in Fig. 5.6f. Due to the extremely thin and transparent nature
of the GO sheets, the microscopic imaging of a GO sheet is difficult to spot and observe.
However, the presence of wrinkles and folds on the surface of GO determines the GO sheet on
the IDE pattern. In Fig. 5.6e, a large number of non-fashioned bright-line spots on the IDE
pattern are observed. The spots are spread across the metal fringes, which shows the GO sheet
is connected across the metal fringes, or GO sheets connect two electrodes. The magnified
image of the GO deposited IDE is monitored, and found the GO sheets are lying on top of the

metal fringes and connected to the electrodes.
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Fig. 5.6: (a) FESEM image of IDE (a) low magnification image; (b) high magnification image on fringes; (c)
AFM image on the two consecutive fringes; (d) Height profile of electrode thickness; (e) GO sheets on IDE; and

(f) GO sheets in between the metal fringes.

5.4. Electrical characterizations

5.4.1. IV characteristics of graphene oxide and different temperature annealed
graphene oxide

IV characteristics of the GO samples such as GO-RT, GO-50, GO-85, GO-120, and
GO-230 in Fig. 5.7. The current of the GO samples is measured from -2 V to 2V; observed the
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variation of current flow based on the annealed temperature of GO. The characteristics of the
IV seem like non-ohmic nature and semiconducting behavior?’. GO-RT is highly insulating
and obtained a very low current compared to the other annealed GO samples. The flow of
current is increasing as we increase the temperature of annealing in GO; when 1 V is applied
in the GO-based devices, the flow of the current in the GO-RT, GO-50, GO-85, GO-120, and
GO-230is 29 nA, 1.6 pA, 7.4 A, 14 pA, and 0.6 mA, respectively shown in Fig. 5.7a. Table
5.2 explains the flow of current on the different temperature annealed GO samples concerning

the applied voltage.

The improvement of current for the GO samples is obtained; such as the current of GO-
50 is enhanced up to 55 times from GO-RT; GO-85 is improved 4.6 times from GO-50; GO-
120 is enhanced 4.6 times from GO-85, and GO-230 is increased 42 times. The highest current
improvement is observed from GO-RT to GO-50; it may be due to the removal of moistures

contained in the GO-RT after being heated at 50 °C. The FTIR analysis supports it.

Table 5.2: I-V characteristics of different temperature annealed GO samples

Voltage Dark current (A)
V) GO-RT GO-50 GO-85 GO-120 GO-230
-2 -1.9 x 107 -4.1 x 10°® -9.3x10° -6.3 x 10° -1.2x10°®
-1 -5.4 x 10°° -3.8 x 10”7 -1.2 x 10°® -1.2x10° -6.7 x 10
1 29x10%® 1.6 x 10 7.4 x10° 1.4 x 107 6.1 x10%
2 1x 107 3.1x10° 8.2 x 10°® 8.2 x 10° 6.1 x 10%

Similarly, GO-230 has 42 times enhanced flow of current compared to GO-120 (Fig. 5.7b) due
to the removal of the oxygen functional groups attached to the GO-120 and restoration of the
sp? graphitic structures. The removal of oxygen functional groups from GO-230 compared to
GO the XPS, and FTIR analysis confirm 120. The IV characteristics of the GO and annealed
GO samples confirmed that the attached oxygen functional groups disturbed the graphitic

structure of the GO and induced structural defects.
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Fig. 5.7: Dark 1V characteristics of (a) GO and annealed GO, and (b) Comparison of GO-120 and GO-230.

5.4.2. IV characteristics of graphene oxide (GO) under dark and light

The IV characteristics in the dark and under light on the annealed GO samples are

analyzed in Fig. 5.8.
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Fig. 5.8: IV characteristics of dark and light (405 nm) of (a) GO-RT; (b) GO-50; (c) GO-85; and (d) GO-230.
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In the light condition, the GO-based two-electrode device is exposed by laser (405 nm); the
applied power of the laser is calculated to be 16.5 mW/cm?. The current flow is improved for
all the devices under the photo environment. The IV curve is measured from -2V to 2V. In Fig.
5.8a, the change of current flow in the GO-RT is increased up to 21 nA after being exposed to
the laser and the applied bias voltage is 2V; the change in the current is still very low. In the
case of GO-50, the enhanced current is 0.76 WA after being exposed to the laser, which is

observed in Fig. 5.8b.

The flow of the photo-induced current is much improved in GO-50 compared to GO-
RT. Likewise, the increased photocurrent of GO 85C is 0.61 pA (Fig. 5.8c), which is as
compared with the GO 50C. A similar pattern of change in the dark current is observed in the
previous discussion in section 5.5.1. Besides, the flow of current in the GO-230 (Fig.5.8d) is
increased up to 85 YA under the light condition. The GO-230 is like ohmic contact, which
behaved most likely as a metal other than a semiconductor. So, use of GO-230 is not favoured
use in photodetector devices. The stability of the photodetector device is better in GO-85 due
to the removal of unstable oxygen functional groups from the GO. As a result, GO-85 is chosen

as GO for the photodetector device and its relevant studies.
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Fig. 5.9: Wavelength dependent photoresponsivity of GO-85.

The responsivity of the GO-85 is studied in a different wavelength of the laser source, shown

in Fig. 5.9. Responsivity is the amount of photocurrent generated by a unit of optical power.
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The highest photo response of GO-85 is 2.4 when exposed by 405 nm, as compared to the other
wavelengths such as 532 nm, 630 nm, and 808 nm.

5.4.4. Photo and dark 1-V characteristics of Ar plasma treated GO, and nano hybrid of
SnO2NPs on GO-85

The 1-V characteristics of the Ar-plasma treated GO (Ar-GO) and nano hybrid of SnO>
NPs and GO (SO-GO) samples are measured in dark and light (405 nm laser), as shown in Fig.
5.10. The Ar-GO photodetector is fabricated by: GO solution is dropped cast on the 10 um
channel IDE pattern, the sample is dried at 85 °C for 45 minutes; then it is exposed to the Ar
plasma for 30 s. The photodetector device is placed on the micro-probe stage and probes the
two micro tips on the electrode pads. And the micro-tips are connected to the source meter
(Keithley, 4201); the source meter is connected to the personal computer through GPIB to USB
cable. The measurement of the IV characteristics is done by using LabTracer 2.9 software. The
laser vertically falls on the devices. The power of the laser can be controllable and automatic
ON/OFF the laser power by using a function generator. The voltage is measured from 0 V to
2.5 V. In Fig. 5.10a, Ar-GO is measured for its I-V characteristics with and without a light
source. The flow of current on the Ar-GO is increased from 1.2 pA to 1.96 YA after exposure

to light. The change of current is measured at 0.75 pA. In Fig. 5.10b,
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Fig. 5.10: IV characteristics of dark and light environment of (a) Ar plasma treated GO (Ar-GO); (b) Nano
hybrid of GO and NPs of SnO,.

the nano hybrid of the SnO> NPs and GO-85 is obtained at 4.32 pA for dark and 4.98 pA for
light. The change of current is 0.65 HA. The applied power of the laser is calculated to be 15.8
mwW/cm?,
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5.4.5. Photocurrent of GO-85, Ar plasma treated GO, and nano hybrid of SnO2 NPs on
GO-85

Photocurrent of the GO-85, Ar-GO, and SO-GO are analyzed in Fig. 5.11. The photocurrent
(lpn) is defined as the current difference between light current (liignt) and dark current (lgark).
Hereby, liignt is defined as the amount of current flow to the device when the illumination of
light on it; lqark is defined as the amount of current flow to the device in a dark environment.
The illuminated wavelength of the laser is 405 nm and the density power of the incident laser
is 16.5 mW/cm?. In Fig. 5.11a, the GO-85's dark current is increasing as the number of
ON/OFF cycles increases. The origin of the continuous increase in the baseline/dark current is
not very clear. However, a change in the dark current with time is commonly observed in
photodetectors?®-3°. The magnitude of the photocurrent is almost constant for many ON/OFF
cycles, which is unrelated to the reduction in GO due to light illumination3!. The Iph of the
GO-85 is 81 nA. In the case of Ar-GO, the dark current is almost retained constant at 5.7 HA
for all the NO/OFF cycles shown in Fig. 5.11b.

The Iph of the Ar-GO is 1120 nA. The dark current of the Ar-GO is increased after
plasma treatment on the GO-85. The Ipn of Ar-GO is equal for all the number of ON/OFF cycles
which frequency is set to 0.05 Hz. The SO-GO obtained the Iy of 362 nA, the photo-induced
current on the nano hybrid of SnO2 NPs on GO-85 shown in Fig. 5.11c. Three different GO-
based materials are exhibited different photo-induced currents such as 81 nA, 362 nA, and 1120
nA for GO-85, SO-GO, and Ar-GO, respectively. The SO-GO is improved the I,n may be due
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Fig. 5.11: Photo-response of (a) GO-85; (b) Ar-GO; and (c) SO-GO.

to the increasing of charge carriers into the GO-85 after light illumination. In contrast, the
surplus increase of Ipn for Ar-GO may be due to the creation of defects and removal of a certain

amount of oxygen functional groups leading to an increased photo-induced current.
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5.4.6. Time response of GO-85, Ar plasma treated GO, and nano hybrid of SnO2 NPs on
GO-85
The time response is an important parameter to calibrate the quality of a photodetector
device. It is investigated from the photocurrent presented in the above section 5.5.5. A
photodetector's response time is divided into two: rise time or response time (trise) and decay
time or recovery time (tdec). Trise IS the amount of time required to reach the liight from lgark. It is
calculated from 10% of the lgark to 90% of liight Of time. Similarly, tqec is defined as the amount
of time required by a device to return the dark current from the light current; the amount of

time required from 90% of liignt to 10% of lgark.
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Fig. 5.12: Time response analysis of (a) GO; (b) Ar-GO; and (c) SO-GO.

In Fig. 5.12a, the trise and tqec Of the GO-85 are 2.4 s and 6.2 s. The value of Trise iS
calculated from the slope of a fitted exponential growth curve of an ON/OFF cycle of the
photocurrent graph, shown in Fig. 5.12a. Similarly, the value of tqec is calculated from a slope
of a fitted exponentially decay curve of an ON/OFF cycle of the photocurrent graph. The fitting
of the related curves is drawn in the Origin 8.5 tool. From Fig. 5.12b, the trise and tgec Of the Ar-
GO is 0.55 s and 3.4 s. Furthermore, Fig. 5.12c is shown that the trise and tgec Of the SO-GO is
6.8 s and 7.4 s, respectively. Thus, Ar-GO is improved the tise to 4.3 times from the GO-85,
and 12.3 times from the SO-GO. The tgec to 1.8 times from the GO-85 and 2.1 times from the
SO-GO. Asaresult, Ar-GO has obtained a fast response and recovery time compared to others.
The analysis of trise and tgec for GO-85, Ar-GO, and SO-GO, it is confirmed the response time
are not equal. It may be due to the creation of structure defects by plasma treatment and the
creation of nano hybrid affected the photo response of the devices. The slower response time
of the GO and related materials may be due to the trapping charge carriers®?; the presence of
rich oxygen functional groups in GO may trap charge carriers which result slow response
time®!. And, Trapping increases the recombination lifetime of the charge carrier®®, which

manifests as a significantly longer response time.
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5.4.7. Voltage-dependent study of GO-85, Ar plasma treated GO, and nano hybrid of
SnO2 NPs on GO-85

The change of response current with respect to the bias voltage on the GO-85, SO-GO,
and Ar-GO is analyzed in Fig. 5.13. The photo response of current is studied by varying the
bias voltage from 0 to 2.5 V for all the samples. In Fig. 5.13a, the photo response at the 0V and
0.1 Vis nil; but the response is increases as increasing the bias voltage up to 2.5 V. A prominent
change of current from 38 nA to 81 nA then 118 nA after applying the bias voltage of 1.5 V,
2V and 2.5 V, respectively. This enhancement of response current may be due to the bias

voltage are suppressed the activation voltage to flow the current on GO-85.
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Fig.5.13: Voltage-dependent studied on (a) GO-85; (b) SO-GO; and (c) Ar-GO.

In Fig. 5.13b, the response current is nil for the bias voltage from 0 to 0.5 V; the flow
of current is increases as the applied voltage increases afterward. The prominent change of
response current is observed from the 1.5 V to 2 V of bias voltage which is 220 nA. The
reduction of the response current down to 280 nA after applying the bias voltage of 2.5V
unusual. In Fig. 5.13c, the response current is not observed up to the bias voltage of 0.5 V for
the Ar-GO; the response current is enhanced after applying the bias voltage of 0.5V and above.
A drastic increase in response current is detected linearly. 380 nA of current is flown after
applied bias voltage of 1V, which is nearly negligible when applied bias voltage of 0.5 V.
Again, 620 mA of response current is increased from the applied bias of 1.5 v to 2V. Thus,
Ar-GO has obtained a higher flow of response current compared to the GO-85 and SO-GO,
which may be due to the creation of surface defects and restoration of the graphitic structure
after Ar plasma treatment. The dark current of the photodetector device can be reduced further
using various processes. Such as the formation of heterostructure layers, composite with
different bandgap materials, increase in the thickness of the active layer, blocking the charge
recombination during the operation, and increasing the charge trapping sites®*3¢. Thus, the
photo-response can be improved by forming multi-layer active materials decorated with Au

nanoparticles.
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5.4.8. Excitation power study of GO-85, Ar plasma treated GO, and nano hybrid of
SnO2 NPs on GO-85
Excitation power study on GO and its related materials is analyzed in Fig. 5.14. The
density power of the 405 nm laser is analyzed from 0 to 16.5 mW/cm?. The change in the
exposed laser's power density has affected the devices' photocurrent while the applied bias

voltage is kept at 2V for all devices.
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Fig. 5.14: Analysis of power density effect on the photocurrent of (a) GO; (b) Ar-GO; (c) SO-GO.

In Fig. 5.144a, the photocurrent of the GO-based device is responded to after the power
density of 0.42 mW/cm? exposed on the GO-85. Thus, the photocurrent intensity increases with
the illuminated laser power density. The photocurrent of GO-85 is obtained to 68 nA at 3.6
mW/cm? and 118 nA at 16.5 mW/cm?. Further, the effect of laser power density on Ar-GO is
analyzed in Fig. 5.14b; 0.42 mW/cm? and above generate photocurrent for all the devices. The
photocurrent of the Ar-GO is attained to 160 nA at 3.6 mW/cm? and 1120 nA at 16.5 mW/cm?.
In SO-GO (Fig. 5.14c), the photocurrent is more sensitive at a lower power density than at
higher power. 320 nA of photocurrent is generated at 3.6 mW/cm? and afterward, the
photocurrent response is saturated even if the power density is increased up to 16.5 m\W/cm?.
Ar-GO based photodetector device exhibited higher photocurrent as the illuminated laser's
power density increased on the sample. The curve can be fitted with two linear lines, one in the
low-power density region and another in the high-power density region.

5.4.9 Responsivity (R) and Detectivity (D)

The responsivility (R) and detectivity (D) of GO-85, Ar-GO, and SO-GO are calculated,
which is used to determine the performance of the fabricated devices. R can be calculated by
using the formula given below®’:

__Iph
PA
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Whereas, Ipn is the photo-induced current; lpn = light-ldark. And P is the incident power density
of the illuminated light on the sample, and A is the effective area of the device. The value of
PA is calculated to be 0.31 x 10 W, The value of the R (Table 5.3) for GO-85, SO-GO, and
Ar-GO is obtained to 0.39 mAW, 1.07 mAW, and 3.7 mAW, respectively. The R of the
Ar-GO is improved 3.5 times of the GO-85 and 2.7 time of the SO-GO. Ar-GO is better
responsivity as compared to SO-GO and GO-85. The performance of the photodetector device

can be improved by the Ar plasma treatment or synthesis of nano hybrid of SnO> NPs.

Table 5.3: Responsivity and detectivity of GO-85, Ar-GO, and SO-GO devices.

Devices Responsivity (MAW1) Detectivity (Jones)
GO-85 0.39 0.22 x 10%°
SO-GO 1.07 0.37 x 10%°
Ar-GO 3.7 1.22 x 10%

D of a photodetector device is a figure of merit and it is defined as the ability to detect weak
signals. Higher the value of D of a device is more suitable to detect a weak signal. D of the

GO-85, SO-GO, and Ar-GO devices can be calculated by using the formula given below?®:

b S V)
D=R ((qudark))

Whereas, q is the electronics charge. The value of the D for GO-85, SO-GO, and Ar-GO are

0.22x10% Jones, 0.37x10° Jones, and 1.22x10° Jones, respectively.

Table 5.4: A Comparative study of GO-based photodetector devices

Active material Responsivity (MAW1) Reference
RGO (film) 0.0043 o

Bilayer graphene 1 40

RGO (thin film) 2.7 4

Graphene 0.4 42

RGO (thick film) 0.27 43

SO-GO 1.07 Present work
Ar-GO 3.7 Present work

The D of the Ar-GO is improved to 5.5 times of the GO-85 and 3.3 times of the SO-GO. Herein,
the Ar-GO-based photodetector is exhibited better detectivity compared to other GO-85 and
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SO-GO. The R of the graphene oxide and its related materials are studied in Table 5.4. Ar-GO
is improved the R as compared to the other reported materials. The R and D analysis of the
GO-85, SO-GO, and Ar-GO devices, it is confirmed that surface-modified using the simplest
and easiest method, Ar plasma treated on the GO-85 can improve the performance of GO-based

photodetector devices.

5.5. Conclusion

In this chapter, we discussed the successful fabrication of an interdigitated electrode
(IDE) pattern on GO sheets using the UV lithography process. The channel width or minimum
distance between the two electrodes is made as 10 um, confirmed by the AFM and FESEM
images. The thickness of the metal electrode is 30 nm, measured from the height profile
analysis of the AFM image. The FESEM images observe the fabrication of the GO-based IDE
pattern. The changes in characteristics and properties of the GO after different temperatures
annealing, such as 50 °C, 85 C, 120 °C, and 230 °C are studied. The restoration of the graphitic
structure after annealing at 230 °C is authenticated from the XRD and Raman spectra analysis;
the shifting of 20 peak towards the 25.6° of the XRD spectra and reducing the value of Ip/lc
Raman spectra. The presence of oxygen functional groups is studied using XPS and FTIR
analysis; flattening of C-O peak at 286 eV after 230 C annealing of GO and removal of oxygen
functional groups related peaks from 950 cm™ to 1480 cm™ in the FTIR spectra. PL and UV

absorption also fortified the rich presence of oxygen functional groups in the GO-RT.

I-VV measurement of the GO and different annealed GO are studied and concluded that
higher the oxygen functional groups attached to GO disturbed the flow of current in the GO,
which leads to behaving like an insulator. The attached oxygen functional groups can regulate
the electrical properties of the GO on the GO. Three photodetectors are made by using GO-85,
Ar-GO, and SO-GO. The performances of the devices are compared, such as photocurrent (Ipn),
response time (Trise and Tdec), responsivity (R), and detectivity (D). Ar-GO photodetector
performs better than the other two, showing that the surface modification using the Ar-plasma
treatment improves the GO-based photodetector performance.
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Chapter 6

Fabrication of CO, Sensors Based on Graphene Oxide
Based 2D Materials and its Nano Hybrid with SnO;

This chapter concentrates on the fabrication and optimization of gas sensing devices using
RGO, GQDs, and its nano hybrid with SnO2 NPs.. The I-V characteristics of the sensing
material are measured and the change of current with an increase in temperature is analyzed.
The sensing response of the CO> gas is measured from 250 ppm to 5000 ppm, as the presence
of COz in the atmosphere is 410 ppm whereas the harmful concentration of CO> is above 5000
ppm. The sensing properties such as response time, sensitivity, repeatability, etc. are studied in
this chapter. The sensitivity of the RGO/SnOz is 9% and 4% for 5000 ppm and 1000ppm of
CO2 gas. The response and recovery times for RGO/SnO: is the 20s and 40s at 5000 ppm of
COz2. The RGO/SnO2 nano hybrid improved the sensing response by up to 50% as compared
to bare SnOx.

6.1. Introduction

Growing concerns about environmental conditions motivate researchers worldwide to
focus attention on developing effective methods for environmental monitoring and efficient
devices that run on low-power and are portable for on-site measurement.
In particular, CO> detection in ambient air has continued to be a challenge due to the stability
of the compound and interferences from several species, such as nitrogen dioxide (NOz) and
carbon monoxide (CO)!. Further, a CO sensor can be greatly beneficial to a wide range of
applications, including breath and blood analysis for medical diagnosis, portable gas detectors
for personal protection, and gas monitoring for climate control®. The increased emission of
carbon dioxide (COz2) and other greenhouse gases since the mid-20th century has been thought
to be the cause of the increase in the average near-surface air and ocean temperature of the
earth, a phenomenon known as global warming. Efforts are being undertaken to mitigate the
greenhouse gas concentration by monitoring and subsequently reducing CO2 emissions from
the combustion of fuel in vehicles and the burning of coal in power plants®. Therefore, it is
important to develop low-cost, sensitive, resettable sensors that can be used to monitor the CO>

concentration in industrial exhaust gases.
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Since the discovery of graphene in 2004, immense efforts have been focused on GO*.

This is because it is the most promising precursor to obtaining mass production of graphene
compared to micromechanical exfoliation and catalytic decomposition of hydrocarbons on
transition metals®. The presence of oxygen functional groups on the graphene sheets reduces
electron mobility typically becoming an insulator and thus removal of these functional groups
to restore its conductivity is a challenging task. Several approaches for a reduction process have
been reported such as hydrazine chemical treatment, thermal reduction, and gas plasma

treatment.

Besides, oxygen is known to have better charge transfer to planar defected graphite due
to the presence of defects, which results in stronger semiconducting characteristics for GO®.
GO containing numerous oxygen functional groups was too electrically insulated to be used in
a resistance-based sensor. As a kind of chemically/thermally derived graphene, RGO,
containing many dangling oxygen atoms which act as binding sites for gas analytes, was
appreciated to be studied and used for gas sensors’. Interestingly, change in the RGO by

adsorption/desorption of molecule may give rise to a significant effect on sensing behaviours®.

6.2. Experimental Details

6.2.1. Synthesis of RGO and GQDs

The graphite oxide was synthesized by using the simplified Hummer’s method and
further, exfoliated into GO sheets using a mild heating technique. The exfoliated GO sheets are
drop-casted on the SiO2/Si substrate and dried on the hotplate at 85 °C. Subsequently, GO
sheets are converted into RGO using thermal annealing at 360 “C. GQDs are synthesized from
the GO solution using a hydrothermal method assisted by a tip-sonication process. More details
of the synthesis process of graphite oxide, exfoliation of GO, and GQDs were presented in
Chapter 2.

Table 6.1: Summary of the samples studied and sample codes.

Sample codes Descriptions
SO SnO2 Nanoparticles
SO-GO SnO2 on GO nano hybrid
SO-RGO SnO; on RGO nano hybrid
GQDs-SO GQDs on SnO2 nano hybrid
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6.2.2. Fabrication of SnO2 NPs, nano hybrids of RGO, and GQDs devices

The interdigitated electrode (IDE) is fabricated using UV lithography. A 10 um channel
IDE is made together of multiple numbers of metal fringes; the minimum distance between the
two electrodes is 10 um. After the patterned IDE on the SiO»/Si substrate by UV lithography,
AU/Cr are deposited by a thermal/e-beam evaporator. The detailed process steps for the
fabrication of IDE are explained in section 5.2.2 of chapter 5.

The SO sensor is made by depositing the SnO> NPs on the IDE pattern. An average of
100 nm size SnO2 NPs is purchased from Sigma Aldrich. 5mg of SnO> NPs is added to a 50
ml beaker containing 30 ml of de-ionized water. A bath-sonicator disperses the solution for 30
minutes. Then, 10 pl of the solution is drop-casted on the IDE pattern and dried at 85 °C for 60
minutes. Thus, the SnO> sensor (SO) is made and characterized for further analysis.

SO-RGO sensor is fabricated by deposition of SnO2 NPs on the RGO, which was placed
on the IDE pattern. The exfoliated GO sheets are drop-casted on the IDE pattern and dried on
the device on the hot plate at 85 °C for 60 minutes. Afterward, the device is placed inside a
quartz tube using a quartz boat for vacuum annealing. The device is heated at 360 °C for 60
minutes to remove oxygen functional groups attached to the GO sheets. The process of vacuum
annealing followed the same steps to synthesize RGO from GO using the thermal annealing
method explained in chapter 2.

GQDs-SO sensor is fabricated using 10 pl of GQDs dispersed in the water solution and
drop-casted on the SO sensor. The synthesis of the GQDs is explained in chapter 2. The device
is dried at 85 °C on the hot plate for 60 minutes. This is the simplest method to fabricate the
SnO2 NPs, RGO, and GQDs hybrid devices.

6.2.3. Characterization techniques

The morphology of the RGO, GQDs, SnO2 NPs and their nano hybrids on the SiO2/Si
were observed using a field emission scanning electron microscope (FESEM) (JEOL, JSM-
7610F). High resolution image and selected area electron diffraction (SAED) pattern of the
SnO2 NPs was examined using a field emission transmission electron microscopy (FETEM)
(JEOL, JEM-2100F), operated at an accelerating voltage of 200 kV. The structural analysis of
the RGO, GQDs, SnO2 NPs and their nano hybrids were studied using XRD (Rigaku, RINT
2500 TTRAX-III), with Cu Ka radiation as a source of x-ray and a scanning speed of 3 °/min.
The structural and functional groups attached to the RGO, GQDs, SnO2 NPs and their nano

hybrids were studied using Raman spectroscopy (Horiba, LabRam HR) with the 532 nm laser

TH-2752_136153005



148 |Page FABRICATION OF CO2 SENSOR BASED ON RGO, GQDs,
AND IT’S COMPOSITE MATERIALS

using a 100X optical lens. The functional groups attached to the RGO, GQDs, SnO, NPs and
their nano hybrids were studied using an X-ray photoelectron spectroscopy (XPS) (PHI X-tool,
ULVAC-PHI INC) with Al Ka as an X-ray energy source at 20 kV and 54 W. The functional
groups of the nano hybrids of SnO, and RGO was studied using the transmittance mode of the
Fourier transform infrared (FTIR) spectroscopy (Perkin Elmer, spectrum BX). The
photoluminescence (PL) of SnO> NPs was measured using the fluorimeter (Horiba, Fluromax-
4) using 360 nm excitation. I-V measurements for CO2 sensors were performed using a home-
made set-up with a source measure unit (Keithley 2400, Germany) and the data were retrieved

using KickStart Instrument control software (version 1.9.8).

6.2.4. Gas sensing set-up

A CO; gas sensing system is a set-up by assembling various parts such as a probe station
with a temperature controller, a source-measure unit (Keithley 2401), a gas flow reader and
controllers (MKS), high purity gas cylinders (5000 ppm of CO2, and 99.999% of N>), a vacuum
system, and a personal computer with KickStart tool. The schematic illustration of the
customized system is shown in Fig. 6.1. The vacuum supported probe station with substrate
holder is heated at 120 °C for 6 hours by using the metal hot plate placed inside the vacuum
chamber. This process removes the attached water vapors and humidity inside the chamber
with the support of a rotary vacuum pump. The pressure inside the chamber is reduced to 1.6

x 102 mbar.
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Fig. 6.1: Schematic diagram of the CO, gas sensing system.
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Then Nz is pursued inside the chamber for over 30 minutes to remove the impurities/ unwanted
gas presence inside the gas line tube. Similarly, CO2 (5000 ppm) is pursed inside the chamber
for 30 minutes to remove the other gases trapped inside the tubes. The pursing of the gas
process is done in vacuum environments. After that, the main gas valve is closed, and the
sample is loaded inside the chamber. The fabricated device is placed on the probe station and
probed the tips to measure the electrical characteristics.

Before measuring the gas sensing parameters, removing water vapors and flushing the
impurity gas are done. Thus, the device is placed on the micro-probe station, and two gold-
coated micro-tips are engaged on the metal pads of the device. The metal probes are connected
to a source measure unit (Keithley, 2401) which is further connected to the personal computer
through a GPIB cable. The ON/OFF response of the CO2 sensor is controlled by manually
stopping the flow of CO, gas supplied into the chamber. All the response activities are

controlled and acquired using KickStart software.
6.3. Results and discussions

6.3.1. Morphological analysis
The morphological studied of the SnO2 NPs using FESEM and FETEM is disclosed in
Fig. 6.2. A uniform distribution of SnO2 NPs on the SiO>/Si is observed in the FESEM image

Fig. 6.2: FESEM image of (a) SnO, NPs; (b) nano hybrid of SnO, and RGO. (c) FETEM image of SnO, NPs
(inset: SAED pattern); and (d) HRTEM image of SnO, NPs.
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(Fig. 6.2a). In Fig. 6.2b, RGO sheets and the SnO> NPs are seen; a random scatter of NPs, and
RGO sheets (dark color) are associated. The FETEM image of the SnO2 NPs is shown in Fig.
6.2c, and the size of the NPs is obtained down to 50 nm. The SAED pattern on the NPs shows
a number of large circular rings decorated with non-uniform bright spots. Each of the rings
represents the planes of the NPs. Several planes of the SnO, NPs are detected in the SAED
patterns (Fig.6.2c (inset)), such as (110), (101), (211), (112), and (301)°. Thus, NPs are
confirmed as polycrystalline from the bright spots and multiple rings. In Fig. 6.2d, a high-
resolution HRTEM image of the SnO2 NPs is observed with their lattice fringes, and inter-
planar spacing is di1o = 0.33 nm and di01= 0.29 nm, which are obtained from the analysis of
HRTEM image.

6.3.2. Structural analysis

XRD pattern of the nano hybrids of SnO2 NPs (SO) and GO (SO-GO) and nano hybrids
of SnO2 NPs and RGO (SO-RGO) are plotted in Fig. 6.3. The lattice plane (002) of the GO
and RGO is observed around 10.8° and 21.3°, discussed in previous chapters. Diffraction
peaks (28) of SO are observed at 26.28°, 33.72°, 37.64°, 51.66°, 54.79°, 64.44°, 71.04°, and
78.56° are related to the lattice plane of (110), (101), (200), (211), (220), (112), (202), and
(301)%°.
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Fig. 6.3: XRD pattern of (a) GO and SO-GO; (b) RGO and SO-RGO.

he interplanar spacing (d) of the NPs is calculated using Bragg's law (2d sin 6 =n}). The
interplanar spacing for d110 and dio1 of the NPs are ~0.33 nm and ~0.26 nm. The interplanar
spacings observed in the XRD agreed with the HRTEM image of SO. The XRD pattern of the
SO-GO has reflected the composite of the SnO2 and GO, shown in Fig. 6.3a. The diffraction
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peak of the GO and RGO is insignificant due to the presence of less GO/RGO. The XRD pattern
of the SO-RGO is analyzed in Fig. 6.3b. Thus, the nano hybrids of the SO-GO and SO-RGO

are analyzed using XRD analysis, including their lattice plane.

Raman spectra of the SO, SO-RGO, and GQDs-SO are analyzed from 550 cm™ to 1800
cmin Fig. 6.4a. The significant peaks of the SO are observed at 645 cm™ (A1g) and 720 cmt
(B2g), which area corresponds to the vibration of Sn-O bonds and the presence of oxygen atoms,
respectively!!. The Byy peak of the SO is miniature as compared to As4 of SO, which shows the
Sn-0O is mainly contained. In SO-RGO, three noticeable peaks are observed, which are A4 for
SO, D, and G band for RGO. The D band at 1350 cm™ corresponds to the defects and oxygen
functional groups present in the GO. The G band at 1600 cm™ is the signature of the graphitic
structure of GO. The Byg at 720 cm™ is suppressed in the nano hybrids of SO-GO. In GQDs-
SO, the D and G band of the GQDs is famous, but A1g signified for SnO: is weak. Interestingly,
the Ayq is shifted to 632 cm™ in SO-RGO, and GQDs-SO shows the interaction of SnO; and
RGO/GQDs.

The FTIR analysis of SO-RGO is measured from 400 cm™ to 4000 cm™ showed in Fig.
6.4b. A famous peak at 522 cm™ regrads to the Sn-O-Sn; various peaks are observed from 1000
cm™ to 1800 cm™ related to the functional groups!?. A significant peak at 1645 cm™ is
correlated to the C=C of the RGO and other peaks such as 1262 cm*, 1414 cm™, and 1558
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Fig.6.4: (a) Raman spectra of SnO, NPs (SO), SO-RGO, GQDs-SO; (b) FTIR analysis of SO-RGO.

cm™are linked to the Sn-O, Sn-OH, Sn-OH, and C=0, respectively®3. The appearance of C=0
peak may be contributed from the SnO> NPs and RGO, because both peaks are observed in the

FTIR analysis. And, a peak at 3450 cm™ is emerged from the humidity (-OH) absorbed in the
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sample. From the FTIR analysis, SO-RGO confirmed the presence of functional groups
associated with the SnO2 and RGO.
The XPS spectra characterize the nano hybrids of SnO> NPs and RGO/GQDs from 220 nm to
580 nm, shown in Fig. 6.5. The XPS spectrum of SO-RGO is measured on the SnO2 NPs on
the RGO sheets; the signified peaks for SnO2 NPs and RGO are observed in Fig. 6.5a. A tiny
peek at 284 nm corresponds to C1s; two prominent peaks* at 485 nm and 494 nm are related
to the Sn3ds2 and Sn3ds/2, and the 532 nm peak is assigned O1s. The C1s and O1s peaks may
be contributed from the RGO, it is observed and studied in the previous chapters. The Sn3ds/,
and Sn3ds/2 have signified peaks of the SnO2 NPs (Fig.6.5a (inset)); the Sn3dsy2 is intensified
up 1.3 times from the Sn3ds/2, shows the Sn3ds. is higher contained in the SnO2 NPs.
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Fig.6.5: XPS (a) survey analysis of SO-RGO (inset: magnified spectrum of SO); (b) survey analysis of GQDs-
SO; deconvolution of XPS analysis for (c) GQDs-SO; and (d) SO-RGO.
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In Fig.6.5b, the GQDs are deposited on the SnO2 NPs. The XPS spectrum is surveyed,
and the assigned peaks such as C1s, Sn3ds/,, and Sn3ds2, O1s are observed. The ratio of O1s
to Cls is 8.14 for So-RGO and 3.45 for GQDs-SO. The presence of oxygen in SO-RGO is 2.35
times high than in GQDs-SO. The oxygen functional groups presented in the SO may be
contributed to the O1s, which leads to increased unexpected oxygen functional groups in the
SO-RGO and GQDs-SO. Three Gaussian peaks deconvolute the GQDs-SO and SO-RGO at
284 nm, 285.7 nm, and 287 nm, shown in Fig. 6.5¢ and Fig.6.5d, respectively. The GQDs-SO,
the peak at 284 nm assigned to C=C, 285.7 nm related to C-O, and 287 nm linked to C=0.
The integral area of the fitted peaks is contributed as C=C, C-0O, and C=0 to 57%, 32%, and
11%, respectively; the main contribution in the Cl1s is from the graphitic structure (sp?
hybridized bonds). Similarly, the SO-RGO peak was analyzed based on the integral area of the
fitted peaks. The C=C, C-O, and C=0 contributed 42%, 41%, and 17%, respectively. The

oxygen-related functional groups are mainly contained in C1s of SO-RGO.

6.3.3. UV absorption and PL analysis

UV absorption characteristics for RGO, SO, and SO-RGO, PL analysis of SO are
shown in Fig. 6.6. A peak at 263 nm can be assigned to @ — 7* transition or z-plasmon
resonance common for extended sp? conjugated carbon sheet (C=C present within the aromatic
sp? hybridized carbon framework)*®. Two prominent peaks at 226 nm, and 282 nm are observed

for SO in Fig.6.6a, which are corresponds to the intrinsic transition from the valence band to
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Fig. 6.6: (a) UV absorption spectra of SO and SO-RGO; and (b) PL analysis of SO.

conduction band (= — w*), and transition between the functional groups and defects at the edge

of the NPs (n — n*), respectively'®!’. The peak position shift corresponds to 1 — n* from 226
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nm to 230 nm due to the charge transfer between the RGO and SO. Thus, the formation of nano

hybrids with the SnO, NPs and RGO is confirmed from the peak shifting*®.

The PL analysis of the SO (SnO2 NPs) is shown in Fig. 6.6b; it can determine the
presence of oxygen and Sn vacancies, defects on the surface, and impurities. The broad PL
spectrum is measured from 260 nm to 860nm and deconvoluted with three peaks. These peaks,
centered at 367nm, 437 nm, and 667 nm, are assigned to the disorder-induced defect states
from the oxygen and Sn vacancies, presence of impurities, formation of trapping states, and
daggling bonds from the edge!®. The UV absorbance and PL analysis confirmed that the
presence of defective sites helps attract the sensing gas molecules.

6.4. Electrical characterizations

6.4.1. IV characteristics of SO and SO-RGO

The electrical measurement of the RGO in different temperatures in Fig. 6.7a, and 1V
measurement of SO and SO-RGO is shown in Fig. 6.7b. In Fig. 6.7a, an RGO-based device is
measured its current by increasing the temperature; the applied temperature is varied from RT
to 290 °C. The device's temperature increases at 5 °C per minute, and 5V is applied as a bias
voltage. The current of the RGO device is linearly increased from 0.93 mA at RT to 2.4 mA at
290 °C; the current improvement may be due to the removal of attached oxygen functional
groups leading to restoring the graphitic structure of RGO. From this measurement, the
fabricated IDE pattern using Au/Cr has sustained the temperature up to 300 ‘C without

affecting the electrical conductivity. RGO is retained in contact with the metal electrode.
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Fig. 6.7: (2) Measurement of current with respect to temperature of RGO, and (b) 1V characteristics of SO and
SO-RGO.
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The IV of the SO and SO-RGO device is measured with and without CO2 environments,
shown in Fig.6.7b. The devices' current is measured from -5V to 5V; -5V to OV in RT is shown
in Fig. 6.7b(inset). Both the devices reduced their conductivity during the exposure to COg; it
may be due to the charge transfer from the device's material to the sensing gas. In the SO
device, the current is 1.01 mA in the air and 0.91 mA in the 5000 ppm CO2 environment. The
reduction of the current during exposure to CO- is 0.10 mA, equal to 10% of the current. The
values of the current vs. devices are shown in Table 6.2. Whereas the current of the SO-RGO
is 0.887 mA in air and 0.770 mA in 5000 ppm of CO>. The current reduction during exposure
to CO2 is 0.101 mA, equal to 12.5%. The current of the SO and SO-RGO are varied linearly

in both the negative and positive of the voltage.

6.4.2. Analysis of CO2 sensor of SO and SO-RGO

The sensitivity of COz is measured on the SO and SO-RGO devices, shown in Fig.
6.8. The SO-based devices are probed inside the vacuum chamber; it measures the sensitivity
of the COz in the form of resistance. When 5000 ppm of CO: is pursing inside the vacuum
chamber, the device's resistance increases from 3339.7 Q to 3559 Q. It returns to the original
resistance after removing the gas from the chamber. Similarly, the SO-RGO-based device is
placed inside the vacuum probe station and measures resistance change by pursuing CO,. The
resistance of the SO-RGO is increased from its base value of 3319 Q to 3636 Q. The SO-RGO
is low resistance compared to SO, which may be contributed by the formation of nano hybrids
with RGO sheets (Fig. 6.8a). Furthermore, the sensing resistance is increased up to 77 Q. The
sensitivity of the COz on the SO-RGO is improved compared to SO.
Table 6.2: The change of current at 5V for SO and SO-RGO device in different environments

Sensors SO SO-RGO

Air 1.01 mA 0.88 mA

5000 ppm CO» 0.91 mA 0.77 mA
Change of Current 0.10 mA 0.11 mA

In Fig. 6.8b, the SO-RGO sensor is measured for the sensing response in different
concentrations of CO2 such as 5000 ppm, 1000 ppm, 500 ppm, and 250 ppm. The concentration
of CO2 in the atmosphere is 410 nm, which is not harmful to living things and is a highly stable

gas?°. The measurement of 250 ppm is sufficient for CO, based sensor device. The resistance
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Fig. 5.8: CO; flow ON/OFF on (a) SO and SO-RGO; and (b) SO-RGO in different flow rate.

is changed from 3613 Q to 3627 Q for 1000 ppm, 3601 Q to 3607 Q for 500 ppm, and 3591 Q
to 3594Q for 250 ppm. The device response is reduced while increasing the pursing of No;
5000 ppm of CO> has given the best response to the devices.

6.4.3. Mechanism of resistive-based CO2 sensor

The sensing mechanism of a resistive-based gas sensor depends on the roughness of the
surface, structural defects, vacancies of atoms, and daggling bonds of the active material®-%,
The SO, SO-RGO, and GQDs-SO are characterized by their surface morphology using FESEM
and FETEM images. The structural analysis is performed using XRD and Raman
measurements. The presence of functional groups, bonding of atoms were studied using FTIR
and XPS spectra, and the existence of defect state using UV absorbance and PL spectra. Thus,
the presence of surface defects and dangling bonds in the SO, SO-RGO, and GQDs-SO are
used as an active material for the CO> sensor. Semiconductor materials require a range of
temperature from 100 ‘C to 450 °C for sensing the required gas. As a result of heating,
semiconductor materials produce oxygen vacancies, which are attractive sites for analyte gas
molecules. The continuous heating of the semiconductor material at high temperature leads to
thermal motion of charge carrier, defects which caused the intrinsic resistance. Whereas RGO
presents intrinsic defects during the reduction process from the GO, it has a large surface area
for interacting with the analyte gas molecules. Similarly, as GQDs are synthesized from the
hydrothermal and tip sonication process, it produces large edge defects which can be used as a

trapping site for target gas molecules.
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Fig. 6.9: An illustration of the mechanism of resistive-based CO; sensor (a) Physorption process; (b) Physical

desorption process; and (c) Charge transfer process.

In general, the gas sensors work in three mechanisms: adsorption, absorption, and ion
exchange. Sorption is a process of interaction of one state with another state. Moreover,
adsorption is a process of interaction of target gas (CO>) on the surface of the SnO2 NPs, nano-
composite of SnO> NPs with RGO/GQDs, and it works at RT. The SO and nano hybrid
materials interacted by the physisorption process (Fig. 6.9a & Fig. 6.9b) and interacted with
the target CO, with van der Waals forces on the surface of the active material. The CO>
molecules are closer than 5 nm on the defect surface of SO/SO-RGO/GQDs-SO by the gas
pressure during the exposure of CO; into the vacuum chamber?4, Thus, the interaction of CO;
and active materials occurs at the defect sites, leading to charge transfer from the active material
to the CO>. This process caused the reduction of charge carriers on the surface of the active
materials, which led to increased resistance of the devices. The charge transfer process is
illustrated in Fig. 6.9c, electrons from the RGO is transfer to the SnO> NPs which leads to

increase the interaction of the CO; (target gas).

Further, the interaction of CO and active material can be terminated by providing an
external pressure force such as the opening of vacuum valves for a rotary pump. This process
is called as physical desorption process. Thus, the CO. molecules are departed from the van
der Waals interaction and return the transferred electron to the active materials, which
decreases the resistance of the device after removal of the CO, from the vacuum chamber.
These devices do not require heating for physisorption and physical desorption processes.

6.4.4. Response and recovery time for COz2 sensors

The SO device was measured for the response and recovery time of the sensing by
applying 5V bias and 5000 ppm of concentration of CO,. The sensing response in shown in
Fig. 6.10 and it show exponential rise and decay in the sensing response. The response time

(tres) i1s computed from the fitting of an exponential growth curve using the iteration algorithm
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of Levenberg Marquartdt. The tres is Obtained as 23 s; it is the time needed by the sensor to
arrive at a stable value in response to a stimulus. If a step change is introduced in the input,
response time is the time required for the sensor to reach 95% of the final value. Recovery time
(trec) s the time required for the sensor to reach 95% of its final value when the source of the
stimulus is removed. The trec is calculated from an exponential decay curve fitted. Thus, the

recovery
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Fig. 6.10: Response and recovery time of SO device.

time is obtained to 42 s. The tres and trec OF the SO-RGO are studied in Fig. 6.11; it is calculated
using exponential growth and exponential decay curves, respectively. The response time for
500 ppm of CO2 is 12s, as shown in Fig. 6.11a. Afterward, the response resistance is reduced
to base resistance during the desorption process, which takes ~23 s. The 1tres and trec for the
1000 ppm of CO; are 13 s and 31 s, respectively (Fig. 6.11b). Moreover, the pursing of the
5000 ppm of CO2 in the SO-RGO device can detect the gas within 20 s and 40 s is required to
return to the base resistance, as shown in Fig. 6.11c. The tres IS increased as the concentration
of CO> increases, like 500 ppm, 1000 ppm, and 5000 ppm, which take 12 s, 13 s, and 20 s,
respectively. It may be due to the more analyte gas molecules are available for interaction with
the defect sites on the surface of the active material. Similarly, the trec IS increased as the
concentration of the analyte gas increases, such as 500 ppm, 1000 ppm, and 5000 ppm taken
23 s, 31 s, and 40 s, respectively (Fig. 6.11d). The Tres required less time than trec because
removing interaction between the analyte gas molecules and materials required an external

force like sucking pressure from the vacuum pumps.
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Fig. 6.11: Response and recovery time for different concentration (a) 500 ppm, (b) 1000 ppm, and (c) 5000 ppm

CO; exposer to SO-RGO device; (d) Analysis of Tres, and trec for CO.

6.4.5. CO2 sensing in GQDs-SO

The ON/OFF response of CO2 on the GQDs-SO is analyzed in Fig. 6.12. The base
resistance of the GQDS-SO is 4960 Q, and the response resistance is 6105 Q when 5000 ppm
of CO is exposed to the GQDs-SO. The device’s-based resistance is changed slightly during
repeated experiments, which is observed and acceptable for any sensor device. The ON/OFF
cycle is repeated 3 times within the 900 s. The change of the base resistance is negligible if the
response resistance is significant. The based resistance and response resistance are 4764 Q and

4778 € for 1000 ppm and 4744 Q and 4753 Q for 500 ppm, respectively.

In GQDS-SO, different concentration of the CO> is measured by increasing the dilute
gas flowing inside the chamber. The base resistance of the GQDS-SO is varied such as 4960
Q for 5000 ppm, 4764 Q for 1000 ppm, and 4744 Q for 500 ppm. And, the change of base
resistance in every cycle of 5000 ppm CO; flow ON/OFF are 4920 Q for the first cycle, 4946
Q for the second cycle, 4957 Q for the third cycle, and 4960 Q for the fourth cycle.
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Fig. 6.12: 5000 ppm of CO; responses on the GQDS-SO.

6.4.6. Response and recovery time of GQDS-SO device

The tres and Trec Of the GQDs-SO are calculated by fitting the exponential curve, shown
in Fig. 6.13. The analysis of the fitted curves for 500 ppm, 1000 ppm, and 5000 ppm of CO>
are shown in Fig. 6.13a, Fig. 6.13b, and Fig. 6.13d, respectively. The trs Of the sensing
response is fitted with a exponential growth curve using Origin Pro 8.5. The tres of the GQDs-
SO are 14,155, and 17 s for 500 ppm, 1000 ppm, and 5000 ppm, respectively. The trec Of the
GQDs-SO is 15 s, 24 s, and 67 s for 500 ppm, 1000 ppm, and 5000 ppm, respectively. As a
result, the tres Of the GQDs-SO is 2 s more than SO-RGO in 500 ppm. Whereas the tres Of the
GQDs-SO is 3 s less than SO-RGO in 5000 ppm. The response resistance of CO, on GQDs-
SO is higher than SO-RGO. The tres 0f GQDs-SO is higher than other devices, possibly due to
the high number of trapping sites provided by the GQDs.

Thus, the tres and trec for GQDS-SO in different concentrations of CO2 are shown in Fig.
6.13d. Interestingly, the tres increased from 14 s for 500 ppm to 17 s for 5000 ppm; it shows an
improvement of the 1res a5 compared to the SO-RGO at 5000 ppm. The trec Of the GQDS-SO is
increased from 15 s to 67 s; it requires more time in the recovery process after removing CO>
gas from the chamber. The fast interaction of the GQDs-SO with the exposer CO2 molecules
at 5000 ppm may be due to the extra dangling bonds, and defects are expanded across the
GQDs-SO. Removing CO: analyte molecules from the interaction with the defect sites requires

extra time even after opening the pressure valves to evacuate the chamber.
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5000 ppm of COg; (d) Analysis of the tres and trec for GQDS-SO device.

6.4.7. Sensitivity of CO2 sensors

The sensitivity (S) of the CO. sensor is one of the important parameters for determining
the quality of the sensor. Base resistance (Ro) is defined as the value of a sensor device's
resistance obtained before exposure to the target gas molecules. The response resistance (Rs)
is defined as the value of a sensor device's resistance obtained after exposure to target gas

molecules in a controlled environment. The S of the devices, such as SO, SO-RGO, and GQDs-
SO, are calculated by using the formula®:

__ Rs—-Ro
~ Rs

S x100

Whereas S: sensitivity of the CO»; Rs: maximum value of resistance during the exposer of CO-
to the sensor device; Ro: value of resistance before exposer of CO: to the sensor device. Thus,
the R of the SO, SO-RGO, and GQDs-SO are mentioned in Table 6.3.
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Table 6.3: Sensitivity of the different concentration of SO, SO-RGO, and GQDs-SO.

Sensitivity (S)
Conc. of CO2 SO SO-RGO GQDs-SO
(ppm)
5000 6% 9% 19%
1000 - 4% 3%
500 - 2% 2%
250 - 1% -

The GQDs-SO improved the sensitivity of the 5000 ppm of CO> by 3 times from SO
and 2 times from the SO-RGO. The nano hybrids SO-RGO improved the sensitivity by 50%
as compared to bare SnO> NPs. Moreover, the nano hybrids of the GQDs-SO improved the
sensitivity > by 300% compared to the SnO2 NPs. Thus, the improvement of the CO> sensing
is mainly contributed to the intrinsic defects present after thermal annealing of RGO and
hydrothermal treatment during the synthesis of the GQDs from GO. Moreover, the large
surface defects and edge states are generated after reduction from the large lateral size GO to
ultra-small size GQDs. The presence of oxygen vacancies in the SnO> NPs also attracts sites
for the COz in the SO sensor. The combined effect of the nano hybrids materials (SO-RGO and
GQDs-S0) thus exhibited higher sensitivity than SO. Finally, the fabricated CO2 sensors are
less effective at the lower concentrations below 1000 ppm of CO2, which is observed from the

analyzed results.

Table 6.4: A comparative study of GO-based CO> sensors.

Material Response time (s) | Recovery time (S) Reference
RGO 82 77 26
H. plasma treated RGO 240 240 23
Composite of VO, and GO 150 250 27
Composite of RGO and PEI 43 120 28
Nano hybrid of SnO, on RGO 20 40 Present work
Nano hybrid of GQDs on SnO» 17 67 Present work
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In agreement with the report, CO: is a highly stable gas, and the sensitivity of this gas is very
low. Sensing semiconductor-based gas sensors requires a minimum operating temperature
range from 100 °C to 450 °C. In this study, the sensitivity of the CO> is analyzed at room
temperature (RT). The response time and recovery time of the synthesized nano hybrid of SnO>

and RGO/GQDs are improved compared to some of the reported analyses, shown in Table 6.4.

6.5. Conclusion

SnO2 NPs and their nano hybrid with RGO/GQDs are analyzed by their surface
morphology by FESEM and FETEM imaging. The crystalline structure of the SnO is studied
using SAED pattern, HRTEM image, and XRD pattern. The interplanar spacing (dio1 and d110)
of the NPs are 0.26 nm and 0.33 nm, which is agreed with the HRTEM images. The structural
defects and signature of the material are confirmed from the Raman spectra. The structural
bonds such as Sn-O-Sn, Sn-OH, Sn-O, C=0, and C=C are analyzed from the FTIR spectra.
The elemental composition of the materials is examined using EDS and XPS spectra. Defects,
daggling bonds, and oxygen vacancies are known from the PL and UV absorbance.

Further, SnO2 NPs (SO) and their nano hybrid with RGO/GQDs -based device are
fabricated on the IDE pattern. The CO: sensing is measured and calibrated in a customized gas
sensing system. |-V characteristics of the SO and SnO2-RGO (SO-RGO) are measured in CO>
and air environments. The ON/OFF analysis of the SO-RGO and the sensitivity of the CO, are
studied in different concentrations such as 250 ppm, 500 ppm, 1000 ppm, and 5000 ppm. The
response and recovery time of the SO, SO-RGO, and GQDs-SnO, (GQDs-SO) are compared.
The sensitivity of the devices is calculated using the commonly used formula; GQDs-SO based
sensor show 3 times higher sensitivity than the SO based sensor and 2 times higher than the
SO-RGO based sensor at room temperature (RT). Finally, derivatives of GO such as RGO and
GQDs with SnO2 NPs are more efficient for detecting higher concentrations (>5000 ppm) of
COa.
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Chapter 7

Summary and Outlook

Chapter 7 highlights the contributions of the presented thesis and the future scopes of the
presented work. A new technique is proposed to exfoliate the large lateral size of graphene
oxide (GO); it is a low-cost process and a simple technique. A new method is introduced to
synthesize reduced graphene oxide (RGO) without losing its lateral size. Ultra-small graphene
quantum dots (GQDs) are synthesized using hydrothermal and tip-sonication methods. Further,
synthesized materials are utilized for SERS sensing, photodetector, and CO. sensor

applications.

7.1. Highlights of the Thesis
The studies present a large lateral size GO and RGO; it is synthesized by modifying

Hummer's method by omitting continuous starring of solution during the oxidation process.
We have demonstrated a cost-effective and facile approach using mild heating to exfoliate GO
sheets with ultra-large lateral sizes using a simplified technique, superior to the commonly used
ultrasonic method. And, we have synthesized RGO without losing its lateral size from GO
using thermal, and chemical methods. Lastly, the ultra-small size (1.53 nm) of GQDs is
synthesized successfully (Chapter 2). The quality of the GO, RGO, and GQDs is analyzed
using various techniques. GO is analyzed for the structural defects and numbers of layers using
Raman spectra and FETEM images. The presence of oxygen functional groups in GO, RGO,
and GQDs are studied using FTIR, and XPS. The electrical properties of the GO and RGO are
elucidated (Chapter 3). The surface structure of the GO and RGO is modified by using gas
plasma treatment. Modified surfaces are used as a substrate for the detection of various dyes,
such as methyl orange (MO), methylene blue (MB), rose Bengal (RB), and Rhodamine B
(RhB). This study unveils the application of large-area graphene-based sheets for SERS
application and the role of low-power plasma treatment on the metal-free substrates for its
exploitation in low-cost SERS sensing applications (Chapter 4). The photodetector device is
fabricated using GO deposited on the interdigitated electrode (IDE). The changes in
characteristics and properties of the GO after different temperatures such as 50 °C, 85 C, 120
°C, and 230 °C are studied. The performance of the devices is compared with device

parameters, such as photocurrent (lpn), response time (trise and Tdec), responsivity (R), and
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detectivity (D) (Chapter 5). SnO> NPs and their nanocomposite with RGO/GQDs are analyzed
for their surface morphology, crystalline structure, and structural defects. SnO> NPs and their
nanocomposite with RGO/GQDs -based device are fabricated on the IDE pattern. The
characteristics of the SnO2 and SnO.-RGO are measured in CO2 and air environments. Through
the ON/OFF analysis of the SnO>-RGO sensor, we have studied its sensitivity and response
time for CO> sensing in gas different concentrations and it shows superior performance as

compared to the individual counterparts (Chapter 6).
The important contributions of the present thesis are summarized as follows:

A. Synthesis and Characterization of Large Lateral-size Graphene Oxide and its
Derivative Materials

Firstly, graphite oxide is synthesized using the simplified Hummer’s method; we have
omitted continuous starring of solution during the oxidation process, which controls the lateral
size of the graphite oxide flakes. We have demonstrated a cost-effective and facile approach
using mild heating to exfoliate GO sheets with ultra-large lateral sizes up to 104 um using a
simplified technique, superior to the commonly used ultrasonic method. Further, GO is
confirmed from the XRD and Raman analysis. Subsequently, the reduction was carried out to
obtain RGO with fewer defects as indicated by Ip/lg ratio from the Raman studies. The highly
uniform and small size of the GQDs after 60 minutes of tip-sonication is validated from the
FETEM imaging and its size distribution analysis. The structure of GQDs is analyzed using
XRD and Raman spectroscopy. Finally, we successfully synthesized high-quality, super large

lateral size GO and its derivative materials such as RGO and GQDs.

B. A Detailed Study of Layer Dependent Properties of Large Lateral-size Graphene
Oxide and Reduced Graphene Oxide

Large lateral size GO as obtained from the mild heating technique is confirmed from
the FESEM image and Raman analysis. Correlation between the number of GO layers and the
In/lG ratio was obtained from Raman spectra in which the Ip/lc ratio decreases linearly with an
increase in the number of layers in GO (monolayer, bilayer, <5, <10, and > 10 layers). Results
from FTIR, XPS, UV-vis absorption, PL, and TGA/DTG confirmed the partial removal of
oxygen-containing functional groups in RGO, suggesting the minimization of defect-induced
disorder in graphitic carbon framework, which results in restoration of sp? hybridized
honeycomb skeleton. In RGO, the current flow was significantly improved from micro-ampere

to milli-ampere, which is 3 orders of magnitude change, arising from the good ohmic contact
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formation on RGO as confirmed by the linear 1-V curve, indicating the high quality of the
graphene-based sheets. The electrochemical impedance results corroborate with the I-V
characteristics, exhibiting much lower charge transfer resistance for RGO than that of GO,
which depicts the higher conductivity across the liquid/solid interface for the former as
compared to the latter electrode materials. The large area GO and RGO sheets have been
utilized for SERS application for detecting Rhodamine B (RhB) down to a concentration of 10
nM, and a large SERS enhancement factor of 10 is reported, which is significantly high
considering its semiconducting nature. Thus, the present simplified and economical approach
of large-area graphene oxide could potentially open up a new strategy for industrial-scale
production for cutting-edge sensing applications. This work has been published in “RSC
Advance, 2021, 11,9488

C. Plasma Treated Graphene oxide surface for Trace Dye Detection using Surface-
enhanced Raman Spectroscopy

The structure of GO and RGO is modified using gas plasma treatment on the GO and RGO,
which was evidenced from the Raman analysis with shifting of peak positions, FWHM of
peaks, D'-G, and Ip/lg, and substantiated by FTIR analysis. We have shown that the SERS
effect of the RhB on the GO/RGO is selectively more enhanced than the MO, MB, and RB
dyes due to the high charge transfer between the RhB molecules and GO/RGO samples. Ar
plasma-treated GO substrate exhibits the highest EF among all the substrates for RhB
detection, owing to the strong coupling dye molecules on the defect sites of GO. The SERS
effect is also improved on the composite AuGO than the individual Au NPs or GO/RGO owing
to the contribution of EF from both electromagnetic enhancement (EE) and chemical
enhancement (CE) for RhB dye detection. This study unveils the application of large-area
graphene-based sheets for SERS application and the role of low-power plasma treatment on
the metal-free substrates for its exploitation in low-cost SERS sensing applications. This work
has been published in “ACS Appl. Nano Mater.2022, 5,5, 6352-6364 .

D. Fabrication and Analysis of Photodetector Devices based on Surface Modified
Graphene Oxide and SnO2z- Graphene Oxide Hybrid

We demonstrated the fabrication of an interdigitated electrode (IDE) pattern using the
UV lithography technique on various substrates including GO. The channel width or minimum
distance between the two electrodes is made of 10 um, confirmed by the AFM and FESEM
images. The thickness of the metal electrode is 30 nm, measured from the height profile

analysis of the AFM image. Through the FESEM imaging, we observed the fabrication of the
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GO-based IDE pattern. The changes in characteristics and properties of the GO after different
temperatures treatment (such as 50 °C, 85 C, 120 °C, and 230 °C) are studied. The restoration
of the graphitic structure after annealing at 230 °C is authenticated from the XRD and Raman
spectra analysis. It shows the shifting of the 20 peak towards the 25.6° of the XRD pattern and
the reduction of the value of the Ip/lg ratio in the Raman spectra. The presence of oxygen
functional groups is studied using XPS and FTIR analysis; flattening of C-O peak after 230 °C
annealing of GO and removal of oxygen functional groups related peaks in the FTIR spectra.
PL and UV absorption also fortified the rich presence of oxygen functional groups in the GO
RT. I-V measurement of the GO and different annealed GO are studied and it was concluded
that higher oxygen functional groups attached to GO disturbed the flow of current in the GO,
which leads to its insulator-like behavior. The attached oxygen functional groups can regulate
the electrical properties of the GO. Three photodetectors are made by using GO, Ar-GO, and
SO-GO. The performance of the devices was evaluated and compared in terms of photocurrent
(lpn), response time (trise and Tdec), responsivity (R), and detectivity (D). Ar-GO based
photodetector performs better than the other two, showing that the surface modification by the

Ar plasma treatment is beneficial for the improved photodetector performance.

E. Fabrication of CO2 Sensors Based on Graphene Oxide Based 2D Materials and its
Nano Hybrid with SnO2

SnO2 NPs and their nanocomposite with RGO/GQDs are analyzed for their surface
morphology by FESEM and FETEM images; The crystalline structure of the SnO: is studied
using SAED pattern, HRTEM image, and XRD spectra. The structural defects and signature
of the material are confirmed by the Raman spectra. The structural bonds such as Sn-O-Sn, Sn-
OH, Sn-0O, C=0, and C=C are analyzed from the FTIR spectra. The elemental composition of
the materials is examined using EDS and XPS spectra. Defects, daggling bonds, and oxygen
vacancies are evaluated from the PL and UV absorbance data. Further, SnO2 NPs (SO) and
their nanocomposite with RGO/GQDs -based device are fabricated on the IDE pattern. The
CO2 sensing is measured and calibrated in a customized gas sensing system. IV characteristics
of the SO and Sn02-RGO (SO-RGO) are measured in CO- and air environments. The ON/OFF
analysis of the SO-RGO and the sensitivity were studied for CO. gas at different
concentrations, such as 250 ppm, 500 ppm, 1000 ppm, and 5000 ppm. The response and
recovery time of the SO, SO-RGO, and GQDs-SnO» (GQDs-SO) are compared. The sensitivity
of the devices is calculated using the commonly used formula; The sensitivity of the GQDs-
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SO is 3 times higher than that of SO and 2 times higher than that of SO-RGO at room
temperature (RT). Finally, the derivatives of GO such as RGO and GQDs with SnO2 NPs are
efficient for detecting higher concentrations (>5000 ppm) of COx.

7.2. Scope for Future Work
In the present thesis, we have successfully synthesized large lateral-size GO and RGO;
exfoliated large lateral-size GO using a simple and cheap mild-heating technique. Additionally,
we have made an IDE pattern using the UV lithography technique, which is required for further
applications such as photodetector and gas sensors. There is enormous scope to extend the
present work to fabricate devices on the GO and RGO sheets for a broad range of applications,
such as:
1. GO and modified GO can be used to detect dye molecules produced by garment industries
that are hazardous to our environment and pollutes the drain, rivers, ponds, etc. It will be

one of the cheapest and low-cost methods.

2. Structurally modified large-area GO/RGO can be used for photodetector devices on a single
sheet, and the sensor's performance will be increased due to the elimination of overlapping
resistance. GO/RGO may be used in a self-bias photodetector because laser power is

sufficient to change the electrical properties of the material.

3. Nano-composite of the RGO/GQDs can be used in gas sensors due to the presence of
intrinsic surface defects, vacancies, dangling bonds, and edge defects trapping sites for
target gas molecules.

4. Super large lateral-size GO/RGO sheets are potential in water-splitting applications; they
can be used as an electrode or membranes. The costly Platinum is used as an electrode;
researchers are looking for an alternative electrode which much cheaper and more efficient
than Platinum. The GO and its derivative materials are the best options for replacing

Platinum.

5. Plasma treatment of graphene-based 2D materials came out to be a powerful approach to
alter its properties. Based on our findings, further application of plasma-treated GO/RGO
and diverse applications of the plasma-treated other 2D materials can be explored.

6. Various applications such as super-capacitor, flexible electrodes, detection of cancer cells,

lightweight building materials, etc., are usable by GO and its surface-modified materials.

TH-2752_136153005



