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ABSTRACT

Graphene received lots of attention during the last two decades due to its unique and
outstanding characteristics, which will be useful for developing many applications in a wide
range of scientific fields. Several graphene synthesis techniques, which include top-down and
bottom-up approaches have been developed in the past. Nonetheless, most of the methods have
certain drawbacks, such as solvent-assisted multistep procedures, long processing time,
involvement of hazardous chemicals, and the need for a catalyst, pre-heating, and vacuuming.
Moreover, the vast majority of the practices use expensive and non-renewable precursors for
the synthesis. Thus, the present study was aimed at using sustainable atmospheric pressure
microwave plasma for synthesis, which circumvented most of the shortcomings observed in
the previous processes. The development of sustainable routes, the use of renewable precursors
for synthesis, and the demonstration of the applications of as-synthesized material are the
dedicated aspects of this study. The project not only included the synthesis of pristine graphene
but also involved other graphene-based materials such as graphene-silver nanocomposite, and

nitrogen-doped graphene oxide (N-GO).

In this thesis 2 natural precursors namely, melaleuca alternifolia, commonly known as tea tree
and tangerine, and a synthetic chemical Aniline was used for developing graphene comprising
different properties. The key point of this investigation was the synthesis of graphene in one
step at a considerably low microwave power. Modern characterization methods, such as Raman
spectroscopy, X-ray diffraction, transmission electron microscopy, electrochemical impedance
spectroscopy, etc., were used to examine the morphology, structure, and electrochemical
characteristics of graphene. The images from transmission electron microscopy revealed
graphene comprised of few to multi-layer. The tea tree-derived graphene showed excellent

sensing characteristics for the detection of diuron herbicide.



Taking advantage of the ability of the atmospheric pressure microwave plasma process to
synthesize nanomaterials in a chemical-free environment, the production of the graphene-Ag
nanocomposite was also accomplished. For this purpose, tea tree oil and silver nitrate (AgNO3)
vapors were used as source materials. The notable feature in this study was the observation of
a relationship between the concentration of AgNOs in the precursor and the aggregation and
the size of the produced Ag nanoparticles. The as-synthesized graphene-Ag nanocomposite
was used in the electrochemical detection of methyl paraben by modifying the screen-printed

electrode which displayed superior electrochemical sensing outcomes.

In another study, the synthesis of graphene from tangerine peel oil was also investigated. The
tangerine peel-derived graphene used in a chemiresistive sensor displayed an extraordinary

response for the recognition of vapors of ethanol, insecticide, and herbicide in the atmosphere.

Aniline, which served as a single source of both nitrogen and carbon, was used to synthesize
N-GO in a single step. It was shown that microwave power, as low as 80 W can synthesize N-
GO having nitrogen retention greater than 3 %. The interlayer spacing in N-GO nanosheets
was determined to be lower than that of graphene oxide, which suggested a lower content of
oxygen and other species present in between N-GO layers. The as-synthesized N-GO exhibited
enhanced algicidal and anti-scaling properties that are essential for water purification

applications.
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Chapter 1: Introduction

1.1 Rational

Nanotechnology and the use of nanomaterials in various state-of-the-art technologies not only
enhanced the performance of the devices many-fold but also paved the way for its
miniaturization. Graphene, a novel nanomaterial has the highest potential to revolutionize the
modern developments due to its extraordinary properties. Superior charge transport properties,
high tensile strength, record-high thermal conductivity, excellent visible light transmittance,
ultrahigh specific surface area, and nearly perfect impermeability to all gases are just a few of
its impressive characteristics [1]. Graphene has potential applications in various fields,
including electronic and photonic devices, energy generation or storage, optical devices, water
purification, renewable energy conversion, and chemical/biological sensors [2]. This led to a
huge increase in the demand for graphene. It is expected that the global graphene market will
increase to US $349 million by 2025 which was just US $12 million in 2013 [3, 4]. To meet
the growing demand, serious attention to the scalable, sustainable, and economical synthesis

of graphene should be given.

Graphene synthesis has undergone a number of efforts in the past. Each technique used in past
has its own merits and demerits. Epitaxial growth and thermal or plasma-enhanced chemical
vapor deposition (PECVD) require numerous formalities to synthesize high quality graphene
that comprises minimal defects [5]. For instance, a widely used technique i.e. PECVD involved
pre-heating, high vacuuming, subsequent cooling, and transfer of graphene. In this way, it

includes a lengthy procedure in addition to the several phases of synthesis [6].

A beneficial bottom-up PECVD alternative that avoids the aforementioned problems is

atmospheric pressure microwave plasma (APMP) technology. APMP does not require heating,

17



vacuuming, or cooling for the synthesis. The synthesis method is facile, scalable, and substrate-
free [7]. Multiple layers of graphene has been previously synthesized using this method.
However, the method is still evolving for the synthesis of graphene and graphene-based
materials such as doping and nanocomposites. Most importantly sustainable aspect of the

synthesis of graphene is not explored to the full extend [8].

In an attempt to replace previously used toxic and nonrenewable precursors, a sustainable,
environmentally benign, and less energy-intensive approach is introduced in this work. Pristine
graphene is synthesized from natural resources i.e. tea tree and tangerine peel extracts
separately. The nitrogen-doping of graphene is made in a single step at a remarkably low
microwave power. Furthermore, the synthesis approach for the nanocomposite of graphene and
silver metal using microwave plasma which does not involve toxic chemicals and multiple
steps, is developed. Lastly, the application of as-synthesized nanomaterials in advanced

applications such as environmental sensing is reported in this work.

1.2 Research objectives

The goal of this research was to provide sustainable, rapid, and economically viable approaches
for the synthesis of graphene-based materials i.e. pristine graphene, nitrogen-doped graphene
oxide, and graphene-metal nanocomposites. Moreover, showcasing the applications of these
materials in environmental sensing is also intended in this work. The following set of objectives

were defined in order to fulfill these:

0 Synthesize graphene from a natural source for its use in the electrochemical detection

of diuron herbicide.

o Investigate rapid and chemical-free synthesis of graphene-Ag nanocomposite for the

detection of endocrine disruptor chemical, i.e. methyl paraben.
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o Develop a sustainable approach for the synthesis of nitrogen-doped graphene oxide and

demonstrate its application for the detection of oxalic acid, a hazardous substance.

Achieving these objectives would considerably contribute to the sustainable, facile, and
environmentally-friendly fabrication of graphene-based materials. Moreover, it would be a

great step towards the UN sustainable development goals of 2030 [9].

1.3 Document organization

This thesis contains seven chapters, each of which addresses the aforementioned research

objectives.

Chapter 1 gives a brief background and the research context of this work. The research gaps

and objectives of this project are also outlined in this chapter.

Chapter 2 provides a literature review on the recent history of the plasma-based synthesis of
graphene and its applications. The chapter discusses the process parameters and their effects

on the production and properties of graphene in detail.

Chapter 3 presents investigations on the synthesis of graphene from the extract of tea tree. The
effects of microwave power on the properties of graphene are discussed comprehensively. The
traits of produced graphene have been investigated using laser Raman spectroscopy, X-ray
photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), and transmission
electron microscopy (TEM). The application of graphene for the detection of diuron herbicide

has been discussed in detail in this chapter.

Chapter 4 explains the synthesis approach for fabricating the graphene-Ag nanocomposite
using atmospheric pressure microwave plasma. The confirmation of the formation of

nanocomposite has been made through X-ray diffraction (XRD), XPS, and TEM. An optical
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emission spectrum illustrating the plasma environment during different stages of synthesis is
also provided. Lastly, the application of the graphene-Ag nanocomposite is demonstrated for

the electrochemical sensing of an endocrine disruptor i.e. methyl paraben.

Chapter 5 discusses the synthesis of graphene from the tangerine peel oil. The influence of
microwave power on the properties of graphene are investigated in detail. The characteristics
of as-synthesized graphene have been studied using laser Raman spectroscopy, X-ray
photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), and transmission
electron microscopy (TEM). The application of graphene for the detection of toxic vapors is

also discussed in this chapter.

The method utilized to produce nitrogen-doped graphene oxide (N-GO) sustainably is
described in full in Chapter 6. It is demonstrated how nitrogen-doped graphene oxide may be
produced in a single step with a single precursor using remarkably low microwave power. This
chapter also includes information on the N-GO characterizations performed using Raman,
XPS, SEM, and TEM as well as Fourier transform infrared (FTIR) spectroscopy. It is also

shown how N-GO could be used as an electrochemical sensor to detect oxalic acid.

Chapter 7 gives a general summary of the work carried out to achieve the objectives of the

project. This chapter also highlighted the key results and future recommendations.
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Chapter 2: Literature Review

This chapter summarizes the literature relevant to the plasma-based synthesis of graphene.
Additionally, the applications of graphene-based materials synthesized through plasma
techniques are also provided. Mainly, the review focuses on two areas: PECVD growth of
graphene and atmospheric pressure microwave plasma-assisted synthesis of graphene. The first
section 2.1, introduces various carbon nanostructures. The second section 2.2 comprises a
detailed analysis of the key parameters for the growth of graphene. The third section signifies
the atmospheric pressure plasma for the synthesis of pristine as well as doped graphene.
Especially, the role of various plasma process parameters on the properties and structure of
graphene is discussed in detail. Furthermore, an overview of the applications of graphene in
various fields is given. The chapter is concluded with a summary, conclusions, and future

recommendations.

This Chapter is given as published in “Reviews of Modern plasma Physics”.

Zafar, M. A., & Jacob, M. V. (2022). Plasma-based synthesis of graphene and applications: a

focused review. Reviews of Modern Plasma Physics, 6(1), 1-38.
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Plasma-based synthesis of graphene and applications: A focused

review

Abstract

Graphene is a highly sought-after material for a wide range of applications, particularly in areas
such as energy harvesting and storage, electronics, electrochemical sensors, biomedical,
composites, and coatings. The synthesis of high-quality graphene is a precondition for its real-
time application. However, conventional synthesis methods have certain drawbacks including
laborious procedures and structural defects in graphene nanosheets. Plasma-based synthesis
techniques such as plasma-enhanced chemical vapour deposition and atmospheric pressure
microwave plasma are high-tech synthesis practices that can produce graphene without any
solvents in a few seconds. This article reviews these state-of-the-art techniques emphasizing
mainly their process parameters for the synthesis of high-grade graphene, which is defect-free,
and comprises mono to few layers, great carrier mobility, and high purity. The applications of
as-synthesized graphene in various fields are also provided. Moreover, the potential

breakthroughs and the prospect of these techniques are also discussed in this work.

Keywords

Plasma-enhanced chemical vapour deposition, atmospheric pressure microwave plasma,

process parameters, growth of graphene
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2.1 Introduction

The astonishing discovery in the field of materials science in the last two decades is indeed
graphene. Graphene was synthesized by Professor Andre Geim and Konstantin Novoselov in
2004 who won a noble prize for this [1]. Although graphene was under investigation before
2004 under different names, however, due to the lack of suitable synthesis techniques, graphene
failed to appear in the limelight. Prof. Geim and Novoselov used a simple approach of
mechanical exfoliation, which involved using scotch tape on graphite [2]. Eventually, the
exfoliated single layer of graphite, comprising a thickness between 0.4-1.7 nm was termed

graphene [3].

Graphene is a 2-dimensional monolayer of carbon atoms arranged in a honeycomb structure.
It is basically composed of sp? hybridized carbon atoms. Just like other allotropes of carbon
i.e. diamond, graphite, fullerenes (Cso), and carbon nanotube, graphene is also an allotrope of
carbon [4]. Graphene has a large theoretical specific area [5] and possesses extraordinary
mechanical, electrical, optical, thermal, etc. properties [6]. It is the thinnest as well as the
strongest known material, surpassing diamond [7]. Owing to all these properties, Prof. Geim
called it a “wonder material” [8]. Also referred to as “magic material” in some writings by

others [9].

The main challenge towards the practical application of any material comes during its synthesis
process. A variety of synthesis techniques have been used to produce pristine graphene.
Mainly, it can be divided into bottom-up and top-down approaches, which are further divided
into various techniques based on the synthesis approach. Each synthesis method has its own

merits and demerits [10]. Fig 2.1 gives the division of techniques.

The methods which involve the break-down of the bulk material, such as graphite to acquire a

single or few layers of graphene are regarded as top-down methods. Based on how exfoliation
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is carried out, various techniques have been reported as top-down methods. It includes,
mechanical exfoliation [11], chemical synthesis, liquid-phase exfoliation [12] etc. However,
these techniques lack a good production rate, give poor quality of graphene [13], or require the
reaction of graphite with strong oxidizers such as sulphuric acid, potassium chlorate, nitric acid
and potassium permanganate which produce toxic gases [14]. Conversely, bottom-up
approaches use molecules or atoms as building blocks of a complex structure and are
considered very promising since these involve no wastage of materials [15]. The processes
include epitaxial growth [16], chemical vapour deposition (CVD) [17], plasma-enhanced
chemical vapour deposition (PECVD) [18, 19] and atmospheric pressure microwave plasma

synthesis [20].

In vapour deposition techniques, a precursor in the form of gases is sent into a reaction chamber
set at a higher temperature. When gases are exposed to the substrate, a reaction occurs and a
monolayer to a few layers of graphene are created on the surface of the substrate. CVD, also
known as thermal CVD, involves a high temperature of about 1000°C [21]. However, with the
assistance of plasma, graphene can be grown at lower temperatures ranging from 600°C to
800°C. The plasma generates an enormous chemical environment, producing a mixture of
molecules, radicals and ions from hydrocarbon precursors, as a result facilitates lower
formation temperatures and a faster synthesis process than thermal CVD [22]. The atmospheric
pressure plasma is the state-of-art technique in which synthesis is carried out at atmospheric
pressure; rendering it a substrate-free process without the need for high vacuum or temperature.
This literature review focuses on PECVD and atmospheric pressure microwave plasma
synthesis of graphene. Particularly, the parameters involved in the synthesis of graphene and
their role in the structure of the graphene are addressed. Lastly, a detailed outlook on these

techniques is provided as well.
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Fig 2.1: Top-down and bottom-up synthesis techniques of graphene

2.1.1 Carbon nanostructures

The carbon allotropes of the nano-sizes comprising different shapes, sizes and
dimensionality are widely sought-after research materials. This is due to their
diverse properties, structural diversity and myriad of applications [23-26]. Until
now variety of carbon nanostructures have been developed, and many efforts have
been made to tailor the properties of those materials for targeted applications [27].
These nanoscale carbon structures can be classified based on their dimensionality
i.e. zero, one and two-dimensional carbon nanostructures. Their division is shown

in Fig 2.2.
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Fig 2.2: Types of Carbon nanostructures [26]

2.1.2 Zero-dimensional carbon nanostructures

Zero-dimensional carbon nanostructures include fullerenes, carbon dots or graphene
quantum dots. The first synthesis of fullerenes was reported in 1990, where it was
prepared by evaporation and recondensation of graphite [28]. Now fullerenes is prepared
massively and thus easily available. Fullerenes have many interesting characteristics. For
instance, the delocalization of charges within spherical carbon network and aromatic p-

sphere are important for stabilizing charged units [29].

Carbon dots or graphene quantum dots are the recent addition in zero-dimensional carbon
nanostructures. The very first reported fabrications of these materials were from candle
soot [30] and laser ablation method [31]. However, now a variety of techniques have

developed to synthesize carbon dots which include hydrothermal and electrochemical
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methods, and pyrolysis or microwave conversion of waste materials [32]. The

luminescence of carbon dots spans into the visible spectrum [33].

2.1.3 One-dimensional carbon nanostructures

Carbon nanotube is a one-dimensional allotrope of carbon. Carbon nanotube is basically
a cylindrically tube which can be obtained by rolling the graphene film [34-36]. Carbon
nanotubes are two types, single-wall carbon nanotube (SWCNT) [37] and multiwall
carbon nanotube (MWCNT) [38]. Carbon nanotube offers interesting properties such as
semiconductor, semi-metallic and metallic which make them an ideal material for sensing
applications [39-41]. The synthesis of carbon nanotube is usually obtained through

chemical vapour deposition method due to great merits of this method [42, 43].

2.1.4 Two-dimensional carbon nanostructures

The newest example of two-dimensional carbon nanostructure is graphene [8]. Graphene
is basically an atomically thin single-layer of carbon hexagonal structure [44]. Graphene
has myriad of applications due to its extraordinary properties, such as highest electron
mobility, high surface area, and excellent conductivity, stronger than diamond etc. [45].
Owing to this, extensive research has been devoted on developing the preparation
methods of graphene. CVD [21, 46], PECVD [47], epitaxial growth [48], Hummers
method [49] and mechanical exfoliation [50] are widely used methods to produce this

two-dimensional material.

In addition to pristine graphene, various surface-treated forms of graphene i.e. graphene
oxide, reduced-graphene oxide, photoluminescent graphene oxide, nitrogen-doped
graphene/graphene oxide have also been developed [26]. Graphene oxide is rich with

oxygen functional groups such as hydroxyl, carboxyl, and epoxy groups [51]. Due to
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these oxygen functional groups, a negative charge is developed on the surface of the
graphene. The non-altered areas of graphene contains free p-electrons, allowing p-
interactions. The charge, surface chemistry, and hydrophilicity of graphene oxide add

interesting properties in the graphene [52, 53].

2.2  PECVD synthesis of graphene

The PECVD process for the synthesis of graphene can be divided into three parts, i.e. precursor
delivery, decomposition, and graphene formation. A precursor in the form of gas is supplied
into the plasma region, where it breaks down into smaller reactive reagents i.e. C, H, Hz, or
CO, etc. depending on the composition of the precursor. Carbon in the form of graphene is
deposited on the substrate, whereas, the residual gases flow out from the plasma region. The
entire process is completed within a few seconds [27, 54]. Upon cooling, graphene deposited

substrates are collected from the chamber and are well-kept for further investigations.

The PECVD reaction process is fast and efficient; however, it involves several factors
influencing the process. For example, process parameters such as plasma power, precursor flow
rate, chamber pressure, substrate temperature, etc. affect the synthesis method significantly
[45, 55]. An overview of the method is shown in Fig 2.3. The next section will address these
factors, explaining how they have been used in the past and their impact on the quality of

graphene.
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Fig 2.3: An overview of the PECVD process to synthesize graphene

2.2.1 Input parameters

i. Plasma power

Plasma sources such as radio frequency (RF) and microwave (MW) in the frequency
range of 1 to 500 MHz and 0.5 to 10 GHz respectively, and direct current (dc) plasma
are commercially available to be utilized in different applications. For the synthesis of
graphene, most researchers prefer using RF and MW at the frequencies of 13.56 MHz
and 2.45 GHz respectively [55]. These are standard industrial frequencies and are
considered optimum values for the quality of the product [56]. Both types of plasmas

have been optimized for different powers and have shown quality results.

Nang and Kim [57] studied the effect of RF power on the synthesis of graphene on Cu
substrate from CHa precursor. For this purpose, the substrate was first preheated at
950°C. Then among 50 W, 200 W, 400 W, and 600 W they reported 200 W, as a suitable
power for quality production of graphene. Unlike RF plasma, high power of the

microwave, typically above 1 kW was used to synthesize the graphene [58-62]. However,
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it should be noted that contrary to RF plasma, no substrate pre-heating is involved in
microwave plasma. In the substrate-free synthesis of graphene using microwave plasma,
Dato and Fraenklach [63] varied the plasma power from 350 W to 1100 W and
determined that the change in power had no substantial effect on graphene synthesis. It
was noted that the low power of plasma was sufficient to produce the required quality of

graphene.

ii. Precursor

Precursor, also known as monomer or feedstock plays a vital role in the synthesis and
properties of graphene. It has been found that the properties of synthesized graphene are
not only affected by the composition of the precursor but also the flow rate of the
precursor [54]. Therefore, scientists have investigated varieties of precursors. The key
point in all precursors is that they must contain carbon compounds [64]. The
fragmentation of a precursor is the primary step in all PECVD processes. The
fragmentation process of a hydrocarbon precursor is highly endothermic and thus require
a high temperature. Because of this process, the carbon will form graphene on the
substrate. The by-products in the reaction are Hz and CO, depending on the composition
of the precursor. Some have used carbon-based chemicals, which are fossil fuels. These
include but are not limited to methane (CH4) [65-67], toluene (C7Hs) [68], xylene (CsH1o)
[69], hexane(CesHa14) [70], ethylene (CzHa4) [71], ethanol (CH3OH) , methanol (C2HsOH)
[65], acetylene(C2H2) [72] etc. The hydrocarbons are usually mixed with hydrogen before
they are supplied into the chamber. These precursors, mostly produced by fossil

decomposition are highly toxic as well as prone to depletion over time.
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Lately, renewable hydrocarbon-based precursors have been used which are found in
enormous amounts on earth. The prime benefits of using these precursors are that they
are easily accessible and can keep the reaction process green. To date, following
precursors have been used; sesame oil [69], Melaleuca alternifolia is commonly known
as tea tree [18], camphor [73], turpentine [74], geranium [45], eucalyptus [75], palm
[76], and soybean oil [77]. Moreover, eatable products such as honey, biscuits, sugar,
milk, and cheese have excitedly shown the viability of being potential precursors for the

synthesis of graphene [78].

Overall, it has been found that the used precursors can be in solid, liquid, and gaseous
forms. Nonetheless, the results have shown that the quality of graphene is far better in

gaseous precursors compared with solids or liquids [46].

iii. Gas and precursor flow

Hydrogen (H2) gas in combination with a precursor is generally used in the synthesis of
graphene. Only a few have used argon (Ar) without Hz, however, the quality of graphene
is compromised in this method [79, 80]. The proportion of gas relative to that of the
precursor also has a significant effect on the synthesis process. Not only does it determine
the final product, i.e. carbon nanotube (CNT), graphite, and/or graphene but also plays a
role in shaping the morphology and structure of the graphene [81]. Wu et al. [82] studied
the effect of the H2/CHa ratio in synthesis on gold (Au) substrate. Using the MW-PECVD
at temperatures between 650-700°C, and varying only Hz concentration, they found
considerable impact of Hz gas on synthesis. A higher concentration of Hz i.e. H2 /CH4
ratio of 100, which is used for diamond film formation, showed no observable outcomes.
Decreasing the ratio to 30 showed some columnar structures, further decrease showed a

mixture of fibers/tubes and graphite nanosheets. Additional lowering of the ratio to reach
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the range of 4-8 produced vertical graphene nanosheets. Wang et al. [83] studied the
effects of CH4 concentration by varying it from 10 % to 100 % in Hz atmosphere. They
used an RF plasma system at the power of 900 W while changing substrate temperatures
from 600 to 900°C. All specimens yielded the same vertically standing graphene flakes
of similar thicknesses. However, with the increase of CH4 concentration, the size of sheet
decreased; meanwhile the density of graphene decreased as well. Generally, gas ratio of
CHa/H2 higher than 1:20 is depicted as optimum for vertical graphene synthesis in

PECVD [81].

Hydrogen, either mixed with inert gasses (argon or helium) or in pristine form, play a
vital role in the synthesis of graphene film on a substrate. Hydrogen acts as a catalyst and
controls the grain size and shape by etching away the weak carbon bonds. Hydrogen
partial pressure also affects the number of layers of graphene. It also has been noted that

in the absence of hydrogen, graphene might not form [84].

iv. Chamber pressure

The chamber pressure has shown remarkable influences on the production rate of
graphene. For instance, sub-atmospheric pressure has a low production rate while high
vacuum pressure is favourable to attain a high production rate in microwave plasma. It
happens, because the collisions between electrons and heavy particles which causes high
temperature, is a key part of the process. Sub-atmospheric plasma does not favor this
collisional phenomenon, hence a rise in temperature does not occur which eventually
slows down the graphene synthesis [54]. However, to get high-quality graphene, without
any impurities, it is important to vacuum the chamber. In literature, a wide range of
chamber pressures has been used. It includes high vacuum pressure, low pressure (0.01-

0.02 mbar), and atmospheric pressure (1014 mbar) [21].
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V. Temperature

Temperature is an essential factor in any graphene synthesis process. Depending on C-H
bonding energy, temperature also varies from one precursor to another. Compared with
thermal and CVD processes, the PECVD process can be performed at lower
temperatures. It is due to the presence of active ions and energetic electrons which can
assist in breaking down the chains of molecules [54]. Based on the plasma source, some
PECVD processes require precursor and/or substrate heating. In dc glow discharge, the
substrate as well as the precursor must be heated. MW and RF-PECVD also require
substrate heating. However, some of the MW plasma systems do not rely on the heating

of the precursor or the substrate [81].

The substrate is heated externally, thus an additional heating element is coupled with the
quartz tube. The heating temperature of the substrate depends on the conditions of other
parameters. In most of the studies, substrate temperature usually differs from 600°C and
1000°C. Rao et al. [85] have shown a very low substrate temperature i.e. 400°C for the
synthesis of carbon nanostructures. In another study, it was revealed that graphene could
not be produced at a temperature below 600°C. In addition, the substrate temperature
happens to have an effect on the density of the synthesized graphene. Higher
temperatures, for example, more than 730°C produced high-density graphene [81]. Apart
from substrate temperature, plasma generation also causes some increase in the
temperature. Therefore, at the time of reaction, the temperature inside the chamber is

always higher than the measured substrate temperature [86].

RF and MW plasma are widely studied plasma sources. The main role of plasma is
twofold, i.e. heat transfer and transfer of momentum to breakdown the chains of precursor

molecules. This role helps to lower the pre-heating temperature of the substrate. Here,
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the past work on RF and MW-PECVD, categorizing them based on different substrate

temperatures, will be analysed.

2.2.2 Radiofrequency PECVD

Low temperature (<600 °C)

Seo et al. [87] produced graphene without any substrate by heating butter on Ni foam;
where butter was used as a precursor. They used a high 1000 W plasma power, which
can build a temperature from 400 to 450°C. The Raman spectroscopy results showed
evidence of some graphene. However, the quality of graphene was compromised, as the
D peak, which indicates the number of defects, was quite high. Chen et al. [88] attempted
to synthesize graphene at a quite low temperature of 300°C and studied the effects of
deposition time on the thickness of graphene. Their results presented graphene of
thickness varying from 10 to 600 nm, which is higher than most reported thicknesses of
graphene. The Raman spectra also did not produce the desired outcome as the D peak
was quite higher and the 2D peak was quite lower than the G peak. Moreover, the lengthy

synthesis time of 60 min also renders this approach unsuitable for graphene synthesis.

Medium temperature (600 — 750 °C)

Qi et al. [89] produced 1 to 3 layers of graphene on a Si/SiO2 with Ni film-substrate at
low temperatures. It can be attributed to the fact that the plasma power leads to the
formation of a high concentration of radicals on the surface of Ni, which in turn promotes
carbon growth on the surface. Likewise, Wang et al. [90] adopted the same parametric
approach using relatively medium temperatures. They used Cobalt (Co) as a substrate. In
their results, they mentioned that Co has a vital role in synthesizing better quality

graphene.
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Vizireanu et al. [91] performed a parametric study and found that the gas mixture
Ar/H2/CzH2 flow rate has a noteworthy influence on the morphology of graphene. In
addition, temperatures greater than 600 °C, plasma power between 250 and 400 W, and
the argon mass flow rate greater than 500 sccm are important factors for graphene growth.
Song et al. [92] produced graphene on different substrates i.e. Si, SiO2, Quartz, gallium
arsenide (GaAs), germanium (Ge), andcarbon fiber (Cr). They successfully
accomplished a homogeneous vertical graphene distribution on all substrates. Good
quality graphene at medium temperatures is reported by Zhu et al. [93], who used RF

plasma at 680°C and deposited nanosheets directly on a Ni wire.

High temperature (> 750 °C)

Kato et al. [94] performed high-temperature PECVD process and analyzed the effect of
temperature on graphene nucleation and growth rate. High-density graphene grains were
observed at 750°C, which start growing with the increase in temperature. At a
temperature of 950°C, they found a single graphene grain. However, unlike the ones

observed at 800°C and 850°C, the graphene grain at 950°C was not hexagonal.

Terasawa and Saiki [95] found that the substrate temperature has a great impact on the
graphene layers. The substrate temperature of 500°C produced multilayer graphene,
whereas they detected a monolayer at 900°C. Moreover, crystallinity is higher at
temperatures greater than 900°C. Ma et al. [96] studied the effect of gas pressure on
graphene synthesis at a higher temperature. For instance, the growth rate of graphene at
950°C temperature and 1.2 torr pressure is slower than that at 570 mTorr. It is mainly

due to the slower carbon supply from the gas phase to the substrate.

Ma et al. [97] studied the effects of plasma power source and growth temperatures on the

morphology of vertically grown graphene. Varying the power source from 80 to 280 W,
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they noticed vertical graphene flakes forming a bush-like shape. They named it a tree-
like structure as it appeared like one when seen from above in SEM microscope.
Similarly, varying the temperature of the substrate from 700 to 850°C greatly influenced
the tree-like morphology. When the temperatures are lowered, the distance between each
tree is reduced prominently, while the height of tree-like structure increases. The flakes
of graphene in tree-like structure become interlinked. Resultantly, porous films of

graphene are obtained at lower temperatures.

Among low, medium, and high-temperature, it is believed that irrespective of precursor
type, medium temperature range, i.e. 600 — 750°C is appropriate for graphene synthesis.
Low temperatures require either high plasma power or demand a long processing time.
Higher temperature ranges do not make the process suitable for the substrates, which
have low melting temperatures. Thus, a medium temperature range assisted with medium

plasma power is adequately suitable for graphene synthesis.

2.2.3 Microwave PECVD

Malesevic et al. [98] produced highly crystalline graphene on various substrates such
as quartz, silicon, nickel, steel, titanium, etc. Overall, similar results were observed on
all substrates. However, different flakes adhesion was indicated which could be
attributed to the carbide formation on the substrate. Yamada et al. [99] also used the
MW-PECVD process to synthesize graphene at a low temperature such as 320°C
accompanied by no substrate heating. They displayed successful graphene synthesis for
optoelectronic applications due to the high optical transmittance and sheet resistance.
The production of graphene at this lowest temperature on a non-catalytic aluminum

substrate was an extraordinary achievement.
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Yuan et al. [100] also synthesized graphene using MW-PECVD; however, they used
higher temperature by heating the substrate with an inductive heater. In their results,
they found crystalline graphene with some defective morphology. Vitchev et al. [101]
studied the growth of graphene on different substrates, produced using MW-PECVD.
On the initial synthesis stage, they found SiC formation on a silicon substrate, which
was not seen on quartz, or platinum (Pt) substrates. At later stages of growth, they
observed a similar formation phenomenon in which layers of graphene flakes were
developed. Kalita et al. [59] prepared graphene film at the lowest temperature of 240°C.
The results, however, showed some defects, which render this lower temperature

unsuitable for synthesis.

Kim et al. [60] studied the synthesis of graphene at various temperatures. Consequently,
they found monolayer graphene in the temperature range of 450°C to 750°C. The
outcome was the creation of centimeter-scale graphene with the characteristics of high
transparency and low sheet resistance i.e. 590 €/sq. However, graphene formed below

450°C had numerous defects, making it undesirable for applications.

MW-PECVD has also been used to dope the graphene sheets. For instance, Kumar et
al. [61] produced an N-doped graphene film up to the concentration of 2 atomic percent.
For this purpose, an additional supply of nitrogen gas was provided in a microwave
plasma system. Nitrogen gas was released for a minute when precursor (CH4) was
released. This fast and efficient process of N-doping showed the potential to produce

p-doped graphene as well.

2.2.4 Growth mechanism of graphene

The growth of vertical graphene using RF-PECVD process has been studied by Wang et

al. [102]. In their findings, they delineated a three-step formation process, i.e. (i)
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nucleation and island formation of carbon film, (ii) initial growth of graphene sheets, and
(iii) further growth and net-like formation of graphene sheets. A schematic representation
of graphene growth processes and SEM images taken during the growth process are

shown in Fig 2.4a.

Similarly, Malesevic et al. [98] also identified the three-step graphene growth process as
shown in Fig 2.4 (b, c). Firstly, a graphite layer is made parallel to the substrate surface
and seen as a crack on the surface. In the second stage, freestanding graphene nucleation
starts from these cracks in the vertical direction. The growth of these vertical graphene

continues due to the accumulation of carbon radicals on the edges of these graphene.

A recent study by Zhang et al. [103] also mentioned the similar three stages of graphene
growth on Si substrate. However, they observed the growth of the buffer layer (SiC)
parallel to the substrate’s surface before the nucleation of vertical graphene flakes from
the defects. However, the defect formation such as cracks on the surface of the substrate

is beneficial for graphene growth as it provides highly active sites for nucleation.

Nevertheless, it should be noted that the final quality of graphene highly depends on the
process conditions such as type of plasma source, process parameters, growth and cooling
time, etc. The process conditions bring about differences in graphene morphology,
density, and microstructure. As evident from the different names given to the final
morphology of graphene, it can be referred to as petal, bush or tree-like, turnstile,

cauliflower, and maze-like structure [104].
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Fig 2.4: (a) Three stages of graphene nucleation and growth [102], (b) Three-step growth
mechanism of graphene [98], (c) High-resolution SEM images of graphene [98]

2.3  Atmospheric pressure microwave plasma synthesis of graphene

Atmospheric pressure plasma synthesis is a substrate-free synthesis in which freestanding

graphene is produced on a gram scale within a few seconds. The formed graphene is collected

40



downstream on membrane filters or from the walls of the reaction chamber [16, 54, 105]. In
the following discussion, salient features of this process (summarised in table 2.1) will be

discussed.

2.3.1 Plasma reactors

Atmospheric pressure microwave plasma has been previously used to synthesize boron
nitride or aluminium nanoparticles. For graphene, Dato et al. [54] were the first to show
the possibility of synthesis of free-standing graphene in a similar reactor. They used a
quartz chamber, which has an alumina tube concentred in a quartz tube. The alumina
tube was used to deliver carbon precursor i.e. ethanol, directly into the plasma stream.
The schematic illustration of their system is shown in Fig 2.5a. The dissociation of
ethanol vapors and their conversion into solid matters occurred in a short interval, and

a 2 mg/min production rate was recorded.

Tatarova et al. [105] used surface wave-induced microwave plasma to synthesize free-
standing graphene. Considering the crucial role of outlet plasma stream, they modified
the system with a cryostat to control the temperature at the nucleation zone. With small
modifications, they used the same system for the synthesis of N-doped graphene as
well. Briefly, it consists of a 2.45 GHz generator, which is connected with the
waveguide, quartz tubes, and hurricane cyclone system followed by a methanol trap.
They actively controlled the gas flow rates and temperature by MKS247 Readout and
infrared irradiation of the wall respectively. Vaporization was performed by passing

argon gas through an ethanol tank [106]. The system is shown in Fig 2.5b.

Melero et al. [107] used a special microwave plasma torch, named as TIAGO (Torche
a Injection Axiale sur Guide d’Ondes, in French) torch. It is a one-nozzle component,

providing a single flame of plasma. The torch supplied with argon gas opens inside a
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quartz chamber and forms plasma having the appearance of a jet conical flame. They
adjusted the system with efficient argon and precursor input i.e. ethanol mixer system,
which allowed the control of ethanol vapors supply. The Controlled Evaporator Mixer
(CEM, Bronkhorst) along with the ethanol vaporization system is superior to bubblers

in terms of stability and accuracy.

Munzer et al. [108] used the same approach as Dato et al. [54] and Tatarova et al. [105]
as shown in Fig 2.5c. However, they supplied ethanol using an external syringe pump
at an optimized flow rate. Moreover, they also investigated the effect of reactor’s

pressure by varying it from 1000 to 1500 mbar.

Toman et al. [20] synthesized graphene in a dual-channel microwave plasma torch at
atmospheric conditions. The setup is shown in Fig 2.5d. The system was fixed with two
supply channels i.e. central and secondary channels for argon and argon-ethanol
mixture respectively. The advantage of this specific design is that the system can also
be fed with oxygen and/or hydrogen gasses through the central or secondary channel.
The precursor flow was controlled by the mass-loss method, which may not have had
a precise and active control on ethanol vapors. Nonetheless, an efficient method for the
collection of graphene nanosheets is needed, as the collection from the walls of the

container is tiresome for upscaling of the method.
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Fig 2.5: (a) Schematic illustrations of plasma reactors used by Dato’s et al. [63] (b) Tatarova
et al. [106] (c) Munzer et al. [108] (d) Toman et al. [20]

2.3.2 Precursors and their role in graphene formation

Few precursors have been explored for microwave plasma synthesis of freestanding
graphene. Dato et al. [63, 109] employed different precursors and investigated their role
in shaping the final morphology of graphene. They supplied precursors into the plasma
in an aerosol form. Their main study was on investigating ethanol as a precursor,
however, they also studied methanol, isopropyl alcohol (IPA), dimethyl ether (DME).
The methanol feed showed no apparent formation of substances. It could be due to two

possibilities; either plasma power was not enough to breakdown the methanol into its
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constituents or only gas substances were formed which escaped the outlet of the
reaction chamber. On the other hand, IPA formed carbon soot, whereas, DME showed

encouraging results for graphene synthesis.

Ethanol is the most commonly used precursor in the gas-phase synthesis of graphene.
In Dato et al.’s [63] work, ethanol formed single and bilayers graphene nanosheets at a
microwave power of 250 W at the rate of 2 mg/min. Tatarova et al. [105] made graphene
having 1 to 5 number of layers from ethanol at a microwave power of 900 W. Similarly,
Melero et al. [107] observed 2 to 7 layers of graphene from ethanol at a microwave
power of 300 W. In their work, ethanol produced 1.33 mg/min of graphene from 33
mg/min of ethanol consumption, which is comparable with the findings of Dato et al.
[63], where they obtained 2 mg/min graphene but at the cost of 3 times higher ethanol

consumption.

The composition of the precursor especially C/O ratio has a profound effect on
graphene formation [109]. It was noted that in order to develop C-C bonding in
graphene, a suitable amount of carbon is necessary. Since the C/O ratio in methanol
(CHsOH) is one, it is more likely to produce CO instead of C-C bonding. On the other
hand, a higher C/O ratio as in the case of IPA (C3HsO) will form carbon soot. The C/O
ratio in ethanol (C2HsOH) has been reported to be appropriate to initiate C-C bonding.
DME (C2H60), which has the same C/O ratio as ethanol, showed promising results for
graphene synthesis. A single carbon is deemed insufficient to give forth C-C bonding,
instead it may form CO. The above description also highlights the significance of the

presence of oxygen in the formation of graphene as well as overall production rate.

Encouraging results on graphene formation have been reported using methane (CH4) as

the only source of carbon at a microwave power of ~1 kW [110, 111]. Interestingly,
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methane, which carries only one unit of carbon negates the fact that carbon should be
in C-C form to produce graphene. However, it should also be noted that the O in

methane is absent and CO formation might not happen.

The influence of the flow rate of ethanol and plasma gas on the structure of synthesized
products has also been analyzed. Tatarova et al. [105, 112, 113] studied the effect of
aerosol flow rate ranging from 0.5 to 3.5 sccm. A flow rate of 0.6 sccm for ethanol and
250 sccm for Ar showed the highest quality graphene. In another study, Tatarova [106]
raised the ethanol flow rate to 30 sccm, and Ar to 1200 sccm to synthesize graphene. It
was suggested by them that a short precursor residence time would avoid the
agglomeration of graphene into graphite. They observed ethanol decomposing into C,
H, Hz, C2, and CO [112]. Dato et al. [63, 109] mentioned the formation of CO, Cz, and
H2 as well. However, they linked C2 formation with the C/O ratio of the precursor. In
mass spectrometeric analysis, Rincon et al. [86] observed CO, Hz, and traces of
acetylene and methane as a by-product. Munzer et al. [108] synthesized high quality
and largest quantity of graphene at 1 mL/min flow rate of ethanol. Singh et al. [111]
added hydrogen in the precursor to study the influence of hydrogen on graphene
structure. They found that higher the ratio of H/C, greater would be the yield of

graphene.

The role of oxygen in the synthesis of freestanding graphene using microwave plasma
has also been investigated. It was found that the reactant concentration has a great
influence on the graphene formation. The low content of the reactant concentration
reduces the soot formation, and promotes the graphene production. The amount of
water in the precursor promotes CO formations, and hence the graphene formation

[114].
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2.3.3 Microwave power

Microwave power plays an important part in dissociating the precursor and raising the
electron temperature in the plasma chamber [109]. A range of microwave powers, for
instance, as low as 250 W [63] and as high as 2 kW [106] have been investigated to
synthesize graphene. It has been noted that for ethanol precursors, the microwave power
does not significantly affect the structure of graphene. Graphene was formed at all
microwave powers. However, other alcoholic compounds, such as isopropyl alcohol,

start forming soot-like carbonaceous particles at higher microwave power [109].

In another study on the synthesis of graphene from ethanol, Tatarova et al. [112]
observed that decreasing the power below 500 W formed carbon nanoparticles instead
of graphene (Fig 2.6). They ascribed this to supersaturation occurring inside the
chamber due to the decrease in gas temperature. However, the TIAGO torch operating
at a low microwave power of 300 W revealed the formation of pure graphene consisting
of a few layers [107]. Thus, it can be stated that the design of the plasma reactors also

carries a strong influence on the final structure of the carbon material.

Bundaleska et al. [110] synthesized graphene from methane at a microwave power of
1 kW. Interestingly, the same microwave power of 1 KW but with higher methane and
Ar flow rates formed diamond-like structures. They also developed a theoretical model,
which indicated the formation of solid carbon compounds at higher microwave powers
such as 1.5 kW. Toman et al. [20] have studied the influence of the microwave power
on the structure of graphene. They reported that the transition of material from
amorphous to crystalline form depends on the microwave power, ethanol flow rate, and

molecules mixture.
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Fig 2.6: Effect of ethanol flux and microwave power on carbon nanostructure [112]

2.3.4 Comparison of the graphene structure and morphology

Tatarova et al. [112] controlled the wall temperature of the plasma chamber using a
cryostat and studied its influence on the quality of graphene. It was noted that external
heating or cooling does have some effect on the structure of graphene. For instance,
low wall temperatures form carbon nanoparticles, whereas temperatures above 60°C
promote graphene formation. Also, the samples showed lower numbers of monolayers
when the wall temperatures were kept above 60°C. However, the Raman spectra shown
in Fig 2.7 displayed an intense peak for the wall temperature of 60°C as compared to
that of 80°C. This can be attributed to the structural defects in the samples created at 60
°C. The low-resolution images shown in Fig 2.7 showed monolayers and a few layers
of graphene nanosheets. In addition, it can be observed that some of the sheets are

overlapping and folded at the edges.

The effect of precursor flow rate on the quality and production amount of graphene has

also been investigated thoroughly. In a work presented by Casanova et al. [115], they
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found that varying the ethanol flow rate from 2 g/hr to 3.4 g/hr, increases graphene
production steadily. However, a further rise in ethanol flow rate not only reduces the
quantity of graphene but also starts forming carbonaceous particles. This can be
illustrated through the Raman spectra (shown in Fig 2.8 a, b) which also shows the
intensity ratios i.e. l2o/lc and l2o/lc at different ethanol flow rates. Only 4 g/hr flow rate
of ethanol showed l2p/lc value of less than one, which is indicative of multilayer
graphene. However, a 3.4 g/hr flow rate of ethanol can be considered optimum
parameter in this synthesis since the value of Io/ls, which suggest the defects in the
structure, is the lowest. Overall, all the samples of different ethanol flow rates showed
evidence of graphene formation. The D (~1350 cm™), G (~1580 cm™) and 2D (~2700
cmt) bands can be observed in Fig 2.8. The low values of Ip/lg, ranging between 0.2
and 0.35 indicated the low number of defects in the sample. The shoulder peak in G
band arises due to intra valley transition [116] and corresponds to weak disorder-

induced feature [117].

48



(a)
2000

1800 v

8

D (13327 e’ )

1400 p

Intensity (a.u.)

; : Pgmart A i
1200 1400 16002400 2600 2800 3000

Raman shift (cm”)

(b)
1800 s
P =900 W 2D (2662.6 cm™)
T =80°C

wall

D (1584.1 cm™ 1)
1500 =

Intensity

D(1331.8cm™)

1200

/e

" " " L :
1200 1400 1600 ©~ 2600 2800 3000 3200

Raman shift cm™)

Fig 2.7: Raman spectra and corresponding TEM images showing the effect of chamber wall

temperatures [112]

— : 1.B5—s : . : — <70
iG 2D

_,_j\_“w_g,h_ 08| b -1.6
: 0.6- 1.2
: Y :
M)

_,‘AM 0.4- 0.8
i i 2.90gh" -

S = . « *o
A A\ _amgn | 02 . ik

al i .
1200 1500 2400 2700 3000 3300 °°T 50 25 30 35 ao  O°

Raman Shift (cm™) FI (EtOH) (g h')

Y
HEH
I20/l6

Fig 2.8: (a) Raman spectra of samples showing the effect of ethanol precursor flow rate, (b)
In/lc (black circles) and I2p/lc (red squares) values of the Raman spectrum obtained at
different flow rate of ethanol [115]

49



2.3.5 Synthesis of nitrogen-doped graphene

The scope of atmospheric pressure microwave plasma has now been extended to the
synthesis of nitrogen-doped graphene (N-graphene). It has been proven that it is
possible to synthesize a good quality N-graphene in a single-step using an atmospheric
pressure microwave plasma system. However, the high-resolution N1s spectra of these
materials have revealed that the pyrollic N that is considered important for some
applications was absent. Moreover, the procedure involved the usage of an additional
nitrogen gas supply along with the consumption of a 2 kW high microwave power. This
practice makes the process energy-intensive [106]. In another attempt to synthesize in-
situ N-graphene, Bundaleska et al. [118] used ammonia instead of nitrogen along with
ethanol. The high-resolution N1s results showed the presence of pyridinic, pyrrolic, and
graphitic nitrogen. However, they also used a high microwave power of 2 kW.
Moreover, ammonia being a toxic chemical is not an appropriate choice for the

synthesis.

Tsyganov et al. [119] synthesized N-graphene by injecting ammonia directly into
different zones of plasma. They found that the injection position plays a role in
determining the doping level of nitrogen in graphene and the yield of N-graphene.
Recently, another approach for single-step synthesis of nitrogen-doped graphene oxide
(N-GO) has been reported [120]. They eliminated the usage of any additional gas or
precursor and synthesized the N-GO from aniline as a sole precursor. Also, they brought
down the microwave power to 80 W, which was a substantial reduction in the usage of
the energy. Moreover, their results exhibited the presence of nitrogen in the form of
pyridinic, pyrrolic, and graphitic nitrogen. However, applications N-GO needs to be

converted into N-graphene using additional steps such as reduction.
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2.4  Other plasma sources for the synthesis of graphene

Various other plasma techniques depending upon the sources of plasma have also been
employed to synthesize graphene. It includes DC plasma [121, 122], cathodic vacuum arc
plasma [123], thermal jet plasma [124, 125], and hot filament/hot wire plasma [126, 127].
Although the product of theses plasma sources i.e. graphene have nearly same characteristics,
but the setup to produce graphene involves different parts and procedures. For instance, DC
plasma setup consisted of graphite rod anode to hold the substrate, tungsten cathode, DC power
supply, and quartz chamber [128]. DC plasma system are also two types, i.e. pin to plate and
parallel plate type. In DC plasma, it has also been reported that the distance between plasma

source and substrate significantly affects the final structure of the graphene [129, 130].

In hot-filament process two Tantalum filaments (0.5 mm diameter) fitted above the substrate,
heated to 2000°C are used to dissociate the gasses and to convert it into the graphene. Zhai et
al. [131] synthesized B-doped graphene directly on glass substrate using hot-filament CVD
method. The synthesized graphene consisted of nanocrystalline graphene grains and was
uniform on the large scale of glass substrate. Radio-frequency thermal plasma jet system
consisted of plasma torch, generator, quartz reactor, and a precursor delivery system. Fronczak
etal. [132, 133] showed continuous synthesis of graphene from different carbon sources in RF-

thermal plasma. The proposed system produced a comparable graphene nanostructure.

Microplasma, a recently emerging technique is also a promising technique for the synthesis of
graphene. Microplasma, featuring micro-scale dimensions is a low-temperature plasma, which
comprises non-equilibrium reactive environment and high-energy density [134]. Microplasma
has been employed to synthesize graphene quantum dots in colloidal form. The synthesis was
carried out at atmospheric conditions. The graphene quantum dots had the average diameter of

4.9 nm, and showed photoluminescence around 448 nm [135].
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An inductively coupled plasma was used to synthesize and coat graphene on the stainless steel.
In this novel approach, it was demonstrated how graphene can be sprayed on the substrate by
employing a two-translation axis robotized arm. This system also allows a precise control over

the distance between substrate and plasma torch, and substrate’s plasma exposure time [136].

2.5  Plasma for the synthesis of graphene-based composites

Wei et al. [137] synthesized graphene oxide and silver nanoparticles nanocomposite in
dielectric barrier discharge plasma at ambient conditions. A reduction method was used for this
purpose, where plasma worked as a reductant on a graphene oxide substrate. Briefly, first a
mixture of graphene oxide and Ag nanoparticles powders were mixed ultrasonically for 12
hours. After drying the mixture, it was reduced using hydrogen plasma for 1 hour. However, it
was a long procedure for the synthesis of nanocomposite, overall it was a green and dry process
since it did not require any surfactants and solutions. The nanocomposite formation was
confirmed through XRD, XPS and EDS elemental analysis. The as-fabricated nanocomposite

was quite effective against escherichia coli bacteria.

In another study, rGO/Mn304 composite was prepared in dielectric barrier discharge plasma.
First, Mn and GO were produced through Hummers method. Subsequently, they were
converted into rGO/Mn3O4 composite using air oxidation and dielectric barrier discharge
plasma deoxygenation. XPS, XRD and TEM confirmed the formation of nanocomposite. The
synergistic effect of both rGO and Mn3Os4 showed remarkable results in supercapacitor
application. For instance, 193 F/g specific capacitance was noted when the amount of Mn3O4

was 90 % in the composite [138].

Microwave plasma was used to synthesize Pt/graphene composite from the mixture of Pt and
ethanol. The experiment was employed at ambient conditions. Raman, XRD and TEM were

used to characterize the composite. The TEM images showed Pt nanoparticles of 2.6 nm sizes
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uniformly dispersed on graphene having wrinkled-paper like sheets. The Pt/Graphene
composite had high surface area, which made it promising material for catalysts applications

[139].

TiC/graphene nanocomposite was produced by Kim et al. [140] in thermal plasma. The results
showed that TiC were less than 50 nm sizes, and well dispersed. In another study, graphene
nanocomposite with anatase TiO has also been produced using the plasma. The synthesis was
carried out in three steps, i.e. thermal plasma, dielectric barrier discharge (DBD) and heat
treatment. In thermal plasma, TiC-graphene composite was synthesized from isopropoxide.
Afterwards, it was converted to anatase TiO: in dielectric barrier discharge plasma, followed
by heat treatment to remove amorphous carbon and contaminants. The TEM images revealed
50 nm or below sizes of TiO2 nanoparticles. Moreover, the dispersion of the TiO2 nanoparticles

were quite uniform on the graphene nanosheets [141].

Tanaka et al. [142] synthesized graphene-encapsulated silicon nanoparticles using pulse-
modulated induction thermal plasma with a controlled feedstock. Graphene was synthesized
from methane in the induction plasma. Micro-sized Si particles were sent intermittently into
the plasma. The formation of graphene-encapsulated Si nanoparticles was confirmed through
SEM, XRD and TEM. This approach of synthesizing the graphene composite is commendable

especially for its high production rate.

Another unique approach i.e. solution plasma process was used to synthesize GO-MnO:2
composite for a supercapacitor application. The process involves the generation of plasma in
the beaker containing the mixture of GO and MnOz. The plasma was generated by bipolar-DC
power supply at ambient conditions. The as-synthesized GO/MnQO2 composite was used for a

supercapacitor application which showed specific capacitance of 218 F/g [143].
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2.6 Plasma-based processing of graphene structure

In order to achieve desirable properties in synthesized graphene, the structure of graphene can
be altered using radio frequency or microwave plasma. The structure alterations include
doping, intentional creation of pores, defects and/or functionalization. Depending on the
exposure time, reactive radicals and ions in the plasma are responsible for the development of
point and line defects in the graphene layers and thinning the reactive edges of the graphene
[144, 145]. The defects such as grain boundary and topological defects give rise to high strength

in tilted graphene boundaries [146] and improved electronic properties [147] respectively.

Plasma can be used for in-situ functionalization of graphene by introducing different gases in
the reaction chamber. Hydrogenated graphene gives improved p-type conduction and physical
properties. Also, it converts the semi-metallic graphene to insulator [148], and impart magnetic
properties [149]. Increasing the doping amount of hydrogen ions in graphene layer, also
increases electrical resistance and lowers the holes mobility. Consequently, an increase in the
band gap of the layers is noticed. It is also important to mention here that plasma-based
hydrogen functionalization requires certain order of frequencies i.e. kilohertz (kHz). Higher

order of frequencies i.e. MHz etches the graphene layers [150].

Similar to hydrogenation, oxygen functionalization also imparts significant changes in
electrical properties of graphene. Plasma-based oxygen functionalization is much appreciated
approach owing to its simplicity and environment-friendly approach. For instance, Liu et al.
[151] functionalized graphene using controlled water-vapors supplied in the plasma chamber,
operated at 100 W. In another approach graphene has been functionalized using oxygen/argon
gas mixtures in electron beam generated plasma. The oxygen functional groups increased the
covalent bonds in graphene structure, and hence the surface-energy. Consequently, oxygen-

functionalized graphene become reactive and very feasible for strong bonding between
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graphene and metals [152]. CVD synthesized graphene has been modified in atmospheric
pressure microwave plasma using Oz gas. This approach of oxygen functionalization was quite

useful to enhance the graphene semiconducting properties and chemical reactivity [153].

Nitrogen functionalization using amine (NHz) in plasma reactor has shown significant changes
in graphene electrical and chemical properties, particularly used in biosensors. Such a
functionalized graphene shows n-type conductive behavior. At lower plasma powers nitrogen
functionalization occurs only at the edges of the graphene layers, whereas, at higher powers
nitrogen bonds at complete basal plane. Consequently, higher powers functionalized graphene
show a high decrease in the conductivity of the graphene [154-156]. Fluorination of graphene
has shown great improvement in optical properties. For instance, one-sided fluorinated
graphene has shown high optical transmittance and resistivity, which consisted of an optical

band gap of 2.93 eV [157].

Alosaimi et al. [158] demonstrated a graphene oxide modification technique using the
atmospheric pressure plasma. The modification showed changes in the multiple properties such
as chemistry, surface charge, electrical, wettability, thermal conductivity and the morphology
of the graphene. These properties were obtained by exposing the graphene oxide to atmospheric
pressure plasma. The process involves the reduction of graphene oxide into partially reduced-
graphene oxide and reduced-graphene oxide. The procedure is advantageous because of its
environmentally friendly nature and being very economical. Moreover, it can be performed on

various substrates including metals, glass, semiconductors, Si, plastic etc.

The usage of microwave plasma to reduce the graphene oxide for the potential applications has
been investigated. Polyethylene terephthalate (PET) coated with graphene oxide on its both

sides has been successfully reduced to conductive reduced-graphene oxide. It was also shown
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that the addition of nitrogen gas into the reactor chamber converts the graphene oxide into a

nitrogen-doped graphene oxide [159].

2.7  Applications of graphene

2.7.1 Applications of PECVD grown graphene

i. Applications in supercapacitor

Owing to fast charge/discharge rate, high power density, and long cycle life in
supercapacitors (pseudocapacitors and electric double-layer capacitors) have attracted
great interest of scientists as a new energy storage device [160-162]. Fast charge-
discharge rate, long-life, high power and energy density are few characteristics which
make supercapacitors different and advanced from conventional capacitors.
Supercapacitors are of two types, i.e. electric double-layer capacitors (EDLC) and
pseudocapacitor. In EDLC electrical energy is stored by intercalating charges at
electrolyte-electrode interface by making the double layer of charges. In this, charges are
deposited physically due to the electrostatic attraction. Here graphene is used as an
electrode material to store charges. Pseudocapacitor involve faradic reactions to store the
electrical energy [163-165]. Graphene has been considered as a new alternative
supercapacitor material due to its high conductivity and surface area. Moreover, vertical

morphology of graphene is very suitable for the diffusion of ions [166, 167].

PECVD grown graphene grown on different substrates has also been investigated for
supercapaciotrs applications using electrochemical studies. The graphene grown on Ni
foam has shown excellent specific capacitance of 230 F/g at a scan rate of 10 mV/s. The
results are shown in Fig 2.9. The supercapacitor showed insignificant capacitance after

1500 cycles at high current density. It should also be noted that the capacitive behavior
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of graphene can be modified by controlling the plasma process parameters such as gas

type and plasma power [47, 87].
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Miller et al. [168] synthesized graphene from methane using RF-PECVD on Ni substrate.
The as-synthesized graphene was utilized as an electrode in supercapacitor. In another
study Bo et al. [169] synthesized graphene in PECVD for an electric double layer
capacitor. The binder-free electrode showed improved wettability and offered improved
ion access. Resultantly, remarkable electrochemical properties were observed in agqueous

and binder-free electrolytes.
ii. Applications in sensors

Graphene materials are also widely used in variety of sensors owing to their remarkable
sensitive properties [170, 171]. PECVD synthesized graphene was directly grown on
AU/Si to form the heterojunction for its application in infrared photodetector. The
deposited graphene formed strong van der Waals bond. Resultantly, a photo to dark ratio
and responsivity was noted up to 2 x 10* and 138 mA/W respectively [172]. Comparing
with CVD grown graphene, it was found that CVD graphene showed impurities and

mismatching between graphene and Au/Si [173]. Yang et al. [174] made graphene-based
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electrode for tunable and sensitive capacitive pressure sensor. The sensor showed fast
response, low detection limit, tunable sensitivity, high sensitivity, stability and flexibility.
This is a great example of graphene application in wearable health-monitoring devices.
PECVD synthesized graphene-based sensors have also been used in various

electrochemical sensors [175-177].

Wearable sensors with high sensitivity and stretch-ability are highly desirable. Graphene
is now becoming an important part in wearable sensors and electronics. Compressing,
stretching and flexibility are the important characteristics of wearable electronics.
Graphene is combined with elastic materials in real applications to form wearable
electronics. Robotics and wearable smart electronics are particularly using graphene as
wearable sensor materials owing to graphene excellent properties of stretchability and

sensitivity [178, 179].

Wu et al. [180] developed a strain sensor made of graphene sandwiched between
polydimethylsiloxane (PDMS). The sensor was non-corrosive to human sweat and
insensitive to temperature. They found that the basal plane of vertical graphene is crucial
in obtaining the high gauge factor in the strain sensor. Also, it was observed that the
stretch-ability and sensitivity can be modified by altering the height of the vertical

graphene.

In another stretchable sensors study Yang et al. [181] made electronic skin (E-skin) which
showed very sensitive response to vocal cord vibration, joint and eye movement. The
sensor demonstrated a gauge factor up to 65.9 with a 100 % of maximum stretch-ability.

The sensor is quite promising for its applications in wearable healthcare devices.

A temperature sensor based on graphene and polydimethylsiloxane (PDMS) was also

developed. The sensor showed a temperature coefficient of 0.214°C™!, three times higher

58



than that of conventional temperature sensors. It was due to the outstanding thermal
sensitivity and stretchability of graphene. The sensor showed promising results for
human body temperature sensing. Moreover, the recovery time of the sensor was quite
efficient. It is shown in Fig 2.10a [182]. An electrochemical biosensor for lactate sensing
has also been developed which showed wide linear range and low limit of detection. The

cyclic voltametric response of detection is shown in Fig 2.10b [183].

Huang et al. [184] fabricated parallelly aligned vertical graphene for wearable strain
vector sensor. Due to the electrically anisotropic nature, the sensor was able to detect
strain and amplitude of the strain vectors simultaneously. The human-sensor interface

was investigated in real-time application for finger-joint movements.
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Fig 2.10: (a) Wearable temperature sensor showing response/recovery time [182] (b)
Cyclic voltametric response of different graphene-based sensors for lactate detection
[183]

iii. Applications in photovoltaic devices

A photovoltaic device converts sunlight energy into the electricity. Though much
progresses have been made in photovoltaic devices, high production cost and low
efficiency of the devices are still some of the challenges which require scientist’s

attention [185]. Benefitting from graphene’s low sheet resistance and high transparency,
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graphene is now considered an ideal material to be used in current photovoltaic devices.
For instance, graphene transparent electrodes have been used in organic photovoltaic
devices [186-188] and dye-sensitized solar cells [189, 190]. Previously used CVD
techniques require the transferring of the synthesized graphene on required substrates for
photovoltaic devices. The transferring process produces cracks or wrinkles in the
graphene, which affect the quality of the graphene. PECVD has the ability to directly
synthesize graphene on variety of substrates and which at the same time has low sheet

resistance and high transparency [191].

Carbon-based heterostructure junctions are now widely appreciated in solar cells. P-N
and Schottky junction are some examples of it. Graphene Schottky junction is more
valued due to its excellent charge separation efficiency and large built-in field [192, 193].
The power conversion efficiency in graphene still needs scientist’s attentions. An
example of that is the fabrication of graphene-graphitic film on silicon substrate.
However, this graphene/silicon schottky junction solar cell showed poor efficiency of

0.078 %.

PECVD fabricated graphene nanowalls are another example of graphene-based
materials, employed in solar cells. Their use include as a counter electrode in dye-
sensitized solar cells [194]. The dye-sensitized solar cells made of as-synthesized and
hydrogen plasma treated graphene nanowalls showed improved power conversion
efficiency. The power conversion efficiency in plasma treated solar cell was higher than
as-synthesized graphene. It is attributed to the reduction in sheet resistance of graphene
material [195]. The power conversion efficiency can be increased even more by

fabricating graphene nanowalls directly on silicon substrate. For instance, Liu et al. [196]
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reported 5.1 % of power conversion efficiency of such a heterojunction material. It was

attributed to the high surface area of vertical graphene nanowalls.

Bayram et al. [197] synthesized graphene/polyaniline nanocomposite using the PECVD
setup for the dye-sensitized solar cell application. Graphene/polyaniline nanocomposite
was used as a counter electrode. Nanocomposite was prepared in multi-steps. It includes
single and multilayer graphene films fabrication on fluorine-doped tin oxide substrate.
Subsequently, polyaniline films were produced on graphene films. The dye-sensitized
solar cell comprised of N719 dye, iodolyte liquid electrolyte, titanium dioxide (TiO2)
nanotube photoanode, and graphene/PANI nanocomposite. It is shown in Fig 2.11a.
Current-voltage characterization given in Fig 2.11b showed that photo-conversion
efficiency varied between 0.56 and 1.36 % depending upon the number of layers of

graphene. The photovoltaic performance of dye-sensitized solar cell was recorded as 1.1
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Fig 2.11: (a) Dye-sensitized solar cell configuration (b) J-V curves of graphene/polyaniline
curves [197]
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2.7.2 Applications of atmospheric pressure microwave plasma-synthesized

graphene

i. Applications in supercapacitor

Nitrogen-doped graphene synthesized in atmospheric pressure plasma was used as an
electrode in supercapacitor application. Electrochemical methods i.e. cyclic
voltammetry, electrochemical impedance spectroscopy, and galvanostatic charge-
discharge were used for this purpose. As expected from a charge storing material, N-
graphene showed perfect rectangular structure. It is shown in Fig 2.12a. The cathodic and
anodic current responses showed an increase with the increase of scan rate, and a
rectangular shape was observed even at 400 mV/s scan rate. Galvanostatic charge-
discharge measurement were conducted at current densities ranging between 0.1 and 1
Alg. It is shown in Fig 2.12b. The results showed linear charge and discharge behavior
at all current densities which prove the electric double layer capacitance behavior.
Moreover, specific capacitance of 8.87 F/g was attained at 0.1 A/g current density. The

specific capacitance retained its value even at increased amount of currents [118].
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Fig 2.12: (a) Cyclic voltammograms of N-doped graphene at various scan rates (b) Galvanic

charge-discharge at various current densities [118]
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ii. Applications in sensors

The atmospheric pressure microwave plasma synthesized nitrogen-doped graphene oxide
has also shown remarkable results in electrochemical sensing of oxalic acid [198]. Oxalic
acid could have adverse effects on human health if consumed excessively. Thus, it is very
important to detect oxalic acid in foods. Ag-Nps loaded nitrogen-doped graphene oxide
drop-casted on glassy carbon electrode was used as a working electrode in this study. The
electrode was used for oxalic acid detection in a phosphate buffer solution. Compared
with bare or nitrogen-doped graphene oxide showed prominent peak current in cyclic
voltammetry measurements. The cyclic voltammetry results are shown in Fig 2.13.
Furthermore, characterized through chronoamperometry, the electrochemical sensor
showed a lower limit of detection and a wide linear range i.e. 2 uM and 10 — 300 uM
respectively. Attributed to the anti-fouling properties of nitrogen-doped graphene oxide,
the proposed sensor demonstrated excellent stability and repeatability results. Graphene
synthesized using the microwave plasma has proven its excellency in herbicide detection.

A wide linear range and a remarkable limit of detection was noted for diuron detection.
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Fig 2.13: Cyclic voltmmograms of modified working electrodes for oxalic acid

detection in a phosphate buffer solution [198]

ii. Application in water desalination

Nitrogen-doped graphene oxide, synthesized in atmospheric pressure microwave plasma
from a single source i.e. aniline was used in a demonstration application of desalination.
A lab scale developed desalination system was used for this purpose. Commercially
available polyamide membrane was used in this application. The membrane was coated
with nitrogen-doped graphene oxide using the drop-casting method. It is shown
schematically in Fig 2.14a. The nitrogen-doped graphene oxide coating did not affect
much hydrophilicity of the membrane, shown through water contact angle in Fig 2.14b,
c. However, nitrogen-doped graphene oxide coating improved the flux recovery ratio
(Fig 2.14 d), which can be attributed to the excellent anti-scaling properties of the

nitrogen-doped graphene oxide material [199].
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Fig 2.14: (a) Schematic demonstration of the nitrogen-doped graphene oxide -coated-
polyamide membrane, (b) water contact angle of the polyamide and (c) nitrogen-doped
graphene oxide-coated polyamide membranes, and (d) flux recovery ratio after number

of cycles of water filtration [199]
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iv. Applications in catalysis and battery

The dispersion of nanoparticles on base materials is critical for catalysis applications. It
is highly desired that the catalytic nanoparticles should have high surface area, and avoid
any aggregation [200, 201]. Graphene for dispersion of nanoparticles can play an
important role. In a study, gold nanoparticles of varying diameters were spread on
graphene synthesized through atmospheric pressure microwave plasma. The study
revealed that the small sizes nanoparticles i.e. less than 10 nm tend to locate on the edges
of the graphene nsnosheets, and avoided aggregations. It means, nanoparticles less than

10 nm dispersed on graphene nanosheets can be useful in catalysis applications [202].

In another study by Jo et al. [139] Pt/graphene nanocomposite was prepared in
microwave plasma. The nanocomposite was investigated for its application in
electrocatalysis. Investigated through cyclic voltammetry, the Pt/graphene
nanocomposite showed excellent electrocatalytic activity for the methanol oxidation.
Compared with other Pt composites with carbon and graphene, this study revealed that
the electrocatalytic results were superior. It can be attributed to the high dispersion of Pt

on graphene, and graphene’s high electrocatalytic properties.

Graphene nanosheets synthesized in atmospheric pressure microwave plasma has also
been used for its application in battery. For instance, graphene nanosheets and Si
nanocomposite was used in Li-ion battery. Compared with other reported Si composites,
graphene/Si nanocomposite anode outperformed all those and showed superior Coulomb

efficiency and longer stability [108, 203, 204].
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2.8 Conclusion and future outlook

The production of superior quality graphene in a fast and efficient way is one of the merits of
Plasma-based synthesis method. PECVD synthesis of graphene is a widely adopted bottom-
down approach capable of producing monolayer to few-layers graphene. In comparison to top-
down methods where graphite is the main resource for graphene, PECVD is a versatile
approach as it can synthesize graphene from a diverse range of precursors, such as natural gas,
botanical hydrocarbons, food products, polymers, wastes, etc. Furthermore, shorter processing
time and absence of additional chemical requirements are two more benefits of PECVD.
However, the need for high vacuum and low chamber pressure makes the process tiresome. In
addition, the requisite for a substrate and the subsequent transfer of graphene for further
applications are some issues needed to be addressed in this procedure. Moreover, the biggest
challenge for this technique is the scalable preparation of graphene. Therefore, to convert this
system into an industrial-scale process, more attention must be given to the scalable synthesis

of graphene.

Atmospheric pressure microwave plasma synthesis of graphene is another state-of-the-art
technique to synthesize graphene. This method certainly has some advantages over PECVD-as
it does not require high vacuum or low chamber pressure conditions to produce graphene. In
contrast to PECVD, it offers scalable graphene; however, the amount synthesized is still not
adequate for large-scale production. Besides, the process is generally reliant on the usage of
non-sustainable precursors. Thus, it is pivotal to substitute these unrenewable precursors with
environmental-friendly and sustainable resources. It is extremely critical to demonstrate the
real application of any material; however, the practical usage of graphene synthesized through
atmospheric pressure microwave plasma has scarcely been reported. Therefore, it is highly

crucial to demonstrate the potential applications of graphene produced through this method.

66



Furthermore, a theoretical study of the complex growth environment of the atmospheric
pressure plasma, as well as PECVD, should be carried out for a complete understanding of the
process. The above-mentioned processes have used only a continuous mode of plasma. Varying
the plasma source to pulse mode may vary the chamber environment substantially. Thus, its
effects on the synthesis should be investigated. Remarkable work on the synthesis of
nanocomposite of graphene with other nanomaterials using wet chemical methods is widely
reported. However, the synthesis in a dry and chemical-free environment of plasma still lacks.
Scale-up of the laboratory-scale reaction chambers is essential for the industrialization of the
technologies. Although, applications of plasma-synthesized graphene in electrochemical
sensors, batteries, supercapacitors, membranes, etc. have been demonstrated at a lab scale. It is
also very important to showcase its broad use in potential future applications such as transistors,
semiconductors, bendable phones, medical science, wearable electronics and sensors, metals

recovery, crop protection and growth, etc.
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Table 2.1 Overview of past works on atmospheric pressure microwave plasma synthesis of graphene

Production rate

Power Precursor Plasma gas and flow rate References
(mg.min?)
Type Flow rate Feeding mechanism
250 W Ethanol 4 x 10* L/min Aerosol Ar, 1.71 L/min 2 [63, 205]
Ethanol, methanol,
isopropyl alcohol
250 to 1050 W 4 x 10* L/min Aerosol Ar, 6.8 L/min - [109]
(IPA), dimethyl ether
(DME)
250 to 1050 W Ethanol 4 x 10* L/min Aerosol Ar, 3.4 & 1.71 L/min 6 [109]
400 to 900 W Ethanol 0.5-3.5sccm Aerosol Ar, 250 to 2000 sccm 2 [105]
500 to 900 W Ethanol 0.6 — 3.5 sccm Aerosol Ar 250 sccm - [112]
400 to 1000 W Ethanol, methane 0.6 — 10 sccm Aerosol Ar, 250-1500 sccm - [113]
500 to 2000 W Ethanol 5-30sccm Aerosol Ar, 1000 to 1500 sccm 2 [106]
200 W Ethanol 0.22 g/h Aerosol Ar, 0.75 L/min 0.07 [86]




300 W Ethanol 2 g/hour Aerosol Ar, 1 L/min 1.33 [107]

- Ethanol 1 mL/min Direct spray Ar, 5slm - [206]

1 kw Methane 2 —8sccm - Ar, 600 — 2000 sccm - [110]

700 -900 W Ethanol 0.6 sccm Aerosol Ar, 250 sccm - [207]
0.1-15 Ar (5- 14 slm) + H2 (1 —

- Ethanol Direct spray - [108]

mL/min 1.5 slm)

1.2-1.4 kW Methane - - Ar - [111]

250 W Ethanol 2 x 10 L/min Aerosol Ar, 1.71 L/min - [208]

300 W Ethanol 48.3 mg/min Aerosol Ar, 1 L/min 1.45 [115]
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Chapter 3: Synthesis of graphene from tea tree extract for

sensing application

In order to achieve the goal of sustainable manufacturing, it is crucial that the parent material
or precursor involved in synthesis is sustainable. This chapter shows the fabrication of graphene
from naturally occurring resource i.e. the extract of tea tree. This chapter shows the feasibility
of the synthesis of graphene from natural precursor using the atmospheric pressure microwave
plasma. In addition, the characterization of the synthesized graphene using state-of-the-art
techniques is discussed. The application of as-synthesized graphene is showcased for sensing

application. The outcomes of the study were reported in the following publication.

This Chapter is given as submitted to journal “Advanced materials interfaces” and accepted for

publication.

M. Adeel Zafar, Yang Liu, Francisco C. Robles Hernandez, Oomman K. Varghese, Mohan V
Jacob, “Plasma-based synthesis of freestanding graphene from a natural resource for a

sensing application”. Advanced materials interfaces
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Plasma-based synthesis of freestanding graphene from a natural

resource for sensing application

Abstract

Atmospheric pressure microwave plasma has the lead in synthesizing freestanding and scalable
graphene within seconds without the need for high vacuum and temperature. However, the
process has been limited in utilizing chemical sources for synthesis, such as methane and
ethanol. Herein, we first time report the usage of an extract of a sustainable precursor, i.e.
melaleuca alternifolia, commonly known as tea tree to synthesize graphene nanosheets in
atmospheric pressure microwave plasma. The synthesis has been carried out in a single step at
a remarkably low microwave power of 200 W. The morphology, structure, and electrochemical
properties of graphene have been studied using state-of-the-art characterization techniques like
Raman spectroscopy, X-ray diffraction, transmission electron microscopy, electrochemical
impedance spectroscopy, etc. The TEM images revealed the presence of the combination of
nanostructures such as nano-horns, nano-rods, or nano-onions consisting of multi-layer
graphitic architectures. An excellent sensing capability of as-synthesized graphene has been
demonstrated through the detection of diuron herbicide. A commendable linear range of 20 uM

to 1 mM and a limit of detection of 5 uM of diuron have been recorded.

Keywords

Graphene nanosheets, atmospheric pressure microwave plasma, sustainable precursor, tea tree

oil, herbicide detection
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3.1 IntroductionGraphene has been greatly applauded in academia and industry owing
to its extraordinary properties and countless applications [1, 2]. Characterized by a
single layer of graphite, graphene is composed of sp2-bonded carbon atoms
arranged in a honeycomb lattice structure [3]. Multiple techniques have been
developed to synthesize graphene, mainly classified as top-down and bottom-up
approaches. The bottom-up approach i.e. modified Hummers’ method, is a well-
established chemical synthesis technique to synthesize graphene. However, this
technique, not only utilizes strong acids and oxidants [4, 5] but also entails
numerous steps of synthesis such as dilution, mixing, oxidation, reduction,
washing, centrifuging, and intense stirring [6]. On the other hand, some of the
bottom-up methods, in particular, chemical vapour deposition (CVD) and plasma-
enhanced chemical vapour deposition (PE-CVD) are expensive and laborious
methodologies comprising pre-synthesis and post-synthesis requirements i.e. high
vacuum, pre-heating, and subsequent transfer of graphene to other substrates [7-9].
Recently, a new bottom-up approach, so-called atmospheric pressure microwave
plasma (APMP) is gaining popularity as it synthesizes graphene without the hassles
of pre-heating, high vacuuming, and the need for a substrate. Most importantly, the
graphene obtained through this method happens to be free-standing and scalable

[10, 11].

The precursors used for producing graphene have a significant role in determining the
sustainability of the synthesis process. Often graphene is produced from commercially
available graphite [12], graphene oxide (GO) [13], methane, or other unreplenishable

hydrocarbons [14]. These resources are generally non-renewable, expensive, and/or produce
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toxic chemicals during synthesis practice. This has driven scientists to replace these precursors
with economical, regenerative, and environment-friendly raw materials. Considerable attempts
have been made to derive graphene from a wide range of natural resources, for example, food
materials, botanical hydrocarbons, and biomass [15]. These include table sugar, honey, butter
[16], cookies, chocolate [17], camphor [18], tea tree essential oil [19], Citrus sinensis oil [20],
soybean oil [21], waste cooking palm oil [22], nutshells [21], Colocasia esculenta and Nelumbo
nucifera leaves [23], etc. However, the usage of these feedstocks is limited to certain methods,
such as modified Hummers’ method, pyrolysis, and CVD or PE-CVD techniques. On the other
hand, for APMP, the use of sustainable precursors has not been reported yet. The APMP
technique is mainly associated with ethanol [24-29] and methane resources [30]. These
precursors are extracted from non-renewable bases and are mostly explosive or toxic.
Additionally, it has been observed that the increase in the feed of ethanol above a certain
quantity causes an extinction of plasma flame [31], which eventually limits the production rate

of graphene.

A hydrocarbon-rich and naturally occurring resource, Melaleuca alternifolia, has the potential
to be an excellent alternative precursor for graphene synthesis. Commonly known as tea tree,
it is an abundant and cost-effective resource. It comprises more than 100 compounds, which
includes terpinen-4-ol (CioHi180, 30-48%), vy-terpinene (CioHis, 10—28%), a-terpinene
(C10H16, 5—13%), and 1, 8-cineole (C10H180, 0—15%) as primary constituents and some other
compounds in trace amounts [19]. The chemical formula i.e. C2sHs004P2S4aZn, given by
PubChem also shows the presence of an ample amount of hydrocarbons. Previously, this
resource has been used for graphene synthesis in the PE-CVD technique; though the actual
synthesis was quick, the overall synthesis was time-consuming due to the heating and cooling

required, and was substrate-dependant [19].
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This study aimed to synthesize graphene through a facile, rapid, viable, and environmentally
benign process. We synthesized free-standing graphene from Melaleuca alternifolia extract
using APMP. To the best of our knowledge, this is the first report on the APMP synthesis of
graphene from a sustainable parent material. The graphene was synthesized at a remarkably
low microwave power of 200 W in ambient air. Since the practical use of graphene, synthesized
through APMP is scarcely reported, herein we also demonstrate the employment of as-

fabricated graphene for diuron herbicide detection.

3.2 Materials and method

3.2.1 Materials

Melaleuca alternifolia was purchased from Australian Botanical Products (ABP, Victoria,
Australia). Sodium dihydrogen orthophosphate (NaH2P04.2H20), disodium hydrogen
orthophosphate (NazHPO4), sodium hydroxide (NaOH), potassium hexacyanoferrate (l11)
Ks[Fe(CN)e], potassium chloride (KCI), and diuron were obtained from Sigma Aldrich,
Australia. All chemicals were of analytical grade, and were used as received. Ultrapure water

was used throughout all the experiments.

3.2.2 Synthesis of graphene

The graphene nanosheets were synthesized using a downstream APMP, schematically shown
in Fig 3.1a. A 2.45 GHz microwave with a variable output power of max 2 kW was used to
generate plasma. The discharge takes place inside a quartz tube having an external diameter of
30 mm. The investigated microwave powers were set at the values of 200 W, 400 W and 600
W. A custom-made precursor delivery system was made to transport the carbon precursor, i.e.
tea tree oil vapours into the quartz chamber. The tea tree oil vapours were conveyed into the

chamber along with argon gas (plasma gas) at the optimum flow rate of 3 sim. Upon exposure
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to the plasma, the tea tree vapours first decomposed into constituent elements and then started
arranging in graphene structure. The synthesis stages are shown schematically in Fig 3.1b. The

graphene nanosheets were directly deposited on the silicon substrate for characterizations.

The graphene’s morphology, structural investigation were carried out using scanning electron
microscopy (SEM) (Hitachi SU 5000), and confocal laser Raman spectroscopy (Witec, 532 nm
laser). Rigaku Smart Lab x-ray diffractometer was used for X-ray diffraction (XRD). The x-
ray photoelectron spectroscopy (XPS) studies were performed using a Kratos Axis Ultra XPS
with an Al Ka x-ray source. The JEOL 2100 F machine operated at 200 kV was used for

transmission electron microscopy (TEM) images.

Argon + Tea tree extract

Magnetron
Load

Water channels

Sight window

Air outlet

Quartz tube
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Fig 3.1: (a) A diagrammatic representation of atmospheric pressure microwave plasma
reactor (b) Schematic illustration of steps involved in the synthesis of graphene inside the

reactor

3.2.3 Electrochemical measurements

Electrochemical measurements were performed on Palm Sense 4 (Palm Instruments,
Netherlands) potentiostat using the three-electrode system with a glassy carbon electrode
(GCE) as a working electrode, a platinum wire as the counter electrode and an Ag/AgCl as the
reference electrode. Before each testing or modification, the bare GCE was first mechanically
polished with 0.3 and 0.05 pM alumina slurry, followed by ultrasonic cleaning in ethanol and
ultrapure water respectively. To prepare a modified electrode, 10 pL of graphene (1 mg/mL)
aliquot was drop-casted on GCE and dried at room temperature. Such an electrode is denoted

as graphene/GCE. The electrochemical impedance spectroscopy (EIS) experiment was
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conducted in 0.1 M KCI containing 5 mM Ks[Fe (CN)g] solution in the frequency swept from
0.1 Hz to 100 kHz. Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were
carried out in 0.1 M phosphate buffer solution (PBS) (pH 7.0) containing certain amount of

diuron.

3.3 Results and discussions

Raman spectroscopy is a non-destructive tool for the structural elucidation of carbon materials.
Therefore, graphene samples prepared at 200W, 400W, and 600W were analysed using Raman
spectroscopy. All Raman results showed three vibrational modes related to graphene materials.
D peak at ~1335 cm™ corresponds to the defect mode, G peak at ~1570 cm™ implicates vertical

vibration mode, and a 2D peak at ~2677 cm™* indicates two-phonon vibration mode [32].

The Raman results exhibited in Fig 3.2a showed the increase in the intensity of the D peak with
the increase of microwave power. The D peak reflects the structural imperfections in the
graphene materials. Mainly it is associated with the functional groups attached to the basal
plane of graphene [33]. However, it is also ascribed to the defects such as vacancies, edge
defects, bond-angle disorder, and bond-length disorder [34]. In the current work, the lowest
power i.e. 200 W showed a comparatively smaller value of Io/lc in the sample (shown in Fig
3.2b); hence indicating a fewer disorder or higher oxygen content attached to the 200 W
graphene structure.

Generally, the 2D peak is considered a significant feature in the Raman spectra of graphene-
related materials. The intensity ratio between 2D and G peaks i.e. I2p/lc and full width at half-
maximum (FWHM) of the 2D peak is normally associated with the number of layers in
graphene. In literature, the l2o/lc ratio of 1 to 1.5 with FWHM ~50 cm™!, and l2o/l of 2 or

higher with FWHM ~30 cm™ are usually linked with the bilayer and monolayer structures,
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respectively [35, 36]. In this study, the 200 W sample exhibited l2p/lc and FWHM values of
1.04 and 56 cm™ respectively, suggestive of few to multi-layers graphene. Whereas slightly
broader 2D peaks of 400 W and 600 W samples, having FWHM of 62 cm™ and 65 cm™
respectively, and relatively smaller I2o/lc values are indicative of the higher number of layers
in comparison to the 200 W sample. Thus, the remaining investigations and applications were

studied using a 200 W graphene sample.
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Fig 3.2: (a) Raman spectra and (b) peaks’ intensity ratios of graphene samples synthesized at
different microwave powers

XPS was performed on the 200 W graphene sample to unravel their elemental composition and

functional group species. The XPS survey scans given in Fig 3.3a, clearly exhibit the presence

of C and O in the sample having the composition of ~87% and ~10% respectively. The peaks

centered at 284 eV and 531.5 eV ascribed to C1s and O1s respectively. To understand the

bonding structures of C and O elements, the high-resolution spectra of C1s and O1s were

analysed comprehensively.

The high-resolution spectrum of C1s with deconvoluted peaks is given in Fig 3.3b. Overall,
four component peaks were identified in the spectrum. The key peaks at 284.3 eV and 285 eV

correspond to sp?-C and sp®-C, respectively. The peak at 286.4 eV reflects C=0, whereas the
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smallest peak at 289 eV represents C-OH bonding. The occurrence of sp?-C is suggestive of

the conjugated honeycomb lattice arrangement of graphene, while sp®-C indicates substitution

defects in graphene or the edges of the graphene nanosheets [37]. The high-resolution spectra

of O1s (Fig 3.3c) showed contributions at 531 eV and 532.1 eV arising from C=0 and C-OH

respectively. Comparing our XPS results with that of Lambert et al. [38], where they also used

atmospheric pressure microwave plasma, it is found that they obtained a fairly low amount of

oxygen i.e. 3 %. However, their synthesis was from graphene oxide at a quite high power of

900 W.
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Fig 3.3: (a) Survey scan XPS spectrum of 200 W graphene sample, and deconvoluted peaks

of high-resolution (b) C1s and (c) O1s XPS spectra
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SEM images of the 200 W graphene sample taken at lower and higher magnifications are given
in Fig 3.4. Fig 3.4a shows the dense accumulation of graphene nanosheets at varying places,
where nanosheets coalesce together to form an aggregate. The aggregation can be attributed to
the continuous synthesis process in which nanosheets after formation tend to reside on existing
graphene nanosheets. A higher magnification image in Fig 3.4b reveals a typical vertically
standing petal-like structure where graphene nanosheets are curled, wrinkled, and overlapped.

The size of individual nanosheets varies between 50-150 nm.

Fig 3.4: SEM images of 200 W graphene sample at (a) lower and (b) higher magnification

The low magnification TEM images show a mix of regular nanoparticles and sheets. The TEM
results agree with the idea of agglomerations of carbon nanostructures. The nanosheets in the
TEM image (Fig 3.5a) are supporting the SEM results presented in Fig 3.4. The sheets are
potentially agglomerations of single or multi-layered graphitic structures formed during the
plasma synthesis, which turns into multi-layer architectures as seen in high-resolution TEM
(HRTEM) (Fig 3.5c¢). In the case of Fig 3.5c¢ the graphitic particles observed has approximately
20 layers. Graphene sheets with less number of layers were also observed. But in most cases
the graphene sheets are multi-layered. The particles showing regular structures are multi-layer
graphitic architectures with a variety of structures such as nano-horns, nano-rods (Fig 3.5b) or

nano-onions (Fig 3.5d-e). The d-spacing in all the structures is larger than the typical 0.33 nm
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[39-41]. The measured d-spacing varies from 0.37 nm to 0.4 nm. This larger d-spacing has
already been reported in other structures such as morphed graphene [42-44]. In the present
work, the rather smaller d-spacing is commonly seen in the graphitic sheets, while the larger
d-spacing is typical of the regular structures such as nano-horns, nano-rods and nano-onions.
Potentially the nano-sheets with d-spacing of approximately 0.37 nm is due to potential
agglomerations of graphene sheets. However, the d-spacing on the regular structures is
attributed to potential bending of the graphene sheets or the functional groups (C-OH, C=0

etc.) detected with XPS.

Fig 3.5: Transmission Electron Microscopy of graphitic particles (a) low magnification, (b-e)
HRTEM

Crystalline materials have a unique XRD pattern that can be used as a fingerprint for materials

identification. The distinctive peak centered at a diffraction angle (20) of 23.6° in Fig 3.6 XRD
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pattern, confirms the successful formation of graphitic lattice. The peak position is associated
with the (002) basal plane and corresponds to an interlayer spacing of 0.37 nm which is also
verified by TEM. The interlayer spacing is higher compared to the typical 0.33 nm reported for
graphene [39-41, 45]. We attribute this to intercalated C=0, C-OH functional groups within
the layers. Our XRD results are in good agreement with the other reports [46, 47], where they
synthesized graphene using ultra-sonic exfoliation or hydrothermal method. The comparable
properties of tea tree-derived graphene (given in table 3.1) makes our synthesis approach a
viable, cost-effective, and environmentally friendly strategy to replace unsustainable and

harmful parent-materials.
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Fig 3.6: XRD pattern of 200 W graphene
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Table 3.1: Comparison of tea tree oil-derived graphene with others synthesized in

atmospheric pressure microwave plasma

Precursor Production
Microwave Number of
Precursor flow rate Io/l rate Ref.
power (W) layers
(sccm) (mg/min)
Mono-and bi- [10,
Ethanol 250 0.3 - 2
layers 25]
Ethanol 900 05-35 - Few layers 2 [48]
Ethanol 200 0.0036 0.6 Multilayers 0.07 [49]
Ethanol 300 0.33 0.24 Few layers 1.33 [24]
Few to
Ethanol 300 0.048 0.35 1.45 [50]
multilayers
Methane 1000 2-8 0.62 Multilayers - [30]
157 or Few to
Methane | 1200-1400 - - [51]
1.77 multilayers
Teatree Current
200 0.3 0.83 Multilayers 1.37
oil work

3.4 Application of graphene in an electrochemical sensor

The electron-transfer kinetics of the graphene/GCE was investigated by comparing it with bare

GCE using the EIS method. Fig 3.7shows the typical Nyquist plots of both electrodes. A

semicircle region at higher frequencies attributed to the charge-transfer resistance (Rct) and the

linear region at lower frequencies corresponding to the diffusion process was observed for both

electrodes. The Rct values can be estimated by fitting the plot with an equivalent Randles
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circuit (inset, Fig 3.7), which were 206 Q and 79 Q on the bare GCE and graphene/GCE,
respectively. The substantial decrease in the Rct of graphene/GCE by a factor of ~2.6 times,
suggests the fast electron-transfer kinetics due to the excellent electrical conductivity of the

graphene material.
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Fig 3.7: EIS of bare and graphene-modified GCE in 0.1 M KCI containing 5 mM Ks[Fe
(CN)s]. Frequency range 0.1 Hz to 100 kHz

The electrocatalytic activity of the graphene material for the detection of diuron was
investigated in 0.1 M PBS (pH 7.0) containing 2 mM diuron using CV. Fig 3.8 indicates that
the electrochemical reaction of diuron at the bare GCE undergo sluggish charge-transfer kinetic
process. Whereas, the graphene/GCE electrode improved the peak current substantially. The
diuron undergoes an irreversible chemical reaction and forms a dimmer resultantly [52]. The
graphene/GCE performance in the absence of diuron showed a different voltammogram with
no peak formation. Similar cyclic voltammograms were observed by Wong et al. [53] and

Morita et al. [54] in separate studies for diuron detection.
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Fig 3.8: Cyclic voltammograms of bare and graphene-modified GCE in 0.1 M PBS
containing 2 mM diuron, and graphene/GCE in blank 0.1 M PBS, the scan rate is 10 mV/sec

Differential pulse voltammetry (DPV) has the lead in high sensitivity due to low capacitive
current [55]. DPV of graphene/GCE was carried out in 0.1 M PBS to obtain the calibration
curve of diuron. It can be observed that the peak currents increase upon increasing the
concentration of diuron (Fig 3.9). A linear range (LR) was obtained in the range of 20 UM to
1000 uM with a regression equation of y = 0.0062x + 4.1039, (R?=0.998). A low limit of
detection (LOD) i.e. 5 uM was also recorded, which is comparable with values reported in
literature. As compared with the analytical performance of carbon-based diuron sensors
reported previously (Table 3.2), our electrode has promising outcomes with the wider LR and
comparable LOD. Moreover, it is noteworthy that we used graphene without any further

modifications.
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Fig 3.9: (a) DPV curves at graphene/GCE for different concentrations (20, 80, 120, 180, 300,
400, 500, 600, 700, 800, 900, 1000 puM) of diuron in 0.1 M PBS (b) Calibration plot from the

DPV measurements

Table 3.2: Comparison of different carbon-based modified electrodes for electrochemical

detection of diuron

Limit of
Electrode Linear range detection Ref.
(nM)
Nanocrystalline cellulose carbon
42 uM — 47 uM 0.35 [52]
paste electrode

Nafion/AuNPs/RGO/GCE 1.0x10°° uM — 0.001 uM 4.1x10°7 [56]

ITO-ppy-MWCNT-PSS
- 0.26 [57]

polypyrrole

rGO-AuNPs/Nafion/GCE 0.001 uyM — 0.1 uM 0.0003 [58]
MWCNT-COOH/GCE 0.215 uM = 2.15 x uM 0.0688 [54]
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MWCNT-COOH-MIP/Carbon
0.052 uM - 1.25 M 0.009 [59]
paste electrode
Organometallic complexes
50 uM - 1000 uM 20 [60]
and graphene oxide
GO-MWCNT/GCE 9 uM - 380 uM 1.49 [61]
This
Graphene/GCE 20 uM - 1000 uM 5
work

The graphene/GCE exhibited excellent repeatability in four successive measurements with a
relative standard deviation (RSD) of 3.82 % calculated using peak currents. Similarly, the
electrode offered good reproducibility by showing 5.17 % of RSD, investigated on three
different electrodes. The stability test of the electrode was conducted for period of 2 weeks,

which showed 4.21 % RSD, indicating a satisfactory outcome for the stability of the electrode.

3.5 Conclusion

This work presents the synthesis of graphene from a tea tree essential oil vapours in
atmospheric pressure microwave plasma. The synthesis has been carried out in one-step at a
reasonably low microwave power of 200 W. The Raman spectra showed the effect of power
increase in higher Io/lc ratio and FWHM values of the 2D peak. XPS results revealed ~87 %
of carbon and ~10 % of oxygen content, where oxygen is attached with the carbon in the form
of hydroxyl and carbonyl functional groups. The signature of graphene was obtained using an
XRD pattern, which showed 26 at 23.6° and interlayer spacing of 0.37 nm. This is confirm on
HRTEM. The impedance of graphene appeared to be less than half of bare GCE, indicating

fast electron-transfer kinetics of graphene/GCE electrode. The graphene sensing performance
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for diuron herbicide was investigated by drop-casting it's aliquot on GCE. The graphene/GCE

sensor showed a linear range from 20 M to 1 mM, and a limit of detection of 5 uM.

Collectively, the synthesized graphene nanosheets possess comparable properties to any other

graphene-based materials, synthesized through different methods. Our synthesis pathway,

paves the way for a green, energy-efficient, and fast synthesis of graphene.
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Chapter 4: Synthesis of graphene-Ag nanocomposite and its

application in detection

This chapter demonstrates the rapid and sustainable methodology for the synthesis of graphene-
Ag nanocomposite. It is presented that the nanocomposite can now be synthesized in
atmospheric pressure microwave plasma. The confirmation of synthesis of nanocomposite,
made through various state-of-the-art characterization techniques, is described in detail in this
chapter. Furthermore, the application of as-synthesized graphene-Ag nanocomposite that was

drop casted on screen-printed-electrode is shown for the detection of methyl paraben.

This Chapter as following will be submitted to the journal.

Zafar, M. A, Liu, Y., & Jacob, M. V. (2023). Rapid and sustainable synthesis of graphene-Ag

nanocomposite for the detection of methyl paraben.
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Rapid and sustainable synthesis of graphene-Ag nanocomposite for

the detection of methyl paraben

Abstract

The synthesis of graphene-based nanocomposites using wet chemical techniques entails a
number of time-consuming and laborious synthesis stages in addition to the use of potentially
dangerous substances. The present article provides a novel approach to green and in-situ
synthesis that employs no hazardous chemicals and synthesizes graphene and silver
nanoparticles (Ag NPs) nanocomposite from the tea tree oil and silver nitrate (AgNO3) vapours
respectively. The synthesis happens in a matter of seconds in microwave plasma at ambient
conditions. Images from the scanning and transmission electron microscopy revealed that
graphene nanosheets act as the most favoured sites for the Ag NPs to anchor and form a
nanocomposite. The investigations revealed a correlation between the concentration of AGQNOs3
in the precursor and the size and aggregation of Ag NPs. The results of X-ray photoelectron
spectroscopy demonstrated a negative shifting of the Ag-doublet, which suggested a strong
interaction between Ag NPs and graphene. Additionally, the graphene-Ag nanocomposite
drop-casted on screen-printed electrode demonstrated good electrochemical sensing capability
for methyl paraben, with a superior linear range of 20 to 260 uM and a commendable limit of

detection of 2.5 uM.
4.1 Introduction

A new class of hybrid materials i.e. graphene-based nanocomposites offers significantly
enhanced and multifarious properties. In this regard, various graphene-based nanocomposites
comprising different metal oxides and nanoparticles have been developed [1]. The synergy of

Ag NPs and graphene nanosheets offered superior properties that have applications in various
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fields such as catalysis, antimicrobial coatings, sensors etc. [2-5]. Ag NPs composite with
pristine graphene, graphene oxide (GO), and reduced-graphene oxide (r-GO) are used in
electrochemical sensors [6, 7], catalysis [8], biomaterials [9], and chemical detection processes
[10]. This promising material, however, still needs attention for its facile and sustainable

synthesis.

The production of graphene-Ag nanocomposites has received considerable research interest.
Traditional wet chemical methods to synthesize graphene-Ag nanocomposites entail two
stages. First, GO is synthesized using the Hummers method, and then it is converted to r-GO
or pristine graphene. The Hummers method comprises multiple steps such as stirring, heating,
purifying, and drying [8, 11]. In the second stage, the composite with Ag is created through
another solution-based chemical method, which involves reductants, oxidants, and surfactants
[10, 12, 13]. This two-stage traditional approach is time-consuming and includes the use of
hazardous chemicals, which are not only toxic to the environment but also difficult to remove
from the nanocomposite. Some of the reductants and surfactants persist as pollutants within the
nanocomposite, further affecting the inherent antibacterial activity of the Ag nanoparticles [14].
The use of hazardous compounds at several subsequent phases and laborious synthesis
processes are still not addressed, despite attempts by some researchers to investigate green-

reducing agents [6, 9, 15-17].

In the past, plasma has been used in the synthesis to speed up the procedure and reduce
overall chemical usage [8, 18]. However, since the wet chemical technique of producing
graphene is still in use, the plasma was only used for the reduction and did not succeed in
making the process chemical-free. Interestingly, later on, plasma was used to synthesize
graphene as well as metal nanoparticles. For this purpose, a single precursor which contains

carbon and metal, for instance, titanium isopropoxide (C12H2804Ti) is used to synthesize TiOz-
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graphene nanocomposite in a single-step [19]. Unfortunately, the requirement of this unique
combination of both elements in the same precursor limits the scope of the method to very few
nanocomposites. In addition, the technique produces the nanocomposite, which has a fixed

amount of metal in the product.

Lately, Jo et al. [20] presented the idea of mixing a metal salt into ethanol and decomposing
them in the atmospheric pressure microwave plasma to synthesize Pt-graphene nanocomposite.
This approach broadens the choice of metal nanoparticles and gives the freedom to experiment
with the proportion of metal and graphene in the nanocomposite. However, not all metal salts
fulfil the requirement of the good solubility of metal salt in ethanol. On the other hand, the
usage of ethanol vapours above a certain level increases the chances of the plasma undergoing

extinction, thereby affecting the overall production rate of the graphene [21].

There is a high demand for the rapid synthesis of graphene-based nanocomposite using green
and sustainable precursors. Herein, we report a facile, dry, and sustainable approach to
synthesizing the graphene-Ag nanocomposites using atmospheric pressure microwave plasma
(APMP). The APMP method comprises two stages. In the first stage, the graphene is
synthesized from a natural source, i.e. tea tree extract, and in the second step, Ag NPs are
produced over graphene from AgNOs vapours. The reasons why APMP is a groundbreaking
approach that outperforms all other traditional synthesis methods include: (i) the advantage of
reduced synthesis time. Both the graphene and the Ag NPs can be fabricated within just a
fraction of a second. (ii) The post-synthesis formalities of washing, drying, etc. are not
necessary with this process, nor are any chemicals. Table S1 presents a comparative analysis
of the APMP with the previously used methodologies. The APMP offers to use sustainable
precursors in milder conditions of plasma (low microwave power, ambient conditions)

ensuring that the process is eco-friendly and energy saving. This report also presented the
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application of as-synthesized graphene-Ag nanocomposite for the detection of methyl paraben

(MP), which is an endocrine disruptor chemical.

4.2 Materials and method

4.2.1 Raw materials

The essential oil of melaleuca alternifolia, commonly known as tea tree was purchased from
Australian Botanical Products (ABP, Victoria, Australia). Silver nitrate (AgNOs) and methyl
paraben (MP) in ultrapure form were procured from Sigma Aldrich, Australia. Lastly, ultrapure

water was used to make the solutions.

4.2.2 Instrumentations

Confocal laser Raman spectroscopy (Witec, 532 nm laser), scanning electron microscopy
(SEM) (Hitachi SU 5000), and x-ray photoelectron spectroscopy (XPS) (Kratos Axis Ultra
XPS with an Al Ka x-ray source) were used to investigate the structure, morphology, and
elemental analysis. X-ray diffraction (XRD) (Bruker, D8-Advance X-ray diffractometer, Cu
Ka, A = 0.154 nm) was used for crystallographic information. A transmission electron
microscope (Hitachi HF5000) was used for transmission electron microscopy (TEM) images.

Optical emission spectroscopy was recorded using Avantes equipment.

Electrochemical experimentations were carried out on a PalmSens 4 (Palm Instruments BV,
Netherlands) potentiostat. Screen-printed electrodes (SPE) were also purchased from Palm

Instruments BV, Netherlands.
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4.2.3 Synthesis of graphene-Ag nanocomposite

Fig. 4.1 illustrates the synthesis scheme of the graphene-Ag nanocomposite using the APMP.
The plasma system composed of a microwave power supply (2.45 GHz), a tuner, a reaction
tube made of quartz, and an ultrasonic vaporizer has been used for the experiment. A vaporizer
was used to deliver the AgNOs into the reaction tube as a gas phase, whereas, oil vapours were

sent by passing the argon gas through the container carrying tea tree oil.

Table 4.1 presents the operating condition used for the synthesis. Three different samples,
synthesized from different concentrations of AgNOs i.e. 0.05 M, 0.10 M, and 0.15 M, named
0.05 M graphene-Ag, 0.10 M graphene-Ag, and 0.15 M graphene-Ag were prepared. The
synthesis was carried out in two stages. At first, graphene was synthesized on the walls of the
quartz tube for 15 minutes by adding the tea tree oil vapours. After that, the oil supply was
stopped and AgNOs vapours were released for 7 minutes by switching on the vaporizer. The
formation of graphene-Ag nanocomposite happened on the walls of the quartz tube. The walls
of the quartz tube were where the graphene-Ag nanocomposite was formed. As-synthesized

graphene-Ag nanocomposite was also collected on Si substrate for evaluation.
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Fig 4.1: Schematic illustration of the synthesis of graphene-Ag nanocomposite in atmospheric

pressure microwave plasma

Table 4.1: Details of synthesis conditions of graphene-Ag nanocomposite

Synthesis of )
Factors Synthesis of Ag NPs
graphene
o AgNO3
Precursor Tea tree essential oil
(0.05 M, 0.10 M, 0.15 M)
Microwave power 250 W 300 W
Argon flow rate 2.5slm 2.5slm
Precursor residence time Few seconds Few seconds

Synthesis duration 15 min 7 min

4.2.4 Analytical methods

A disposable screen-printed electrode (SPE) consisting of working, reference, and counter
electrodes was used for the electrochemical study. The working electrode (diameter of 3 mm)

was modified by drop-casting 5 puL of graphene-Ag nanocomposite followed by drying under
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room temperature conditions. The modification solution consisted of 1mg/mL of graphene-Ag
nanocomposite in ethanol. The stock solution of methyl paraben (MP) was prepared in
methanol. Cyclic voltammetry and differential pulse voltammetry were used for
electrochemical investigations. River water that was gathered from Ross River, Townsville,
Australia, was used for real application. Before the experimentation, the river water was treated
according to the procedure reported previously [22]. Concisely, the river water was first filtered
through a 0.45 um filter membrane, before it was diluted with 0.1 M PBS (pH 7.01) at a ratio

of 1:9. Its pH was reassessed after dilution.

4.3 Results and discussions

4.3.1 Morphology and structural analysis of graphene-Ag nanocomposite

The Raman spectra of the graphene-Ag nanocomposite samples synthesized at different
concentrations of AgNOs are given in Fig. 4.2a. The nanocomposites at all concentrations
showed prominent D and G peaks along with a signature peak of 2D related to graphene-based
materials [23].The peak D represents the Aig vibration of the Cs assembly of atoms appearing
after the defects and disorders in the structure [24]. Additionally, it is also related to the
functional groups and doping in the graphene [25, 26]. The G peak is attributed to the E2g
vibrational mode of sp? carbon [27]. The 2D band is the second order of zone-boundary

phonons [28].

Each of the three concentrations had distinct D peaks. This is attributed to the oxygen functional
groups found in the graphene's basal plane, which were further validated by XPS. Moreover,
Ag NPs might also contribute to these intense D peaks. The degree of imperfection in graphene
structure is usually determined by the intensity ratio of the D and G bands [29]. Fig. 4.2b

presents the graph between intensity ratios (Io/lc) vs different concentrations of AgNOs.
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Although negligible differences are found in the values of Ipo/lg, a slight increase with the
increase of AgNOs concentration was found. The number of layers in the graphitic structure
may be estimated using full width half maximum (FWHM) along with I2p/lc [30]. The samples
displayed nearly the same FWHM and l2o/1c values i.e. ~59 cm™and ~1.04 respectively. These
values are indicative of a few layers of graphene, which has been confirmed through the TEM

analysis discussed in the later section.
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Fig 4.2: (a) Raman spectra of graphene-Ag nanocomposites (b) Io/lc of graphene-Ag

nanocomposites synthesized at different concentrations of AgNO3

The structure and morphology of graphene-Ag nanocomposites were investigated using SEM.
The SEM images are given in Fig. 4.3 and Fig. S1 at lower magnification. The images of the
samples on Si-substrates showed isolated nanoislands that were amalgamated in a disordered
manner. The graphene displayed wrinkled sheet-like morphology similar to that of in the
previous reports [31, 32]. SEM npictures also show the Ag NPs in close proximity to the
graphene nanosheets. The Ag NPs were randomly distributed on the surface of the graphene
nanosheets. It appeared that the overall quantity and size of the Ag NPs were affected by the
concentration of AgNOs in the feeding solution. At 0.05 M concentration of AgNOs, the

produced amount of Ag NPs was minimal. The 0.10 M concentration of Ag NOs showed
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increased content of the Ag NPs with the varying sizes of the particles. Also, the accumulation
of Ag NPs can be observed in the 0.10 M AgNOs SEM image. However, increased aggregation
and the average size of the Ag NPs was observed in case of the 0.15 M graphene-Ag sample.
Similar observations have been reported by Yuan et al. [9]. They found that the size and shape

of Ag NPs were affected by the varied concentration of AgNOs precursor.

Graphene

' Soonm '
Fig 4.3: SEM images of graphene and graphene-Ag nanocomposites synthesized from
different concentrations of AgNO3

The 0.10 M graphene-Ag nanocomposite samples were characterized by XRD. The XRD
analysis was performed to investigate the crystalline nature of the material. The XRD pattern
given in Fig. 4.4 exhibited four peaks. The characteristic peak of graphene (magnified in the

inset image) can be observed at a 20 value of 25.8° corresponding to the (002) plane [33]. The
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interlayer spacing of 0.34 nm, calculated through Bragg’s law, roughly matches the value of
the same in TEM results. The distinctive peaks at 38.14°, 44.36°, and 64.5° corresponding to

(111), (200), and (220) planes respectively, are ascribed to the crystalline planes of Ag NPs

13].
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Fig 4.4: XRD pattern of 0.10 M graphene-Ag nanocomposite

The 0.10 M graphene-Ag nanocomposite sample was subjected to XPS analysis in order to
reveal the elemental composition and functional group species. The survey scan XPS of pristine
graphene presented in Fig. S2 showed the presence of carbon (C) and oxygen (O); whereas the
XPS of 0.10 M graphene-Ag nanocomposite in Fig. 4.5a revealed silver (Ag) beside the C and
O, centred at 284.2, 531.5, and 370 eV respectively. The compositions of the C, O, and Ag
elements were found as ~86, ~8, and 6 % respectively. High-resolution spectra of Cls, O1s,

and Ag were also analysed to investigate the bonding structure.

C1s high-resolution spectrum was deconvoluted into its respective peaks. It is given in Fig
4.5c. The deconvolution discovered four component peaks. The main C=C peak related to sp?-

C which appeared at 248.4 eV, is a signature of graphene material. In addition, the structure
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contained C-C (sp3-C), C=0, and C-OH located at 285.1, 286.3, and 289.1 eV respectively.
The presence of sp?-C is indicative of the honeycomb lattice structure of graphene. Whereas,
the sp3-C peak was attributed to the edges of the graphene or the substitutional defects in the
structure [34]. The O1s, given in Fig. 4.5d demonstrated contributions from C=0 and C-OH

peaks at 531 and 532 eV respectively.

A magnified image of the XPS of the Ag 3d in Fig. 4.5b revealed the doublet of the Ag NPs.
Ag 3dszand Ag 3ds2 were allocated to the peaks with centres at 367.9 and 374 eV, respectively.
When compared to the typical peaks for Ag metal at 368.2 and 374.2 eV, these peaks are
located at lower binding energies [35]. Similar findings were made in earlier research, where
the negative shifting was attributed to the transport of electrons from metallic Ag to the
graphene sheets as well as an interaction between the Ag and the carboxylic groups (C=0) in

the graphene structure [8, 36].
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Fig 4.5: XPS of (a) 0.10 M graphene-Ag nanocomposite and (b) Ag 3d, High-resolution

spectra of (¢) Cls and (d) Ols

Additionally, TEM was used to characterize the 0.10 M graphene-Ag nanocomposite. A low-
resolution TEM image shown in Fig. 4.6a displays graphene nanosheets well-loaded with Ag
NPs. The graphene is made up of a few to several layers of folded and wrinkled sheets. The
interlayer gap of 0.35 nm was observed, and this value almost matches the one determined by
employing XRD. An interesting feature of carbon nano-onion shown in Fig. 4.6¢, was also
observed in the TEM images. The carbon nano-onions are pentagonal or quasi-spherical-

shaped concentric graphitic layers. These are regarded as a precursor to graphene [37].
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Heterogeneous distribution of Ag NPs on graphene nanosheets has been observed in Fig. 4.6a.
The Ag NPs are spherical and have varying sizes ranging between a few nanometres to 60 nm.
A high-resolution image in Fig. 4.6b shows that most of the Ag NPs are well embedded with
the graphene nanosheets. A magnified inset image in Fig. 4.6b displays the implantation of the
Ag nanoparticle into graphene. This finding shows that graphene is a preferred location for Ag
NPs to accumulate and form a robust connection. This phenomenon also advocates the shifting
of the Ag doublet to lower binding energies (XPS Fig. 4.5b), where it was attributed to the
electron transfer from Ag to graphene and/or interaction between the Ag and the carboxylic
groups (C=0) in the graphene structure. The large and thick dark nanoparticles are due to the
aggregation of smaller Ag NPs. The particle size and aggregation are more in the 0.15 M
AgNOs3 sample due to the higher concentration of AgNQOs in the solution. It is shown in Fig.
S3. The SAED pattern presented in Fig. 4.6d demonstrates the characteristic rings for the (111),

(200), and (220) planes of the face-centred cubic Ag structure.
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Fig 4.6: TEM images of 0.10 M graphene-Ag nanocomposite at (a) lower and (b) higher
magnification (c) TEM image of carbon nano-onion (d) SAED pattern of 0.10 M graphene-

Ag nanocomposite

4.3.2 Optical emission spectroscopy measurements

Optical emission spectroscopy (OES) was used to determine the light-emitting species by
pointing the optical fibre to the plasma through a viewing window. The images of the plasma
and OES spectrums were recorded by using three distinct states of plasma, i.e. pure Ar plasma
(Fig. 4.7a), Ar plasma with tea tree oil vapours (Fig. 4.7b), and Ar plasma with 0.1 M AgNOs
vapours (Fig. 4.7c). The images of the plasma displaying unique colours are given in the insets
of respective figures. The pure Ar plasma, generated at 250 W microwave power, mainly

consisted of colourless strikes with some shades of sea green colour. Atomic Ar and nitrogen
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(N) dominated the OES spectra. The atmospheric circumstances of the synthesis were
responsible for the presence of N and a little amount of oxygen (O) in the plasma. A low-
intensity peak of carbon monoxide (CO) at a lower wavelength was also observed in the
spectrum. The primary components of the OES spectra of pure Ar plasma measured by Melero
et al. [38] at 300 W microwave power and atmospheric conditions were also Ar and N.
However, contrary to our observations, they pointed out that most N exists as molecules bound
to O, C, and H. This dissimilarity can be attributed to the different amounts of the elements

present in the precursors used for the synthesis.

The tea tree oil vapours in the Ar plasma (operated at 250 W microwave power) showed an
orange colour appearing in some parts of the plasma. The orange colour provide evidence of
the occurrence of decomposition of oil vapours and graphene formation in the plasma. Despite
using tea tree to form graphene, the species created were comparable to those described in the
prior research on the OES spectrum where they used ethanol for this purpose [31]. The OES
spectrum showed a significant contribution of C in atomic as well as molecular form. The
carbon peaks mainly appeared at lower wavelengths ranging between 248 to 720 nm. The
dominant species in the spectrum is Cz, which was formerly thought to be a precursor in the
creation of graphene. Its existence in the spectrum is viewed as evidence that graphene was
formed because of it [39, 40]. In comparison with pure Ar plasma, the decline in peak
intensities of Ar and N emissions was observed. It has been previously reported that the drop
in the intensity happens due to the consumption of part of the supplied energy in the

dissociation of precursor i.e. oil vapours [38].

In the case of Ar plasma with 0.1 M AgNOs vapours (operated at 300 W), two strong bands of
Ag near 300 nm wavelength can be observed. Other bands i.e. N and Ar have drastically

descended. It suggests that the environment of the plasma was considerably different from pure
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Ar or Ar with oil vapours plasma. The image of the plasma shown in the inset of Fig. 4.7c also
showed comparatively different colours and mainly consisted of golden and purple colours.
Since the AgNOs solution was made using distilled water, there are many water molecules in
the vapors that were supplied into the tube. These vapours produced the OH peak at ~308 nm
in the OES spectrum. The observation of the Ag peaks were in good accord with the previous
findings, although they also found additional peaks of atomic Ag at longer wavelengths (850
nm) [41]. However, their method of synthesis seems to be distinct in that they employed Ag

electrodes to create Ag NPs rather than vapours to make them.
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Fig 4.7: OES spectra of (a) pure Ar (b) Ar with tea tree oil vapours and (c) Ar with 0.1 M

AgNOs vapours
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4.4 Electrochemical detection of methyl paraben

Cyclic voltammetry (CV) is a very useful electrochemical practice for investigating redox
reactions at the interface of solution and electrode. The cyclic voltammetry (CV) technique
was used to investigate the electrochemical behaviour of MP at the bare SPE, graphene/SPE,
and graphene-Ag nanocomposite/SPE. The bare SPE, scanned in 0.1 M PBS (pH 7.01)
containing 10 UM MP, showed an oxidation peak around 0.64 V with a peak current of a small
value of 0.1 pA (Fig 4.8). The graphene/SPE showed an enhanced peak current value of ~0.5
MA, which increased to ~1.4 YA in the case of graphene-Ag nanocomposite/SPE. They are
shown in Fig. 4.8. Due to the irreversible nature of the process [42, 43], no reduction peaks

were observed.

Current (nA)
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Fig 4.8: Cyclic voltammograms of (a) bare SPE, (b) graphene/SPE, (c) graphene-Ag

nanocomposite/SPE in 0.1 M PBS (pH 7.01) containing 10 uM MP

Differential pulse voltammetry (DPV) was used to obtain the linear range of the calibration
curve at the graphene-Ag nanocomposite/SPE sensor. The successive addition of MP into the

solution showed an increased oxidation peak current. The voltammograms are presented in Fig.
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4.9a. The measured peak currents were plotted against the concentration of MP to find the
calibration curve. As displayed in Fig 4.9b, the peak currents were linear in the range from 20
to 260 UM, where the linear regression equation is y = 0.03385x + 6.0757 (R? = 0.995). The
increase in concentration beyond 260 uM showed only a slight rise in peak current, which
resulted in the deviation of the curve from linearity. The limit of detection (LOD) of 2.5 uM
was determined by identifying the smallest amount the sensor can detect. Table 4.2 shows a
comparative overview of our results with the past works. It can be noted that the proposed

sensor showed wide linear range and commendable LOD.
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Fig 4.9: (a) Differential pulse voltammogramms of different concentrations of MP (20, 30,
40, 50, 60, 80, 100, 120, 140, 160, 180, 200, 220, 240, 260 uM) in 0.1 M PBS (pH 7.01) and

(b) corresponding calibration curve
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Table 4.2: Comparison of electrochemical performance of sensor for methyl paraben

detection

. Limit of
Linear range detection
Electrode Method etectio References
M
(LM) (M)
AUNP/RGO/CS/GCE SWV 0.03-1.3 0.0138 [44]
RGO/RuNPs/GCE DPV 05-3 0.24 [45]
PoL/RGO/GCE DPV 1-200 0.2 [46]
ZnO/GCE SWVv 20-120 7.25 [47]
MWCNTSs/LB/GCE LSV 1-80 0.4 [48]
MWCNTs/Hb/CPE DPV 0.1- 13 0.025 [49]
Au/(MNP/Ppy)s DPV 0.0-131.4 0.09 [50]
graphene-Ag/SPE DPV 20 - 260 2.5 This work

4.4.1 Repeatability, reproducibility, and stability of the sensor

The repeatability study, which is an important analytical performance, was investigated using

one modified graphene-Ag nanocomposite/SPE electrode for five consecutive measurements.

The peak current values are shown in Fig. 4.10a. The relative standard deviation (RSD) was

calculated as 3.98 %. The recorded DPV curves are given in Fig. S4. The reproducibility of the

electrode was investigated by preparing five different graphene-Ag nanocomposite/SPE

electrodes. The peak current values against electrode number are presented in Fig. 4.10b. The
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obtained DPV curves displayed in Fig. S5 gave an RSD of 5.13 % which was comparable with
the value given in the literature [46]. Furthermore, the stability test was conducted by storing
graphene-Ag nanocomposite/SPE electrode in a closed container for two weeks, which
indicated that the current response retained 95 % of the initial value. The corresponding DPV

curves are shown in Fig. S6.

4.4.2 Selectivity study of the sensor

The selectivity of graphene-Ag nanocomposite towards MP with interferents (oxalic acid,
sodium nitrate, sodium nitrite, diuron and paraquat) was investigated. These interferents were
chosen due to their potential coexistence in real samples. For this purpose, a mixture of MP
and its interferents (20 uM each) was prepared in 0.1 M PBS (pH 7.01). The DPV curves of
MP and its mixture with interferents are shown in Fig. S7. It was evident that the interferents

had no impact on the MP signal. The sensor retained its remarkable MP selectivity even in the

replicates.
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Fig 4.10: (a) Repeatability study of one graphene-Ag nanocomposite/SPE in 0.1 M PBS
containing 20 uM MP. (b) Reproducibility study of five graphene-Ag nanocomposite/SPES in

0.1 M PBS containing 20 pM MP
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4.4.3 Real sample analysis

The applicability of graphene-Ag nanocomposite/SPE for the analysis of real samples was
demonstrated by investigating the recoveries for the MP determination in river water. As shown
in Fig. S8, upon the addition of 20 UM MP in river water, a prominent current response was
observed. Whereas, the blank river water displayed no current peak. The corresponding DPV
curves are shown in Fig. S6. The recovery value of 93 % makes the proposed sensor suitable
for real application. In comparison with 0.1 M PBS (pH 7) containing 20 uM MP, the peak
potential in river water slightly shifted from 0.55 V to a lower potential of 0.54 V. It can be

attributed to the lower pH noted for river water i.e. 6.92.

4.5 Conclusion

A rapid and environmentally benign approach for synthesizing graphene-Ag nanocomposite
was reported in this work. The nanocomposite was synthesized inside the atmospheric pressure
microwave plasma by virtue of tea tree extract and AgNOs vapour dissociation. The formation
of the nanocomposite was confirmed by XRD, which showed signature peaks related to the
graphene and Ag materials. The OES spectrum recorded during the synthesis of pristine
graphene showed atomic and molecular bands of C, particularly C2 which were deemed as the
precursor for graphene synthesis. Whereas, the OES spectrum of pure Ar plasma, and Ar with
AgNOs vapours were mainly dominated by Ar and N, and Ag species respectively. A strong
interaction between graphene and Ag NPs was confirmed through XPS spectrum, indicating a
slight shift of Ag-doublet (Ag 3ds2 and Ag 3ds2) towards lower binding energies. The TEM
images also revealed good embedment of Ag NPs with the graphene nanosheets. Interestingly,
the concentration of AgNOs played a pivotal role in the determination of the size and
aggregation of Ag NPs. Based on the results observed in this work, the AgNOs concentration

of 0.1 M was proposed as an optimum value for well-dispersed and nano-size Ag NPs. They
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are imperative for high electrocatalytic activity of graphene. The usage of graphene-Ag

nanocomposite in the electrochemical detection of harmful methyl paraben showed a limit of

detection of 2.5 uM and a linear range of 20 to 260 uM, which are superior to some of the

results reported earlier.

Supplementary

Table S1: Comparison of our technique with the past methods to synthesize graphene-Ag

nanocomposite

Synthesis | Graphene-
technique Ag Use of
Nanocomposite Sub-sets of Synthesis
for nanocompo toxic Ref.
material procedure time
graphene site chemicals
material formation
Solution- Heating,
Modified
Ag NPs- based stirring, Several
Hummers Yes [13]
graphene, 2011 chemical | centrifugation hours
method
method , drying
Solution- Solution-
Heating,
Graphene-Ag based based
ultra- Yes <hr [16]
2011 chemical chemical
sonication
method method
Graphene-Ag Modified Heating,
Solution-
NPs Hummers stirring, Yes > 24 hrs [9]
based
2012 method centrifugation
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chemical , washing,
method drying
Heating,
Solution-
Modified stirring,
based
AgNPs-GO Hummers centrifugation Yes > 24 hrs [6]
chemical
method , washing,
method
drying
Solution-
Heating,
based
Modified stirring,
chemical
Ag/rGO, 2014 Hummers centrifugation Yes > 24 hrs [8]
method &
method , washing,
microwave
drying
irradiation
Heating,
Solution-
stirring,
Modified based
sonication, Several
Ag/rGO, 2014 Hummers chemical Yes [10]
centrifugation hours
method method &
, washing,
sonication
drying
Heating,
Solution-
Modified stirring,
based
Ag/rGO, 2016 Hummers sonication, Yes >24 hrs | [51]
chemical
method washing,
method
drying
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Solution-

Heating,
based
Modified stirring,
GO-Ag NPs, chemical
Hummers centrifugation Yes > 24 hrs [7]
2018 method &
method , washing,
gamma
drying
irradiation
Solution- Heating,
Modified
Ag-rGO based stirring,
Hummers Yes >24hrs | [12]
2019 chemical washing,
method
method drying
Graphene-Ag Microwave | Microwave Few This
Nil No
nanocomposite plasma plasma seconds | work
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Fig. S1: SEM images of graphene-Ag nanocomposites at lower magnification
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Fig. S2: XPS spectrum of pristine graphene synthesized from tea tree extract
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Fig. S3: TEM images of 0.15 graphene-Ag nanocomposite
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Fig. S4: Repeatability test of graphene-Ag nanocomposite/SPE in 0.1 M PBS containing 20
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Fig. S5: Reproducibility test of graphene-Ag nanocomposite/SPE in 0.1 M PBS containing 20

UM MP
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Fig. S6: Stability test of graphene-Ag nanocomposite/SPE in 0.1 M PBS containing 20 uM
MP
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Chapter 5: Synthesis of graphene from tangerine peel oil for

chemiresistive sensor

The feasibility of the synthesis of graphene from natural precursor i.e. tangerine peel oil using
the atmospheric pressure microwave plasma is presented in this chapter. The chapter
investigates the effects of microwave power on the properties of graphene. The confirmation
of the synthesis of graphene is demonstrated through state-of-the-art characterization
techniques. The application of as-synthesized graphene is shown for toxic vapours sensing

application.

This Chapter is submitted to the journal “RSC Sustainability” and currently under review.

M. Adeel Zafar, Yang Liu, Francisco C. Robles Hernandez, Oomman K. Varghese, Mohan V
Jacob, “Rapid and sustainable synthesis of graphene for its application in the chemiresistive

sensor”’, RSC Sustainability.
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Rapid and sustainable synthesis of graphene for its application in the

chemiresistive sensor

Abstract

The commonly used plasma-enhanced chemical vapour deposition technique for graphene
synthesis entails long processing time, high vacuuming and heating. Atmospheric pressure
microwave plasma can synthesize freestanding graphene in a few seconds at ambient
conditions. Recently, considerable research has been devoted to benefitting from this state-of-
the-art method to synthesize graphene. However, the work was limited to the usage of toxic or
non-renewable resources. The current work aimed to replace those precursors with one, which
is environmentally benign and sustainable. We synthesized graphene from an expired tangerine
peel oil, which is an abundant worldwide natural source. The Raman spectrum showed
characteristic graphene-related 2D peak at microwave powers varied between 200 and 1000
W. Transmission electron microscopy revealed interstitial spacing of 0.34, which matched with
the value of X-ray diffraction calculated through Bragg’s law. However, marginal variations in
lattice spacing owing to the presence of oxygen functional groups were also observed.
Furthermore, a chemiresistive sensor, developed from the as-synthesized graphene, exhibited
a promising response for the detection of vapours of ethanol, insecticide, and herbicide in the

open environment.

Keywords

Atmospheric pressure microwave plasma, graphene, free-standing, chemiresistive sensor,

sustainable precursor, insecticide and herbicide vapours detection
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5.1 Introduction

The first successful exfoliation of monolayer graphene and the revelation of its extraordinary
mechanical, electronic, thermal, and optical properties stirred extensive research activities for
the synthesis as well as potential applications of graphene [1]. Certainly, the expansion and
advancement of techniques to synthesize this futuristic material are crucial for the
manifestation of graphene-based commercial applications. However, the technique must be
sustainable, facile, and economically viable. Top-down methods such as mechanical or
chemical exfoliation from graphite are either laborious or involve toxic chemicals. Bottom-up
strategies such as epitaxial growth [2], chemical vapour deposition (CVD) [3], and plasma-
enhanced chemical vapour deposition (PECVD) [4] are suitable for the synthesis of mono to
few layers of graphene in a chemical-free environment. However, these techniques have the
drawback of elaborate synthesis requirements such as the need for high vacuuming, pre-

heating, and substrates [5, 6].

Recently, atmospheric pressure microwave plasma (APMP) has gained popularity due to its
potential to produce graphene without the prerequisites of vacuuming, pre-heating, or substrate
[7, 8]. Dato et al. [9] were the first to use the APMP to showcase the feasibility of mono and
bi-layers graphene synthesis from ethanol vapours, followed by the work of Tatarova et al. [10]
which entails the understanding of ethanol decomposition and resultant species inside the
reactor. Bundaleska et al. [11] synthesized multilayers graphene by cracking methane at a
microwave power of 1 kW. They observed that the flow rate of methane and background gas
i.e. argon plays a critical role in graphene formation. In another study, Singh et al. [12] showed
the effect of hydrogen supply on the graphitic nature of the graphene when added to the

feedstock. A small quantity of hydrogen in the feedstock led to the formation of amorphous
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carbon. Furthermore, APMP is now being employed to synthesize doped-graphene materials

[8, 13].

Thus far, the focus of APMP in synthesizing graphene has remained on utilizing non-renewable
resources. Unless the parent materials are sustainable and environmentally benign, the process
cannot be considered renewable. Likewise, ethanol, methane, or aniline are derived from
unsustainable bases and are mostly toxic or explosive. Also, the precise control of ethanol flow
rate is another concern regarding APMP since its marginally higher flow rate may cause the
extinction of plasma flame [14]. The usage of sustainable precursors, however, has been
reported in CVD and PECVD techniques. Biomasses, botanical hydrocarbons, and food
materials such as sugar [15], cookies [16], tea tree oil [17], camphor oil [18], Citrus sinensis

oil [19], and geranium oil [20] are a few examples of such sustainable precursors.

The citrus reticulata, commonly known as tangerine is a naturally occurring plant material [21].
It is an economical and abundant resource, cultivated in China, Europe, the United States, and
many other countries [22]. The peel of tangerine is a waste product and is not commonly used
in daily life. Moreover, the extract of tangerine peel is rich in hydrocarbons and can be an
excellent alternative precursor for APMP-based graphene synthesis. Although there are several
constituents in tangerine peel oil, limonene happens to be its major component accounting for
more than 90 % of its total weight [23]. The affordability, wide occurrence, and eco-friendly
nature of the fruit product make it an ideal substitute for green feedstock for the synthesis of

graphene.

The current study is intended to synthesize graphene in a sustainable, economical, and facile
process. Hereby, we demonstrate the feasibility of the green synthesis of graphene from the

expired essential oil of tangerine peel using the APMP. To our best knowledge, this is the first
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report on the usage of a green precursor for graphene synthesis in APMP. Since the application
of APMP synthesized graphene is barely reported, thus a showcase of the usage of as-
synthesized graphene is also the aim of this work. We present the application of as-fabricated
graphene in chemiresistive sensor for the detection of ethanol, insecticide, and herbicide

vapors.

5.2 Experimental

Graphene was synthesized using downstream microwave plasma at atmospheric conditions.
The primary components of the system include a 2.45 GHz microwave generator, a matching
network, a cooling system, and a reaction chamber. The reaction chamber is made of quartz
and carries the dimensions of 45 x 3 cm (length x outer dia.). A schematic illustration of the
plasma system is shown in Fig 5.1a. To supply the precursor into the chamber, argon (Ar) gas
was passed through the container of tangerine essential oil. As soon as the vapours interacted
with the plasma, the colour of the plasma changed and graphene nanosheets started forming on
the walls of the quartz tube (shown in Fig 5.1b). Graphene was collected on the silicon
substrates to conduct further analyses. An ultra-sonicated solution of graphene in ethanol
synthesized at 600 W is shown in Fig S 1. In this work, three microwave powers of 200, 600,
and 1000 W were investigated, while keeping the argon gas and precursor flow rates constant
at the optimum value of 3 sIm. As shown in Fig 5.1c, at different microwave powers, plasma

has distinguishable colours bands.
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Fig 5.1: (a) Schematic illustration of atmospheric pressure microwave plasma synthesis of
graphene (b) quartz tube covered with graphene after the synthesis (c) appearances of plasma

before and after exposure to tangerine peel oil vapours at different microwave powers

The environmental responses of the graphene film deposited on glass substrate were
investigated by exposing them to the insecticide, herbicide, and ethanol vapours diluted 50 %
(V/V). A solution of graphene in ethanol (1 mg/mL) was drop cast on a glass substrate and was
allowed to dry at room temperature. Electrical contacts were taken from the graphene film

using Nichrome wires. The responses of the graphene film were monitored in resistance as a
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function of time. Ambient conditions (humidity was 62 % + 2) were used to perform all the
experiments. The resulting resistance was measured using a digital multimeter (Tektronix
DMM4050) at a constant voltage. For exposing the analytes to the graphene film at a constant

rate, a nebulizer was utilized.

The techniques employed to study the structure and morphology of graphene as well as carry
out its elemental analysis, were confocal laser Raman spectroscopy (Witec, 532 nm laser),
scanning electron microscopy (SEM) (Hitachi SU 5000), and x-ray photoelectron spectroscopy
(XPS) (Kratos Axis Ultra XPS with an Al Ka x-ray source). X-ray diffraction (XRD) (Bruker,
D8-Advance X-ray diffractometer, Cu Ko, A = 0.15406 nm) was used for obtaining
crystallographic information on the synthesized graphene. To acquire transmission electron
microscopy (TEM) images, the transmission electron microscope (Hitachi HF5000) was used.
Tektronix DMM-4050 digital multimeter was employed for chemiresistive sensing

measurements.

5.3 Results and discussions

The Raman spectra of the samples synthesized at different microwave powers are given in Fig.
5.2a. There were three peaks in each spectrum which are characteristic of pristine graphene or
graphene-based materials. D peak (arises due to defects), G peak (related to Ezg vibrational
mode), and 2D peak (the second-order D peak) can be seen around 1330, 1575, and 2670 cm*
respectively [24]. Overall, the peak positions remained unchanged, however, differences in the

intensity and peak width were observed.

The intensity of D and 2D bands relative to that of the G band i.e. Io/l and l2p/lc are given in
Fig 5.2b. Io/lc is used to indicate the degree of disorder in the graphitic structure [25]. The 200

W sample showed the highest value of Io/ls, which could be suggestive of defects in graphene
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samples. The presence of oxygen functional groups is also responsible for augmented I/l
values [26]. Based on XPS results, it was discerned that the amount of oxygen in the 200 W
sample was higher than that of 600 W and 1000 W samples which accounts for higher D band
intensity. Moreover, the amorphous nature of carbon observed in TEM of 200 W could also be

a contributing factor in this phenomenon.

The l2o/lc along with full width half maximum (FWHM) of 2D band are indicative of the
number of layers present in the graphitic structure. Generally, FWHM of ~ 30 cm™ and I20/lc
of 2 were related to mono or bilayer graphene [27, 28]. Interestingly, the highest I2o/lc in our
samples i.e. 0.93 was obtained at 600 W microwave power. Further increase in power led to
the reduction of l2o/lc values. The l2o/lc values and overall FWHM values of less than 1 signify
that our samples consisted of a few layers of graphene. The findings were also confirmed by

the TEM images given below.

In comparison with ethanol-derived graphene, where FWHM is ~ 45 cm™and l2o/lc values lie
within 2 to 2.6 [10], our samples showed smaller values of I2o/lc and higher values of FWHM.
The study also delineated the presence of a few layers of graphene in ethanol-derived graphene
which is also in good agreement with their Raman spectrum. Whereas, the number of layers in
our samples was slightly greater. On the other hand, methane-derived graphene showed a very
high D band, having ~ 56 % higher Io/lc value compared to our 600 W sample. Likewise, I2p/lc

values were around 60 % lesser than our 600 W graphene samples [12].
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Fig 5.2: (a) Raman spectra and (b) the intensity ratios of D and 2D bands to the G band in the

graphene samples, demonstrating the effect of plasma power on a synthesis

XRD pattern happens to be the hallmark of any material. Therefore, the synthesized graphene
samples were also subjected to XRD characterization; the corresponding patterns are presented
in Fig. 5.3. All the samples gave a consistent and prominent peak at the diffraction angle (20)
of 26°. The location of the peak is linked with the (002) basal plane. The interlayer spacing of
0.34 nm was calculated using Bragg’s law (given in supplementary) which also coincides with
the TEM result. Largely, the data seems to be following the earlier findings [29, 30], which

involved graphene fabrication via wet chemical method or pyrolysis.

Intensity (a.u.)

20 (degree)

Fig 5.3: XRD pattern of graphene samples
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The survey spectra shown in Fig 5.4a, substantiate the presence of carbon (C) and oxygen (O)
elements at around 284 and 532 eV respectively. Nitrogen (N) in trace amounts (less than 1 %)
was also noticed in all samples which were potentially contributed by N impurity in Ar gas;
hence it was ignored. As expected, C turned out to be the most predominant element, while O
in trivial amounts could also be observed. The 200 W sample showed comparatively high O
content i.e. ~ 14 % which kept on decreasing with the increase in microwave power and vice
versa for C (shown in Fig 5.4b). The existence of oxygen in the samples can be attributed to
their exposure to the atmosphere. Ultimately, due to the low content of oxygen, the formation

of graphene oxide was ruled out. The notion was supported by XRD patterns as well.

Upon deconvolution of C1s peaks into its constituents (shown in Fig 5.4c-¢), all the samples
revealed three-component peaks i.e. sp? (~ 284.6 eV), sp® (~ 285.2 eV), and C-OH (~286.1
eV). In contrast to the 600 W sample, the 200 and 1000 W samples showed intense sp® peaks
pointing out a large number of defects in graphene structure. Considering XPS results, 600 W
could be an optimum power to synthesize graphene from tangerine peel oil. The C/O ratio of ~
16 % in our 600 W sample roughly matches that of graphene derived from ethanol (average
C/O was 17 %). In C1s deconvolution of graphene, sp2 and sp3 bands were common in both
the studies (tangerine peel oil and ethanol-derived graphene). The only difference was in the
oxygen functional groups of the two products; the tangerine peel-derived graphene contained
C-OH functional group while C-O, C=0, and epoxide oxygen functional groups were noted in

ethanol-derived graphene [31].
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The SEM images shown in Fig 5.5 revealed a structure typical of graphene. The nanosheets are
vertically oriented, and have a curled-paper-like structure, entangled and aggregated. Similar

SEM images of graphene have also been observed in preceding studies [8, 32].

Fig 5.5: SEM images of tangerine peel oil-derived graphene nanosheets (600 W sample) at

lower and higher magnifications

The graphene samples collected from the walls of the quartz tube or silicon substrate were
characterized using TEM. The TEM images of the 600 W sample are given in Fig 5.6. The
images of 200 and 1000 W samples can be seen in Fig S 2. Overall, 200 and 600 W samples
showed few layers of graphene, whereas, the 1000 W sample displayed multilayers of
graphene. However, it should also be noted that the number of layers in a single sample also
varies slightly. A similar outcome was uncovered in a prior research work where graphene was
synthesized from ethanol vapours [8]. The high-resolution TEM images shown in Fig 5.6
revealed the non-uniformity in the interlayer spacing. The interlayer spacing of 0.34 nm evident
in the image on the left correlates with the aforementioned XRD results. An interlayer spacing
of 0.40 nm can also be seen in the same 600 W sample given on the right side of Fig 5.6. This
increased spacing can be ascribed to the occurrence of O atoms in the interstices creating
dislocations in the graphene structures. Similarly, varying lengths of interlayer spacing can also

be observed in the 200 W sample (shown in Fig S2). However, the spaces appeared to be
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uniform in the 1000 W sample which corresponds to the fact that the 1000 W sample contained
the least amount of O content as discussed in XPS. A brief comparison of the salient features
of graphene (table 5.1) synthesized in APMP from different feedstock confirms that the
comparable properties of tangerine peel oil-derived graphene are comparable to those of
graphene made from other sources. Therefore it can be deduced that the strategy adopted in
this work is economical, eco-friendly, and effective when it comes to finding an alternative for

non-renewable and hazardous parent materials.

Fig 5.6: TEM images of 600 W tangerine peel oil-derived graphene sample

Table 5.1: Comparison of tangerine peel oil-derived graphene with others synthesized in

atmospheric pressure microwave plasma

) Precursor Production
Microwave Number of
Precursor flow rate Io/le rate Ref.
power (W) layers )
(sccm) (mg/min)
Mono-and bi-
Ethanol 250 0.3 - 2 [7,9]
layers
Ethanol 900 05-35 - Few layers 2 [10]
Ethanol 200 0.0036 0.6 Multilayers 0.07 [33]
Ethanol 300 0.33 0.24 Few layers 1.33 [34]
Few to
Ethanol 300 0.048 0.35 ) 1.45 [35]
multilayers
Methane 1000 2-8 0.62 Multilayers - [11]
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5.4 Chemiresistive sensing behavior of graphene

The tangerine peel oil-derived graphene synthesized at 600 W was used for developing a
chemiresistive sensor by exposing it to the insecticide, herbicide, and ethanol vapours. The
detailed procedure is given in the experimental section. As soon as the vapours were subjected
to the sensor, a prompt decrease in the resistance of graphene was observed for all the analytes
(shown in Fig 5.7). However, a slow recovery response was noted for insecticide and herbicide
vapours. Whereas in the case of ethanol the recovery was very fast, and within ~ 25 seconds
the sensor response was fully recovered. While insecticide and herbicide-exposed sensor took,
for instance, 300 seconds to recover ~ 85 and ~ 50 % respectively. This slow recovery can be
attributed to the strong binding energy between graphene and the molecules of insecticide and
herbicide. A similar phenomenon was also detected by Shaik et al. [36] and Alancherry et al.
[19] where graphene displayed a strong affinity for nitrogen dioxide gas and acetone vapours,
respectively, thereby impeding the sensor recovery. The sensitive response of our graphene

sample can be assigned to its intrinsic feature of having a large specific surface area.
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Fig 5.7: Response of tangerine peel oil-derived graphene chemiresistive device toward

various chemical substances

5.5 Conclusion

In summary, the synthesis of freestanding graphene nanosheets from an expired tangerine peel
oil was successfully carried out using atmospheric pressure microwave plasma. These
nanosheets were predominantly composed of sp?-hybridized carbon atoms having typical
graphene structure and morphology with mild inclusions of hydroxyl oxygen functional group.
The oxygen content decreases with the increase of microwave power, and hence the D band in
the Raman spectrum. The interlayer spacing of 0.34 nm investigated through TEM matches
with the XRD value calculated using Bragg’s law. The graphene employed in chemiresistive
sensor exhibited high sensitivity for insecticide, herbicide, and ethanol vapours. However, the
recovery for ethanol was quite rapid as compared to that of insecticide and herbicide. In contrast
to previously used non-renewable precursors, i.e. ethanol and methane, the tangerine peel oil
IS an abundant, sustainable and ecofriendly parent material, perfectly suited for synthesizing

graphene in atmospheric pressure microwave plasma.
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Supplementary

Fig. S 1: 600 W graphene solution in ethanol, ultra-sonicated for 5 minutes

Calculation of interlayer spacing using Bragg’s law

According to Bragg's law:

% = 2dsin (9)

Where A (1.54 A) is the wavelength of the incident source (Cu), d is the distance between the

adjacent graphene layers, and 0 is the diffraction angle. 20 is 26° in our work.

Thus, d = A/2sin (0) = 0.154 nm/2sin (13°) = 0.34 nm
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Fig. S 2: TEM images of (a) 200 W and (b) 1000 W tangerine peel oil-derived graphene

samples
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Chapter 6: Synthesis of nitrogen-doped graphene oxide and its

application

This chapter is divided into two sub-chapters. In the first part, a sustainable approach for the
synthesis of nitrogen-doped graphene oxide (N-GO) is reported. It is shown that N-GO can
now be synthesized from a single precursor i.e. aniline at a remarkably low microwave power.
The confirmation of N-GO formation was carried out through various characterization
techniques. In the second part, the application of as-synthesized N-GO loaded with silver

nanoparticles was performed for the detection of oxalic acid.

This Chapter consists of two manuscripts, which are published as following:

1. Zafar, M. A, Varghese, O. K., Robles Hernandez, F. C., Liu, Y., & Jacob, M. V. (2022).
Single-Step Synthesis of Nitrogen-Doped Graphene Oxide from Aniline at Ambient

Conditions. ACS Applied Materials & Interfaces, 14(4), 5797-5806.

2. Zafar, M. A,, Liu, Y., Allende, S., & Jacob, M. V. (2022). Electrochemical sensing of
oxalic acid using silver nanoparticles loaded nitrogen-doped graphene oxide. Carbon

Trends, 8, 100188.

181



6.1 Sustainable approach for the synthesis of nitrogen-doped

graphene oxide

Single-Step Synthesis of Nitrogen-Doped Graphene Oxide from Aniline

at Ambient Conditions

Abstract

Single-step, single-precursor synthesis of nitrogen-doped graphene oxide (N-GO) was
demonstrated in this work. By choosing aniline as the sole source of carbon and nitrogen, N-
GO films were fabricated using microwave plasma at a power as low as 80 W in atmospheric
conditions. The aniline vapor dissociated under plasma formed islands of N-GO nanosheets on
the substrates or walls of the quartz deposition chamber. The inter-planar spacing in the pristine
N-GO films was observed to be lower than that of GO films, which indicated a lower
concentration of oxygen and other species present in the space between the N-GO layers. The
as-fabricated N-GO demonstrated superior anti-scaling and algicidal properties deemed

imperative for water purification applications.

Keywords: Nitrogen-doped graphene oxide, aniline, atmospheric pressure microwave plasma,

single-precursor, water purification
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6.1.1 Introduction

Graphene lies top in the list of most promising 21 century materials [1, 2]. It has a two-
dimensional honeycomb structure formed by two interpenetrating hexagonal Bravais lattices
with sp?-bonded carbon atoms. Some of the unique properties making graphene technologically
interesting include exceptional tensile strength, excellent visible light transmittance, record
high thermal conductivity, superior charge transport properties, nearly perfect impermeability
to all gases, and ultra-high specific surface area [3]. It has been found useful for an extensive
list of applications; however, the areas such as energy generation/storage, electronic and
photonic devices, optical devices, renewable energy conversion, water purification and
chemical/biological sensors are expected to be benefited substantially by the involvement of

graphene [4-6].

The chemical inertness, hydrophobicity and poor solubility in aqueous solutions challenge the
processability and chemical functionalization of graphene [7, 8]. However, graphene in the
oxidized form as graphene oxide (GO) or reduced graphene oxide (rGO), can be used to
alleviate these issues. GO is an oxidized version of graphene which is adorned with epoxide
and hydroxyl (-OH) groups in basal planes, and carbonyl (C=0), alkoxy (C-O-C), and
carboxylic acid (-COOH) groups at the edges of the graphene sheet [9, 10]. These oxygen-
containing functional groups make the material hydrophilic and dispersible in agueous media.
[11, 12]. Moreover, GO offers a favorable matrix for further surface enhancements, especially
for the doping of heteroatoms (e.g. B, N, O, P and S) [13]. Recently, nitrogen-doped GO (N-
GO) and reduced graphene oxide (N-rGO) have sparked substantial interest due to the
properties attributed by the unique scaffolding pattern of nitrogen and carbon atoms. The union
between the lone-pair electrons of nitrogen and the n-system of graphene improve its chemical

and physical properties [14], leading to a myriad of applications particularly in lithium
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batteries, supercapacitors, sensors [15], and purification membranes [16]. Despite all these
advantages, there are not many affordable and commercially feasible methods for the

production of high quality N-GO required for devices and processes.

Considerable attempts have been made for a methodical synthesis of N-GO, however, the
techniques reported until now either involve more than one precursors or require multiple
stages of synthesis or both increases the cost of the process [17]. Fabrication of undoped GO
itself involves toxic and corrosive chemicals and is technology intensive. ‘Modified Hummers
method’ that utilizes strong acids and oxidants is commonly used to synthesize GO [17, 18].
The process entails numerous steps of synthesis such as dilution, mixing, oxidation, washing,
centrifuging, and intense stirring [19]. On the other hand, ‘chemical vapor deposition (CVD)’
and ‘plasma-enhanced chemical vapor deposition (PECVD)’ are expensive and the processes
are time-consuming. These techniques require high vacuum, high temperatures, oxidizing
environment, and other post-synthesis treatment processes [20, 21]. The post-synthesis N-
doping methods include thermal treatment of GO in an ammonia (NH3) atmosphere [22], wet-
chemical methods [23], treatment with nitrogen plasma [24], and a low energy N?* ion
sputtering [15]. Nonetheless, these techniques are complex and centered on ex-situ synthesis
approaches. Ammonia is corrosive and it poses significant problems to the process chamber
and the system components. The latest endeavors of N-graphene synthesis via single-step, in-
situ CVD or PECVD methods [25-28] involve elevated temperatures and high power plasma
that increase the production cost and cause the elimination of pyridinic nitrogen atom doping
required for certain applications [29]. Such issues with the current N-GO production methods
behoove us to develop a fast, cost-effective, eco-friendly, and a facile method for the synthesis

of N-GO under mild conditions.
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Atmospheric pressure plasma (APMP) technology utilizing microwave power is promising
bottom-up materials fabrication technigque which circumvent the aforementioned issues [30].
APMP avoids the need of vacuum, heating and cooling components. This technique is scalable
and has the potential to manufacture nanomaterials from organic precursors without substrates.
The process is simple and it consists of admitting the precursor vapor mixed with a carrier gas
into the plasma chamber where the precursor bonds are broken under plasma conditions.
Monolayer to a few-layer graphene nanosheets have been reported to be synthesized using this
technique [31-37]. So far, the technology has been limited to the synthesis, oxidation [38-40],
and N-doping [41, 42] of pristine graphene; whereas no work on single-step synthesis of GO
or N-GO using APMP has been reported. Additionally, the oxidation and doping
methodologies used in these approaches require high plasma power and/or additional gas/vapor
precursors increasing the complexity and cost of fabrication. For instance, when nitrogen [41]
or NHzs gas [14] is used as a precursor, the required plasma power rose to the 2 kW or in this

range.

Our interest was in developing a single-step, single-precursor cold plasma synthesis process
for growing N-GO films at atmospheric conditions. We used only aniline as the sole precursor
for both GO growth and doping. Aniline is unique with its composition consisting of nitrogen
and carbon atoms and low binding energy, which helped us use a remarkably low microwave
power (80W) to break the aniline molecules and achieve the N-GO growth in a single-step
process. The whole procedure was carried out at normal atmosphere to harness oxygen for GO

formation and with no external heating.

6.1.2 Experimental

The synthesis of N-GO was performed using downstream microwave plasma at ambient

conditions. A basic schematic illustration of the setup is shown in Fig. 6.1. It mainly consists
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of a microwave plasma source (2.45 GHz), quartz tube (30 mm OD), matching network, and a
sliding short circuit. The microwave plasma source and the quartz tube were fitted with water-
and air-cooling system respectively. Aniline (analytical grade) was utilized in its pure form as
the only source of carbon and nitrogen in this experiment. To supply aniline into the quartz
chamber a custom made aerosol system was developed; instead of using any additional carrier

gas, the precursor was delivered along with the argon gas.

The N-GO forms instantaneously on the walls of the quartz tube once the argon-aniline mixture
is introduced. Bare argon plasma showed colorless streaks, whereas, in the presence of argon-
aniline mixture, the plasma glow displayed a unique colored spectrum as shown in Fig. 6.2. A
microwave power up to 200 W and a fabrication time up to 4 minutes were used for optimizing
the experimental conditions. Our preliminary experiments showed the formation of N-GO at a
power as low as 80 W. Therefore, further experiments were done at 80 W, 150 W and 200 W.
Based on the conclusions drawn from the Raman spectra (not shown), the fabrication-time was
fixed at 3 minutes, argon and aniline flow-rates of 3 liters per minute (Ipm) and 0.2 mL per
minute respectively. The N-GO grown was collected either directly on different substrates
(silicon, quartz, and a cover slip) or washed from the tube-walls with ethanol. A
homogeneously dispersed N-GO flakes in ethanol can be seen in Fig. S1. The optical

microscope images of N-GO collected on the silicon substrate are given in Fig. S2.

Confocal laser Raman spectroscopy (Witec, 532 nm laser), scanning electron microscopy
(SEM) (Hitachi SU 5000) and Fourier transform infrared spectroscopy (FT-IR) (spectrum-100
spectrometer, Perkin Elmer, USA) were used to investigate respectively the material’s
structure, morphology and chemical functional groups. The crystallographic information was
obtained using a Rigaku SmartLab x-ray diffractometer. The x-ray photoelectron spectroscopy

(XPS) studies were performed using a Physical Electronics spectrometer (model 5700) with an
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Al x-ray source. The transmission electron microscopy (TEM) images were obtained using a
JEOL 2100 F machine operated at 200 kV. The electrochemical impedance spectroscopy (EIS)
experiments were carried out on a PalmSense 4 potentiostat (PalmSens, Netherlands) with a
conventional three-electrode system composed of a platinum auxiliary, a Ag/AgCI (saturated
KCI) reference and a glassy carbon working electrode (GCE) in a 0.1 M KCI solution
containing 5 mM KsFe(CN)s. An alternating signal of 5 mV was applied to study the impedance

characteristics of the samples in the frequency range 10t — 10° Hz.

Quartz tube inner wall
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Sliding short-circuit
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Fig 6.1: Schematic illustration of downstream microwave plasma setup and top-view of the
tube showing N-GO deposited on walls

(@) (b)

Fig 6.2: Appearance of plasma (a) in the absence of aniline and (b) after exposure to aniline
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6.1.3 Results and discussions

The as-fabricated N-GO films were analyzed using Raman spectroscopy to understand the
structural quality. The Raman spectra of all samples, irrespective of the plasma power used
for the growth, showed three vibrational modes typical of graphene-related materials. These
are represented by the D peak at ~1335 cm™ (defect mode), G peak at ~1575 cm™ (vertical
vibration mode), and a 2D peak at ~2675 cm™ (two-phonon vibration mode) [43]. The D peak
arises from the scattering of phonons at the boundary of the disordered hexagonal Brillouin
zone; the G peak is sourced from the in-plane C-C stretching vibration under the E2g mode
[44]. It was observed that an increase in the plasma power resulted in the reduction of the
intensity of the D peak. The differences in D peaks at varied plasma powers are evident in
graphs shown in Fig. 6.3. Additionally, the variations in synthesis-time did not cause a

substantial impact on Raman peaks (Fig. S3).

The intensity ratio of D and G peak (Io/lc) reflects the degree of disorder in a material.
Generally, the doped graphene materials have higher ratios of Io/lc and they tend to rise with
an increase in doping levels [23, 45]. Likewise, in the current work, the 80 W sample showed
a comparatively larger value of Io/lc; hence indicating relatively high disorders in the structure
of the synthesized material (Fig. 3b). According to studies, this disorder can be ascribed to the
presence of functionalities, non-hexagonal rings, or heteroatom doping which are manifested
in the form of amplified D peaks [13]. Thus, it could be deciphered that the raised content of
N-doping (evident from XPS results discussed later) and functional groups in the 80 W sample
were responsible for an elevated I/l ratio. A similar observation was made by Li et al. [46],
where they discovered that the pyrrolic N-doped graphene yielded a greater value of Io/lc ratio
when compared with that of pristine graphene. They attributed it to the fact that the N atoms

created a sp>-C five-atom heterocyclic ring of pyrrolic N-doped graphene by rupturing the sp?-
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C six-atom structure of graphene. Furthermore, the 80 W N-GO synthesized in our work
showed a lower Ip/lc ratio (0.93) as compared to that reported for a sample prepared using
modified Hummers method (Io/lc = 1.62) [47]. The higher Io/lc ratio in modified Hummers
method indicates either a higher nitrogen content (reported as 5.6 %) or possible defects in the

N-GO structure.

The 2D peak has been generally recognized as the signature of the graphene and related
materials in the Raman spectrum. The full width at half-maximum (FWHM) and intensity ratio
between 2D and G peak, i.e., l2o/lg, are generally linked to the number of layers in graphene.
The I2o/lc values of 2 or higher with FWHM ~30 cm™!, and 1 to 1.5 l2o/ls ratios with FWHM
~50 cm™! are usually associated with the monolayer and bilayer structures, respectively [28,
48]. In this study, the 80 W sample exhibited l2o/lc and FWHM values of 1.04 and 64 cm™
respectively, indicative of multiple layers N-GO in the region from where the spectra was
recorded. The comparable FWHM (66 cm™) of 2D peaks and similar I20/lc values of 150 W
and 200 W samples indicated that these samples were also multilayered N-GO. It is noteworthy
that the presence of nitrogen dopants in graphene can also impart a certain effect on both D and
2D peaks. On one hand, N-doping augments the defects in graphene making the D peak more
intense, on the other it enhances the electron scattering rate, which diminishes the intensity of

the 2D peak [28].
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Fig 6.3: (a) Raman spectra and (b) the intnesity ratios of 2D and D peaks with respect to the

G peak in the N-GO samples, representing the effect of plasma power on synthesis

The Fourier transform infrared (FTIR) spectra of all samples i.e. 80 W, 150 W and 200 W,
appeared similar (see Fig. 6.4 and S4-a). The dips in the FTIR transmittance spectra, indicating
the presence of carbon, oxygen, and nitrogen-containing functional groups endorsed the Raman
spectroscopy results that the fabricated films contained N-GO. The typical peak position at
3351 cm™ was assigned to the O—H stretching vibration and the two distinct peaks at 2923 cm
1 and 2852 cm™ to the asymmetric and symmetric stretching of the C—H bond [49]. The doublet
observed between 1650 cm™ and 1750 cm™ has been resolved and assigned to two peaks i.e.
C-0 (1719 cm™) and aromatic C=C (1670 cm™). The deconvoluted peaks are given in Fig. S4-
b. The presence of C-O peak could be ascribed to the synthesis of 80 W N-GO at mild
conditions. The higher microwave power of 200 W eliminated the doublet and showed single
C=C peak (Fig. S4-a). Kumar et al. [29] also reported the reduction of oxygen functional
groups in their study, where they used 500 W microwave power to simultaneously reduce and
dope the GO. The peaks at 1494 cm™, 1240 cm™, and 1021 cm* were identified as the N-H,
C-N, and C-O vibration modes respectively [50]. The sharp absorption peaks, centered at 748

cm* and 692 cm™ were ascribed to the out-of-plane deformation vibration of N-H bonds [49].
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Similar FTIR results were reported by Tao et al. [23], but the study was conducted on N-GO

fabricated by the ultrasonic treatment of GO in ammonia solution.

Transmittance (a.u.)
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Fig 6.4: FTIR spectrum of N-GO sample synthesized at 80 W

The XPS survey scans given in Fig. 6.5 (a-c), clearly exhibit the presence of C, O, and N,
verifying the presence of N-GO at all plasma powers. The peaks at 285.6, 400.8, and 532.8 eV
were assigned to the C1s core level spectrum of sp?-C, N1s spectrum of the doped N, and O1s
spectrum, respectively. The variations in plasma power showed insignificant changes in the
atomic percentages of C and O. However, a considerable amount of N atoms was retained in
the 80 W (N: 3.55 %) sample when compared with 150 W (N: 0.84%) and 200 W (N: 1.67 %)
samples, suggesting that the higher plasma power potentially led to the dissociation of C-N
bonds. The doping percentage of 3.55 % N atoms achieved through this facile method was
comparable to those reports where doping was introduced via multistep processes [45, 49, 51].

For instance, in modified Hummers method [47], 5.6 % of nitrogen content was obtained.

In order to comprehend the bonding configuration associated with C and N atoms, the high-

resolution spectra of C1s and N1s were analyzed. The high-resolution Cis spectra of 80 W, 150
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W and 200 W samples are presented in figures 5-d, S 5(a) and S5(b) respectively. The peak
deconvolution revealed four prominent component peaks in the 80W-C1s spectrum. The major
peaks at 284.5 eV and 285.4 eV correspond to sp? and sp3-C, respectively. The smaller peaks
centered at 286.5 eV and 288.3 eV reflect C-N or C-O and C=0 bonding respectively [28]. The
presence of sp? C is indicative of the conjugated honeycomb lattice arrangement of graphene,
while sp3-C denotes substitution of N atoms, defects in graphene, or simply the edges of the

graphene nanosheets [52].

Interestingly, the high-resolution N1s spectra of the 80 W sample, accommodating three peaks
(Fig. 6.5-e) revealed different N bonding types in the graphene lattice, which are shown
schematically in Fig. 6.5-f. The main peak at 401.2 eV is a signature of the graphitic N bonding,
which refers to the sp?-hybridization of N atoms with three sp?-hybridized C neighboring
atoms. Likewise, the 400.4 eV peak stands for an N-doped heterocyclic five-membered C ring,
contributing to the p-system with two p-electrons. Similarly, the presence of pyridinic N
bonding arising from sp?-hybridized N atoms with two sp?-hybridized C neighboring atoms
and serving the p-system with a single p-electron, is marked by the smallest peak at 399.6 eV.
Based on the deconvolution of the peaks, it was deduced that graphitic and pyrrolic N bonding
were prevalent in 80 W sample, making up for 50.07 % and 38.87 % respectively of the total

N-doping types. On the contrary, the content of pyridinic N-doping was only 11.06 %.
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Fig 6.5: XPS survey spectra of N-GO samples synthesized at (a) 80 W (b) 150 W (c) 200 W.
The deconvoluted high-resolution (d) C1s and (e) N1s peaks arising from 80W sample and (f)

a schematic representation of types of N-bonding in N-GO samples are also shown.

The low and high resolution SEM images of the N-GO nanosheets grown directly on silicon

substrates are shown in Fig. 6.6. As expected, the planar films were not visible in the SEM
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images; however, all the samples showed three dimensional islands resembling crumpled and
torn paper sheets distributed on a surface. These images could also be correlated with the
optical microscope images given in Fig. S2 where the silicon surface could be seen as covered
with islands. These islands consisted primarily of multilayered carbon as evidenced by the

high-resolution Transmission Electron Microscopy (HRTEM) results shown in Fig. 6.7.

Fig 6.6: SEM images of N-GO samples synthesized at different plasma powers

The samples mechanically removed from silicon substrates were used for TEM studies. Fig.

7(a, b) show the images of an 80 W sample on a silicon (100) substrate. The high resolution
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images of the selected regions in Fig. 6.7a (left) are given in Fig. 6.7a (right). Fig. 6.7a (right
top & middle) images show the silicon lattice (the silicon lattice images are separately shown
also in Fig. S6). A thicker poorly crystallized graphitic region could also be seen in the images
(Fig. 6.7a, right bottom). Fig. 6.7a & 6.7b show respectively the multilayered films of 80 W
and 150 W samples detached from the substrate. The 150 W sample appeared to have improved
crystallinity. The high resolution images given in the right side of these figures showed that the
inter-layer spacing was non-uniform. While the inter-layer spacing in graphene is 0.33 nm, in
our samples a spacing up to 0.42 nm was visible (increased by 27 %) [53-57]. We attribute this
difference in d-spacing to the presence of N and O atoms in the interstitial sites generating such
large discontinuities and promoting the formation of dislocations in the graphene structure. It
is perhaps interesting to see that the graphitic structures (Fig. 6.7a, right bottom) have a d-
spacing within 2-3 % of that reported for graphite [58]. The observed inter-lattice spacing in
our films (Fig. 6.7b and 6.7¢) was significantly lower than 0.86 nm reported for graphene oxide

[59].

The x-ray diffractograms (XRD) of the samples did not show any peak other than that arising
from the silicon substrate (Fig. S7). While this is typical for graphene, the absence of the
characteristic peak of GO at 10.2° and a lattice spacing greater than that of graphene observed
in the TEM studies showed that our sample could be a reduced form of N-GO with less number
of O and OH bonds in the inter-planar regions [60]. The electrical conductivity measurements
showed that the samples were highly resistive, which also indicated the oxidized form of carbon
present in the sample. On comparing all the results, it could be concluded that the islands seen
in the optical microscope and SEM images consisted primarily of N-GO with a reduced number
of inter-planar species. Nucleation of graphene oxide takes place on the substrate at the

beginning of the growth process. The mismatch between silicon and N-GO lattices and the fast
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film growth rate in the microwave plasma process create significant stress in the growing film.
As a result, the film does not grow laterally on the substrate; rather it grows away from the
substrate forming islands. From Fig. S2, it is clear that that the nucleation site density does not
increase notably with increase in plasma power; however, the islands grow in size with power.
Although the island formation on an initially formed mono or bi-layer N-GO similar to the
Stranski-Krastanov growth process is possible, we did not get sufficient evidences to confirm

this type of growth.

Fig 6.7: TEM images of the (a-b) 80 W and (c) 150 W films grown on silicon. The high

resolution images of the regions marked in the left-side images are given in the right side of

each part of the figure

Fig. 6.8 compares the EIS results of the bare GCE and the N-GO coated GCE obtained in 0.1
M KCI aqueous solution containing 5 mM KsFe(CN)s. The plots were analysed using the
Randles equivalent circuit model. 1t was found that the series resistance of the GCE and the N-

GO coated GCE were nearly ~100 €, indicating that the series resistance remained unchanged
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even after coating the glassy carbon electrode with the N-GO. It is in good agreement with the
previous reports [61-63]. However, the charge-transfer resistance (Rct), which is associated
with the charge-transfer resistance across the electrode and electrolyte interface, significantly
increased from 206 Q to 1.2 kQ after the GCE was coated by the N-GO nanosheets,

demonstrating their high resistance to the electron transfer reaction at the surface.
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Fig 6.8: The electrochemical impedance spectroscopy (EIS) of (a) bare GCE (b) N-GO
coated GCE in 0.1 M KCI aqueous solution containing 5 mM KsFe(CN)s. The inset shows
the Randles equivalent circuit model
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6.1.4 Performance of N-GO membrane in water purification system
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Fig 6.9: (a) Schematic presentation of N-GO coated-PA membrane (b) water contact angle of
control and (c) N-GO coated-PA membrane (d) graph showing flux recovery ratio against the

number of water filtration cycles

Fig 6.10: Microscopic images showing the degree of algal growth on (a) N-GO coated and

(b) control polyamide membranes

The N-GO nanosheets exhibited strong potential for use in water purification membranes.
Water purification has become the center of attention in research because of water scarcity and

the lack of availability of safe drinking water. In order to address this issue, desalination and
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wastewater recycling using polymeric membranes are considered the most promising
alternative approaches. However, the “trade-off” between permeability and fouling resistance
puts polymeric membranes at a disadvantage. Graphene-based materials have been employed
to successfully combat this problem; however, these efforts have been limited to the study of
anti-microbial activity, protein fouling, membrane flux and rejection rate, and chlorine
resistance [64]. The anti-scaling and algicidal properties of such a membrane have not yet been

rigorously investigated.

In this study, we casted N-GO solution on a commercially available 0.22 um pore size
hydrophilic polyamide (PA) membrane. The N-GO coated membrane is shown in Fig. S8, and
a schematic illustration of the process is given in Fig. 6.9-a. The AFM images of pristine and
N-GO coated membranes showed the typical surfaces that are rough (Fig. S9). Both the
membranes showed an average surface roughness (Sa) of 80.8 nm, indicating trivial effects of
N-GO coating on the surface morphology of pristine membrane. Moreover, a negligible
increase in water contact angle, i.e. ~3° in N-GO coated-PA was observed when compared with
pristine PA (Fig. 6.9-b and 6.9-c). Since the water contact angle has a direct relationship with
water flux, it suggests that N-GO coating did not compromise the water flux rate. This could
be accredited to the oxygen functional groups in N-GO, i.e. epoxides, carboxyl, carbonyl,
hydroxyl, etc. The result is in agreement with the study performed by Choi et al. [65]. They

also did not find GO coating on PA membrane was altering the water flux rate.

The anti-scaling property of N-GO coated-PA was investigated by comparing its flux recovery
ratio (FRR) with that of pristine PA membrane. FRR refers to the percentage of the feed water
that has been recovered. For this purpose, a sample feed solution of 1 g NaCl/L water was
prepared. A specific vacuum filtration system was used for the purification experiments. The

7 cycles of purification were run, and after each cycle, membranes were thoroughly washed
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with distilled water. The flux rate (J) and flux recovery ratio (FRR) were measured using

equations 1 and 2 respectively.

> <

J=¥xt (1)
FRR =% x 100 ()

Here V, A, and t are the volume (in liters) of penetrative water, the effective filtration area
(19 cm?) of the membrane, and the operation time (h) of permeation, respectively. J1 is the flux

of the previous cycle and Jz is the flux of the next cycle.

The results obtained are shown graphically in Fig. 6.9-d. After each cycle, a slight decrease in
FRR was observed in both the membranes. However, overall, the N-GO coated-PA membrane
displayed better FRR, indicating comparatively less buildup of the salts. By the end of the
seventh cycle of the experiment, FRR of the control PA membrane decreased below 97%,

whereas, N-GO coated-PA membrane maintained a value above 98%.

The extent of algicidal activity of the synthesized N-GO was evaluated by immersing both N-
GO coated and control PA membranes in pond water (located at the Palmetum botanical
garden, Townsville, Australia) for 10 days. Following the designated period of exposure to
fresh water algae, the samples were visualized using a compound microscope at 10X
magnification. The microscopic images, shown in Fig. 6.10, revealed that in relation to pristine
membrane, the N-GO coated PA membrane exhibited notable inhibitation of algae growth. The
anti-biofouling ability of our N-GO films is clearly superior to those of other graphene-based
materials [66, 67]. These N-GO films do not have to be converted into nanocomposites like in

other cases for their use in anti-biofouling applications.
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6.1.5 Conclusion

In a nutshell, N-GO nanosheets were produced from aniline in a single-step procedure using
atmospheric pressure microwave plasma. A microwave power as low as 80 W could
successfully dissociate aniline vapors into N-GO nanosheets, which were later collected from
the walls of the quartz tube. The Raman spectrum yielded l2o/lc and FWHM values of 1.04
and 64 cm™ respectively, indicative of multiple layers of N-GO sheets. Moreover, the XPS
spectra revealed more than 3 % of nitrogen retention in an 80 W sample. Lastly, the N-GO-
coated PA membrane showcased remarkable anti-scaling and algicidal activity without

compromising the water flux rate measured through a stable water contact angle.
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Supplementary
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Figure S1. A well-dispersed N-GO in ethanol
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Figure S2. Microscopic images of N-GO synthesized at plasma power of (a-c) 80 W (d-f)

200 W on silicon substrate
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Figure S6. Low (left) and high (right) resolution images of the silicon substrate used for

growing N-GO.
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Figure S7. X-ray diffractogram of silicon (100) substrate. Only the peak from silicon is

visible.
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Figure S8. N-GO coated (left) and pristine (right) polyamide membrane
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Figure S9. Results from AFM: 2D images of (a) pristine and (b) N-GO coated-polyamide

membrane, 3D images of (¢ & e) pristine and (d & f) N-GO coated polyamide membrane
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6.2 Application of nitrogen-doped graphene oxide

Electrochemical sensing of oxalic acid using silver nanoparticles

loaded nitrogen-doped graphene oxide

Abstract

The adverse effects of oxalic acid (OA) on human health linked with its excessive consumption
necessitates an improved sensor. Here, we demonstrate an electrochemical sensor for oxalic
acid detection based on silver nanoparticles (Ag-Nps) and nitrogen-doped graphene oxide (N-
GO) nanocomposite. N-GO, which was synthesized using atmospheric pressure microwave
plasma has been first time employed for electrochemical application. The nanocomposite
formation was confirmed through scanning electron microscopy and EDS elemental analysis.
The nanocomposite-based sensor showed a higher current response, good selectivity and
stability which can be attributed to the synergistic-effect of Ag-Nps and N-GO. Amperometric
responses were proportional to the concentration of OA between 10 and 300 puM, and the

detection limit was 2 uM.
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6.2.1 Introduction

Oxalic acid (OA) is found naturally in a wide range of plants, animals, and microorganisms.
The excessiveness of OA in the human body is considered risky for human health. For instance,
OA can react with magnesium, potassium, and iron to form insoluble oxalate salts, and can
remove calcium from the blood which leads to kidney stones or can interfere with the heart or
nervous system [1, 2]. The US department of agriculture (USDA) recommends a certain limit
of OA daily intake, for example, the allowed amount of OA consumption from spinach is 9.7
mg per 1 g serving [3]. Thus, the detection of OA in foods and urine garnered the significant

interest of scientists.

The electrochemical method for the determination of OA, surpasses conventionally used
techniques, such as spectroscopy [4, 5], chromatography [6], and enzymatic methods [7, 8]
because of its low cost, fast procedure, good selectivity, and high sensitivity [9, 10]. Although
many electrochemical sensors have been developed for OA detection [11], a sensing platform
with inexpensive preparation and high analytical performance including high sensitivity and

good stability is still highly desirable.

Graphene-based composite materials, such as Pt-Pd nanoparticles/chitosan/nitrogen-doped
graphene [12], silver nanorods/graphene nanocomposite [13], Pd/rGO composite [14], gold
nanoparticle/polypyrrole reduced graphene oxide [10], graphene aerogel [15], graphene (GR)-
modified carbon ionic liquid electrode [16], platinum nanoparticle loaded graphene nanosheets
[17], and Pd/Au Alloy Nps on ionic liquid functionalized graphene film have been investigated
for OA detection [18]. Although these materials exhibited high catalytic activities towards OA
oxidation, the usage of expensive metal Nps, such as Au, Pd and Pt raised the cost of the sensor.
Silver nanoparticles (Ag-Nps) are promising alternatives in this respect, as they are less

expensive than those precious metals and can achieve comparable -electroanalytical
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performance for the detection of OA. For OA detection, Ag-Nps has been used in composite
with graphite [19] or graphene [13]. However, lengthy chemical synthesis procedures were

utilized to make the composites [20].

In this work, we used Ag-Nps/N-GO modified GCE sensor for OA detection. N-GO which was
synthesized using atmospheric pressure microwave plasma has been first time utilized in
electrochemical sensor application. To make a nanocomposite of Ag-Nps with N-GO, a fast
and efficient technique, i.e. electrodeposition was employed. Attributed to the synergistic-
effect of Ag-Nps and N-GO for enhanced electrochemical properties, it has been shown how

Ag-Nps/N-GO/GCE sensor can be an alternative to those expensive sensors used in past.

6.2.2 Materials and method

6.2.2.1 Chemicals and reagents

All chemicals were of analytical grade and were used as received. Aniline, sodium dihydrogen
orthophosphate (NaH2P04.2H20), disodium hydrogen orthophosphate (Na2HPOa4), sodium
hydroxide (NaOH), silver nitrate (AgNOs), potassium nitrate (KNOs), potassium
hexacyanoferrate (I11) Ks[Fe(CN)g], potassium chloride (KCI), ascorbic acid, and uric acid
were obtained from Sigma Aldrich. Oxalic acid (C2H204.2H20) and glucose were purchased
from ChemSupply and Merck Australia respectively. Ultrapure water obtained from the Milli-

Q water system was used throughout the investigation.

6.2.2.2 Instrumentation

Confocal laser Raman spectroscopy (Witec, 532 nm laser) and scanning electron microscopy
(SEM) (Hitachi SU 500) were used to characterize the samples. Electrochemical experiments

were performed on a PalmSens 4 (Palm Instruments BV, The Netherlands) potentiostat
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equipped with a three-electrode system consisting of a glassy carbon working electrode (GCE),
a platinum counter electrode, and an Ag/AgCI reference electrode. To investigate the
electrochemical performance of the bare and modified GCE, electrochemical impedance
spectroscopy (EIS), cyclic voltammetry (CV), and amperometric techniques were employed.
CV of OA was conducted in 0.1 M phosphate buffer solution (PBS) (pH 7.0). EIS was recorded
in a frequency range of 0.1 Hz to 100 kHz in a solution containing 0.1 M KCI and 5 mM

Ks[Fe(CN)s].

6.2.2.3 Synthesis of nitrogen-doped graphene oxide

The synthesis of Nitrogen-doped graphene oxide (N-GO) was carried out in atmospheric
pressure microwave plasma as reported earlier [21]. Aniline as a single-precursor was used to
synthesize nitrogen-doped graphene oxide in a single-step. The microwave plasma system
mainly consisted of a microwave generator (2.45 GHz), matching network and a quartz tube as
shown schematically in Fig 4.11. Aniline was supplied from the top of the tube using a
homemade aerosol system. Argon gas was used as a carrier for aniline vapours. As soon as the
aniline vapours entered into the plasma glow, the breakdown started occurring which
resultantly formed N-GO on the walls of the reaction chamber. The synthesis was conducted
at optimized conditions of microwave power, aniline flow rate and fabrication time, i.e. 80 W,
3 litre per min and 3 min respectively. The N-GO was washed from the walls of the chamber
using ethanol and was collected in a vial for the sensor application. A well-homogenised
solution of N-GO in ethanol can be observed in the inset of Fig 6.11. To investigate the structure
and morphology of N-GO, samples were collected directly on the silicon substrate from the

reaction chamber. Further characterizations can be found in our previous work [21].
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Fig 6.11: Schematic illustration of N-GO synthesis in atmospheric pressure microwave

plasma

6.2.2.4 Preparation of the modified electrode

1 mg/mL solution of N-GO was prepared in ethanol for drop-casting on GCE. Before
modification, GCE (3 mm diameter) was polished with 0.3 pm and 0.05 pum alumina slurry
consecutively, followed by ultrasonic cleaning in ethanol and water. An aliquot of 4 uL. N-GO
solution was drop-casted on GCE and dried under room conditions. Electrodeposition was
conducted in a 1 mM KNOs solution containing 0.1 mM AgNOs and at -0.2 V (vs. Ag/AgCl)

potential for 350 sec. The procedure scheme is shown in Fig 6.12.
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6.2.3 Results and discussion

6.2.3.1 N-GO characterization

The structural quality of N-GO nanosheets deposited on silicon substrate was analysed using
Raman spectroscopy. The Raman spectrum shown in Fig 6.13a represents three vibrational
modes i.e. defect mode around ~1334 cm (D peak), vertical vibration mode around ~1576 cm-
1 (G peak), and two-phonon vibration mode centred at ~2677 cm™ (2D peak) [22]. The D peak
forms due to the scattering of phonons at the boundary of the disordered hexagonal Brillouin
zone; the G peak arises from the in-plane C-C stretching vibration under the E2g mode [21,

23].

The intensity ratio of D and G peaks i.e. Io/lc is generally ascribed to the defects in graphene.
However, doping materials also contribute towards higher ratios of Io/lc [24, 25]. Similarly, in
the present work, the N-GO indicated a relatively larger value of Io/lg, i.e. 0.91 [26]. According
to the previous reports, this could be due to the non-hexagonal rings, functionalities, or
heteroatom doping [27]. Thus, it could be interpreted that the functional groups and N-doping

were responsible for a higher value of Io/lc. Li et al. [28] also observed that the N-doped
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graphene produced a larger Io/lc ratio in comparison to pristine graphene. They ascribed this
to the formation of sp3-C in pyrrolic N-doped graphene consisting of five-atom heterocyclic

ring.

The 2D peak is usually identified as the signature of graphene. The intensity ratio between 2D
and G peaks i.e., l2o/lc and full width at half-maximum (FWHM) are usually related to the
quantity of layers in graphene. The FWHM of ~50 cm™! and l2o/lc values between 1 to 1.5 are
commonly associated with the two layers of graphene [29, 30]. In the current work, the N-GO
sample demonstrated FWHM and I20/lc values of 68 cm™ and 0.81 respectively, suggestive of
multiple layers N-GO. Notably, the existence of N dopants in graphene can influence both
peaks, i.e. D and 2D. N-doping enlarges the D peak on the one hand, and on the other hand, it
increases the electron scattering rate, which lessens the intensity of the 2D peak. [30]. N-GO
Raman spectra was compared with that of GO and rGO [31] given in the literature. The higher

D peak in GO in comparison with rGO ruled out the reduction of the GO.

The SEM image of the N-GO sample deposited straightaway on a silicon substrate is displayed
in Fig 6.13b. The horizontal films were not found in the image; however, the sample showed
3D islands similar to wrinkled-paper like structures spread across the surface of the substrate

[21]. These islands consisted mainly of multilayered N-GO structures.
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Fig 6.13: (a) Raman spectrum and (b) SEM image of N-GO sample

6.2.3.2 Electrode characterization

The surface morphology of the Ag-Nps/N-GO/GCE electrode was analysed using SEM,
displayed in Fig 6.14a. Successful electrodeposition of Ag on N-GO can be observed in the
images. The SEM image shows the uniformity in the distribution of Ag nanoparticles onto the
N-GO/GCE electrode. The magnified image in the inset shows an aggregation of Ag-Nps,
which is in good agreement with the previous reports [32, 33]. Furthermore, the presence of
Ag as well as other elements, including carbon (C), oxygen (O), and nitrogen (N) which came
from aniline was revealed through energy-dispersive X-ray spectroscopy (EDS). The EDS

spectrum and elements percentages are delineated in Fig 6.14b.
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Fig 6.14: (a) SEM image (high resolution in inset) and (b) EDS of Ag-Nps/N-GO/GCE

modified electrode

6.2.4 Electrochemical analysis of electrode

The electrochemical performance of the modified electrode was investigated using EIS. Fig
6.15 exhibits the Nyquist plots of bare, N-GO and Ag-Nps/N-GO modified GCE. The fitted
Randles equivalent circuit is shown in the Fig 6.15 inset. The linear regions of plots at low
frequencies implicate the diffusion process, whereas, semicircles at higher frequencies are
associated with the electron-transfer reaction [34, 35]. The charge-transfer resistance (Rct) of
the bare GCE and the N-GO modified GCE was found to be 206 Q and 1.2 kQ, respectively,
indicating the slow electron-transfer kinetics at the N-GO film surface. However, after
electrodeposition of Ag-Nps on N-GO film, the Rct of N-GO decreased significantly to ~653
Q, which can be attributed to the high electrocatalytic activity of the Ag-Nps deposited at the
surface of the electrode. High electrocatalytic activity of Ag-Nps is due to the large surface
area, and outstanding electronic conductivity Moreover, the aggregated Ag-Nps possess porous

network which facilitate the diffusion process [36].

CV was performed to investigate the electrochemical behaviour of the bare GCE, N-GO/GCE

and Ag-Nps/NGO/GCE towards oxidation of 0.1 mM OA (Fig 6.16). There was an inadequate
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response for OA oxidation from bare GCE, while N-GO/GCE exhibited a comparatively

improved response. Noticeably, Ag-Nps/N-GO/GCE revealed a remarkable oxidation process,

suggesting that Ag-Nps/N-GO/GCE considerably catalyses the OA oxidation response. It can

be attributed to the synergistic effect of both Ag-Nps and N-GO. They possess excellent

conductivity and enormous surface area, which can accelerate the electron-transfer kinetics and

accommodate the OA molecules at the surface of the electrode [37].
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Fig 6.15: EIS spectra for (a) bare GCE (b) N-GO/GCE (c) Ag-Nps/N-GO/GCE in a solution
of 0.1 M KCI and 5 mM Ks[Fe(CN)s] with the frequencies swept from 0.1 Hz to 100 kHz
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Fig 6.16: CVs of bare GCE, N-GO/GCE, and Ag-Nps/N-GO/GCE in 0.1 M PBS (pH 7)
containing 0.1 mM OA, scan rate 50 mV/s

6.2.4.1 Amperometric detection of OA

Fig 6.17a exhibits the amperometric response of the Ag-Nps/N-GO/GCE on the successive
addition of 2 uM to 300 uM OA into 0.1 M PBS (pH 7) stirred solution. An optimal potential
of 1.2 V was used for the detection of OA owing to the highest signal-to-noise ratio. It can be
observed that a fast and stable response could be obtained after each injection of OA. A
calibration curve of OA concentration versus current response is displayed in Fig 6.17b. The
plot shows that the Ag-Nps/N-GO/GCE can detect OA in the linear range of 10 — 300 uM;
where the linear regression equation is y = 0.0552x + 3.7385 (R?=0.9989). The sensor showed
an excellent limit of detection of 2 uM. The commendable electroanalytical performance of the
sensor can be ascribed to the combined catalytic activity of Ag-Nps and N-GO [38]. Table 6.1
shows the comparable results of the linear range and limit of detection with those of different

OA sensors reported earlier.
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Fig 6.17: (a) Amperometric response of the Ag-Nps/N-GO/GCE in stirred 0.1 M PBS with

sequential injections of OA at 1.2 V potential (b) Calibration curve showing OA current

response against its concentration

Table 6.1: Comparison of the analytical performance of the electrochemical OA sensors

Electrode Linear range Detection limit Reference
Porous silica-supported platinum
0 - 45 puM 25 nM [3]
nanoparticles/GCE
10 — 4700 pM
PdPt/GCE 1uM [39]
4700 -11,800 puM
Graphene/ Ag nanorods/GCE 3-30mM 0.04 mM [13]
Graphite/Ag/AgCI
10 uM — 0.75 mM 3.7 uM [19]
nanocomposite
Graphene aerogel 4-100 uM 0.8 uM [15]
Palladium-doped mesoporous
silica SBA-15 modified in 10 - 140 uM 0.4 uM [40]

carbon-paste electrode
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PdAu-reduced graphene-ionic

5-100 mM 2.7 mM [18]
liquid/GCE
TiO2 nanoparticle/MWCNT 0.1-1 mM,
33 uM [41]
composite/GCE 1-100 mM
Pt-Pd/chitosan/nitrogen doped
1.5 - 500 uM 0.84 uM [12]
graphene/GCE
Ag-doped ZSM-5 16 uM - 0.18 mM
5.5 uM [9]
nanozeolites/CPE and 0.18 -4.0 mM
Ag-Nps/N-GO/GCE 10 - 300 uM 2 UM This work

6.2.4.2 Reproducibility, repeatability and stability of the electrode

The reproducibility of the proposed sensor was studied by testing the current response of four
Ag-Nps/N-GO/GCEs towards 0.1 mM OA. The relative standard deviation (RSD) was
calculated to be 5.8%, which indicated reasonable reproducibility of the sensor. The RSD of
four successive measurements of the current response at one Ag-Nps/N-GO/GCE in 0.1 mM
OA solution was 3.4 %, indicating good repeatability behaviour of the proposed OA sensor.
The stability tests of the sensor carried out in 0.1 mM OA after 1 and 2 weeks retained its

performance and yielded 97 and 95 % respectively of the initial current values.

6.2.4.3 Interference study

The amperometric response of the Ag-Nps/N-GO/GCE electrode at an applied potential of 1.2
V was measured for 50 uM OA, followed by separate additions of 100 uM of ascorbic acid,
50 uM of glucose, and 50 uM uric acid into a stirred 0.1 M PBS solution. These interfering

compounds were chosen because they are likely to coexist with OA in urine samples [1]. As
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shown in Fig 6.18, a strong and fast current signal was observed at Ag/N-GO/GCE electrode
after the injection of OA, however, there was on current response to ascorbic acid, glucose, and
uric acid, which demonstrates the good selectivity of the proposed sensor. Additionally, again
the prominent and immediate current response was detected upon the addition of 50 uM OA
which can be seen at the final stage of the plot. This amperometry test demonstrates a

satisfactory sensor-interference behaviour of the Ag-Nps/N-GO/GCE electrode.
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Fig 6.18: Amperometric response of Ag-Nps/N-GO/GCE towards OA (50 uM), ascorbic acid
(100 puM), glucose (50 uM) and uric acid (100 pM) in 0.1 M PBS at 1.2 V

6.2.5 Conclusion

In a nutshell, the combination of Ag-Nps and N-GO for OA detection is a superior alternative
to the particularly expensive metals modified electrodes. The first time usage of N-GO in this
work, which was prepared through a single-step and rapid synthesis route, not only made the
overall electrode preparation facile and quick but also enhanced the electrode sensing
properties. Owing to the synergistic-effect of Ag-Nps and N-GO, the Ag-Nps/N-GO/GCE

sensor showed a comparable linear range i.e. 10-300 uM and an excellent detection limit of 2
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KM in an amperometric investigation. The admirable selectivity against ascorbic acid, glucose,

and uric acid proves the superiority of the sensor. Attributed to the graphene inherent

characteristics, remarkable repeatability and stability of the designed sensor have also been

observed.
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Chapter 7: Conclusion

Green synthesis of graphene and graphene-based materials has been recognized as an essential
part of the research to address nanotechnology and the environmental worries. In the modern
nanomaterials synthesis technique, atmospheric pressure microwave plasma is suitable for
producing nanomaterials at ambient conditions and does not require high heating and
vacuuming. However, this technique has not been explored for sustainable synthesis, especially
pertaining to renewable, cheap, and abundant feedstock. This project was designed to
synthesize graphene, nitrogen-doped graphene oxide, and graphene-Ag nanocomposite from
sustainable precursors in a chemical-free environment quickly and at a reduced cost. Moreover,

it aimed at demonstrating the electrocatalytic properties of as-synthesized nanostructures.
7.1 Synthesis of graphene

Two separate plant extracts, namely tea tree and tangerine peel, were used to demonstrate the
viability of synthesizing graphene from sustainable sources. The synthesis was carried out in
atmospheric-pressure microwave plasma at a considerably low microwave power of 200 W.
The confirmation of the formation of graphene was made through Raman, XPS, XRD, and
TEM. The graphene nanosheets were mainly composed of sp?-hybridized carbon atoms having
typical graphene structure and morphology with mild inclusions of oxygen functional groups.
The tea tree derived-graphene, employed in diuron herbicide sensing performance displayed a
linear range from 20 to 1000 uM, and a limit of detection of 5 uM. The tangerine peel derived-
graphene used in a chemiresistive sensor presented great sensitivity for the vapours of

herbicide, insecticide, and ethanol.
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7.2 Synthesis of nitrogen-doped graphene oxide

N-GO was synthesized from aniline in a single-step using atmospheric pressure microwave
plasma. Aniline worked as a single source of carbon and nitrogen. Microwave power as low as
80 W effectively dissociated aniline vapors into N-GO nanosheets and deposited them on the
walls of the quartz tube. The Raman spectrum showed l2p/lc and FWHM (2D peak) values of
1.04 and 64 cm™ respectively, which were suggestive of the multiple layers of N-GO sheets.
The XPS spectra of the 80 W sample displayed more than 3 % of nitrogen present in the
graphene structure. Moreover, the N-GO-coated polyamine membrane employed in a water
desalination application showed notable algicidal and anti-scaling activities without affecting

the water flux rate.

N-GO in composite with Ag nanoparticles was also used for the electrochemical detection of
oxalic acid. Our findings exhibited a superior linear range (i.e. 10 to 300 uM) and limit of

detection (i.e. 2 uM).

7.3 Synthesis of graphene-Ag nanocomposite

The feasibility of synthesis of graphene-metal nanocomposite in microwave plasma is shown
in this work. The nanocomposite was synthesized by dissociating the vapours of tea tree extract
and AgNOs solution inside the plasma reactor. The formed nanocomposite was characterized
by XRD, which showed signature peaks related to the graphene and Ag materials. The OES
spectrum was recorded during the different stages of synthesis, which displayed different
atomic and molecular bands. It included C2 Ar, N, and Ag species. A strong interaction
between graphene and Ag NPs was depicted in XPS spectrum, which showed a slight shift of
Ag-doublet (Ag 3ds2 and Ag 3dsr2) towards lower binding energies. The TEM images also

confirmed a good embedment of Ag NPs with the graphene nanosheets. Interestingly, the
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concentration of AgNOs played a pivotal role in the determination of the size and aggregation
of Ag NPs. The AgNOs concentration of 0.1 M was proposed as an optimum value for well-
dispersed and nano-size Ag NPs. The usage of graphene-Ag nanocomposite in the
electrochemical detection of toxic methyl paraben exhibited a limit of detection of 2.5 uM and

a linear range of 20 to 260 uM, which are superior to some of the results reported earlier.

7.4 Overall conclusion

In summary, this project addressed the rising concerns regarding the sustainability and
excessive consumption of the resources for graphene synthesis. The alternative route
implemented in this thesis for the synthesis of pristine graphene used natural resources such as
tea tree and tangerine peel oil at ambient conditions (atmospheric pressure and no external
heating). Though Microwave Source requires larger electric power, the total power requirement
is relatively very small since the graphene is formed in few seconds. The rate of graphene
fabrication is relatively higher, and is possible to manufacture commercial scale graphene using
the sustainable sources, and the microwave plasma. This study also delineated the fast synthesis
of graphene-Ag nanocomposite in atmospheric pressure microwave plasma to circumvent the
previous approaches involving toxic chemicals and low production rates varying from hours to
days. Furthermore, this work includes nitrogen-doped graphene oxide (N-GO) synthesis at
microwave power ten times lower than the prior studies, without employing gas sources or
toxic chemicals for nitrogen doping. Overall the project contributes significantly towards the
development of nanomaterials using environmentally benign sources and techniques very fast,

and at commercially appreciable scale.
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7.5 Recommendations for future work

The reported synthesis method opened the door for an energy-efficient, environmentally

friendly, and quick synthesis of graphene, and the generated graphene and graphene-based

products exhibited equivalent features to any other graphene, synthesized by other approaches.

However, following recommendations and future works could be additional advantages in this

field:

The production rate is an important factor in the industrialization of the process. Thus,
it is important to scale up the setup for the high production of graphene. Moreover,

investigate the effect of process parameters on the production rate.

Single-layer graphene is highly desirable but very challenging to produce. Very few
works in the past have reported the synthesis of single-layer graphene. It should be
studied how atmospheric pressure microwave plasma can be used for a single-layer

production of graphene.

Similar to nitrogen doping of graphene in this work, doping with other heteroatoms
such as boron, phosphorus, etc. should also be investigated. The process should be less

energy intensive as shown for the synthesis of N-GO in this work.

Even though aniline serves as the material's primary supply of nitrogen during the
creation of N-GO, the amount of nitrogen that comes from the atmosphere should also

be investigated.

This study has shown only Ag metal nanocomposite with graphene. The possibility of

synthesis with other metals such as Zn, Cu, etc. should be examined. Moreover, the

241



feasibility of the synthesis of bi or tri-metallic-graphene nanocomposite should be

probed.

Plant-derived graphene is a promising nanomaterial for a wide range of additional
applications, including supercapacitors, antimicrobial and anticorrosion coatings. The

scope will extend in the future as the research of these applications is expanded.
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