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Abstract

Graphene oxide nanosheets become a hot material in material science.
Eventhough, this material is well known since 1859 when it was first synthesized by
Brodie, the chemistry of this material is not well understood mainly due to its
heterogenous and amorphous nature. In this dissertation, a detailed analysis of the
chemical and structural investigation of graphene oxide (GO) with different
oxidation level was demonstrated in order to understand the types of oxygenated
functional groups formed in GO. The surface and electrochemical properties of GO
was significantly tuned by controlling the oxidation level.

Different types of reduction routes were employed to synthesize graphene, a
well known exciting material in the electronic industry. A facile, and fast method for
the reduction of GO into graphene nanosheets using ultrasonic method was
demonstrated. A cost effective and efficient route to the synthesis of graphene using
hydrothermal method was illustrated. The use of biological reducing agent
(galactose) for the reduction of GO was reported. A low temperature, non toxic route
for the reduction of GO by hydrogen plasma reduction using a dielectric barrier
discharge reactor was developed. A detailed analysis of the graphene synthesized by
various routes has been performed with the aid of spectroscopic techniques.

The application of GO nanosheets in the field of photocatalysis was
investigated by the measuring the photoreduction of resazurin into resorufin under
UV- light irradiation. The antibacterial activity of GO against bacteria and their
application in the fabrication of functional antimicrobial textiles was presented. The
application of GO thin films for the prevention of metal corrosion has been studied

using electrochemical studies. The antibacterial activity of graphene nanosheets
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(hydrothermal method) evaluated against pathogenic bacteria by measuring the
minimum inhibitory concentration and the results shows their pronounced toxicity
towards bacteria. The application of graphene nanosheets (plasma method) towards
energy storage devices was examined.

Utilizing nanostructured materials on the road to the development of
commercial products with exceptional properties have been rapidly increasing in this
decade. Here, we demonstrate the preparation of graphene oxide (GO) paint by
entrenching GO nanosheets in alkyd resin using the ball milling method. The
intermolecular cross-linking occurred between GO and the lipid chains present in the
alkyd resin results in rapid drying time, high-gloss surface and good hiding power of
GO paint. The paint formulation with suitable nontoxic additives and their key role
in the drying process are discussed. The GO paint coating exhibited corrosion-
resistant behavior both in acidic and salt media as examined by immersion and
electrochemical corrosion test. It also inhibited the bacterial growth on its surface
ensuring the biomedical application of the GO paint. Overall, this strategy for the
development of environmentally benign GO paint will create new horizon into the

coating industry.
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Chapter 1

Introduction

1.1 Graphene oxide nanosheets — a brief

Graphene oxide (GO) is an atomic sheet of graphite decorated by several
oxygenated functional groups on its basal planes and at its edges, resulting in a hybrid
structure comprising a mixture of sp2 and sp3 hybridized carbon atoms [1]. GO can be
considered as the insulating and disordered analogue of the conductive graphene [2].
The latter has attracted the interest of physicists due to its unique electronic structure
with linear dispersion of Dirac electrons. The insulating and defective nature of GO
does not allow the observation of fundamental 2D condensed-matter effects, which
limited the interest of physicists in this material [3]. However, this material attracts
the chemists and materials scientists due to its heterogeneous chemical and electronic
structures, along with the fact that it can be processed in solution. Even though, this
material has been well known since 1859 when it was first synthesized by Brodie [4],
the material only becomes of widespread interest after the discovery of graphene and
is due to the fact it acts as a major precursor for the synthesis of graphene sheets by
suitable reduction techniques either chemically or thermally [5].

Apart from the synthesis of graphene, GO has several standalone applications
in various fields such as optoelectronics, supercapacitors, memory devices, composite
materials, photocatalysis and as a drug delivery agent [6-11]. This has drawn the
attention of researchers to explore the intriguing properties of GO nanosheets. The
oxidation of graphite results in the decoration of different types of functional groups

such as hydroxyl, epoxyl, carbonyl and carboxyl groups in graphene oxide [12]. The
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presence of these oxygenated functional groups in GO makes it hydrophilic in nature
and also enables them to functionalize other materials with suitable chemistry [13].
GO can be synthesized by the oxidation of graphite into graphite oxide
followed by the exfoliation of this graphitic oxide into GO [14]. It is already well
known that chemically both graphite oxide and GO have similar or identical structures.
Both possess stacked structures with chemical functionality on their basal planes and
at their edges. The only difference between them is the number of stacked layers; GO
possess a monolayer or just a few stacked layers, while graphite oxide contains a
greater number of stacked layers [15]. The formation of oxygenated functional groups
in graphite oxide makes them easier to exfoliate into monolayers of GO by simple
stirring or mild sonication [16]. The oxidation of graphite to GO breaks up the sp2
hybridized structure of graphene sheets, and results in the generation of defects that
manifest as clear wrinkles in the stack [17] and increase the distance between adjacent
sheets from 3.35 A° in graphite powder to 6.8 A° in GO powder [18]. The interlayer
spacing varies significantly depending on the amount of water intercalated in between
the sheets [19] which further reduces interaction between sheets, thereby facilitating
the delamination of graphitic oxide into individual graphene oxide sheets upon
exposure to low-power sonication in water or mild stirring. The presence of
oxygenated functional groups in GO makes them hydrophilic nature and results in a

highly electronegative surface [20].

1.2 Synthesis of graphene oxide:

There are different methods available in literature for the synthesis of
graphene oxide. In 1859, the British chemist B. C. Brodie explored the structure of

graphite by investigating the reactivity of flake graphite [4]. He performed a reaction
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involving ‘“‘potash of chlorate’ (potassium chlorate; KC1O3) to a slurry of graphite in
fuming nitric acid (HNOs). Finally, he determined that the resulting material was
composed of carbon, oxygen, and hydrogen, with an increase in the overall mass of
the flake graphite. Brodie found the material to be dispersible in pure or basic water,
but not in acidic media, so that he termed the material as “graphic acid” [14].

Nearly 40 years after Brodie’s discovery of the ability to oxidize graphite, L.
Staudenmaier improved Brodie’s method by altering the concentration of KClO3 in
the reaction [21]. He used multiple aliquots of KCIO; during the oxidation reaction
with addition of addition of concentrated sulfuric acid, to increase the acidity of the
mixture. This slight change in the procedure resulted in an overall extent of oxidation
similar to Brodie’s multiple oxidation approach.

After 60 years, Hummers and Offeman developed an alternate oxidation
method by reacting graphite with a mixture of potassium permanganate (KMnOy) and
concentrated sulfuric acid (H2S04), again, achieving similar levels of oxidation [22].
Though, the structure of graphene oxide sheets has been debated for long times with
uncertainty due to both the type and distribution of oxygen-containing functional
groups. These three methods comprise the primary routes for forming GO. Others
have developed slightly modified versions of these methods.

The modified Hummers method is one of the standard methods utilized by
many groups for the synthesis of graphene oxide. This method employs an excess of
potassium permanganate in the Hummers method which significantly improved the
oxidation of graphite [23]. Importantly, it has since been demonstrated that the
properties of GO can be varied depending on the oxidants used, reaction time,

temperature and also on the graphite source.
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1.3 Structure of graphene oxide:

Figure 1.1 Structure of graphene oxide.

The chemical structure of graphene oxide has been a subject of considerable
debate in this decade, which is due to the amorphous nature of GO [14,20,24]. The
non-stoichiometry of GO make them a complex heterogenous material and there are
lot of proposed structure for this material is available in literature [14]. Many
scientists based on their experimental and theoretical calculations developed different
structure of GO. The mostly cited and well agreed model of graphene oxide is given
by the Lerf-Klinowski model [25] as shown in Figure 1.1 It shows that GO consists of
different types of oxygenated functional groups on the graphite lattice. The carbonyl
and carboxyl groups are present at the edges and the hydroxyl and epoxyl groups are
present at the basal planes [26]. These oxygenated functional groups present in GO
makes them hydrophilic nature and can be readily dispersed in water or other solvents

at molecular level.
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1.4 Properties of graphene oxide nanosheets.

1.4.1 Hydrogen bonding networks in GO

GO bearing several oxygenated functional groups are more promising towards
the preparation of novel nanocomposites with other polymers and results in
exceptional mechanical, electrochemical, thermal properties. The fundamental
properties of these exceptional properties relies on the hydrogen bond networks in GO
[27]. The molecular dynamics simulations studies of GO nanocomposite paper shows
that the properties are controlled by H-bond networks involving both functional
groups attached to GO nanosheets as well as water molecules within the interlayer

cavities.

1.4.2 GO as a chemical cross-linking agent

GO act as a chemical cross-linking agent for polymers and are used for the
preparation of cross-linked graphene sheets in polymer matrix for enhanced
mechanical properties [28]. S. Park et al. reported the “Graphene Oxide Sheets
Chemically Cross-Linked by Polyallylamine” for excellent mechanical stiffness and

strength [29].

1.4.3 GO as a template for nanocrystal growth

GO nanosheets are used as a template for the growth of other nanocrystals and
finally results in enhanced properties [30]. This can be achieved by either covalent or
non-covalent approaches. Several reports show the promising application of
nanocomposite achieved by functionalized graphene shows exceptional properties in

diverging applications [31,32].
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1.5 Chemically reduced graphene oxide / graphene nanosheets

Graphene, a two-dimensional (2D) single atomic layer of sp” bonded carbon
atoms [33] has been demonstrated as a promising material because of its unique and
outstanding electrical [34,35], thermal [36] and mechanical properties [37]. Its atomic
scale thin plane geometry, high carrier mobility and unusual band structure make it an
ideal material for applications in future opto-electronic devices [38]. In practice,
acquiring large area graphene for future applications such as the integration of high-
speed nano-transistors and transparent conducting films are more challenging thing to

achieve.

Reduction

Figure 1.2 Reduction of graphene oxide into graphene.
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One of the alternate methods to prepare graphene nanosheets is achieved by
reducing graphene oxide (Figure 1.2) using suitable reducing agents [33,39].
Graphene oxide (as discussed above) opens up new possibilities for large scale
applications of graphene electronics. Basically, the solution processed GO can be
reduced into reduced graphene oxide (rGO), the chemical analogy of crystalline
graphene nanosheets by using suitable reduction techniques either by chemically or
thermally means. The high temperature for the reduction of GO into graphene limits
their commercial application.

There are numerous reducing agents available for the reduction of GO into
graphene nanosheets such as hydrazine hydrate, sodium borohydrate etc., [40-42]
Some other biological reducing agents such as glucose, fructose, vitamin C are also
employed for the reduction of GO [43,44]. Several approaches such as chemical
reduction, hydrothermal method, solvothermal method and microwave irradiation
method were employed for the reduction of GO into graphene sheets [45-48]. The
important parameter in the reduction reaction of GO needs to be focused is the
recovery of conjugated T-m* network in graphene and also the removal of oxygenated
functional groups bonded on graphene since they can alter the electronic structure of
graphene.

Nowadays, chemists are following combined reduction techniques involving
two or three steps of reduction reaction for achieving monolayer graphene sheets [2].
These methods employ sophisticated instruments, high cost, use of toxic gases and
longer reaction time [49]. Hence, the development of new synthetic strategy towards
the synthesis of 2D graphene with low cost and mild synthetic routes is of great

significance and need to be explored.
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1.6 Applications of graphene oxide and chemically reduced graphene
oxide nanosheets

1.6.1 Energy storage devices

Electrochemical supercapacitors have drawn much attention in recent years
due to their high power density, reversibility, long cycle life, and small environmental
impact. As a carbon nanomaterial, graphene exhibits many unusual and attractive
physical, chemical, and mechanical properties. In particular, these properties make
graphene a stronger candidate electrode material for supercapacitor applications than

ordinary porous carbon, activated carbon, and carbon nanotubes [50,51].

1.6.2 Flexible resistive switching memory devices

The GO thin films are used for the next generation non-volatile memory
devices. The scientific and technological limitations of traditional semiconductor
device led the researchers to focus on the carbon based materials for the memory
device applications. The preliminary results by C. H. Lee et al. and S. K. Hong et al
suggested that GO thin films have a great potential in the future memory device
applications [52,53].
1.6.3 Electrochemical Biosensors

The unique electronic and electrochemical properties of graphene and GO
make them a suitable candidate for electrochemical biosensors applications. The
chemically derived graphene oxide with the nature of single sheets shows a favorable
electrochemical activity should be a kind of more robust and advanced carbon
electrode material which may hold great promise for electrochemical sensors and

biosensors design [54].
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1.6.4 Corrosion inhibition coatings

Graphene nanosheets exhibit oxidation resistance of underlying metals [55].
This property of graphene nanosheets makes them favorable towards the corrosion
resistant coating applications [56]. However, due to the limitations in large scale
productivity of graphene nanosheets, the chemically derived graphene oxide offers a
route for the corrosion resistant coating applications. The work by Shin et al shows
corrosion resistant coating applications of chemically reduced graphene oxide [57].
1.6.5 Hydrogen storage devices

Graphene-based carbon materials in particular have attracted a great deal of
interest as a promising hydrogen storage medium [58]. Theoretical calculations
predict that regular or irregular combinations of sp3—bonded carbon atoms and
graphene fragments are advantageous for molecular hydrogen storage [59]. It was also
found by ab initio molecular orbital theory and DFT calculations that the
physisorption energies are significantly increased on the curved and planar graphenes,
respectively [60]. G. Srinivas et al reported the unique property of graphene like
nanosheets towards hydrogen storage applications [61].
1.6.6 Biological applications

The electronic properties of graphene and graphene oxide nanosheets are well
discussed by many reports. However, the biological applications of these materials are
wide-open. Recently, the researchers turned towards the biological applications of
these materials. The graphene oxide and graphene nanosheets show promising
antibacterial activity towards bacteria [62]. Functionalized graphene nanosheets with
antibacterial peptides are used for the detection of bacteria in tooth enamels [63].
Apart from the antibacterial activity, the GO nanosheets with several functional

groups are used for potential drug delivery vehicles for the encapsulation of drugs
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using suitable guest host chemistry [64]. The biological properties of these materials
rely on the chemical structures of graphene oxide and the number of dimensions and

also the lateral dimension.

1.7 Focus of current research
Current research mainly focused on the investigation of the properties of
graphene oxide and reduced graphene oxide towards multifunctional applications.

Scheme 1 represents the focus of current research work done.

Graphene oxide nanosheets

Tunable GO Chemically Graphene GO
properties Applications reduced GO application Nanopaint

of GO , l l l

Photocatalysis -~

Corrosion
Inhibition

Antibacterial
textile

Sonochemical
reduction

Antibacterial
application

Hydrothermal
reduction

Supercapacitor
application

Non toxic

Corrosion
resistant

Reduction by
galactose

Plasma assisted
reduction

Bacterial
inhibition

Antifouling
application

Scheme 1. Focus of current research work.

Briefly, GO nanosheets are synthesized using the Hummers method and we
varied the oxidation degree of GO by controlling the amount of oxidizing agent used

in the reaction. A detailed analysis using UV-visible spectra, X-ray diffraction studies,

10
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X-ray photo electron spectra, Raman spectra, high-resolution transmission electron
microscope have been employed to understand the chemical and structural
investigation of GO with different levels of oxidation. The GO synthesized with
different oxidation level shows significant variation in the zeta potential. Further, the
electrochemical properties revealed that the various oxidation level results in the
tunable properties of GO.

Graphene oxide becomes a suitable material for the large scale synthesis of
graphene nanosheets, which is well known material in the electronic industry. We
then focused different types of reduction methods for the reduction of GO into
graphene such as sonochemical reduction, hydrothermal reduction, biological
reduction using galactose and plasma assisted redcution. The physico-chemical
properties of the graphene synthesized using different reduction methods are
investigated well.

We then focused on the applications of GO nanosheets in various fields such
as photocatalysis, antibacterial, and corrosion inhibition application. The
photocatalytic activity of GO is measured by the UV-assisted photoreduction of
resazurin due into resorufin, suggesting GO has a potential application in
photocatalysis. GO nanosheets are examined for their antibacterial property against
Gram-negative and Gram-positive bacteria. The commercial textile are modified
using GO and they also exhibited antibacterial activity. These studied suggest their
application towards prevention of health care associated infections. Then we focused
on the application of GO towards corrosion prevention of metal. Herein, we used the
GO thin films coated on copper foils and the anticorrosion property is studied using
electrochemical tests such as Tafel analysis and electrochemical impedance

spectroscopic techniques.

11
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We also focused on the potential utility of graphene nanosheets towards the
bacterial toxicity. We used the hydrothermally synthesized graphene nanosheets for
evaluating their toxicity towards four different types of bacterial species. The
minimum inhibitory concentration of graphene nanosheets are compared with the
commercial drug kanamycin. The results show graphene nanosheets shows better
antibacterial activity towards pathogenic bacteria than the commercial drug which
signifies their future application in biomedical field.

The unique electronic property of graphene nanosheets shows promising
application in the energy storage devices such as supercapacitors. We evaluated the
electrochemical properties of the graphene synthesized by plasma reduction method
for their application in energy storage devices. The specific capacitance of the
synthesized graphene nanosheets shows 141 F/g.

Utilizing nanostructured materials on the road to the development of
commercial products with exceptional properties has been rapidly increasing in this
decade. In this regard, we demonstrate the preparation of graphene oxide (GO) paint
by entrenching it in alkyd resin using the ball milling method. The GO nanopaint
comprises non-toxic additives suggesting their environmentally benign nature. We
also studied their application in bacterial growth inhibition, corrosion resistant
application etc.

Overall, the research work carried aims at understanding the basic properties
of GO and graphene nanosheets, their applications and focused on developing a
commercial paint using GO nanosheets for multipurpose applications such as house
hold, prevention of metal corrosion, and controlling health care associated infections

and also can be used as bottom paints in maritime industries.
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Chapter 2

Experimental methods

2.1. Introduction

This chapter provides detailed information on the experimental procedures
used for the synthesis of graphene oxide, controlled degrees of oxidation and
reduction of graphene oxide by various methods.  In addition the preparation of GO

nanopaint is also discussed in detail.
2.2 Materials used

Graphite powder was purchased from Sigma Aldrich Ltd. Potassium
Permanganate (KMnO,), sulfuric acid (H>SOs), hydrogen peroxide (H;O;), and
hydrochloric acid (HCl) were obtained from Dae Jung chemicals & metal Co., Ltd,

South Korea. All the chemicals used in this research were research grade.

2.3 Synthesis of graphene oxide nanosheets

The graphene oxide nanosheets were synthesized according to the modified
Hummer’s method using graphite powder as the starting material [1]. Briefly, graphite
powder (2 g) was stirred in 98% H,SO4 (35 mL) for 1 h. Then, KMnOy4 (6 g) was
gradually added to the above solution while keeping the temperature less than 20 °C.
The mixture was then stirred at 35 °C for 30 min. The resulting solution was diluted
by adding 90 mL of water under vigorous stirring and a dark brown color suspension
was obtained. The reaction was terminated by the addition of 150 mL of distilled
water and 30% H,O, solution (5 mL). After continuously stirred for 2 hrs, the mixture
was washed by repeated centrifugation and filtration using 5% HCIl aqueous solution

in order to remove the metal ions. Further, the centrifugation process was repeated
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with distilled water until the pH of the solution becomes neutral. The obtained brown
colored precipitate is graphitic oxide and is dried under vacuum. Finally, 160 mL of
water was added to the resulting precipitate and sonicated well in a probe type

sonicator nearly 1 h to obtain a uniform suspension of graphene oxide.

2.4 Synthesis of graphene oxide nanosheets with controlled oxidation

GO was synthesized using the harsh oxidation of graphite according to the
modified Hummers method [1]. The amount of oxygenated functional groups in the
GO was varied by changing the amount of KMnOj from 1 g to 6 g with an increment
of 1 g per oxidation level (The other parameters in the reaction were kept constant). In
total, 6 different oxidation levels were synthesized; these were denoted as S-1, S-2, S-
3, S-4, S-5 and S-6 where the numbers of the samples indicate the amount (in grams)

of KMnQj used in the oxidation reaction.

2.5 Sonochemical reduction of graphene oxide into graphene

nanosheets

The as-synthesized GO nanosheets were used as the starting precursor for the
synthesis of graphene via sonochemical method. Briefly, the pH of the as exfoliated
GO solution (0.2 g in 200 mL) was adjusted to reach 10 by NaOH solution followed
by the addition of 2 mL of hydrazine and the entire reaction is subjected to ultrasound
irradiation for 2 hr. The obtained graphene nanosheets was washed thoroughly with
distilled water and centrifuged at 12000 rpm for 10 minutes in order to remove the
residuals. The procedure was repeated for several times until the synthesized product
becomes free from trace amount of impurities. Further, the synthesized graphene
nanosheets were dried in a hot air oven and were used for further characterization.

The graphene or reduced graphene oxide nanosheet synthesized by ultrasonic method
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is named as US-rGO. In order to confirm the reduction reaction and the rate kinetics
were enhanced in the presence of ultrasound, we also examined the same reduction
reaction in the absence of ultrasound. The experiments were performed with the same

concentration in the absence of ultrasound irradiation.
2.6 Hydrothermal reduction of GO into graphene nanosheets.

The reduction of GO into graphene nanosheets was achieved by the
hydrothermal method. Briefly, 0.05 gm of as-synthesized GO nanosheets were
dispersed in 50 mL of deionized water and were irradiated by ultrasound for 30 min in
order to achieve uniform dispersion of GO. Then the pH of the solution was adjusted
to reach 10 by the addition of NaOH (KOH can also be used) solution followed by the
addition of 2 ml of hydrazine hydrate solution. Then, the solution is transferred into a
Teflon vessel covered by a stainsteel reactor and kept at a constant temperature of
90 °C for 10 hrs. After the hydrothermal reaction, the obtained graphene nanosheets
were washed thoroughly with distilled water and centrifuged at 12000 rpm for 10
minutes in order to remove the residuals. The procedure was repeated several times
until the synthesized product became free from trace amount of impurities. Further,
the graphene nanosheets were dried in a hot air oven at 150 °C for 2 h in order to
remove the water content.

2.7. Synthesis of reduced graphene oxide by D-galactose

The rGO was synthesized from GO using an eco friendly method by
employing galactose as a reducing agent. Briefly, galactose (0.4 g) is gradually added
to the aqueous solution of GO (0.5 mg/ml.) and is allowed to constant stirring for 30
min resulting in a color change from brown to black. Then, 0.2 mL of ammonia is

added to the solution and allowed to heat at 70 °C for 1 hour. Finally, the black
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precipitate of rGO obtained was centrifuged at an rpm of 5000 and washed three times

with deionized water.
2.8 Plasma assisted reduction of GO

Briefly, the atmospheric pressure dielectric barrier discharge (DBD) plasma reactor
used in this study consisted of two stainless steel plates (width: 40 mm; length: 150 mm;
thickness: 1 mm) acting as electrodes and two 1.5-mm thick glass plates serving as
dielectric barrier, which is represented in Figure 1.1 (a). The two stainless steel electrodes
were 15 mm apart. The DBD plasma reactor prepared as mentioned above was energized
by an alternating current (AC) high voltage in the range of 16 to 20 kV (peak value) to
create plasma. The DBD plasma reactor was placed in an acrylic chamber equipped with
gas inlet and outlet. The gas for the generation of plasma was Ar, and H, was used as a
reducing agent. The flow rates of Ar and H; fed to the DBD plasma reactor were
controlled by mass flow controllers (MKS Instruments, Inc.). About 0.15 g of GO
nanosheets was kept in a Petri-dish and was loaded between the electrodes of the
plasma reactor. Prior to plasma ignition, Ar and H, gas (with the flow rate of 60 and
15 standard cubic centimeters per minute-sccm, respectively) was flowed into the
plasma chamber for nearly 10 min in order to remove the atmospheric gases already
present inside. Then, high voltage of about 16 to 20 kV was applied to the electrodes
at a frequency of 400 Hz to ignite the plasma. The reaction was allowed to proceed
for 3 h. Finally, the resulting powder were collected and used for further studies. The
actual discharge power dissipated in the plasma reactor was calculated from the area
of the Lissajous curve, also called charge-voltage plot (as shown in Figure 1.1 (b))
generated in the oscilloscope (Tektronix MSO/DP0O3000), which was determined to

be about 14.6 W.
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Figure 1.1 (a) Experimental set up for plasma treatment of Graphene oxide in a DBD
discharge reactor. 1. Mass flow controllers 2. DBD plasma reactor 3. Electrodes 4.
Glass (dielectric) 5. Plasma 6. Graphene Oxide 7. High-voltage transformer 8.
Variable transformer 9. Oscilloscope. (b) Lissajous V-Q figure during the plasma
reaction. Capacitor and the applied frequency values were 0.86 pF and 400 Hz,

respectively.

2.9 Instrumentation

XRD characterization was performed on a X-ray Diffractometer System
(D/MAX 2200H, Bede 200, Rigagu Instruments C). The FT-IR spectrum (1000-2000
cm’') was measured using a Thermo scientific FT-IR spectrometer with pure KBr as
the background. The samples were mixed with KBr and the mixture was dried and
compressed into a transparent tablet for measurement. The surface morphology of all
the samples was analyzed using a high resolution transmission electron microscope
(HR-TEM, FEI Titan 80-300) and a bioatomic force microscope (AFM: Nanowizard
II, JPK instruments). The chemical composition and the state of elements present in
the outermost parts of the GO nanosheets were investigated by XPS measurements
using an ESCA- 2000, VG Microtech Ltd. Here a monochromatic X-ray beam source
at 1486.6 eV (Aluminum anode) and 14 kV was used to scan the sample surface. A
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high flux X-ray source with an Aluminum anode was used for X-ray generation, and a
quartz crystal monochromator was used to focus and scan the X-ray beam on the
sample. The zeta potential measurements of the samples in an aqueous dispersion
were performed on Malvern Instruments. The Raman spectra were recorded with a
RENISHAW (MO005-141) Raman system with laser frequency of 514 nm as an
excitation source. The laser spot size was 1 um and the power at the sample was kept
to below 10 mW, in order to avoid laser induced heating. The ultrasound irradiation
for the exfoliation of the graphitic oxide into monolayers of GO was carried out on a

SONIC VCX 750 model (20 kHz, 750 W) using a direct immersion titanium horn.

2.10 Electrochemical measurements of GO with various oxidation

level

The electrochemical properties of all the samples were studied by cyclic
voltammetry (CV) measurements using an AUTOLAB PGSTAT320N system with a
three-electrode configuration containing a glassy carbon electrode (GCE) as the
working electrode, and platinum and an Ag/AgCl electrode as the counter and
reference electrodes, respectively. Prior to GO casting, the GCE electrode, was
polished with alumina powder, and then rinsed thoroughly, and finally blow dried
with N,. A 5 pL suspension of GO samples was spread on the pretreated bare GCE
using a micropipette and the film was allowed to dry in a vacuum desiccator. All the
electrochemical measurements were recorded in a 5 mM Kj;[Fe(CN)s] solution
containing 0.1 of KCIl solution in the potential range of -0.2 to +0.6 V. A
reproducible voltammogram can be obtained under steady-state conditions after about

five cycles.
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2.11 Measurement of photocatalytic activity of GO nanosheets

The photocatalytic activity of GO was evaluated by measuring the
photoreduction of RZ as a function of irradiation time under UV light (350 nm). The
photocatalysis experiment was carried out in glass reactors containing 10 ml of RZ
aqueous solution at a concentration of 1.5 pg/ml with various concentration of GO
(0.5 mg, 0.75 mg, and 1 mg). The solution was stirred well and allowed to UV-
irradiation at regular intervals and the corresponding absorption spectra were
measured. Both the concentration dependent and time dependent photocatalytic

activity of GO were examined.

2.12 Antibacterial activity of GO nanosheets and development of
functional textiles
2.12.1 Bacterial strains used

E. coli DHS5¢ is obtained from Department of Marine Life Sciences, Jeju
National University, Republic of Korea. S. iniae was gifted by professor Sung-Ju Jung,

Department of Aqualife Medicine, Chonnam National University, Republic of Korea.
2.12.2 Growth of bacterial strains

Gram-negative bacteria Escherichia coli (DH5a) and Gram-positive bacteria
Streptococcus iniae were cultured in LB agar (Luria Bertani broth containing 1.5%
agar) plate at 37 °C and brain heart infusion agar plate at 30 °C, respectively. Single
colony was inoculated into 5 mL of the respective broth and cultured overnight at
appropriate temperature. This culture was seeded to further grow the bacteria in a
final volume of 50 mL. When optical density (ODsw) reached 0.6, cells were
harvested by centrifugation at 3500 rpm for 30 min at 4 °C. The harvested cells were

washed twice with saline solution (0.9% NaCl) to remove the residual media
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components and then resuspended with saline. Finally cells were

spectrophotometrically (Bio-Rad, USA) quantified.

2.12.3 Assay for antibacterial activity of GO nanosheets

a) Disc Diffusion Method:

At first, the antibacterial activity of GO nanosheets was evaluated by the disc
diffusion method [2]. Gram-negative bacteria Escherichia coli (DH50) and Gram-
positive bacteria Streptococcus iniae were cultured in LB agar (Luria Bertani broth
containing 1.5% agar) plate at 37 °C and brain heart infusion agar plate at 30 °C,
respectively. Single colony was inoculated into 5 mL of the respective broth and
cultured overnight at appropriate temperature. The bacteria were diluted with saline to
a final concentration of ~107 cells/mL and 100 pL was spread on the respective agar
plates using sterile cotton swab. The discs impregnated with different concentrations
(100, 500 and 1000 pug/mL) of the GO were placed on agar. The disc impregnated
with saline was used as negative control. The plates were incubated overnight at
appropriate temperature. Antibacterial activity was measured by the zone of inhibition
around the disc with the following formula:

H = (D)2 oot (1]

where H is the length of inhibition zone (mm); D is the total diameter of the
zone of inhibition (mm); d is the diameter of disc (mm).

b) Colony counting Method:

A quantitative colony counting method is also employed for determining the
antibacterial activity of GO nanosheets [3]. The microorganisms (~107 cells/mL) were
incubated with different concentration of GO (25-150 pg/mL) in saline at 200 rpm
and appropriate temperature for 3 h. After incubation, bacteria were serially diluted
with saline up to 10* cells/mL. 100 pL of this solution was spread on the respective
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agar plates and incubated overnight at appropriate temperature. The colony forming
units (CFU) were counted from each plate and the antibacterial activity was expressed
as a function of cell viability loss. The loss of cell viability (%) was determined using
the number of colonies found in the experimental mixture incubated with GO and the
number of colonies found in the blank, incubated without GO. The experiments were

done in triplicate and the average values were reported.
2.12.4 Surface modification of textiles using GO nanosheets

The surface modification of cotton fabrics by GO nanosheets was achieved
using a facile approach comprising of dip coating via stirring [4]. Briefly, the cotton
fabric (3 x 4 cm dimension) was immersed into the solution containing (0.25 g of GO
in water) and allowed to vigorous stirring at 300 rpm for 24 hr. After that, the GO
coated fabric was taken from the solution and washed three times with deionized
water for the removal of residual GO on the surface. The resulting fabric was allowed
to dry at 35 °C for 1 day in a vacuum desiccator. The amount of GO coated into the
fabric was calculated by weight method by employing the formula given below:
Amount of GO loaded into the fabric = W-Wi ... 2]
Where W1 - Initial weight of GO coated cotton fabrics

W2 - Final weight of GO coated cotton fabrics

2.12.5 Antibacterial property of GO coated cotton fabrics:

The modified Hohenstein method was adopted to evaluate the antibacterial
activity of GO coated fabrics against both Gram positive (S. iniae) and Gram negative
(E.coli DH50) models [5]. Bacterial strains were resuspended in saline solution with a
final bacterial cell concentration of ~10" cells/mL. Cotton fabrics specimens were

added into the tube and ensured it was fully immersed in inoculums. The mixture was
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then incubated at 200 rpm at species specific temperatures for 24 h. A blank was
arranged for each strain without adding the coated fabrics specimen and just before
taking the inoculums for plating, coated cotton fabrics were added in such a way to
acquire the data at ‘zero contact time’. The reduction in the bacterial concentration
incubated with the specimens in different standard time intervals of 6, 12 and 24 h
was measured. The anti-bacterial potential of the GO particle coated cotton fabrics
was determined by comparing the reduction in viable bacterial population of the
coated fabric specimen to that of control sample and expressed as a percentage
reduction in standard time intervals. The inoculum was serially diluted up to 10*
cells/smL and uniformly spread on respective media plates at different cell
concentrations (with blanks). Plates were incubated for overnight at species specific
temperatures. The colony forming units (CFU) were counted from a series with
optimum cell population. Evaluation was carried out on the basis of a modified
method of Hohenstein test and the percentage reduction was calculated using the
following formula:

R=((B-A)/B)X100 .....coiriiiiiiiiiiiiii e (31

where R is percentage reduction; A is the number of bacteria recovered from
the broth inoculated with GO coated cotton fabric specimen and B is the number of
bacteria recovered from the broth inoculated with control fabrics (pure cotton fabrics)
specimen after the desired contact period (6, 12 and 24 hours) immediately after
inoculation.

2.12.6 Lipid peroxidation measurement

The free-radical modulation activity of GO was determined using a lipid
peroxidation assay [6]. Briefly, lipid peroxidation was induced in liposomes prepared

by ultrasonic irradiation from egg lecithin by adding 5 uL. of 400 mM FeCl3 and 5 pL
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of 200 mM L-ascorbic acid. To this, the appropriate concentration of test materials
(GO and graphene) were added. The control containing no compound was prepared.
The samples were incubated at 37 °C for 60 minutes. The reaction was inhibited by
adding 1 mL of stopping solution containing 0.25M HCI, 1.5% (vol/vol)
trichloroacetic acid, and 0.375% (wt/vol) thiobarbituric acid. These reaction mixtures
were kept in a boiling-water bath for 15 minutes, cooled, and centrifuged. The

absorbance of the resulting solution was measured at 532 nm.

2.13 Corrosion inhibition studies of GO thin films

2.13.1 Preparation of thin films of GO nanosheets

The GO thin film was made by using drop casting method over a copper foil
(Nilaco corporation, Tokyo, Japan) which is used as a substrate [7]. Briefly,
appropriate amount of GO in 80:20 (v/v) of water and ethanol was sonicated for 30
min for attaining uniform suspension. Then, 100 uL of GO dispersion is drop casted
into the copper foil and is allowed to dry at 80 °C for 30 min. After the evaporation of
solvent, uniform thin films of GO are formed on the copper foil. The hydrophilic
nature of GO thin films allows them to be adhesive with substrates in the form of thin
film.

2.13.2 Electrochemical studies for corrosion analysis

Potentiodynamic polarization and electrochemical impendence spectroscopy
measurements were performed on Autolab PGSTAT galvanostat / potentiostat system.
A three electrode electrochemical cell was used with a platinum counter electrode and
silver/silver chloride (Ag/AgCl) electrode as the reference electrode. The bare copper
substrate and GO coated copper substrates are used the working electrode. The
sample was loaded in a Teflon sample holder and the surface area exposed to the
corrosive medium was 1 cm?. All the electrochemical tests were performed in 3.5%
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NaCl solution at room temperature. The sample was kept in the solution for 60 min
prior to the potentiodynamic polarization study in order to establish the open-circuit
potential (Eop) or the steady state potential. After obtaining the stable open-circuit
potential, the upper and the lower potential limits of linear sweep voltammetry were
set at (200 mV respectively, with respect to the Eqp). The sweep rate was 1 mV/s.
The Tafel plot was obtained after the electrochemical measurements. The corrosion
potential (Ecoy) and the corrosion current density (I.or) were deduced from the Tafel
plot [8]. The electrochemical impedance spectroscopy (EIS) measurements were
conducted using a frequency response analyzer. The spectrum was recorded in the
frequency range of 10 mHz—100 kHz with a data density of 5 points per decade. The
applied alternating potential had root-mean square amplitude of 10 mV on the Econ.
After each experiment, the impedance data were displaced as Nyquist and Bode plots.
The Nyquist plot is a plot of real (Z') Vs imaginary impedance (Z") values. From this
plot, at high frequency the value of solution resistance (Rs) is obtained and at low

frequency the charge-transfer resistance (Rey) is deduced.

2.14 Antibacterial activity of graphene nanosheets

The graphene nanosheets synthesized by hydrothermal reduction of GO as
discussed in section 2.7 is used in this study.
2.14.1 Bacterial strains

The as-synthesized graphene nanosheets were tested for anti-bacterial activity
in comparison with a standard drug, kanamycin (aminoglycoside antibiotic). Four
pathogenic bacterial strains including Gram-negative strains such as Escherichia coli

(KACC 10005) and Salmonella typhimurium (KCCM 40253) and also Gram-positive
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strains such as Bacillus subtilis (KACC 14394) and Enterococcus faecalis (KACC

13807) were utilized in the study.

8.14.6 Test of antibacterial properties and measurement of minimum

inhibitory concentration (MIC) of graphene nanosheets

The anti-bacterial activity of the samples was determined by the micro dilution
method [9]. LB broth was used as the diluent for the bacterial strains. Inoculates were
prepared by suspending growth from overnight cultures in sterile LB media. The two
fold dilution of samples and standard in the 96 well plates were prepared and denoted
as graphene nanosheets and kanamycin. Approximately 10" CFU/mL cells were
inoculated; the final volume in each micro well plate was 0.2 mL and was incubated
at 35 °C for 24 h. The microwell plates were read at 590 nm using the ELISA reader
before and after incubation to determine their MIC values. The MIC is defined as the
lowest concentration of an anti-microbial agent that allows no growth of a
microorganism after overnight incubation when compared with that of the control.
The MIC of an antimicrobial drug corresponds to a lowered bacterial density from 107
to at least 10> CFU/mL (i.e, a 99.9% [3-log;o] reduction in bacterial inoculum) [10].
The experiments were performed in triplicate and were repeated twice.

The free radical modulation activity of graphene nanosheets was determined
using a lipid peroxidation assay as discussed in section 2.11.6.

Data was analyzed using Biostat software (AnalystSoft Inc., Vancouver,
British Columbia, Canada) for one-way analysis of variance for the statistical

significance of the model (P<0.05).
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2.15 Supercapacitor performances of graphene nanosheets

The graphene nanosheets synthesized by hydrogen plasma assisted reduction

of GO as discussed in section 2.7 is used for this study.
2.15.1 Electrode fabrication and electrochemical studies

The electrochemical studies such as cyclic voltammetric analysis,
electrochemical impedance spectra (EIS) and galvanostatic charge-discharge analysis
were carried out in AUTOLAB PGSTAT302N electrochemical work station. For
these studies, the active material graphene, acetylene black, and PVDF were taken in
the weight ratio of 85:10:5. All these were mixed together using NMP (N-
methylpyrrolidone) as a solvent and was made into a slurry. Then, the slurry is coated
onto the graphite sheet with the area 1x1 cm’ and allowed to evaporate the solvent an
overnight drying process. The electrochemical analysis was carried out in three-
electrode configuration with graphene-coated graphite sheet, Pt, Ag/AgCl as working,
counter, and reference electrodes, respectively. Here, we used IM solution of
potassium chloride (KCl) as the electrolyte. The EIS experiments were conducted at a

frequency range of 0.1 Hz to 100 kHz with applied potential amplitude of 10 mV.

2.16 GO nanopaint

2.16.1 Materials used

The additives used in GO paint are Linseed alkyd resin (Sunny Paints and Tar
Products, India), Thickener A (Vigneshwara Paints Ltd, India), Soya lecithin
(Shreenidhi Oils and Foods Ingredients Pvt. Ltd., India), Mineral turpentine oil

(Indian Oil Corporation, India), aluminum stearate (Sigma Aldrich, India) and Cobalt
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napthenate (Sigma Aldrich, India). The zinc oxide and zirconia used in this study are

nanoparticles synthesized by the method reported elsewhere [6,11].
2.16.2 Preparation of GO paint

The GO nanosheets embedded alkyd paints are prepared by ball milling
approach (Pulverisette 6.0 instrument, Germany). The composition of paint prepared
using GO as pigment with other additives such as binder, thickener, wetting agent,
inner coat drier, upper coat drier, thinner, stabilizer are given in Table. 1. The
constituents of the paints as shown in Table 1 (except the thinner) are taken in a
tungsten carbide bowl and milled using tungsten carbide balls. The ball to powder
ratio (BPR) is maintained as 10:1 with milling speed of about 300 rpm for 5 h time
duration. After that, thinner is added and the milling is continued for 30 min which
results in the formation of black colored GO paint. The final product was collected

and stored in air tight container and used for further characterization.
2.16.3 Coating of GO paint

The prepared GO paint can be applicable to coat any type of surface including
glass, metal substrates, flexible substrates and floors etc. In our experiments, we
coated the GO paint on GI substrates for the corrosion test. Prior to coating, the GI
substrates were pretreated by pickling at 50 °C in acid (IN sulphuric acid) followed
by rinsing with water to remove the surface contaminants. Then, the substrates were
polished using emery sheet followed by cleaning with thinner. After these cleaning
steps, the substrates were coated with GO paint using brush coating method. For

antibacterial studies, the GO paint is coated on glass plates.
2.16.4. Gloss measurement and hiding power of the GO paint

The hiding power and gloss measurement of the GO paints were examined by

applying known amount (1 g) of paint on a commercially available drawdown card
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using multifunctional film applicator and are compared with the commercially
available black color paint [12]. The thickness of the paint coatings was controlled by
the multifunctional film applicator as 150 um. Briefly, 1 g of paint was placed on the
drawdown card and is allowed to drawdown using thin film applicator and is allowed
to dry at room temperature. The hiding power of the paint was observed from the
coated paint on drawdown card whether the background color was covered by the
paint or not. The gloss measurements were carried out on Rajdhani digital gloss meter
(RSPT-200 model, INDIA) instrument. All these measurements were carried out at

Vigneshwara Paints Pvt. Ltd, Tamilnadu, India.
2.16.5 Solid content of the paint:

The solid content of the paint is the ratio of total weight of the solid ingredient
in the paint to the total weight of the total ingredients in the paint. The quantity of
solid content present in the paint was determined by drying 1 gram of paint in a
cleaned, dry watch glass. Based on the initial and final weight measurements, the
solid content percentage of both GO and commercial paint were evaluated using the
following relation:

Solid content of paint (%) = [W2/ WIX100 .........ooiiiiiie 4]
Where W, = Initial weight of the paint.
W, = Final weight of paint after drying.

2.16.6 Corrosion inhibition test - Acid immersion method:

The corrosion inhibition test was examined using the weight loss method [13].
Briefly, two types of substrates were used to study the corrosion inhibition efficiency
viz. (i) bare GI substrate (ii) bare GI substrate coated with GO paint. The substrates
were immersed in 0.1 N HCI solution for 24 h at room temperature After 24 h, the

substrates were taken out from the beakers and immersed in distilled water for the

33



M st SY A

JEIU MATIOMAL UNIVERSITY LIBRARY



removal of acidic impurities and dried in room temperature. The weight of each
substrate before and after the reaction was measured and is used for the calculation
inhibition efficiency. The corrosion inhibition efficiency of GO paint coating is
calculated using the formula [13].
Inhibition efficiency % = [(Wuncoated- W coated)/ W uncoated] X100 ........o... [5]
where Wncoated = Weight loss in bare substrate.

Weoaed = Weight loss in GO paint coated substrate.
2.16.7 Electrochemical corrosion studies

The corrosion behavior was studied by potentiodynamic polarization
measurement using an Autolab PGSTAT galvanostat/potentiostat system [14]. The
measurements were performed in a 3.5% NaCl solution electrolyte at room
temperature. A conventional three-electrode cell was used with the platinum counter
electrode and a silver/silver chloride (Ag/AgCl) as a reference electrode and the test
sample (with an exposed area of 1 cm?) as the working electrode. Prior to the
polarization measurements, open circuit potential (OCP) was monitored for 1h to
confirm to its stability. After getting the stable OCP, the upper and lower potential
limits of linear sweep voltammetry were set at +200 and -200 mV respectively with
reference to OCP. The sweep rate was 1 mV s'. The corrosion potential Ecor and
corrosion current Lo, was determined by the Tafel extrapolation method. The
protective efficiency P;(%) of the GO paint coating is obtained from the polarization
curves calculated by the equation [14]:

Pi(%) = [1-(Leord Dcorr )] X100 (oo, (6l
where I.,,r and I’ indicates the corrosion current density of GO coated GI

substrate and the bare GI substrate respectively.
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2.16.8 Bacterial strains used

The microorganisms Escherichia coli (MTCC739), Staphylococcus aureus
(MTCC96), Pseudomonas aeruginosa (MTCC1688) were collected from microbial
type culture collection and gene bank, IMTECH, Chandigarh, India and maintained in

nutrient medium (Sigma Aldrich, India).
2.16.8.1 Measurement of MIC of GO nanosheets

The antibacterial activity of the GO nanosheets was determined by the micro-
dilution method [9]. Inoculates were prepared by suspending growth from overnight
cultures in sterile nutrient medium. The 2-fold dilution of samples and standard in the
96-well plates were prepared. Approximately, 10" CFU/mL cells were inoculated; the
final volume in each microwell plate was 0.2 mL and was incubated at 37 °C for 24 h.
The microwell plates were read at 590 nm using the ELISA reader before and after
incubation to determine their MIC values. The MIC is defined as the lowest
concentration of an antimicrobial agent that allows no growth of a microorganism
after overnight incubation when compared with that of the control. The MIC of an
antimicrobial drug corresponds to a lowered bacterial density from 107 to at least 10
CFU/mL (i.e, a 99.9% [3-log;o] reduction in bacterial inoculum). The experiments

were performed in triplicate and were repeated twice.

2.16.8.1 Bacterial growth inhibition studies of GO paint coated

surfaces

The antibacterial property of the GO paint coated surface was evaluated by the
method described elsewhere [15]. Breifly, 100 pL suspension of E. coli or S. aureus
or P. aeruginosa in 0.1M PBS (approximately 10® cells per mL) was added to 20 mL
of the nutrient broth in a 50 mL sterile conical flask and incubated overnight in a
shaker incubator at 200 rpm and 37 °C. The bacterial cells were collected by
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centrifugation at 3000 rpm for 10 min, washed twice with PBS, and diluted in PBS to
5x10° cells per mL. The bacterial cells suspension was sprayed on the bare and GO
paint coated substrates and dried for 5 minutes in air. The resultant substrates were
placed in a Petri dish and immediately covered with a layer of nutrient agar. The Petri
dish was sealed and incubated overnight at 37 °C, and the bacterial colonies grown on

the slide surface were monitored.
2.16.8.1 In-situ antifouling experiment in sea water

We examined the anti-fouling property of the GO nanopaint for their potential
applications towards marine painting. The bare and GO paint coated GI substrates
were fixed and immersed into the sea water (lagoon with tidal water directly
connected to the Jeju Sea) and the photographic images were recorded before and

after 1 week period of immersion.
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Chapter 3

Results and discussion

This chapter provides detailed information on the physico-chemical
characterization of GO nanosheets synthesis by Hummers method, GO nanosheets
with various degrees of oxidation and reduction of graphene oxide by various
methods viz (i) sonochemical, (ii) hydrothermal, (iii) using D-galactose and (iv)

plasma assisted reduction reaction.
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3.1 Graphene oxide nanosheets — physicochemical characterization

3.1.1 UV-vis spectra and X-ray diffraction of GO nanosheets

This study employed the harsh oxidation of graphite powder to synthesize the
graphene oxide nanosheets using the modified Hummers method. Finally, a brownish
colloidal suspension of GO was obtained as shown in Figure 3.1a. The UV-vis
spectroscopy of GO nanosheets is shown in Figure 3.1b. It shows a maximum
absorption peak at 227 nm and is attributed to the n-1t* of the aromatic C-C bonds [1].
The XRD pattern of graphite (precursor) and the GO nanosheets is shown in Figure
3.2. The XRD pattern of graphite shows a diffraction peak at 26 = 26.3 corresponding

to an interlayer spacing of about 0.34 nm [2].

Absorbance (a.u.)

200 300 400 500 600
W aviength (nm)

Figure 3.1 a) Digital iniage of GO dispersion in water. b) UV-vis spectrum of GO

nanosheet.
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The XRD pattern of GO nanosheets shows a diffraction peak at 20 = 10.2'is
attributed to the GO and the corresponding interlayer spacing of 0.88 nm. The
complete disappearance of the graphitic peak at 20 = 26.3 and the formation of new
broad peak at the lower diffraction area ensure the graphite is completely oxidized [3].
No characteristic peaks of impurities were detected, suggesting that high quality of

graphene oxide was obtained.

Intensity (a.u.)

490 50 60

Intensity (a.u.)

Diffraction angle (20)

10 20 30 40 50 60
Diffraction angle 20,

Figure 3.2 X-ray diffraction pattern of GO nanosheets. The inset shows the XRD

pattern of graphite.

3.1.2 Surface morphology of GO nanosheets

The surface morphology of the GO nanosheets is studied by the high
resolution transmission electron microscope (HR-TEM) analysis. Figure 3.3 shows
the HR-TEM image of GO representing the sheet like morphology of the synthesized
GO with high transparency. The presence of wrinkles and folded regions is observed
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at the edges of the sheet. The corresponding SAED pattern shows clear diffraction

spots with six fold symmetry which is in consistent with a hexagonal lattice [4].

50 nm

Figure 3.3 High resolution transmission electron microscopic (HR-TEM) image of

GO nanosheets. The inset shows the corresponding SAED pattern.

3.1.3 Fourier Transform Infra Red Spectra of GO nanosheets

The oxidation of graphite results in the formation of different types of
oxygenated functional groups in GO. We employed the FT-IR analysis in order to
study the oxidation of graphite and the type of oxygenated groups attached to the
graphite lattice after oxidation reaction. The FT-IR spectrum of GO nanosheets is
shown in Figure 3.4. It shows the presence of C=0 in carboxylic acid (vc-o at 1728
em™), C-OH (veonat 1413 cm™), C-O (veoat 1050 cm™) and C-O-C (Vcocat 1250

cm") [3]. The peak at 1600 cm’! arises due to the C-C vibrations from the graphitic
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domains [5]. The relatively broad peak at 3200 cm’ is due to the adsorbed water

content in the surface of graphene oxide [6].

Transmittance (%)

3500 3000 2500 2000 1500 1000

Wavenumber (cm'l)

Figure 3.4 Fourier transform infra red spectrum of GO nanosheets.

3.1.4 X-ray photoelectron spectra of GO nanosheets

Further, we studied the XPS analysis of GO nanosheets in order to further
study the formation of oxygenated functional groups in GO. Figure 3.5 represents the
XPS survey spectrum of GO nanosheets showing the presence of carbon and oxygen
at binding energies 284.5 eV and 530 eV, respectively [7]. This confirms the
formation of oxygen containing groups on the carbon skeleton of the graphene oxide.
The measured O/C intensity ratio of the graphene oxide is 2.1 which are in close
agreement with the previous reports on GO. The de-convoluted C 1s spectrum of
precursor graphite shows only the presence of C-C skeleton around 284.5 eV (Figure

3.6a). The deconvoluted
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Figure 3.5 X-ray photoelectron spectrum (survey) of GO nanosheets.
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Figure 3.6 C 1s deconvolution spectrum of a) graphite and b) GO nanosheets.
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spectrum of GO nanosheets is provided in Figure 3.6b. It shows the presence of four
different peaks centered at 284.8 eV, 285.55 eV, 286.8 ¢V and 288.65 eV were
observed corresponding to the C-C in the aromatic rings, hydroxyl, epoxyl and

carbonyl groups, respectively [8]. These results indicate that the synthesized GO

nanosheets are highly oxygenated.

3.1.5 Raman spectra of GO nanosheets

G Graphite
- 1D
3
8 D
E> — ——
- GO
s

T T T T T

r , , .
1000 1500 2000 1500 3000 3500

Wavenumber (cm'l)

Figure 3.7 Raman spectra of graphite and GO nanosheets.

Raman spectroscopy is the important technique used to characterize the
structural and electronic properties of GO nanosheets including the disorders, defects

and doping levels. The Raman spectra of graphite and GO nanosheets are shown in
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Figure 3.7. The Raman spectrum of the graphite shows a prominent G band as the
only feature at 1570 cm’, corresponding to the first-order scattering of the E2g mode
[9]. It also shows a small band at 1354 cm’' named as D band is an evidence for the
presence of defects in the graphite material such as bond-angle disorder, bond-length
disorder, vacancies, edge defects, etc. [10]. The other important features in the Raman
spectra of graphite is the presence of 2D band at 2700 cm’' (also called as G’ band) is
the overtone of the D band [11]. In the Raman spectra of GO, the G band is broadened
and shifted to 1596 cm™ due to the oxygenation of the graphite planes which confirms
the formation of new sp3 carbon atoms [12]. In addition to this, the D band at 1350
cm’! is also broadened and increase in intensity which is due to the reduction in size of
in-plane sp2 domains of graphite induced by the creation of defects, vacancies and
distortions of the sp’ domains after complete oxidation [13]. The 2D band becomes
broadened in GO with respect to the graphite which is due to the disruption of the
stacking order of graphite after oxidation [14]. All changes occurred in the GO are
mainly due to the harsh oxidation process subjected to the graphite crystal lattice

involved in the synthesis of GO.

3.1.5 Photoluminescence of GO nanosheets

The oxidation of graphite during the preparation of graphene oxide
results in the formation of graphitic islands in the graphene oxide [15]. This is in
agreement with the density functional studies of have shown the formation of
graphitic nanoislands in graphene oxide [16]. This graphitic islands in GO is
expected to produce quantum confinement effects in graphene oxide. This results in
the origin of band gap in electronic structure of graphene oxide. Hence, we studied

the photoluminescence (PL) spectrum of GO using an excitation wavelength of 325
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nm and is shown in Figure 3.8. The PL spectrum shows a sharp emission peak in the
near UV region at 365 nm due to the near band emission of GO [17]. The unusual
strong emission peak in the visible range at 650 nm is not associated with GO but due

to the overlap of second order emissions associated to the excitation wavelength [17].

PL intensity (a.u.)

:lJL-”"A V———— L--—u\_..:

J 1 Il

400 300 600 700 800

Wavelength (nm)

Figure 3.8 Photoluminescence spectrum of GO nanosheets.

These results ensure that a GO nanosheet synthesized using Hummers method
possesses are different types of oxygenated functional groups in the graphite lattice
due to oxidation and also make structural changes in GO after oxidation. The

formation of sp2 island in sp3 matrix in GO results in opening of band gap in GO.
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3.2 Tunable properties of graphene oxide with different degrees of
oxidation

In this study, we used a modified Hummers method to synthesize GO with
different degrees of oxidation by adjusting the quantity of oxidizing agent (KMnO,)
used in the synthesis reaction. In total, 6 different oxidation levels were synthesized,;
these were denoted as S-1, S-2, S-3, S-4, S-5 and S-6 where the numbers of the
samples indicate the amount (in grams) of KMnOj, used in the oxidation reaction. The
photographic images of all samples are presented in Figure 3.9. We can a change in
color from black into blackish brown and finally a brownish yellow color as we move

through the samples with different levels of oxygenated functional groups.

Figure 3.9 Photographic images of GO samples with different degrees of oxidation.

3.2.1 XRD analysis

XRD analysis was used to characterize the crystalline nature and phase purity
of the as-synthesized GO with different degrees of oxidation. The XRD pattern of the
graphite (See chapter 1) ) shows a diffraction peak at 20 = 26.3’ corresponding to an
interlayer spacing of about 0.34 nm [2]. The XRD patterns of all samples are shown

in Figure 3.10, these clearly show that with increasing oxidation levels, the intensity
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of the peak at 20 = 26.3 starts decreases, and finally, disappears at the higher
oxidation levels. Simultaneously, we can also observe the appearance of a new peak
at a lower diffraction angle starts to grow with increasing oxidation levels
corresponding to the diffraction pattern of GO. The XRD pattern of the synthesized
samples shows significant changes in the crystallinity of GO at each stage of
oxidation. At upon lower oxidation level of graphite using 1 g of KMnO,, we can see

a result in peak broadening around 26 = 26. 15

—
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| %I ”I'I%"l'

Intensity (a.u.)

LM REARE AN IR RABE R ;'
&
dew
l |

10 20 30 40 50 60
Diffraction angle (20)

Figure 3.10 X-ray diffraction patterns of GO with different degrees of oxidation.
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in the XRD pattern of S-1. The peak broadening effect is due to the lattice distortion
that occurs in the AB stacking order of the graphite lattice due to mild oxidation. The
peak broadening effect due to mild oxidation of graphite is in good agreement with
the experimental results of Jeong et al. [18,19] The increase in oxidation quantity (2 g
of KMnOy) results in the following changes as shown in the XRD of sample S-2, viz
(i) the graphitic peak at 20 = 26. 15 becomes narrower and (ii) the formation of a new
broad peak at 20 = 13.3" with a lower intensity compared to the graphitic peak. These
changes come from the heterogeneous nature of the oxidized graphite comprised of
both sp? domains from graphite and the sp° domains from oxidized graphite. Upto this
point, the sample possesses more graphitic domains and less oxidized domains.

When the concentration of KMnO,4 was increased to 3 g, the XRD pattern of
S-3 shows that the intensity of the peak at 20 = 11.74  becomes higher and the peaks
due to graphite disappear. The observed interlayer spacing of S-3 was 0.74 which
corresponds to the GO. With further increases in the oxidation content, the XRD
pattern of samples S-4, S-5, and S-6 contain only the diffraction peaks due to the GO
at 20 = 10.91°, 10.52 and 10.12° with an interlayer spacing about 0.81, 0.84, and 0.89
nm, respectively. All together, the XRD analysis revealed that the samples S-1 and S-
2 contain more graphitic domains are graphite oxide and the samples S-3, S-4, S-5
and S-6 possess interlayer spacings between 0.74 to 0.89 nm corresponding to the GO.
The XRD results of the GO samples are in good agreement with published reports
available in the literatures [3,1 9,20,21]. The increasing interlayer spacing of the GO
samples suggests that different levels of oxygen containing groups were attached to
the graphite lattice. There were no significant changes occurred in the XRD pattern of
GO samples other than the increase in interlayer spacing. This finding is supported by

the observations of Lucas et al [22].
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3.2.2 Morphological characterization and crystallinity analysis

The surface morphology and crystalline nature of the synthesized GO with
different degrees of oxidation was analyzed using HR-TEM and selected area electron
diffraction (SAED) pattern as shown in Figure 3.11. It is obvious that all the samples
possess a sheet like morphology with different transparencies. This is probably due to
the number of layers present in the stacked structure of GO. The HR-TEM results of

samples

(S-1)

Figure 3.11 High resolution transmission electron microscope images of GO with
different degrees of oxidation. The inset in each image shows the SAED pattern of the

corresponding sample.

S-1 and S-2 show the sheet like morphology comprised of many layers of partially
oxidized graphite oxide. The samples S-1 and S-2 contains less oxygenated functional

groups which limits them in terms of exfoliation into monolayers or few layers after
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the exfoliation process. Also the transparency of these samples is less than the others
due to the presence of more layers. However, with increases in the oxidation level,
GO samples (S-3, S-4, S-5 and S-6) become highly transparent, since these samples
possess high amounts of oxygenated functional groups, which makes suitable for
exfoliation into monolayers or just a few layers of GO after ultrasonication. The
dimension of the samples is high in the less oxidized samples (S-1 and S-2) and a
reduction in sheet length is observed with increasing oxidation level. An overall
analysis of the HR-TEM observations shows that the sheets morphology, dimension
and the transparency are highly dependent on the level of oxidation and the
exfoliation strategy.

The SAED pattern is one of the tools used to characterize the crystalline
nature of nanosized materials. The SAED pattern of all the GO samples with different
oxidation level is shown in the inset of their corresponding TEM images, as can be
seen in Figure 3.11. It is observed that the SAED pattern of all the samples possess
clear diffraction spots with a six-fold pattern that is consistent with the hexagonal
lattice [4]. These observations indicate that the graphitic AB stacking order is
preserved in the lattice even after higher oxidation levels. This is in accordance with
the previous studies of Jeong at al [19], which contains evidence of AB stacking order
in graphitic oxide produced using Brodie’s method. The SAED pattern of the S-1 and
S-2 samples shows a typical ring like pattern indicating the polycrystalline nature of
the samples. These rings like pattern arise from the merging of the diffraction spots
due to the greater number of layers in the samples [23]. This is in accordance with the
XRD patterns of the corresponding samples. However an increase in oxidation levels
leads to exfoliation into a single or few layered GO resulting in a diffraction pattern

due to the superposition of two or three hexagonal pattern of few layered GO. The
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SAED pattern of the S-6 sample is in accordance with previous studies on the SAED
pattern of GO as shown by Wilson et al [23]. This observed pattern for our sample (S-
6) also closely matches graphite oxide samples studied by other groups [24,25].
Similar phenomenon was also observed by Wilson et al. and their work concluded
that GO is not only comprised of fully amorphous regions but some crystalline
regions are also present [23]. The amorphous region in GO occurred due to the
presence of several sp3 carbon atoms formed during the oxidation reaction. There are
a few reports showing the presence of graphitic islands or unoxidized domains (sp2
content) within the oxidized domains (sp3 content) in GO [26,27]. Our previous study
also showed that the presence of graphitic islands in GO results in quantum
fluctuations leading to an opening of the band gap in the electronic structure of GO
[28]. No diffraction pattern was observed for the oxygenated functional groups in all
the samples, rather the hexagonal spots of graphitic nature indicate that the
oxygenated functional groups formed on the graphite lattice are not resulted in the

formation of any superlattice type ordered arrays [23].

We have also studied the morphology of the GO sample (S-6) using atomic
force microscopy. The AFM topography of the GO sample S-6 is shown in Figure
3.12. It shows a typical sheet like morphology and also resembles the presence of
monolayers (Figure 3.12 (d)) and few layered GO (Figure 3.12(e)). The difference in
the number of layers can be easily distinguished using the contrast of the sheets. The
monolayers of GO have a light in color whereas the few layered GO are bright in
color Figure 3.12 (a). The presence of a few layers in the sample is due to the
aggregation or self assembly of two or three layers of GO during the drying process in

the specimen preparation. We also examined the nature of monolayer GO, as seen in
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Figure 3.12 (b) which shows high transparency and some folded regions. Similarly,
Figure 3.12 (c) shows the presence of monolayer and few layered GO depicting the
presence of wrinkles in the sheets. The AFM studies are in agreement with the HR-

TEM observations mentioned above.
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Figure 3.12 (a) Atomic force microscopic image of GO (S-6) nanosheets; (b) enlarged
circled area from (a) and; (c) enlarged squared area from (a). The line profile of the

GO nanosheets shown in (c) is represented in (d) and (e).

3.2.3 FT-IR characterization

In order to study the different types of functional groups formed in the GO at
different degrees of functional groups, FT-IR spectroscopy was used. The FT-IR
spectra of all samples are shown in Figure 3. 13. The FT-IR shows band at 1573 cm’
due to the presence of C-C stretching in graphitic domains found in S-1. With further
increases in oxidation level, the FT-IR spectrum reveal the presence of C=0 (1720 cm
), C-O (1050 cm™), C-O-C (1250 cm™') C-OH (1403 cm™") in the GO samples (3].
The peak found at 1620 cm’ is a resonance peak that can be assigned to the C-C

stretching and absorbed hydroxyl groups in the GO [5]. We also measured the XPS
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spectroscopy of all samples in order to study the different types of functional groups

formed in GO with respect to the degree of oxidation.
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Figure 3.13 Fourier transform infrared spectra of GO with different degrees of

oxidation.

3.2.4 XPS analysis

The chemical states of all the samples were investigated by the use of XPS
spectra and are shown in Figure 3.14. For comparison, the XPS of the pristine
graphite was also measured and is given in section 3.1. In the XPS of graphite, we can
see only a peak corresponding to C-C stretching at 284.5 eV indicating the absence of
any oxygenated function groups [7]. With increasing the oxidation level, the intensity
of the C-C peak due to the sp2 carbon bond in graphite gradually decreases and an

increase in intensity of new
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Figure 3.14 X-ray photoelectron spectra of GO with different degrees of oxidation.

functional group’s peaks, such as hydroxyl, carboxyl and epoxyl groups, due to
oxidation of graphite are clearly evident from the XPS of the GO at various stages of
oxidation. The XPS of sample S-1 shows the presence of C-OH groups in addition to
the C-C group in the material and also it possesses a small amount of -O-C=0 groups.
When the oxidation level is increased, S-2 shows increases in intensity of the C-OH
and -O-C=0 functional groups and the corresponding intensity of C-C is lower than
S-1. Further increases in the oxidation result in the formation of epoxide groups along

with the hydroxyl and carboxyl groups, which are clearly noticeable in the XPS of S-3.
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When the oxidation level is further increased, the XPS of samples S-4, S-5 and S-6
shows that there is an increase in the intensity of epoxide (O-C-O) groups and a
decrease in the hydroxyl and carboxyl groups. The sp2/sp3 ratio measured from the
XPS spectra of samples S-1, S-2, S-3, S-4, S-5, and S-6 are found to be 2.15, 1.52,
0.36, 0.31, 0.27, and 0.25, respectively. The spzlsp3 ratio decreases with increasing
oxidation level and is matched well with the previous report in graphite oxide using
Staudenmaier process and Brodie method by Lee et al [29]. This clearly demonstrates
that the hydroxyl and carboxyl groups, on further oxidation, lead to the formation of
the epoxide groups which results in the increased interlayer spacing in S-6, as seen in
the XRD results. The formation of epoxide groups from S-3 level signifies the
increase in interlayer spacing and exfoliation of graphitic oxide into GO. This is in
agreement with the XRD results of our samples in which S-1 and S-2 samples are
graphitic oxide whereas the remaining samples are GO with different oxygen groups.
Hence, the overall analysis of the XPS results demonstrates that the hydroxyl
and carboxyl groups are formed at lower oxidation levels and are converted into
epoxy groups when the oxidation level is increased. The reason for this complicated
mechanism is as follows: the Hummers method employs KMnOy in conc. H,SO4 as
the oxidizing agent; this can produce dimanganese heptoxide (Mn,0O7) which is a
strong oxidizer [30]. Mn,O; is capable of epoxidation of unsaturated oxygenated
groups [31] formed in the graphite during the oxidation reaction and this results in the
higher O-C-O groups in the GO samples with a high oxidation level. To the best of
our knowledge no other research group has analyzed the different oxidation levels of
GO using Hummers method. The results of the XRD and XPS analysis support the

previous finding of Lucas et al [22].
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3.2.5 Zeta potential analysis
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Figure 3.15 Plot of zeta potential vs samples with different oxidation levels.

The influence of oxygenated functional groups in GO with different degrees of
oxidation was evaluated by zeta potential analysis. The zeta potential is a physical
property exhibited by any material in dispersion and is an important parameter used
for characterizing the electrical properties of interfacial layers in dispersion, which is
closely related to the pseudocapacitance behavior of electrode materials used in
electrochemical double layer supercapacitors [32]. The zeta potential of all the
samples was measured in an aqueous medium and is shown in Figure 3.15 as a plot of
zeta potential against the different degrees of oxidation. We used the Smoluchowski
approximation [33] for the measurement of the zeta potential of GO. The
Smoluchowski expressi(;n for plate-like particles [34] is given as { = NWe&&,, where
{ is the zeta potential, 11 is the solution viscosity, W is the electrophoretic mobility and
€ is the permittivity of the solution, £=&&,This expression holds good for the zeta

potential measurement of lamella type structures like graphene and GO. This finding
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supports the previous study of Lotya et al. on the zeta analysis of graphene nanosheets
[35].

The zeta potential measurements show a linear increase in the zeta potential
with respect to increasing oxidation level. The zeta potential values of S-1, S-2, S-3,
S-4, S-5 and S-6 were found to be -31.4, -37.8, -41, -44.7, -47.6, and -51.2 mV,
respectively. The negative zeta potential values are due to the presence of
electronegative functional groups formed at the graphite lattice during the oxidation
[36]. With the successive increase in the oxidation quantity, a greater number of
electronegative functional groups are formed in GO resulting in the increase of the
zeta potential at higher oxidation levels. Finally, the results for the GO sample S-6
possessing more oxygenated functional groups with a higher zeta potential in an
aqueous medium is more likely due to the dissociation of a greater number of acidic
groups (COOH— COO™ + H') at the surface thereby resulting in a higher zeta
potential. According to the ASTM standard for stability of colloidal suspensions, a
zeta potential between 30-40 mV (either positive or negative) shows moderate
stability, higher than 40 mV (either positive or negative) resembles high stability [37].
Hence, the samples S-1 and S-2 with lower oxidation levels (graphitic oxide) exhibit
“moderate stability” whereas the samples with higher oxidation levels (S-3, S-4, §-5

and S-6) exhibit “high stability”.

3.2.6 Raman analysis

Raman spectroscopy is a standard non-destructive tool for the analysis of
structural elucidation of carbon materials, such as graphite, diamond, carbon

nanotubes, graphene and GO. Raman spectra were carried out for all the samples with
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Figure 3.16 Raman spectroscopy of GO with different degrees of oxidation.

different oxygen contents from S-1 to S6 as shown in Figure 3.16. As a reference, the
Raman spectrum of precursor graphite was also measured and is shown in the section
3.1. The spectrum of graphite shows a strong G band at 1570 cm’ due to first order
scattering of the E2g mode [9]. It also contains a small band at 1354 cm’' named the
D band, which is evidence for the presence of defects in the graphite material such as
bond-angle disorder, bond-length disorder, vacancies, edge defects, etc.,[10] Another
important features in the Raman spectra of graphite is the presence of a 2D band at
2700 cm’ (also called the G’ band), this is the overtone of the D band [38]. The 2D
band is used to evaluate the structural parameters of the c-axis orientation, since this
band is very sensitive to the stacking order of the graphite along the c-axis [39]. It is

expected that the harsh chemical oxidation process will result in predominant
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structural changes in the graphite lattice due to the formation of different types of
oxygenated functional groups at the basal plane and also at the edges. Figure 3.16
shows the Raman spectra of all the samples and shows significant changes at different
degrees of oxidation. In S-1, the G band is shifted towards a higher wavenumber
(1585 cm™) due to the oxidation of graphite and the D band has a higher intensity,
which can attributed to the formation of defects and disorder such as the presence of
in-plane hetero-atoms, grain boundaries, aliphatic chain, etc., On the other hand, the
intensity of the 2D band is smaller after oxidation, a new band appeared around 2950
cm” which is denoted as D+G band. The decrease in the 2D band is due to the
breaking of the stacking order due to the oxidation reaction.

Figure 3.17 (a) shows the corresponding changes in the G band with respect to
levels of oxidation. It shows that the G band is shifted towards a higher wavenumber
with the increase in oxidation level. At the highest oxidation level, the G band
position reaches a position at 1596 cm’. The shift in G band is associated with the
formation of new sp’ carbon atoms in the graphite lattice [40]. In addition to the shift
in G band position; the full width half maximum (FWHM) of the G band also
increases with respect to the oxidation level. The FWHM of the G band with
increasing oxidation level was 45, 54, 70, 103, 114, and 124 cm", for the samples S-1,
S-2, S-3, S-4, S-5, and S-6, respectively. The shift in G band increase in FWHM
suggests that the presence of sp3 carbons is increased with respect to oxidation level.
Similarly, the different degrees of oxidation affect the nature of D band. The intensity
of the D band increases with increasing oxidation and becomes constant at higher
oxidation levels. The FWHM of the D band linearly increase with the increase in
oxidation levels indicating that the oxidation process highly influences the in-plane

sp> domains of the graphite with defects [40]. Figure 3.17(b) shows the variation of
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Loyl with respect to the oxidation level. It shows that lower oxidation levels result
in an increase in the Ipylg) ratio, which decreases with increasing oxidation, and
finally becomes saturated at higher oxidation levels. The decrease in Lpykg) ratio at

higher levels of oxidation is compensated by the increase in the FWHM of the G band.
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Figure 3.17 (a) Dependence of G band position and FWHM with respect to oxidation
level. (b) Variation of LpyI) ratio and Iixpylg ratio with respect to oxidation level.

PG refers to pristine graphite.

The peaks correspond to overtones, such as the 2D, D+G and 2G bands, which
also display significant changes depending on the oxidation. The intensity of the 2D
band decreases with increases in oxidation level and broadens at the higher oxidation
levels. Figure 3.17 (b) represents the change in Iapyl) ratio with respect to oxidation
level. It decreases up to S-3 and then increases oxidation levels higher than S-3. Since
the 2D band is structure sensitive [39], the Iopylg) ratio clearly illustrates the
transition from crystalline to an amorphous phase in GO upon oxidation. Similarly,
the other overtone bands D+G (2922 cm'l) and 2G (3171 cm'l) increased with

increasing oxidation level. The changes in overtone bands, such as 2D, D+G and 2G
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bands, illustrate the disruption of the graphitic ab stacking order in GO with
increasing oxidation level. The average crystallite size of the sp2 domains in the GO
samples can be calculated by the intensity measures of the D band (/p)) and G band
(Ic)) [40]. Many equations such as Tuinstra and Koenig’s equation [41], the Knight
and White relation [42], have been employed to measure the average crystallite size of
the sp> domains using the IpyJ(g) ratio. Later on, the general equation of the average
crystallite size of the sp’ domains L, in the nanographite sytems was given by
Cancodo et al. [43] by relating the ;py7)ratio to the fourth power of the laser energy

used in the experiment. This modified equation can be given as

Lo (nm) = [(2.4*107%) A1/ UpyT )] -vvvveveeeeeeeennanae (1]

where L, is the average crystallite size of the sp2 domains, A, is the input laser
energy, Ip, is the intensity of the D band, and (g, is the intensity of the G band. The
calculated L, values are 18.24, 11.25, 9.63, 15.67, 14.06, and 13.77 nm, for samples
S-1, S-2, S-3, S-4, S-5 and S-6, respectively. The L, value of the precursor graphite
was calculated to be 122 nm. The results indicate that the average crystallite size
decreases with less oxidation; this may be due to the breaking of crystallites with
initial oxidation resulting in the formation of defects, disorders, sp> hybridization and
changes in crystallinity. At the same time, L, starts increasing for sample S-4 and
becomes constant (around 14 nm for S-5 and S-6) at higher levels of oxidation. This is
in agreement with the previous investigations on the crystallite size of series of
graphite oxide using Staudenmaier method as evaluated by Lucas et al [22]. The
recent investigation on the oxidation of mechanically exfoliated graphene by Wang et
al. also supports our findings [44]. In these aspects, there is no straightforward
relation between the oxidized (sp3) and unoxidized (sp2) states with respect to level of

oxidation. Overall, the Raman spectroscopy results show the transition of crystalline
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graphite into an amorphous state and the disruption of stacking order with respect to

increases in the oxidation level. However, there are much further investigations

needed to study the detailed physics and chemistry underlying the structure of GO.

3.2.7 Electrochemical properties
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Figure 3.18 (a-c) Cyclic voltammetry of GO samples (S-1 to S-6) modified on GCE

electrodes in 5 mM Kj3[Fe(CN)s] containing 0.1 M KCl solution. (d) Comparison of

Ipc of the samples with different oxidation levels.
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The influence of oxygenated functional groups in GO was also studied by
using CV measurements using a SmM solution of potassium ferricyanide [K3(FeCN)s]
containing 0.1 M KCl solution. The oxygenated functional groups present in GO
nanosheets play a key role in electrochemical biosensors for glucose sensing,
supercapacitors, etc., [45]. Hence a study on the electrochemical properties of GO
with different oxidation level is an area of potential interest. Herein, the GO sample is
modified onto the surface of a GCE electrode. Figure 3.18 shows the CV curves of all
the tested samples in comparison with the GCE electrode. It shows that the typical
redox reaction occurred at the electrode surface indicating the presence of an anodic
peak and cathodic peak in the CV curves. It is clear from Figure 3.18 (a), that samples
S-1 and S-2 show a higher current value for the redox reaction than the GCE electrode.
As evident from the XPS and zeta potential measurement stated above, these samples
contain less oxygenated functional groups, thereby less surface charge which enables
them to attract ferricyanide ions to the electrode surface for the electrochemical
reaction. Similarly, the samples S-3 and S-4 show higher electrochemical reactions
compared with the GCE (as shown in Figure. 3.18 b) but lower than the samples S-1
and S-2. This is due to the increase in surface oxygen groups and surface charge.
Figure 3.18 (c) displays the CV curves of samples S-5 and S-6 and shows a significant
reduction in the cathodic peak current (Jpc) compared with the GCE and is due to the
high surface charge of these samples (as evident from the XPS and zeta potential
measurements). Both S-5 and S-6 with higher levels of oxidation act as an insulating
layer on the GCE electrode and due to their high surface charge, the ferricyanide ions
are repelled at the electrode surface thereby limiting electrochemical reactions. The
electrochemical behavior of the S-6 sample is consistent with the previous studies of

GuO et al [46]. However, it is still remaining elusive to determine the contribution of
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each functional group on the electrochemical properties of GO due to its structural
and chemical inhomogeneous nature. The histogram curve of all the samples in
comparison with the GCE electrode is shown in Figure 3.18 (d). It shows that the /.
value decreases with increasing levels of oxidation, thereby showing the transition
from metallic to semiconducting and insulating behavior due to increases in oxidation

level.

In this study, we synthesized GO using a modified Hummers method with
different degrees of oxidation. The formation of various oxygenated functional groups
at different stages of oxidation and their influence on the chemical and structural
analysis was investigated. XPS analyses showed the formation of hydroxyl and
carboxyl groups in the graphite lattice during the initial stage of oxidation and these
were converted into epoxide groups at higher oxidation levels. The various degrees of
oxidation significantly altered the zeta potential properties exhibiting moderate
stability at lower oxidation levels and high stability at higher oxidation levels.
Moreover, a detailed study on the Raman spectra at various levels of the oxidized
samples was presented. It showed that the sp3 domains are increasing with increase in
oxidation level with the disruption of the graphitic stacking order. The influence of
oxygenated functional groups in different GO significantly altered the
electrochemical properties of GO. The key findings of our work support the view of
the tunable properties of GO, that is, by varying the oxidization degree which can

provide new positive features in the development of GO-based device applications.
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3.3 Ultrasound assisted synthesis of graphene oxide

In this experiment, the GO nanosheets are reduced into graphene nanosheets
under alkaline condition with little amount of hydrazine in the presence of ultrasonic
irradiation. In recent years, sonochemical method becomes more promising in the
synthesis of variety of nanomaterials including nanochalcogenides, metal and metal
oxide nanoparticles [47,48]. The mechanism of sonochemistry relies on the acoustic
cavitation phenomenon, i.e., the formation, growth, and collapse of bubbles in liquid
medium [49]. According to the hot spot theory, extremely high temperature about
5000 K, pressure about 20 MPa and very high cooling rate about 10" Ks™ arises
during the acoustic cavitation, thus enabling reaction conditions which further results
in unique properties of the synthesized particles [50]. The sonochemical method can
be more suitable for the reduction of GO due to the extreme reaction conditions such
as high temperature, pressure, rapid cooling times which permits to a range of
chemical reaction generally not accessible in the conventional synthesis methods.
Herein, we are reporting a facile sonochemical method for the redcution of GO into
graphene nanosheets within a short reaction time.

3.3.1 Mechanism of reduction of graphene oxide

In this study, a sonochemical method for the preparation of graphene
nanosheets was employed. At first, graphene oxide was synthesized by harsh
oxidation of graphite followed by ultrasonic exfoliation according to the Hummer's
method. The graphitic oxide is exfoliated into graphene oxide by the aid of
ultrasonication as shown in Scheme 1. In general, both graphitic oxide and graphene
oxide possess same chemical structure and layered structure as in graphite. The only
difference between them is the number of individual layers present in them in which

graphitic oxide possesses more number of layers like graphite whereas graphene
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oxide possesses monolayers or few numbers of layers of oxidized graphite [51]. The
presence of oxygenated functional groups in graphitic oxide makes them hydrophilic

which facilitates the exfoliation into monolayers of graphene oxide under sonication.

US

30 min

Graphitic oxide Graphene oxide

Scheme.1 Exfoliation of graphitic oxide into graphene oxide by sonication for 30 min.
Arrow marks in graphene oxide (right) indicates the increase in inter-layer spacing
after sonication process. The cyan color indicated the carbon skeleton in graphene
sheet and the red color indicated the oxygenated functional groups. US - ultrasonic

irradiation.

The reduction of graphene oxide into graphene nanosheets was achieved by
sonochemical method. The most important issue in the reduction of the graphene
oxide into graphene nanosheets is the occurrence of agglomeration of graphene oxide
or its partially reduced state during the reduction reaction which results in the

formation aggregated graphene sheets [52-54]. This limits the efficiency of reduction
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thereby, removal of oxygenated functional groups in graphene oxide is not fully
achieved and often it takes longer reaction time. In this regards, sonochemical
synthesis of graphene is more promising for the reduction of graphene oxide since
ultrasound irradiation drives some special features that are usually not occurred in the
ordinary chemical reactions such as elevated temperature, high pressure and rapid

cooling rates etc., [55].

—
After 2 hrs

Graphene oxide Graphene

Scheme.2 Sonochemical synthesis of graphene oxide into graphene nanosheets in the
presence of hydrazine and NaOH. The advantage of ultrasound in the reduction
reaction is that it prevents the agglomeration of the graphene oxide or its partially
reduced state during the reduction reaction, thereby enabling more space for the
reduction of epoxyl groups in between the two layers of the graphene sheet. US -

ultrasonic irradiation.

The mechanism of sonochemical synthesis of graphene is shown in Scheme. 2.
In this study, we utilized the reaction at alkaline conditions (NaOH) in presence of
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little amount of hydrazine. Under alkaline conditions, the de-oxygenation of
functional groups in graphene oxide should occur as demonstrated by Fan et al [56].
The use of hydrazine is to reduce the epoxide groups which present at the basal plane
of graphene oxide which is in agreement with the theoretical studies by Kim et al and
experimental studies by Stankovich et al [57,58].

As shown in Scheme 2, the use of ultrasound irradiation prevents the
agglomeration of graphene oxide nanosheets during the reduction reaction which
facilitates more reactions in between the layers of graphene oxide which was not
practical in the conventional chemical reaction. In addition to this, the radicals
produced in the reaction medium during ultrasound irradiation will also plays an
important role in the reduction of GO into graphene. The previous study of
Vinodgopal et al demonstrated the partial reduction of GO into graphene nanosheets
after 4 hrs of ultrasound irradiation [59]. Due to ultrasound irradiation, more reactive
site for the epoxide and hydroxyl removal using hydrazine was created in the reaction
and additionally, the effect of extreme temperature, pressure and high cooling rates
due to the acoustic cavitation phenomena catalyzes the reduction reaction in a shorter
time. Since graphene oxide is not thermally stable material above 200 °C, the high
temperature produced during the ultrasound irradiation itself able to reduce GO into
graphene. Hence, the ultrasound assisted approach for the synthesis of graphene
sheets is a combined approach for the mechanical exfoliation and simultaneous

reduction of graphene oxide into graphene nanosheets.
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3.3.2 UV-visible spectral studies

Figure 3.19 Digital image of aqueous dispersion of GO (brownish yellow) and

graphene nanosheets (black).

The reduction reaction was monitored by the color change from brownish
yellow to black. Figure 3.19 shows the digital image of graphene oxide solution
before and after reducing into graphene. The black color of the US-rGO nanosheets
confirmed the process of re-graphitization of GO by the removal of oxygenated
functional groups. The UV-vis spectra of the GO and US-rGO were shown in Figure
3.20. The spectrum of GO shows a sharp absorption peak at 226 nm attributed to the
a—n* of the C—C aromatic rings [1] whereas the absorption peak of US-rGO was red
shifted towards into 270 nm due to the increased electron concentration, structural
ordering and consistent with the restoration of sp® carbon atoms [60]. The UV-vis
spectrum of the control graphene shows the maximum absorbance around 254 nm
depicting the partially reduced GO. This is in consistent with the previous results of

Mathkar et al {61].
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Figure 3.20 UV-vis spectra of GO, control graphene and US-rGO nanosheets.

3.3.3 Morphological characterization

Figure 3.21 shows a typical high resolution transmission electron microcopy
(HR-TEM) image of the sonochemically synthesized graphene nanosheets and the
control graphene. The HR-TEM image of the samples synthesized in the absence of
ultrasound is given in Figure 3.21 (a). It shows the presence of aggregated sheets and
the SAED pattern also confirms the polycrystalline nature of the sheets. There is no
clear diffraction spots observed in the SAED pattern of control samples which is due
to the aggregated sheets of partially reduced graphene oxide which results in the ring
like pattern in the SAED pattern [62,63]. The HR-TEM image of the samples
synthesized in the presence of ultrasound is given in Figure 3.21 (b). It depicts that the

graphene sheets are of high transparency with the presence of wrinkles and folded
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regions. The SAED pattern of the US-rGO nanosheets clearly shows the hexagonal
diffraction spots corresponding to the monolayer graphene. This is in consistent with

the previous report of Kim et al [62].
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Figure 3.21 High resolution transmission electron microscopic images of a) control
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3.3.4 XPS analysis

The XPS spectra of GO and graphene nanosheets are given in Figure 3.22.
The XPS spectrum of GO exhibited the characteristic peaks of C-C skeleton,
hydroxyl, epoxyl and carbonyl groups at 284.5, 286.2, 287.8 and 288.9 eV
respectively [8]. As we expected, the XPS spectrum of US-rGO sheets shows only the
binding energy corresponding to the C-C skeleton (at 284.5 €V) present in the
graphene lattice with smaller amount of epoxyl groups. It clearly indicates that the
intensities of other peaks related to the oxygenated functional groups such as hydroxyl,
epoxyl and carbonyl are almost completely decreased which confirm the removal of
the oxygenated functional groups [64]. The XPS of the graphene synthesized in the
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absence of ultrasound shows the presence of C-O-C and C-OH groups along with the
C-C skeleton. These results suggested that the control graphene is still not reduced
since the reaction time is only two hours which is not sufficient for the complete
reduction reaction. This can be agreed well with the previous report demonstrating the
hydrazine reduction of GO into graphene in which the reaction time is about 12 hrs
and 24 hrs respectively [65]. Hence, it confirms that within the same reaction time in
the absence of ultrasound results in partially reduced graphene oxide. It also signifies

the crucial role of ultrasound in the reduction reaction.
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Figure 3.22 X-ray photoelectron (C 1s) spectra of GO, control graphene and US-rGO
nanosheets.
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3.3.5 Raman analysis

Raman spectroscopy provides us a non-destructive technique to study the
bonding nature of various carbon materials such as graphene, GO and CNTs. Further
characterizing the reduction of GO, Raman spectroscopy was employed to study the
structure, defect levels and crystallinity of the as-synthesized graphene nanosheets
and are compared with GO. In general, Raman spectrum of graphite exhibits a band at
1580 cm™' named as “G band” and other band at 1350 cm™' named as “D band”. The
former is due to the first order scattering of Ez, mode and latter associates with the
defects in the graphite lattice [9]. The Raman spectra of GO and graphene nanosheets
are provided in Figure 3.23. The Raman spectrum of GO possesses the G band at
1595.89 cm™! and D band at 1354 cm™ [10]. As compared with the Raman spectrum
of graphite, the G band in GO is shifted towards higher wavenumber which is due to
the oxygenation of graphite [12]. The increase in FWHM of the G band in the GO
compared with the graphite suggests the presence of sp3 carbon in GO. The D band in
GO is broadened which was due to the reduction in size of in plane sp2 domains by the
creation of defects, vacancies and distortions of the sp’ domains after complete
oxidation [13]. The Raman spectrum of US-rGO shows significant changes compared
with the spectrum of GO. In case of graphene, the G band is shifted towards lower
wave number (1588.41 cm™!) due to the recovery of hexagonal network of carbon
atoms with defects. In case of the D band, it becomes narrow and the intensity is
increased in graphene compared to that of GO which illustrates the sonochemical
reduction process modified the structure of graphene with defects. Moreover, the
FWHM of the D peak in graphene becomes decreased due to the increase in average

size of the sp2 clusters. The Raman spectrum of the sample synthesized in the absence
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of ultrasound clearly evidenced that the reduction reaction results in partially reduced
state since the G peak is observed at 1593.6 cm’ [28]. This is in consistent with the
reduced graphene oxide was obtained using galactose. There is no obvious change in
D band and the Ip/Ig value of the control graphene compared to GO suggests that the
reduction reaction is not well proceeded since the control graphene is in partially

reduced state.
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Figure 3.23 Raman spectra of GO, control graphene and US-rGO nanosheets.

The intensity of G band (1)) and D band (Ip)) is used to measure the average

crystallite size of the sp2 domains. The well known Tuinstra and Koenig (TK) relation
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is employed to determine the average size of the sp’ clusters in GO and graphene as
follows [41]:
Ipylicy = CONLa wonvvniieiiiiiiini [2]

where I;p, is the intensity of the D peak, /g, is the intensity of the G peak, C(4)
is the wavelength dependent prefactor and L, is the average crystallite size of sp2
domains. The average crystallite size of the sp” domains in GO and graphene were
measured as 4.48 and 3.25 nm, respectively. The average crystallite size of sp2
domains is decreased in US-rGO nanosheets compared to GO. This is due to the
formation of new sp” carbon atoms which are smaller in size compared to the sp°
carbon atoms present in GO before reduction [12]. The decrease in FWHM of G band
in graphene ensures the formation of new sp2 carbon atoms in graphene.

Overall, the reduction of graphene oxide into graphene nanosheets was
achieved by a facile sonochemical approach. The physiochemical characterizations
performed above suggests the reduction of GO into graphene nanosheets. However, a
detailed study about the effect of ultrasonic frequency, time and amount of reducing
agent will provide a new strategy for graphene synthesis using sonochemical
approach. Still compared with the other conventional methods reported for the
synthesis of graphene, the sonochemical method reported here is relatively fast, since
graphene can be synthesized within 2 hrs.

Being fast, effective and economical benign, we believe that the ultrasound
assisted synthesis of graphene nanosheets may become a promising method for

preparation of graphene due to their wide spread applications in various sectors.
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3.4 Hydrothermal reduction of graphene oxide into graphene
nanosheets

Graphene nanosheets were successfully synthesized by improved
hydrothermal reduction of GO. At first, the GO nanosheets are synthesized according
to the modified Hummers method. The obtained GO nanosheets are exfoliated into
monolayers of GO by ultrasonication prior to the reduction reaction. The solution is
adjusted to reach pH 10 by the addition of NaOH and then hydrazine hydrate followed
by the hydrothermal treatment as described in the experimental section. The
mechanism of reduction of GO into graphene nanosheets can be described as follows:
GO with several oxygenated functional groups on its basal plane and at the edges can
be deoxygenated in alkaline solution as suggested by Fan et al [56]. Hydrazine
hydrate is commonly used for the reduction of functional groups in GO [12].
Additionally, the hydrothermal reaction enhances the reaction rate and kinetics due to
the high pressure in hydrothermal conditions. [66] The obtained graphene nanosheets
are black in color, which confirms the reduction of GO into graphene nanosheets was
successfully achieved.

3.4.2 UV-vis spectroscopy studies

A photographic image of the aqueous dispersions of graphene nanosheets
(black) is shown in the inset of Figure 3.24. The change in color from brownish
yellow (GO) to black confirms the reduction of GO into graphene by the
hydrothermal approach. The reduction of GO into graphene is characterized by UV-
vis spectroscopy studies as shown in Figure 3.24. The UV-vis spectrum of GO shows
a sharp absorption peak at 226 nm, this is attributed to the 7—= * of the C-C aromatic
rings. After the reduction reaction, the absorption spectrum of graphene shows a

maximum absorption at 267 nm. The occurrence of a red shift in the absorption
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spectra of graphene is due to the increased electron concentration due to removal of

sp3 carbon atoms and is also consistent with the restoration of sp2 carbon atoms [60].
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Figure 3.24 UV-vis spectra of GO and graphene nanosheets (hydrothermal method)

3.4.3 X-ray diffraction studies.

Figure 3.25 depicts the XRD pattern of the GO and graphene nanosheets. The
diffraction peak of pure graphite is found around 26°. After successful oxidation, the
diffraction peak of graphite at 20 = 26° completely disappeared and a new broad peak
around 20 = 10° due to the oxidation of graphite appears. The corresponding
interlayer spacing of GO was measured as 0.85 nm. The reduction of GO into
graphene is confirmed by the XRD pattern of graphene which shows a broad
diffraction peak at 20 = 26° corresponding to an interlayer spacing of 0.35 nm. The
disappearance of the peak at 20 = 10° in the GO and the formation of new broad peak
at 20 = 26° further supports that the GO is completely reduced into graphene. The

obtained XRD results are in agreement with the previous findings of Zhang et al [67].
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Figure 3.25 XRD pattern of GO and graphene nanosheets (hydrothermal method).

3.4.4 Surface morphology studies

Figure 3.26 (a) and (b) shows the field-emission scanning electron micrograph
(FE-SEM) of the hydrothermally synthesized graphene nanosheets with different
magnifications. It shows the wavy features of graphene, which are due to the surface
crumpling. Figure 3.26 (c) and (d) shows the typical transmission electron microcopy
images of the graphene nanosheets. It depicts that the sheets like morphology of
graphene with high transparency. It also shows the presence of wrinkles and folded
regions in the synthesized graphene nanosheets. The clear diffraction spots obtained
in the SAED pattern [as shown in inset of Figure 3.26 (d)] illustrates the hexagonal
lattice and the discontinuity in the pattern is due to the super position of two

hexagonal patterns which is generally observed in few layer graphene [62].
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Figure 3.26 FE-SEM (a: scale bar = 1 pm; b: scale bar = 100 nm) and HR-TEM

images (c: scale bar = 200 nm; d: scale bar = 50 nm) of graphene nanosheets. Inset in

(d) shows the SAED pattern of graphene nanosheets (scale bar = 2 nm™").

3.4.5 FT-1IR studies

The FTIR spectra of GO and graphene nanosheets are measured to study the

removal of oxygen containing functional groups in graphene after the reduction

reaction. Figure 3.27 shows the FTIR spectra of the GO and graphene nanosheets. The
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FTIR spectra of the GO clearly shows the presence of carboxyl, hydroxyl, epoxyl and
carbonyl groups at 1728 em™, 1413 cm™, 1200 cm™ and 1050 cm' respectively. The
peak due to the C—C vibrations from the graphitic domains is observed at 1600 cm™.
In the FTIR spectra of graphene, the peak at 1600 cm’ arises due to the C-C skeleton
and the other peaks due to the oxygenated functional groups such as carboxyl,
hydroxyl, epoxyl and carbonyl groups are not observed suggesting that GO was

reduced into graphene nanosheets [68].
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Figure 3.27 FT-IR pattern of GO and graphene nanosheets (hydrothermal method).

3.4.6 X-ray photoelectron studies

The chemical composition and state of elements present in GO and graphene
are characterized by X-ray photoelectron spectroscopy. The comparative XPS spectra

of GO and graphene nanosheets are given in Figure 3.28. The XPS spectrum of the
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GO exhibited the characteristic peaks of C-C skeleton, hydroxyl, epoxyl and carbonyl
groups at 284.5, 286.2, 287.8 and 288.9 eV respectively [8]. The presence of these
different oxygenated functional groups in GO is due to the oxidation of graphite
which makes them hydrophilic in nature. The reduction of GO into graphene shows a
drastic change in the XPS spectrum of graphene. From Figure 3.28, it is clear that
graphene sheets show only the presence of a C-C skeleton (at 284.5 eV) with presence
of a smaller amount of epoxyl groups. In comparison with the XPS of GO, the fact
that the intensities of peaks related to the oxygen related functional groups such as
hydroxyl, epoxyl and carbonyl almost completely disappeared in the XPS of graphene
further confirms the removal of the oxygenated functional groups due to the

hydrothermal reduction process [69].
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Figure 3.28 XPS spectra of GO and graphene nanosheets (hydrothermal method)
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3.4.7 Raman spectroscopic investigations.

Raman spectroscopy was employed to study the crystallinity, disorder and
defect levels of the graphene nanosheets which are compared with GO. In general, the
Raman spectrum of graphite exhibits a “G band” at 1570 cm™' and a “D band” at 1350
cm”'. The occurrence of the G band is due to the first order scattering of the E»; mode
and the “D band” associates with the defects in the graphite lattice [9,10]. The Raman
spectrum of the GO and graphene nanosheets are shown in Figure 3.29. The Raman
spectrum of GO shows the presence of a G band at 1595.89 cm™' and a D band at
1354 cm™'. The G band in GO is shifted towards a higher wavenumber, this is due to
the oxygenation of graphite which results in the formation of sp3 carbon atoms. The D
band in the GO is broadened due to the reduction in size of the in-plane sp2 domains
by the creation of defects, vacancies and distortions of the sp’ domains during
oxidation. The Raman spectrum of graphene shows significant changes compared
with the spectrum of GO. In the case of graphene, the G band is shifted towards a
lower wave number (1589.41 cm") due to the re-graphitization that results in the
formation of more sp’ carbon atoms. This is in agreement with previous reports on
chemically synthesized graphene [70]. The D band becomes narrow and the intensity
is increased suggests that the hydrothermal process modified the structure of graphene
with defects.

The intensity of the G band (Ig)) and D band (Ip)) is used to measure the
average crystallite size of the sp2 domains. Cancodo et al. provided the general
equation [43] of determination for the average crystallite size of the sp2 domains L, in
the nanographite sytems by relating the IipyJ(g) ratio to the fourth power of the laser

energy used in the experiment as follows:

Lo(nm) = [(2.4%10™ () 1/ Upy/IG)] - eeeeeeeeeenen (1)
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Figure 3.29 Raman of GO and graphene nanosheets (hydrothermal method).

where L, is the average crystallite size of the sp” domains, 4;is the input laser energy
I, is the intensity of the D band, and I, is the intensity of the G band. The average
crystallite size of the sp> domains in GO and graphene were measured as 15.45 and
11.76 nm, respectively. The average crystallite size of sp® domains is decreased in
graphene compared to GO. This is due to the formation of new sp® carbon atoms
which are smaller in size than the sp® carbon atoms present in GO before the reduction
[12]. The decrease in FWHM of the G band in graphene ensures the formation of new
sp2 carbon atoms in graphene.

3.4.8 Zeta potential studies

The stability of nanomaterials in dispersion state is one significant issues for
the biomedical applications of nanoparticles [71]. Hence, we measured the zeta
potential of graphene nanosheets in an aqueous dispersion and is shown in Figure 3.30.

The zeta potential of graphene nanosheets was found to be -26.75 mV (whereas the

84



{

M st SY A

JEIU MATIOMAL UNIVERSITY LIBRARY



zeta potential of GO is -51.2 mV). It is well known that GO has a highly negative zeta
potential due to the ionization of edge carboxylic groups [72]. The reduction in zeta
potential of the graphene nanosheets is attributed to the removal of functional groups
after the reduction reaction. The observed zeta potential of graphene nanosheets (-
26.75 mV) is well beyond the accepted values of colloidal stability (25 mV)
indicating its high stability in dispersion [73]. The observed value of the zeta

potential of graphene nanosheets is matched well with the previous published reports

[74].
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Figure 3.30 Zeta potential of a) GO dispersion and b) graphene dispersion.

Finally, graphene nanosheets were synthesized by a hydrothermal method
under alkaline conditions. The XRD and UV-vis spectra showed the formation of
graphene nanosheets with a re-graphitization process. The FE-SEM and HR-TEM
studies showed the sheet like morphology of the as-synthesized graphene. The FT-IR
and XPS spectra confirmed the removal of oxygenated functional groups in graphene
after the reduction reaction. The Raman spectroscopy illustrated the formation of new

sp2 carbon atoms in graphene due to the reduction of GO.
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3.5 Reduction of GO by D-galactose

In this study, we a used a bio-sugar D-galactose as a reducing agent for the
reduction of GO into graphene. The use of this new reducing agent offers a way to the
eco-friendly non-toxic reducing agent compared to the conventional reducing agents

such as hydrazine, sodium borohydrate which are toxic to environment.

3.5.1 UV-visible spectra

Galactose

>
NH,

Figure 3.31 Reduction of GO nanosheets into reduced graphene oxide (rGO)
nanosheets results in a color change from brown (GO) into black (rGO).

In this study, GO was synthesized according to the modified Hummers method
and is discussed in chapter 1. The reduction reaction of graphene oxide into graphene
sheets was monitored by the color change from brown into black as shown in Figure
3.31 followed by the UV-vis spectroscopy. The black color of the rGO material
suggested the re-graphitization of the exfoliated GO by the removal of oxygenated
functional groups. Figure 3.32 depicts the UV-vis spectra of the GO showing a sharp
absorption peak at 226 nm which is attributed to the n-n* of the C-C aromatic rings.
After the reduction of GO, the absorption peak was red shifted towards into 270 nm

due to the formation of rGO. The significant red shift in rGO is due to the increased
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electron concentration, structural ordering and consistent with the restoration of sp2

carbon atoms [60].
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Figure 3.32 UV-visible spectra of GO and rGO nanosheets.

3.5.2 X-ray diffraction analysis and surface morphology
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Figure 3.33 X-ray diffraction patterns of graphite, GO and rGO.
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Figure 3.33 shows the XRD pattern of graphite, GO and rGO respectively.
The diffraction peak of pure graphite is found around 26°. After successful oxidation,
the diffraction peak of GO shifted towards 26 = 10° which is mainly due to the
oxidation of graphite and the corresponding interlayer spacing was 0.85 nm [3]. The
reduction of graphene oxide into rGO is also confirmed by the XRD pattern of rGO
which shows a broad diffraction peak at 26 = 26° corresponding to the interlayer
spacing of 0.35 nm. The complete disappearance of peak at 26 = 10° of the GO and
the formation of new broad peak at 20 = 26° further supports that the graphene oxide
is completely reduced into rGO[67]. Figure 3.34 shows the TEM image of the
reduced graphene oxide showing sheet like morphology which are transparent and

wrinkled at the edges.

Figure 3.34. TEM image of synthesized rGO showing sheet like morphology.
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3.5.3 XPS analysis
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Figure 3.35. X-ray photoelectron spectra (XPS) of (a) GO and (b) rGO.

The removal of oxygenated functional groups from GO after reduction into
graphene is studied by XPS technique as shown in Figure 3.35. XPS of GO exhibits
the following peaks at 284.8, 285.55, 286.8 and 288.65 eV corresponding to the C-C
in the aromatic rings, hydroxyl, epoxyl and carbonyl groups respectively [8]. During
the reduction reaction, the hydroxyl, carbonyl and epoxyl groups in GO were
effectively reduced by D-galactose. In the XPS of rGO, only the peak due to the C-C

bond at 284.8 eV is preserved and all the intensities of other peaks related to the
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bonding between the carbon and the oxygen such as hydroxyl, epoxyl and carbonyl
are relatively decreased, strongly suggests the removal of the oxygenated functional

groups [64].

3.5.4 Raman spectral analysis

In order to further characterize the reduction reaction and to study the nature
of sp’ domains, Raman analysis were performed on the reduced GO and compared
with GO as shown in Figure 3.36. The Raman spectra of graphite show a strong G
peak at 1570 cm’! due to the first order scattering of E2g mode [9]. The Raman
spectra of graphene oxide show that the G peak is shifted towards 1595.89 cm™ due to
the oxygenation of graphite [12]. In addition to this, a broadened D peak at 1350 cm’
is also appeared due to the reduction in size of in plane sp” domains in graphite
induced by the creation of defects, vacancies and distortions of the sp:Z domains after
complete oxidation [13].

After reduction of graphene oxide, the G peak is shifted towards lower wave
number (1591.41 cm™) compared to that of GO which agrees with the previous
reports [70]. This shift was attributed to the recovery of hexagonal network of carbon
atoms with defects. The D peak intensity is increased in rGO compared to that of GO
suggesting that the reduction process modified the structure of GO with defects.
However, the decrease in FWHM of the D peak in rGO is due to the increase in
average size of the sp” clusters. The LpyIgratio are used to evaluate the average size
of the sp; cluster in the graphene materials. The corresponding Loyl ratio of GO and
rGO are measured as 0.8 nm and 0.9 nm respectively. The average size of the sp2
clusters in GO and rGO were calculated using the Tuinstra and Koenig relation as

5.28 and 4.57 nm respectively. The decrease in average size of sp2 clusters is due to
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the formation of new sp2 clusters which are smaller in size compared to the ones

present in GO before reduction {12].
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Fig. 3.36. Raman spectra of (a) GO and (b) rGO nanosheets.

3.5.5 Thermal studies

The thermal stability of the rGO is studied using thermo gravimetric analysis
(TGA) and compared with the GO and the precursor graphite as shown in Figure 3.37.
The TGA analysis of graphite shows the high thermal stability of graphite even at
1000 °C. Since GO is thermally unstable, it starts losing the mass from 100 °C due to
the removal of moisture content. The major mass loss occurs at 200 °C due to the
removal of oxygen containing functional groups such as CO, CO; and H,O vapors. In
case of rGO, already the oxygen containing functional groups were removed during

the reduction process, yielding a better thermal stability than the GO. The TGA of
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rGO shows the removal of water content at 100 °C.  This is well agreed with the
previous report on reduced graphene sheets [12]. All these results suggest that

graphene oxide is reduced into graphene sheets by using D-galactose as a reducing

agent.
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Figure 3.37 Thermogravimetric analysis of graphite, GO and rGO.

3.5.6 Photoluminescence of reduced graphene oxide nanosheets

The study on the optical properties of graphene sheets is an important aspect
for its application in photonics [75]. The oxidation of graphite causes the formation of
graphitic islands in GO which produces a disruption of the m-network and thus opens
up a band gap in the electronic structure [76]. Figure 3.38 shows the
photoluminescence spectra of GO and rGO nanosheets recorded using an excitation
wavelength of 325 nm. The PL spectrum of GO shows a sharp emission peak in the
near ultraviolet UV region at 365 nm corresponding to the band emission of GO. The

unusual strong intensity at 650 nm is not due to the GO sample but due to the overlap
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of the second order emissions associated to the excitation wavelength. The UV
emission in GO is due to the oxidation of graphite which produce various sizes of
crystalline graphitic sp’ clusters surrounded by amorphous sp’ matrix in GO which act
as a high tunnel barrier resulting in the creation of band gap in GO. PL response of

graphene oxide in the low energy region has been reported earlier recently [77].

Intenisty (a.u.)

y'ﬁz':’"* —~— —
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W avelength (nm)

Figure 3.38 Photoluminescence spectra of GO and rGO.

The PL spectrum of rGO nanosheets also exhibit a sharp emission at 650 nm
due to the overlap of the second order emissions as similar in GO. This second order
emission was verified by using a range of excitation wavelength (325, 400 and 500
nm). The near band emission is quenched and blue shifted (359 nm) after the
reduction process. The intensity of the PL emission of rGO is reduced Y2 times
compared to GO after ihe reduction process shows the quenching in PL emission.
This is in agreement with the recent report by Li et al [78]. Although, the mechanism
of light emission from rGO still unclear and remains unexplored, the quenching of PL
quantum yields is possibly due to the following reason. The quenching of PL in rGO
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is due to the removal of functional groups which is due to the restoration of more
number of sp2 clusters in the graphene sheet after reduction. The newly formed sp2
clusters in rGO can provide percolation pathways between sp2 clusters already present.
Thus, the reduction of GO results in formation of zero gap regions in the rGO sheets
with some of the functional groups remains still unreduced even after the reduction
process. This ensures that the ratio of the zero gap sp” clusters is comparatively high
enough to the sp3 clusters in the rGO sheets resulting in quenching of
photoluminescence due to weak carrier confinement. This is supported with our XPS
spectra [Figure 3.35] and Raman spectra [Figure 3.36] of the rGO sheets. Hence with
our results, we can believe that the photoluminescence in GO and rGO depends on the
size or length scale of the graphitic regions (sp2 domains) and the oxidized regions
(sp® domains). In this regard, it is much needed to investigate more about the levels of
oxidized and unoxidized region in both GO and rGO since there is no straightforward

relationship exists.

Herein, the GO nanosheets are reduced using a combination of galactose and
ammonia. The XRD and UV results suggested the reduction of GO into graphene.
XPS analysis shows the removal of oxygenated functional groups in GO after
reduction. Raman analysis revealed the structural changes occurred in GO after
reduction Moreover, the obtained rGO sheets exhibited quenching in PL emission

spectra and blue shifted due to increased sp2 clusters after reduction.
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3.6 Plasma assisted reduction of GO into graphene nanosheets
3.6.1 Mechanism of plasma reduction of GO

The mechanism of reduction of GO into graphene nanosheets occurred in this
study is probably due to the radical assisted reduction. The radicals generated in the
Ar/H, plasma plays a key role in the removal of oxygenated functional groups in GO.
There are several reports demonstrated the radical chemistry underlying the Ar/H;

plasma and the following reactions will be occurred during the reaction.

Ar+H, ——> AtH +H . (1)
AtH' v ——— o Ar+H (2)
Ar+Hy, ————— Ar+2H . (3)
2H 3 2H' e (4)

It is a series of chain reaction happening during the plasma reaction and is not
only limited to the combination of Ar and H, since, H» alone can be able to produce
H° under plasma environment [79]. It is well known that GO nanosheets possess both
sp® domains and sp° domains in which the former represents the unoxidized region
while the later is due to oxidized region. The interaction between the produced atomic
hydrogen in the plasma environment with the oxygen containing functional groups in
GO and results in the formation of graphene nanosheets by the removal of sp’

domains. This is in agreement with the previous findings of Lee er al [80].
3.6.2 Surface morphology and spectroscopic analysis

Figure 3.39 (a) showed the high resolution transmission electron microscopic image
of the synthesized graphene nanosheet. It represents the sheets like morphology of graphene
nanosheets with one or two layers. In order to study the structural changes occurred in
graphene after the reduction reaction, we examined Raman spectra of GO before and

after the reduction reaction and is shown in Figure 3.39 (b). The Raman spectra of GO
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shows the presence of G band at 1597 cm™' due to the oxygenation of graphite. In
addition to this, a broadened D peak is also observed at 1350 cm™! also appeared due
to the reduction in size of in plane sp® domains in graphite induced by the creation of
defects, vacancies and distortions of the sp’ domains after complete oxidation [12].
After reduction the reduction reaction, the G peak is shifted towards lower wave
number (1590.7 cm™') compared to that of GO. This shift was attributed to the
recovery of hexagonal network of carbon atoms with defects. The D peak intensity is
increased in graphene compared to that of GO suggesting that the reduction process
modified the structure of GO. The intensity ratio of the D band (Iip)) and G band (Ig))
of GO and graphene is about 0.97 and 0.845 nm respectively. This is in agreement

with the previous reports on the chemically synthesized graphene [69].

c Craphe

Iintensity (sa.uw.)

I T 4 1 M l N
1008 1280 1408 1640 1808 000

Waveaumber cem ™)

Figure 3.39 (a) HR-TEM image of graphene nanosheets. (b) Comparison of Raman

spectra of GO and graphene (plasma reduction)
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Figure 3.40 (a) XPS survey spectrum and (b) Cls of GO and (c) graphene (plasma

reduction).

We also employed X-ray photoelectron spectra of GO nanosheets before and after
the hydrogen plasma treatment in order to study the reduction of GO into graphene
nanosheets and the about the oxygenated functional groups in GO. The XPS spectra of GO
and graphene nanosheets is presented in Figure 3.40 (a). The XPS of GO exhibit the
presence of peaks corresponding to both sp> domains (284.5 eV) and sp’ domains (286-
289 eV). The sp’ domains present in GO represents the presence of wvarious
oxygenated functional groups such as hydroxyl, epoxyl and carbonyl groups
respectively [8]. After plasma assisted reduction, the XPS of the resulting graphene
sheets shows significant changes in the levels of oxygenated functional groups which
are clearly evidenced from Figure 3.40 (b). It shows a dramatic decrease in the sp’
domains as compared to GO nanosheets (as seen from Figure 3.40(c)) signifying the
reduction reaction altered the electronic states of graphene by the re-graphitization

process. Further, the C/O ratio of the GO and graphene nanosheets calculated from
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the XPS are 6.2 and 2.6 respectively. The obtained C/O ratio of graphene synthesized
by plasma method is in close agreement with the graphene nanosheets synthesized by
chemical reduction methods [81].

In this study, graphene nanosheets are synthesized by the low
temperature, cost effective, plasma assisted reduction method. The mechanism of the
reduction of GO into graphene nanosheets is discussed in detail. The physic-
chemical characterization suggested that the reduction of GO into graphene was

achieved using hydrogen plasma treatment.
3.7 Conclusion

In this chapter, we studied the physico-chemical characterization of the
graphene based materials with synthetic different routes viz.

» Section 3.1 shows the physico-chemical characterization GO nanosheets are
synthesized using Hummers method.

» Section 3.2 demonstrated the tunable properties of GO by varying the
oxidation level. A detailed spectroscopic study using Raman and XPS analysis
is provided. The various oxidation level significantly altered the
electrochemical properties of GO.

» Section 3.3 demonstrated a fast and facile method for the reduction of GO into
graphene nanosheets

» Section 3.4 showed the hydrothermal reduction of GO into graphene and their
spectroscopic and morphological characterization

» Section 3.5 demonstrated the photoluminescence quenching in graphene after
reduction by galactose.

» Section 3.6 demonstrated the hydrogen plasma assisted reduction of GO into

graphene using a dielectric barrier plasma reactor.
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Chapter 4

Graphene oxide and graphene nanosheets — Applications

This chapter provides detailed studies on the applications of GO and graphene
nanosheets in various disciplines.

(1) Graphene oxide nanosheets are evaluated or their photocatalytic activity by
the measuring the photoreduction of resazurin (RZ) in to resorufin (RF) under UV
light.

(2) The antibacterial activity of GO nanosheets is evaluated against Gram
negative and Gram positive bacteria. The surface modified textiles using GO also
showed bacterial toxicity. These studies suggested the biomedical applications of GO
towards the prevention of health care associated infection.

(3) GO nanosheets are examined for their application in corrosion inhibition of
metal. Thin films of GO nanosheets are coated on to copper foil and electrochemical
tests such as Tafel analysis and Electrochemical impedance spectra shows that GO
can be used for corrosion inhibition application.

(4) The graphene nanosheets synthesized by hydrothermal method are
examined for their antibacterial activity against pathogenic bacteria. The results
shows that the MIC values of graphene nanosheets are less in comparison with the
MIC value of commercial drug kanamycin, suggesting their application as a potential
antibacterial agent.

(5) The plasma synthesized graphene nanosheets are evaluated for their

potential application as electrodes for supercapacitor devices.

106



{

M st SY A

JEIU MATIOMAL UNIVERSITY LIBRARY



4.1 Photocatalytic application of graphene oxide

Nanosized particles have been attracted extensively as photocatalysts for the
degradation of organic pollutants in water and air under ultraviolet (UV) irradiation
[1]. The advantage of using nanosized particles for photocatalytic applications are
mainly due to their large surface to volume ratio, high UV absorption, and effective
separation of electron and hole pair [2]. The photocatalytic activity of metal oxide
nanoparticles such as TiO, Zn0, WOs, ZrO,, Se0,, and SiC are well established [3-
5]. In order to increase the photocatalytic efficiency, a lot of research has been carried
out by modifying the surface properties of the photocatalytic material [6,7]. Most of
the photocatalytic materials are wide band gap semiconductors which motivates the
researchers to seek new photocatalyst materials due to their huge impact on the
environmental issues. The properties of GO such as readily dispersible in water at
molecular level, biocompatibility, and tunable band gap motivated us to explore its
potential as photocatalytic material. In this chapter, we studied the photocatalytic
properties of GO nanosheets by evaluating the reduction in resazurin (RZ) into

resorufin (RF) under UV irradiation.

In this study, GO is synthesized by the Hummers method as discussed in
section. The oxidation of graphite during the preparation of graphene oxide results in
the formation of graphitic islands in the graphene oxide [8]. This graphitic islands in
GO is expected to produce quantum confinement effects in graphene oxide [9]. This
results in the origin of band gap in electronic structure of graphene oxide. Hence, we
studied the photoluminescence (PL) spectrum of GO using an excitation wavelength

of 325 nm and is shown in Figure 3.8. The PL spectrum shows a sharp emission peak
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in the near UV region at 365 nm due to the near band emission of GO [10]. The
unusual strong emission peak in the visible range at 650 nm is not associated with GO
but due to the overlap of second order emissions associated to the excitation
wavelength [10].

The photocatalytic activity of GO was evaluated by measuring the
photoreduction of RZ. RZ is a redox indicator used in various biological assays [11].
It is a phenoxazin-3-one dye, blue in color, having intense absorption at 600 nm and a
weak absorption at 380 nm. These bands are assigned to the n-n* transition of the
phenoxazin-3-one and n-nt* transition of the N-oxide. It can be reduced into RF which
has maximum absorption at 572 nm [12]. The molecular structure of Resazurin (RZ)

and Resorufin (RF) is given in Figure 4.1

O
! '
g ° OH o 0 oH
Resazurin (RZ) Resorufin (RF)

Figure 4.1 Structure of resazurin and resorufin dye molecules.

Figure 4.2 shows UV-vis spectroscopic changes occurred during the
photoreduction in RZ into RF in the presence of GO (1 mg) under UV irradiation at
regular time intervals. It clearly shows that upon regular time intervals of UV
irradiation to the GO-RZ solution, the intensity of the RZ (absorption peak at 600 nm)
decreased steadily. Simultaneously, another peak at 572 nm starts arising after UV
exposure which corresponds to the formation of RF by the reduction of RZ. Figure 4.3

shows the corresponding change in intensity of RZ at 600 nm and RF at 572 nm,
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Figure 4.2 Time dependent photoreduction of RZ into RF catalyzed by GO (1mg).

This reaction was monitored by UV-vis spectroscopy.
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Figure 4.3 Change in intensity of RZ (600 nm) and RF (572 nm) with respect to time
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respectively. In the control experiments, there is no reduction in RZ that takes place in
the conditions, viz., (a) RZ with GO in the presence of visible light and (b) RZ
without GO in the presence of UV irradiation. These observations confirmed that the

reduction of RZ into RF occurs only in the presence of GO under UV irradiation.

GO (0.5 mg)
GO (0.75mg)
GO (1 mg)

[ ]

In (C/CO )

o 10 20 30 40

Irradiation Time (min)

Figure 4.4 Plot of In(C/Cy) vs irradiation time for various concentration of GO with
same concentration of RZ. Inset: Photographic image of GO-RZ mixture before and
after UV exposure shows the color change from blue into pink during the reduction of

RZ into RF.

The reduction in the RZ molecule catalyzed by GO nanosheets fits pseudo first
order reaction well, i.e., In(C/Co)=—kt, where C is the final concentration of RZ, Cy is
the initial concentration of RZ, t is the irradiation time, and k is the apparent rate

constant. Figure 4.4 shows the plot of In(C/Cy) against the irradiated time (t) for the
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various concentration of GO. In our experiment, the value of k for GO with
concentration 0.5, 0.75, and 1 mg are found to be 0.0090, 0.0117, and 0.0143 min~".
After 40 min of irradiation, the photocatalytic reduction percentage of RZ was
measured as 34.93%, 39.09%, and 44.10% for 0.5 mg, 0.75 mg, and 1 mg
concentration of GO, respectively. From these results it is clear that increasing the
concentration of GO leads to increased percentage reduction in RZ into RF.

The mechanism of the photoreduction of RZ in presence of GO under UV

irradiation can be described as follows:

Since the band gap of GO was found as 3.26 eV and when it is excited with an
energy gap higher than the band gap energy, the electron and hole pairs will be the
generated at the surface of GO. The defect sites in GO can act as trapping center for
the excited carriers and thereby hinder the recombination process. RZ molecule,
which acts as an electron acceptor, readily accepts the photoexcited electrons resulting
in the cleavage of the N-O bond in the RZ molecule and thereby changes the color
from blue (RZ) to pink (RF) as shown in the inset of Figure 4.4 This is well supported
with our results of UV-vis spectra as shown in Figure 4.2 which shows decrease in
intensity in the 380 nm which is the characteristic n-n* transition of the N-oxide of
the RZ molecule.

Overall, the photoexcited electrons from the surface state of GO under UV
light was responsible for the reduction of RZ. Our experimental results demonstrated

that GO nanostructures have promising applications in photocatalysis.
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4.2 Antibacterial activity of graphene oxide and their application

in functional textiles

Human beings are often infected by microbes such as bacteria, viruses, and
yeasts in the living environment. In recent years, the control of microbial population
becomes a universal concern due to the ubiquity of microorganisms and their ability
to establish themselves. Several bacteria exhibit multi-drug resistance against
chemical antibiotic drugs for many years and they continuously emphasize on human
health care [13]. The development of new antibacterial agents are of relevance to a
number of industrial sectors including those focused on the environment, food,
synthetic textiles, packaging, healthcare, medical care, as well as construction, and
home and workplace furnishing [14]. In this regard, nanomaterials are highly
recognized as antibacterial agents owing to their ability to inhibit the bacterial growth
due to their size, structure, and surface properties [15]. Nanotechnology offers a way
to develop potential antibacterial agents to overcome the multi-drug resistance of
bacteria [16]. The application of nanotechnology to health care can be termed as
“nanomedicine” which requires a combination of various disciplines including
physics, chemistry, biology and medicine [17].

In this study, the antibacterial activity of GO nanosheets against both Gram
negative (E. coli) and Gram positive (S. iniae) bacteria were evaluated and the
mechanism of toxicity is also studied. The stability of nanomaterial in dispersion state
is important prior to the biological applications [18]. Hence, we evaluated the zeta
potential analysis in order to study the stability of GO in dispersion state. Figure 4.5
shows the zeta potential of GO nanosheets representing a negative zeta potential value
as —46.7 mV which is mainly due to the presence of electronegative functional groups.
This reveals that electrostatic repulsion between negatively charged GO nanosheets
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could generate a stable aqueous suspension of them. ASTM defines colloids with zeta
potentials higher than 40 mV whether it should be negative or positive to have “good

stability” [19]. Hence, our dispersion of GO nanosheets shows good stability.

Total Counts

200000+ - e e ................... ...................

. el . - [ ‘
-200 -100 1] 10C 200
Zeta Potential tmV}

Figure 4.5 Zeta potential measurement of aqueous dispersion of GO

nanosheets.

Figure 4.6 Antibacterial activity of GO nanosheets towards (a) E. coli and (b) S. iniae

measured by disc diffusion method.

We examined the antibacterial activity of GO nanosheets using disc diffusion and
colony counting methods. In the disc diffusion method, various concentrations of GO
nanosheets are loaded into the discs and the corresponding zone of inhibition is

measured. The GO nanosheets inhibited both the species with the zone of inhibition of
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5 + 0.2 mm and 8.5 + 0.2 mm at maximum concentration of 1000 pg/mL against E.

coli and S. iniae respectively as shown in Figure 4.6.
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Figure. 4.7 Antibacterial activity of GO nanosheets towards (a) E. coli and (b) S. iniae

by colony counting method.
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Figure 4.7 shows the antibacterial activity of the GO nanosheets against E.coli
and S. iniae investigated by colony counting method. The results of colony counting
method showed that GO inhibited the growth of both bacterial species in a
concentration dependent manner. The ECsp value was measured as 38 pg/mL and 29
ug /mL against E.coli and S. iniae, respectively. There are two types of antibacterials
viz. bacteriostatic, which prevents the growth of bacteria without killing, and
bacteriocidal which kills the bacteria. Colony counting method confirmed the
bacteriocidal property of GO, where it completely inhibited the growth of E.coli and S.

iniae at the concentrations of 100 pg/mL and 125 pg/mL, respectively.
4.3.2 Lipid peroxidation measurement

There are several mechanisms proposed for the antibacterial activity of
nanomaterials such as direct contact mechanism and oxidative stress. Hu et al reported
the antibacterial activity of the graphene and graphene oxide towards the E.coli. and
loss of cellular integrity due to physical disruption or oxidative stress [20]. Akhavan
et al demonstrated the antibacterial activity of graphene and graphene oxide
nanowalls deposited on stainless steel substrates [21]. Previous study on the
antibacterial activity of graphite oxide exhibited no toxicity towards bacterial species
when evaluated using disc diffusion method and remarkable toxicity was observed
while examined using colony counting method [22]. However, the mechanism
governing the antibacterial activity of GO is not yet explored. Reactive oxygen
species (ROS) are probably familiar in biology due to their ability to cause oxidative
stress [23]. In order to study the role of ROS in the antibacterial activity of GO
nanosheets, lipid peroxidation measurements were performed. In comparison with the
control group, lipid peroxidation was increased by 129% and 116% after exposure to

20 pg/mL and 10 pg/mL of GO nanosheets, respectively. Our earlier study
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demonstrated that lipid peroxidation is enhanced by free ZnO nanoparticles [11]. This
evidence partly proves the involvement of free radicals in the reaction process. GO
nanosheets enhanced ultrasound-induced lipid peroxidation and thus evidences the
role of reactive oxygen species on the antibacterial property of GO. The produced
ROS will attack the carbonyl groups present in the peptide linkages of the bacterial
cell wall and thus leading to the destruction of the bacteria [24]. This is in agreement
with the recent experimental finding on the ROS mediated toxicity of graphene and

GO nanosheets on cellular systems [25].

4.3.3 Surface modification of textiles using GO nanosheets:

Figure 4.8 Digital images of bare textile and GO modified textile.

The GO nanosheets are coated into the textiles using dip coating process. GO
is an attractive material with exceptional properties such as its high stability in
aqueous solution, highly electronegative, molecular level dispersion in water etc.,
allows it to adhere on the surface of the textiles very rapidly. The amount of GO
coated onto the textiles calculated as 0.025 g using the weight method. The GO
retains on the textile surfaces even after 20 washing cycles. The photographic image

of GO coated textiles is shown in Figure 4.8. The white color of the textiles changed
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into blackish brown colour after GO coating confirms that GO is uniformly coated on

the textiles.
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Figure 4.9 FT-IR spectra of pure textiles and GO modified textile.

The mechanism of the adhesion of GO on the surface of textile is described as
follows: GO have various functional groups such as carboxyl, carbonyl, hydroxyl, and
epoxyl groups make them hydrophilic nature. The hydrophilicity of GO allows them
to be readily soluble in water at molecular levels with high surface capacity for
adsorption which results in adhere strongly into the surface of textiles during the
reaction time. This strong adhesion of GO into the surface of the textiles is confirmed
from FTIR spectroscopy of control and GO-treated textiles as shown in Figure 4.9.
The FTIR spectra of untreated textile exhibits the vibrational modes of C=0O
stretching, C-O stretching and O-H deformation mode in the region of 1200 cm’ to
1700 cm™ [26]. The presence of the trace amount of HO-C=0 shows peak in the 2800
cm’ region. The FTIR spectra of GO coated textile shows significant changes

compared to the free textile. The FTIR of GO coated textile shows the presence of C-
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C stretching mode at 1600 cm’! proves that the textile surface is modified by GO
nanosheets. The usual carboxyl peak at 1651 cm’! in the textile is shifted towards the
higher wavenumber at 1671cm’’ after GO is coated. And also the appearance of new
peak at 2300 cm’! is due to the O-H stretching modes of vibration which formed as a
result of binding of O-H group present in the GO with the textiles. These changes

occurred ensure that GO is attached onto the surfaces of textiles successfully.
4.3.4 Antibacterial properties of GO modified textiles:

Antimicrobial textiles are of potential interest in order to control the growth
and transfer of bacteria since textiles can provide suitable substrates for the growth of
micro-organisms [27]. The major problem in health care especially in hospitals is the
transmission of bacteria and pathogens from the patients to the workers and vice versa
through the textiles used by them. The increasing concern towards health care has
been a motivating factor for the production of antimicrobial textiles towards its direct
applications in the environment safety and human health care applications [28].
Several nanoparticles such as Ag, Au, ZnO, TiO;, CuO etc., exhibited antibacterial
activity and they are effectively reinforced into textiles for the development of
antimicrobial textiles [29]. The nanoparticles can be effectively reinforced to the
textiles by several surface modification process such as dip coating, sonochemical
method, sol-gel method, chemical reduction method, pad-dry-cure method, etc {30].

The antibacterial activity of GO modified textile was examined against Gram-
negative bacteria (Escherchia coli DH5 ¢) and Gram-negative bacteria (Streptococcus
iniae) are shown in Figure 4.10. The quantitative bacterial reduction test was
performed using modified Hohenstein method for the antibacterial efficacy of the GO
modified textile [28]. The experimental results revealed the time dependent reduction

of bacterial growth when exposed to GO coated textile.

118



) wxusa 5o

JEIU MATIOMAL UNIVERSITY LIBRARY



100 - B F coli W § iniae

Loss of bacterial actlvity (%e)

6 12 24
Incubation period (/h)

Figure. 4.10 Antibacterial activity of GO-coated textile towards E. coli and S. iniae.

The percentage reduction of Gram-negative bacteria and Gram-positive
bacteria after 6, 12, 24 h exposure with GO coated cotton fabrics are 46, 62, 74 % and
68, 86, 100 % respectively. It shows that GO modified textiles are more effective
towards the Gram-positive bacteria than the Gram-negative bacteria. This is in
agreement with the antibacterial activity of GO nanosheets studied above. The
observed differential toxicity is due to many factors such as the primary difference
between the Gram-negative and Gram-positive bacteria with respect to the nature of
their cell wall [31]. In addition to this, the Gram-negative bacteria possess an
additional outer membrane comprising of lipopolysaccharide which protects the
peptidoglycon layer from chemical attacks [32]. It is significant to mention that
nanoparticle mediated toxicity towards bacterial species not only relies on the
bacterial structure but also depends on several factors including the enzymatic activity
[4].

These studies suggested the biomedical applications of GO nanosheets for the

prevention of health care associated infections.
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4.3 Corrosion inhibition applications of GO thin films

In this study, the GO films were coated on to the copper foils in order to
evaluate the corrosion inhibition behavior of GO nanosheets. The protection of
refined metals from the reactive environments is of significant relevance in many
industrial applications [33]. There are several approaches available for the protection
of metals from the corrosive media by introducing a stable protection layer of inert
metals, polymers between the metal and the corrosive media [34,35]. The increasing
demand for corrosion inhibition coating motivates the researcher to develop new
materials with corrosion resistant properties due to their potential impact on the
industrial sectors. The exceptional properties of graphene based materials make them

a suitable candidate for corrosion inhibition coating.

Figure. 4.11 Field emission scanning electron microscope (FE-SEM) of GO thin film

deposited on copper substrates (a) low magnification and (b) high magnification.

The surface morphology of the GO thin film deposited on the copper substrate

is analyzed using field emission scanning electron microscope (FE-SEM). GO
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nanosheets are highly hydrophilic and can be easily dispersed in water or other
solvent at molecular level [36]. Herein, the GO films are formed by drop casting of
GO dispersion in water and the hydrophilic nature of GO nanosheets results in a
uniform thin film on the copper substrate by self assembly after drying process [37].
Figure 4.11. shows both low and high magnification FE-SEM image of GO thin films
on copper substrates which clearly revealed that a uniform thin film of GO was
achieved using drop casting method.

In general, the corrosion of copper can be accompanied by two processes viz.
(i) anodic oxidation and (ii) cathodic reduction which can be explained as follows

[38]:

(i) Anodic oxidation:

Cu o  Cu'+efast) oo 3)
Cu' o CuP 42 (SIoW)eeeniiiiiieeeiiii e 4)
(ii) Cathodic reduction:

O, +HO+4e >  40H ..o (5)

The above reactions will occur simultaneously. Thus limiting one of the
reaction will results in the prevention of corrosion. The potentiodynamic polarization
curve and the EIS studies were employed to analyze the corrosion inhibition
properties of GO coating. The potentiodynamic polarization curves are obtained for
the bare copper substrate and GO coated copper substrate in 3.5% NaCl solution are
shown in Figure 4.12 The corrosion potential (Ecor) and the corrosion current density
(Leorr) for bare copper substrate and GO coated copper substrate were calculated from

the polarization curves by fitting the Tafel equation. The corrosion potential of the
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bare copper substrate is about -269.89 mV. The Ecor of the GO coated copper
substrates with comparison of the bare copper substrate, shows a shift towards the
positive side (Ecor= -131.73 mV). GO coating significantly improved the corrosion

resistance of the copper substrates by decreasing the Lo
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Figure 4.12 Polarization studies of bare copper and GO coated copper substrates.

In order to elucidate the mechanism of corrosion inhibition of GO thin films,
we examined the electrochemical impedance spectroscopy of the bare copper
substrates and GO coated copper substrates and are shown in Figure 4.13. The double

layer capacitance Cq value is obtained from the Nyquist plot using the equation given

below [39]:

W (Zimwmax)=(1/Ca) Retevvvvviii (6)
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where R is the charge-transfer resistance. The R and Cgq values obtained
from the impedance spectroscopic data for the bare copper substrate are 2.633 Q and
88.41 mF/cm?. The increase in Ry value (14.3171Q) and decrease in Cq value (3.37
mF/cm?) for the GO coated copper substrates confirms the better corrosion resistance
of the GO coated copper substrates compared to bare substrate. The protective
efficiency P; (%) of the GO coating is obtained from the EIS studies using the given
equation [40]:

P;(%) = [1-(R.; of copper substrate / R.; of GO coated substrate)] X 100 .....(7)
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Figure 4.13 EIS studies of bare copper and GO coated copper substrates.

The calculated protective efficiency of the GO coated copper substrates shows
81 % compared to the bare copper foil indicates that GO coating act as a passivation
layer to prevent the copper from the corrosive media. The mechanism of corrosion

inhibition property of GO can be explained with the physico-chemical structure of GO,
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since it contains different types of oxygen related functional groups such as carbonyl,
carboxyl, hydroxyl and epoxyl on either side of the basal planes and also at the edges
of the graphene sheets [41]. The oxygen related functional groups as evident from the
FTIR and XPS data of GO makes them highly electronegative (zeta potential of GO is
about -52 mV) surface which result in oxidation resistant surfaces. In our study, we
tested the corrosion resistant property of GO on copper substrates in NaCl solution.
The CI anions present in NaCl solution is one of the most aggressive anions for the
degradation or disrupt the majority of metals or alloy by the formation of salts [42].
The electrochemical polarization studies as shown in Figure 4.13 suggested that the
GO coated copper substrates shows a increase in charge transfer resistance of the than
the bare copper which is attributed the presence of electronegative functional groups
in GO. This is due to the fact that the negatively charged functional groups in GO can
effectively repel the Cl ions in the corrosive media through electrostatic repulsion,
thereby limiting the access of electrolyte ions into the electrode surface. These results
suggested that GO coating act as a protection layer for Cu by providing a diffusion

pathway for the electrolyte ions in the corrosive media.

Since GO is an exceptional material when compared to other carbon based
materials due its chemical structure which can be easily functionalized with other
materials through covalent or non-covalent bonding, we believe that these findings
might create new horizon in the development of GO based coating for improved

corrosion resistance properties.
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4.4 Antibacterial Efficiency of Graphene Nanosheets Against

Pathogenic Bacteria

In this study, the anti-bacterial activity of graphene nanosheets synthesized by
hydrothermal method (as discussed in chapter 2) was tested using a micro dilution
method and the MIC values were measured against two Gram-negative strains (E. coli
and S. typhimurium) and Gram-positive strains (E. faecalis and B. subtilis).

Anti-microbial properties of carbon based materials such as CNT, fullerenes,
graphite oxide, and in nanocomposite forms have been looked at in previous
literatures [43-45]. The general mechanism of antibacterial activity of carbon
materials relies on the size, structure, composition and properties of the individual
materials. In addition, nanoscale size distribution, high surface to volume ratio and
other physico-chemical properties were also demonstrated to be viable factors for
governing anti-microbial effects [16].

Herein, a comparative analysis was performed to evaluate the anti-bacterial
property of graphene nanosheets with a standard drug, Kanamycin (aminoglycoside
antibiotic). The MIC values of graphene nanosheets for both Gram-negative and
Gram-positive bacteria are presented in Table 1. The MIC value of graphene against E.
coli, S. typhimuirum, B. subtilis and E. faecalis were measured as 1, 1, 8 and 4 pg/mL,
respectively. The MIC values of graphene nanosheets towards the tested bacterial
species shows that it is more efficient compared with the MIC values of the standard
antibiotic drug, Kanamycin. Until now, there has been no such study measuring the
MIC values of graphene nanosheets towards Gram-negative and Gram-positive
bacteria. Our results showed that graphene nanosheets are more toxic to Gram-

negative bacteria than Gram- positive bacteria. This is in agreement with
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Table 1. Minimum inhibitory concentration (MIC) of graphene nanosheets and
standard drug kanamycin against Gram-negative and Gram-positive bacterial strains.

(Results are mean + standard deviation (n=3).

Bacterial strains Graphene Kanamyci
MIC n
(ng/mL) MIC
(ug/mL)

Gram-negative

strains

Escherichia coli 1 64

Salmonella 1 64

typhimurium

Gram-positive

strains

Enterococcus faecalis 8 128

Bacillus subtilis 4 128

previous findings of Hu et al. and Akhavan et al [20,21]. Hu et al. reported that the
antibacterial activity of graphene nanosheets results in the loss of cellular integrity
with the disruption of cell walls of E. coli, which is either due to physical disruption
or oxidative stress mechanism [20]. In the present study, the differential toxicity of
graphene towards Gram-negative bacteria compared to Gram-positive bacteria is due
to differences in the natures of their cell walls. Gram-negative bacteria possess a thin
peptidoglycon layer (7-8 nm thickness) whereas Gram-positive bacteria possess a
thick peptidoglycon layer (about 20 -80 nm thickness) [21].

In general, the nanomaterials toxicity against biological systems arises due to
physical disruption or oxidative stress [46]. The former is due to direct contact
between the nanomaterial and cellular systems while the later is due to the generation

of elevated ROS levels [47]. Understanding the nano-biointerface is a key aspect to

126



) wxusa 5o

JEIU MATIOMAL UNIVERSITY LIBRARY



elucidate the mechanism of cell death. Therefore, in the current study we observed the
electron microscopic (FE-SEM) images of E. coli (as representative strain), before
and after graphene exposure (see Figure.4.14). As seen in Figure 4.14 (c), the cell

morphology of focused single

Figure 4. 14 FE-SEM image of E. coli treated with graphene nanosheets (a: scale bar = 1
um); focused single E. coli cell before (b: scale bar = 500 nm) and after antibacterial study (c:
scale bar = 500 nm). Marked arrows shows in (a) denotes the location of graphene nanosheets

(black arrow) and E. coli cells (yellow arrow) between the graphene nanosheets.

E. coli cell clearly shows that the graphene sheets interaction with the bacterial
surface causes the disruption of outer membrane, which leads to the cell death. This is
in agreement with the previous study of Akhavan et al. in that they demonstrated the
inactivation of bacteria by trapping the bacteria between the aggregated reduced
graphene sheets by melatonin [48]. It should be also noted that nanomaterials toxicity
towards biological species not only relies on the nature of the cell wall, but is also
dependent on cellular enzymes and biochemical events. There are reports showing
that carbon based materials such as CNT, fullerene cause oxidative stress in biological

systems [49,50]. The free-radical modulation activity of graphene nanosheets was
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determined by ultrasonic irradiation induced lipid peroxidation in liposomes from egg
lecithin [11]. Ultrasonic radiation caused lipid peroxidation in the liposomal
membrane which results in the detection of three reaction products: conjugated dienes,
lipid hydroperoxides, and malondialdehydes in the liposomal membrane [51]. These
reaction products are produced at different stages of a lipid peroxidation chain
reaction mediated by free radicals. Our earlier study demonstrates that lipid
peroxidation is enhanced by ZnO nanoparticles [11]. This evidence partly proves the
involvement of free radicals in the reaction process [52].

Graphene nanosheets enhanced the ultrasound-induced lipid peroxidation. In
comparison with the control group, lipid peroxidation was increased by 117 and
109 % after exposure to 10 and 5 pg/mL of graphene (p < 0.05), respectively. This
illustrates the influence of ROS in the toxicity of graphene nanosheets. Evidence for
over production of reactive oxygen species (ROS) and its influence on the
physiological effects in plants, bacteria and mammalian cells by graphene was
discussed in previous literatures [53,54]. The mechanism of cellular toxicity such as
elevated ROS levels, that overwhelm the intra-cellular ROS levels causes cells to
enter a state of oxidative stress which further results in damage to cellular components
such as DNA, lipids and proteins [55,56]. The oxidation of fatty acids leads to the
generation of lipid peroxides that stimulate a chain reaction resulting in the
disintegration of a cell membrane followed by cell death [11].

Overall, our results on the antibacterial activity of graphene nanosheets show
that graphene can act as a suitable antibacterial agent. Currently, we are Jocusing on
the utilization of this material towards biomedical applications such as coating of

medical instruments for future work.
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4.5 Graphene nanosheets for supercapacitor applications

Supercapacitors, also known as electrochemical capacitors (ECs), have
received considerable attention in recent years due to their higher power density,
longer cycle life and higher energy density compared to secondary batteries and their
conventional electrical double layer capacitors [57]. The mechanism of energy storage
in supercapacitors is either due to electrical double layer capacitance or
pseudocapacitance phenomenon [58]. The former is due to the reversible electrolyte
jons adsorbed at the interface between the electrode and electrolyte, while the later
arises due to the sequential redox reactions occurred at the electrode surface [59].
Until now extensive efforts has been taken in the development of supercapacitive
materials such as carbon nanomaterials, metal oxide nanostructures and conducting
polymers, etc [60]. Compared with the EDLCs, the pseudocapacitive materials
provided higher energy densities, but their practical applications are limited due to
their non-compatibility with organic electrolytes, high cost and low conductivity [61].
This led the researchers to develop new materials for supercapacitor applications with
high EDLC. So far, carbon based materials have the advantage of being a promising
electrode for supercapacitor applications. Many carbon materials such as activated
carbon, carbon aerogels, CNTs, graphene and graphene oxide are used as high
performance supercapacitor electrodes [62].

Further, the graphene nanosheets synthesized by plasma assisted reduction
reaction was examined for their applications in supercapacitor devices. At first, we
studied the CV curves of the graphene nanosheets with different scan rates as shown
in Figure 4.15 (a). The CV curves are measured in 1M solution of KCl electrolyte at
different scan rates. It is well known that CV curves of an ideal supercapacitor should

be rectangular behavior depicting a lower contact resistance, whereas larger resistance
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distorts the CV curve into narrowed curve [63]. The CV curves of the graphene
nanosheets synthesized by plasma method shows a typical rectangular behavior with
the applied scan rates ranging from 0.005 to 0.1 V/s, depicting an excellent
supercapacitive behavior with low contact resistance in the supercapacitor. The CV
curves with different scan rate clearly evidences that the current under curve increases
with increase in scan rate, this is due to the fact that the voltammetric current is
always directly proportional to the scan rate [64]. The similar type of phenomenon is
well observed in the CV curves and is also in agreement with the previous reports on
the CV of graphene electrodes [65]. The EIS data of the graphene electrodes are
analyzed using Nyquist plots and is represented in Figure 4.15(b). The graphene
electrodes shows a small arc at the higher frequency region and straight lines at low
frequency region in which the former is related to the charge transfer limiting process
while the later corresponds to the diffusive resistance of the electrolyte ions into the
interior of the electrode and ion diffusion/transport into the electrode surface [66].
The equivalent series resistance calculated from the EIS spectra is 3.6 ohm and this
lower value is attributed to the conductivity of graphene nanosheets and also the low
contact resistance between the graphene nanosheets and the current collector [67].

The galvanostatic charge-discharge analysis of the graphene electrodes were
studied using different current densities (0.5, 0.75, 1 mA cm’?) as shown in Figure
4.15 (c) and (d). The charge-discharge curve shows almost a linear and symmetrical
behavior in the total range of potential, which revealed the better capacitive behavior
of the as-prepared graphene electrode. At high current densities, the charge-discharge
cycle is very fast, while at a lower current density (0.5 mA cm’?) a better charge-

discharge cycle was achieved. This is mainly due to the fact that at lower current
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Figure. 4.15 (a) Cyclic voltammetry of graphene nanosheet electrodes in 1m KCl

electrolyte. b) Electrochemical impedance spectra of graphene electrodes c) Charge

discharge curve of graphene electrodes in 1M KCl with current density 0.5 mA cm”

d) Charge discharge curve of graphene electrodes under different current densities.

density, a complete diffusion of the electrolyte ions has been occurred at the active

electrode material. At a higher current density, the electrolyte ions possess time

constraints which limits their diffusion at the active electrode, thereby results in lower
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specific capacitance [68]. The specific capacitance is calculated from the

galvanostatic charge-discharge analysis by using the relation:

Cop = [(IA)MAV] F/g e (8)

where, I is the discharge current (mA), At is the discharge time (t), m is the mass of
the electro-active material (mg), AV is the potential window. The maximum specific
capacitance calculated is about 141 F/g under a current density 0.5 mA cm” and the
capacitance retention is about 91.5 % after 1000 cycles. The achieved specific
capacitance is in agreement with the previous reports on the specific capacitance of
graphene nanosheets by other methods [69,71].

These studies suggest the use of graphene nanosheets towards supercapacitor

applications.

4.6 Conclusion

In conclusion, the given applications of GO and graphene nanosheets are
studied in this chapter as given below.

» Photocatalytic application of GO nanosheets

> Antibacterial applications of GO nanosheets and their use in
functional textiles

» Corrosion inhibition application of GO thin films

> Antibacterial efficacy of graphene nanosheets (hydrothermal method)
against pathogenic bacteria

» Supercapacitor application of graphene nanosheets (plasma reduced

method).
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Chapter 5
Development of graphene oxide nanopaint for

multifunctional applications.

5.1 Introduction

Paints are a class of “fluid materials” used for the decoration or protection of
any surfaces where they are coated [1]. They have wide-spread applications in the
day-to-day life of human society ranging from household care, biomedical field, to a
variety of industrial sectors including construction, aerospace and maritime
industries [2]. In broad aspects, paints are used to protect metals in these sectors
since corrosion of metals is one of the worldwide concerns cost around 1.8 trillion
US dollars (nearly 3 to 4% of the gross domestic product) of industrialized countries.
The significant issue in the anti-corrosive coatings is to find a suitable alternative for
the chromates (corrosion inhibitor additive) used in the coatings due to its toxic
nature [3]. On the other hand, coatings with antibacterial property are also essential
for controlling the growth and transfer of bacterial population thereby reducing the
health care associated infections (HAI) [4]. Furthermore, paints with anti-corrosive
and antibacterial properties can be used as “bottom paints” for the protection of metal
hulls in the ship, since marine fouling is one of the global dilemma in the maritime
industries [5]. Strikingly, the choice for the non-biocidal approach for the marine
coating is needed for the environmental concern due to the adverse effects of biocide
containing compounds [6]. The coating experts believe that the synergy of

nanotechnology and nanomaterials combined with suitable polymer chemistry will
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pave the way for the development of next generation coatings for diverse
applications.

Nanocoatings can also be termed as “functional coatings” owing to their
superior properties such as enhanced corrosion inhibition, self-cleaning, antifouling
properties, etc., than the conventional coatings [7,8]. There are only limited reports
available in the literatures regarding the applications of nanomaterials in the painting
industry. Several metal oxide nanoparticles such as ZnO, Co0304, TiO», have been
used in paints as pigments due to their UV absorption property [9]. Silver and silver
vanadate nanoparticles are used as antibacterial additives in paints [4,10]. Nanosized
aluminum phosphates embedded in polyurethane for improving the corrosion
resistance of polyurethane paints [7]. However, the increasing demand in the design
and development of functional coatings triggers the researchers to formulate novel
paints with nontoxic additives due to their huge impact on the health care, industrial
and environmental sectors.

Recently, GO nanosheets become one of the hot materials owing to their
unique properties such as gram scale production at very low cost, biocompatibility,
fluorescence, tunable properties by controlling oxidation level, which makes them a
potential candidate for wide disciplines ranging from electronics, optics, energy
storage devices, to bio-sensors, as well as antibacterial applications [11-14]. Being a
non-stoichiometric macromolecule, GO is extensively investigated by researchers
from various disciplines and found that it possesses several distinct properties such
as a template for nanocrystal growth, carbocatalysis (for oxidation reactions),
functionalization with organic/inorganic materials via guest-host chemistry, cross-
linking agent for polymerization, etc., for the design of novel materials with

exceptional properties [16-17]. More recently, GO coating is used for the corrosion
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inhibition of aluminum current collector in Li-ion batteries is reported [18]. The
distinct properties of GO such as anticorrosion, antibacterial, fluorescence nature,
biocompatibility and other properties (as stated above) motivated us to explore the
potential utility of this material as a pigment in paints for the development of
functional coatings.

Further, the additives used in the formulation of paint are very important in
order to achieve high-quality surface finishing. In general, paints have different
components viz, pigment, binder, drier, wetting agent stabilizer, thickener, etc., in
which each component plays a crucial role in the properties of paint [19]. In our
study, we used suitable harmless additives in the GO paint formulation to ensure
their environmental friendly. For instance, we used alkyd resin (known for its
biocompatibility) as the binder material in the paint component. Strikingly, the
technology employed for the production of any product has a potential impact on the
commercialization strategy. Hence, we employed a high-energy ball milling
(HEBM) technique, a well-known technique used in many industries for the
preparation of powder, composites, etc. We believe that our efforts in the design and
development of GO paint with nontoxic additives via facile HEBM method will open
the door for the real-world applications of this product in the coating industry.

5.2 Results and discussion

In this study, a facile method using HEBM technique for the preparation of
paints based on GO nanosheets as a pigment embedded in the alkyd resin matrix with
appropriate additives (as given in Table 5.1) has been developed. A simple brush
coating method is used for the coating of the paint on various surfaces, and the drying

process is monitored.
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Table: 5.1 Additives and their role in GO paint.

Additives Materials Role of Weight
additives Percentage %
Pigment GO Providing 16.0
nanosheets the color of
the paint
Binder Linseed Film forming 64.0
alkyd component
resin of paint
Stabilizer Nanosized Reducing the 0.6
Zn0O color fading
effect of the
paint
Anti Aluminum For 0.5
settling stearate preventing
agent the settling
of pigment
and binder
Thickener Thickener For 0.1
A improving

Wetting
agent

Inner coat
drier

Upper
coat drier

Thinner

Soya
lecithin

Nanosized
zirconia

Cobalt
napthenate

Mineral
turpentine
oil

the viscosity
and prevents
coagulation
For wetting
the pigment
in the binder
for uniform
dispersion
Chemical
cross-linking
agent of
unsaturated
fatty acids
Active
catalyst for
the lipid
autoxidation
process
Dispersing
agent of
paint

0.6

0.6

0.6

17.0
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5.2.1 Mechanism of drying and role of additives in GO nanopaint

The mechanism of drying in the GO paint relies on the lipid autoxidation
process of alkyd resins, which is a well-known phenomenon by the free-radical
mechanism in the presence of atmospheric oxygen [20,21]. The poly unsaturated
fatty acids in the alkyd resin will undergo a chemical cross-linking via free radical
mediated chain reaction thereby resulting in a dried uniform film or coating on the
respective surface [22]. The presence of GO pigments in the paints might facilitate the
lipid auto-oxidation reaction due to the carbocatalytic property of GO for oxidation
and polymerization reactions [23-25]. Previous reports demonstrated that GO
nanosheets can be used for the enrichment of the long chain fatty acids due to its
chemical structure comprising hexagonal carbon atoms [26]. GO can be easily cross-
linked with macromolecules during oxidative polymerization and it acts as a template
for the growth of macromolecules [27,28]. During the ball milling process, GO
nanosheets cross-linked with the lipid molecules present in the alkyd resin through
electrostatic interaction and hydrogen bonding [28] which further results in the
formation of black color paint with high order of homogeneity. Similarly, GO
nanosheets catalyze the lipid autoxidation process by providing sufficient amount of
oxygen during the drying process. It is worth mentioning that a partial reduction of
GO can be occurred due to the free radicals generated during the autoxidation process
as similar to the previous reports illustrating the reduction of GO through bacterial
respiration, free radical reduction, and also during chemical functionalization [29,30].

Although, it is still remaining elusive to understand the cross-linking reaction
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occurred between GO and the lipid chain present in alkyd resin, this method opens the
way for the preparation of GO paint.

Achieving homogenous mixture of pigment in the binder is very important for
a better surface finish. For a better dispersion, the surface energy of the binder should
be minimized for the good wetting of the pigment which can be achieved by the
addition of a wetting agent. We used soya lecithin as a wetting agent [31] in the GO
paint for a better dispersion of GO in alkyd resin. Consequently, the absence of soya
lecithin results in non-uniform surface finish due to aggregation of GO nanosheets.

We used two drier in our formulation viz., cobalt napthenate (exterior drier)
and nanosized zirconia (interior drier). Cobalt napthenate is an active catalyst for the
lipid autoxidation process [32], thereby it results in the faster drying time and uniform
coating on the surfaces. Nanosized zirconia is a chemical cross-linking agent [33] of
unsaturated fatty acids and it enhances the rate of cross-linking during drying process.
The role of these driers significantly improves the drying time of GO paint as
evidenced by Table 5.2. The active role of stabilizer (nanosized ZnO) in the paint
formulation is to inhibit or prevent the separation of GO nanosheets in the alkyd resin
for a long period of time and it also reduced the color fading effect of the final
product [34]. A combination of commercially available thickener A and anti-settling
agent (aluminum stearate synthesized in our laboratory) is used for improving the

viscosity and for preventing the coagulation.

5.2.2 Properties of GO nanopaint.

The salient features of paint such as solid content, drying time, hiding power,

spreading area and gloss measurements were performed for the GO paint in
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comparison with the commercially available black color paint, and the results are

provided in Table 2.

Table: 5.2 Comparison of GO paint with commercial paint

Test Commercial paint GO paint
Gloss @ 60 degree 75 75
Solid Content % 39.21 64.24
Acid Resistance Peel off from substrate | Stable after exposure

Drying time (in hours) at room temperature

Surface dry 4 1
Dry hard 8 3
Dry to overcoat 24 6

The solid content of the paint is the ratio of total weight of the solid ingredient
in the paint to the total weight of the total ingredients in the paint. The solid content of
the GO paint is about 64.24 % whereas for commercial paint is only 39.21 %. It
signifies that the GO paint with higher solid content will be more economic than the
commercial one. The drying time such as surface dry, dry hard and dry to recoat are
monitored for the GO paint coatings at regular intervals [19]. The drying time for the
GO paint is faster than the commercial black paint as evident from Table 5.2.

For the measurement of hiding power, spreading area and gloss measurement,
the GO paint is coated on to the commercially available drawdown card [19] using a

multifunctional thin film applicator. The thickness is controlled in the range of 150
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pm using the thin-film applicator. The hiding power can be seen from Figure 5.1 (b)

based on the drawdown card image painted using GO paint. It is clear from the Figure

Background

GO paint

Figure 5.1 GO nanopaint (a) High resolution transmission electron microscope
image of GO nanosheet and inset shows the corresponding SAED pattern. (b) Digital
image of as prepared GO paint using ball milling method, (¢) GO paint coated on
drawdown card for the measurement of gloss, and hiding power. The multi thin film

applicator used for the GO paint coating and the thickness was about 150 pm.

5.1 (b) that GO paint completely hides both the background colors black (top) and
white (down) in the drawdown card. The spreading area is calculated as 72 cm?
whereas for the commercial paint it is only 59 cm’. The gloss measurement of GO
paint shows that gloss@60° is about 75 GU. According to the ASTM standard,
coating having gloss@60° with values higher than 60 GU is classified as a high gloss
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surface [35]. This confirms the good surface finishing property of GO paint coatings.
The GO paint holds better properties than the commercial black color paint which is
mainly due to the unique properties of GO and the interaction between the GO and

alkyd resin.

5.2.3 Spectroscopic investigation and surface analysis of GO paint.

For better understanding of the binding interactions occurred between the
alkyd resin and GO nanosheets in the paint formulation, we employed Fourier
transform infra red (FT-IR) spectra, laser Raman spectra, and X-ray photoelectron
spectra (XPS). Figure 5.2 represents the FT-IR spectra of bare alkyd resin and the
final GO paint. The FT-IR spectra of bare alkyd resin shows the presence of C-O
group (1070 cm'l), C-H in-plane vibrations (1121 cm"), C-O-C groups (1261 cm'l),
pyrrole ring (1459 cm™, 1579 cm™), C-C stretching (1600 cm™), carboxylic group
(1730 cm") and C-H vibration in methyl and methylene group (2800-3000 cm') [36].
All these functional groups are preserved in the FT-IR spectrum of GO paint and the
oxygenated functional groups present in GO nanosheets such as epoxyl, hydroxyl,
carbonyl, and carboxyl groups are overlaid with the spectra of alkyd resin. However,
the intensity of C-H group in the alkyd resin (2800-3000 cm’") significantly decreased
in the GO paint and C-C vibrations move towards a higher wavenumber. The change
in the carbonyl group is ascribed to the chemical cross-linking process occurred in the
GO paint. This illustrates that structural changes have been occurred in GO paint
through electrostatic interaction and hydrogen bonding between GO and alkyd resin

[37].
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Figure 5.2 Fourier transform infra-red spectra of alkyd resin and GO paint.

In contrast to the FT-IR spectra, the Raman bands of pure alkyd resin observed
at 1265 cm’', 1443 cm™, 1675 cm, 2900 cm™ and 3100 cm™ [38] were diminished in
the Raman spectra of GO paint (as shown in Figure 5.3) and only bands
corresponding to sp’ carbons (1610 cm’') and defects in carbon materials (1350 cm’)
were observed. This is in agreement with the previous report on the Raman spectra of
paint comprised of carbon black [39]. The Raman spectra of GO paint and the bare
GO nanosheets were almost revealed the similar type of spectra with significant
changes in the bands at the over tone regions. The G band position in GO nanosheets
(1598 cm™") moved towards a higher wavenumber which suggested the increase in sp3
domains in the paint due to the high content of alkyd resin. The disappearance of
Raman bands of alkyd resin in paint can be attributed to the fluorescence nature of
GO. This finds supports with the previous experimental results of Palus et al [40]. In
order to confirm this issue, we also compared the Raman spectra of alkyd resin with

the TiO, based paint (fabricated by the similar method using TiO; nanoparticles as
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pigment instead of GO nanosheets — white colored paint) and confirmed that this is

attributed due to the fluorescence property of the pigment material.
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Figure 5.3 Raman spectra of alkyd resin and GO paint.

Further, we employed XPS analysis to investigate the surface composition of
the GO paint and the XPS spectrum of bare alkyd resin and GO paint are shown in
Figure 5.4. In comparison with the spectra of alkyd resin, the XPS of GO paint shows
increase in oxygen content due to the presence of oxygenated functional groups in GO.
The calculated C/O ratio from the XPS spectra of the bare alkyd resin and GO paint is
3.75 and 3.29, respectively. The Cls deconvoluted spectrum is shown in Figure 5.5
which shows the presence of C-C, C-OH and C-OO groups at 285.4, 286.37 and
288.88 eV respectively thus confirming the presence of fatty acids and ester groups in
the alkyd resin. The peaks corresponding to the other additives such as ZnO, ZrO; etc.,
are not observed in the XPS survey scan, this is due to the lower weight fraction of

these constituents in the paint.
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Figure 5.4 XPS survey spectra of alkyd resin and GO paint.
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Figure 5.5 XPS C 1s deconcoluted spectra of alkyd resin and GO paint.
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The surface morphology of the coated paint was investigated by field emission
scanning electron microscope (FE-SEM) studies. Figure 5.6 shows the low and high
magnification image of the paint coatings. Both the images revealed the uniform
coating of the paint on the substrates and there is no void regions were observed in the
FE-SEM image. The presence of GO nanosheets in the paint is not distinguishable
which is depicts the role of ball milling process for preparing homogenous mixture of

paint.

Figure 5.6 FE-SEM analysis of GO paint coating (a) low magnification image (10

pum), and (b) high magnification image (1 um).

5.2.4 Corrosion in acidic media.

The GO paint coatings are characterized for their application for corrosion
resistant coatings using the weight loss method by exposing the GO paint coated
galvanized iron (GI) substrate in acidic media (0.1 N HCI) for 24 h and bare GI
substrate is used as the control. It is clear from Figure 5.7 that the bare GI substrate
after reaction with the acid media resulted in the formation of the rust on the surface

due to the oxidation of metal exposed to acidic environment. The GO paint coated
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substrate shows high corrosion resistant in acidic media which is ascribed to the
corrosion inhibition property of GO. The corrosion inhibition efficiency of GO paint

coating is calculated using the formula [41]
Inhibition efficiency % = [(Wuncoated-Wcoated)/ Wuncoated] X100 .......oocoeiiiniis (D

where Wancoated 1S the weight loss in bare substrate and Wegaeeq is the weight
loss in GO paint coated substrate. The GO paint coatings possess an inhibition
efficiency of about 88.70 % than the bare substrates which substantiates the corrosion

resistant property of GO paint.

14 b

Figure 5.7 The GO paint is coated onto galvanized iron sheets. Digital image of bare
and GO paint coated substrates (a) before exposure to acid (b) after immersion in HCI

solution for a period of 24 h.
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5.2.5 Electrochemical corrosion test in NaCl solution.

The electrochemical test or Tafel analysis is one of the standard methods used
for the study of corrosion in metals [42]. The corrosion behavior of the metals can be
explained by two reactions viz. (i) anodic oxidation of metal into metal ions and (i)
the cathodic reduction which utilize the electrons during the oxidization reaction.
Both reactions will occur simultaneously and hence limiting one of this reaction will
results in the prevention of corrosion. The potentiodynamic polarization curves of
bare GI substrates and GO paint coated GI substrates measured in 3.5% NaCl solution
are shown in Figure 5.8. The corrosion potential (E..r) and the corrosion current
density (I.or) for bare GI substrate and GO paint coated GI substrate were calculated
from the polarization curves by fitting the Tafel equation. It is obvious from Figure
5.8 that the anodic current densities of the GO coated substrates were more than one
order of magnitude lower than that of the uncoated substrates. This illustrates that the
GO paint coating significantly decreases the dissolution of metal ions from the
substrates. The measured E.r of the GI substrate and GO paint coated GI substrate
were -1047 mV and -995 mV, respectively. The observed shift in Ecor of the GO
coated substrates about 52 mV towards the positive potential side and the decrease in
Lorr suggest that the GO paint coatings significantly improved the corrosion resistance
of the bare substrate by acting as a protective layer between the substrate and the
corrosive environment.

The protective efficiency P;(%) of the GO paint coating is obtained from the
polarization curves calculated by the equation [43]:

Pi(%) = [1-(Ieor/ Ucorr )1 X100 .o (2)
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where I, and I’ indicates the corrosion current density of GO coated GI
substrate and the bare GI substrate respectively. The protective efficiency of the GO
paint shows 76.61 % compared to the bare substrate ensures the potential utility of

this paint towards corrosion inhibition coatings.

1E-3
1E -4
< 1E-5
bn -
= 1E-6 4
1E-7 - |
3 Bare
1E -8 ——GO paint coated
1.3 1.2 1.1 1.0 0.9 0.8

Potential V (Vs Ag/AgCl1)

Figure 5.8 Linear polarization curves of bare and GO paint coated substrates in 3.5 %

NaCl solution.

The corrosion resistant applications of GO paint suggested that the GO paint
shows superior inhibition of metal corrosion both in acidic and salt medium. In these
experiments, the CI” ions present in the test solution is one of the most powerful
source for the oxidation of metal [44] and is evident from Figure 5.7 that formation of
rust in uncoated substratgs exposed to HCI solution and stability of GO paint in acidic
media. The electrochemical corrosion test performed in NaCl solution, a prototype of
sea water [4] and it is evident from Figure 5.8 that the GO paint acts as protection
layer (with 76.41% protection efficiency) for the substrates when exposed to NaCl
solution. The corrosion inhibition property is attributed to the corrosion inhibition
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behavior of GO and the molecular level interaction between the GO and the alkyd
resin in the paint. Since metal corrosion is one of the universal concern costs around
$350 million in the world wide market in 2010 and growing to an estimated $900
million by 2015 [45], our efforts in the development of this GO paint with corrosion
resistant properties may provide new insights to the industrial sectors.
5.2.6 Antibacterial properties

Several nanoparticles including metals (silver, gold) metal oxides (ZnO, MgO,
TiO,) and carbon materials (graphene, GO, CNT) exhibited antibacterial properties
[46]. These intrinsic antibacterial properties of nanoparticles are remaining even after
these materials are incorporated in any polymer matrix or in the form of thin films etc.
It is well known that both carbon based materials such as CNT, graphene and GO
possess antibacterial activity against bacteria. As a supporting evident, we also
examined the antibacterial activity of the GO nanosheets and determined their
minimum inhibitory concentration (using microdilution method) against E. coli, S.
aureus and P. aeruginosa as 0.5 pg/mL, 0.5 pg/mL, and 1 pg/mL, respectively. This
illustrates the superior antibacterial behavior of GO nanosheets. Further, we examined
the GO paint coatings for their potential utility towards the control of microbial
growth by evaluating their antibacterial activity against E. coli, S. aureus and P.
aeruginosa. Herein, the uncoated substrates are used as a control. Figure 5.9 shows
the photographic image of antibacterial properties of GO paint coated substrates
against E. coli. It clearly depicts that no bacterial colonies were grown on the GO
paint coated substrate in comparison with the bare substrate where we observed the
growth of bacterial colonies. The similar type of results was obtained for the other
two tested bacterial species such as S. aureus and P. aeruginosa which showed almost

complete inhibition of bacterial growth. This study ensures that the GO paint coatings
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holds excellent bactericidal efficiency which may create new insights into the GO

based surface coatings for antibacterial applications.

I T : |
I Table 5.3 Minimum inhibitory concentration I
0 (MIC) of GO nanosheets against bacteria i
| |
| I
I |
| |
I E. coli 0.5 ng'mL I
I I
i S, aureus 0.5 ng mL i
| |
| |
I P. geruginosa 1ugml 1
| |
i |

I

L---—---------------—-------_-

Figure 5.9 Antibacterial activity of GO paint coated substrate against E .coli.
Table 5.3 shows the MIC value of GO nanosheets against the tested bacteria. The
photographic image represents the antibacterial activity of GO paint coated substrate
against E. coli. The bare substrate shows the growth of bacteria whereas no bacterial

growth was observed on GO paint coated substrate.

The antibacterial test performed evidences the inhibition of bacterial growth
on the GO paint coated substrates in comparison with the bare substrates as shown in
Figure 5.9. The mechanism of the antibacterial activity of the GO paint might be due
to membrane and oxidative stress. This is supported by the previous reports on the
inhibition of bacterial growth in GO based thin films and composites {47]. Thus the

GO paint can be used for the prevention of health care associated infections.
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5.2.7 Marine antifouling experiments
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Figure 5.10 Antifouling activity of GO paint coated substrate in marine environment.
The bare substrates and GO nano paint coated substrates are fixed in to substrates and
kept in seawater (lagoon with tidal water directly connected to the Jeju Sea). (a)
before and (b) after 1 week exposure in sea water. The bare substrates shows metal
corrosion and fouling of organisms whereas GO nanopaint surfaces shows inhibition

of bio-fouling.

The key issue in the marine industry (problem costs around $260 per annum in
the US Navy fleet) relies on the bottom paints in which anticorrosive and antibacterial
property are mandatory since the immersion in sea water leads to corrosion and
formation of biofilm in the hulls of the ship [48,49]. Bacterial colonization is the first
step in the biofilm formation which leads to the colonization of fouling organisms at

the bottom of the ship [50]. In the present study, GO paint completely inhibit the
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growth of the bacteria on its surface thus prevent the biofilm formation. In these
aspects, we examined the anti-fouling property of the GO nanopaint for their potential
applications towards marine painting. The bare and GO paint coated GI substrates
were fixed and immersed into the sea water (lagoon with tidal water directly
connected to the Jeju Sea) and the photographic images were recorded before and
after 1 week period of immersion and is shown in Figure 5.10. It shows the formation
of marine organism in bare substrates and GO paint coated substrates restricts the
growth of marine organisms.

Moreover, there is no toxic materials such as chromates is present in the GO
paint suggested their environmental benign nature. With the advantage of being anti
corrosive in salt water combined with antibacterial and antifouling properties, we
believe that the GO paint may find its potential utility towards industrial applications
especially in the marine industry as a suitable alternative for “bottom paints”.

5.3 Conclusion

In conclusion, we have demonstrated a versatile approach for the preparation
of environmentally benign GO paint. The given method is not only limited to GO
embedded paint but also can be applicable to the preparation of other nanomaterials
based paints as well. The paint formulation, mechanism of drying, role of additives,
other paint properties are discussed. The key findings of the work suggested that GO
paint clasps superior corrosion resistant and excellent antibacterial properties ensure
their promising applications in the coating industry. Given the scalability and
processability of ball milling approach and the extraordinary properties of GO paint,
we believe that it will create new insights into the development of next generation

coatings in the near feature.
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Chapter 6

Summary

This chapter summarizes the entire results and over all achievements listed in
this thesis. Concluding, this dissertation presented the basic understanding of
graphene oxide and graphene nanosheets with detailed spectroscopic characterizations.
Our experimental results suggested that the properties of GO can be tuned by
controlling the oxidation level. The chemical and structural analysis of GO with
different degrees of oxidation was studied with the use of XRD, HR-TEM, and
various spectroscopic techniques revealed that hydroxyl and carbonyl groups are
formed at lower oxidation level and are converted into epoxyl groups with increase in
oxidation level. The electrochemical properties revealed a transition from conducting
to semiconducting and further into insulating nature with increase in oxidation level.

We have presented different types of reduction method for the reduction of
GO into graphene nanosheets. The ultrasound assisted reduction of GO into graphene
results in faster reduction reaction than any other method. A new non-toxic reducing
agent, galactose is used for the chemical reduction of GO. We also used other
reduction technique such as hydrothermal method for the efficient redcution of GO.
Moreover, a low cost, non-toxic route to the reduction of GO using hydrogen plasma
is demonstrated and the mechanism of redcution is also discussed. All the graphene
synthesized by different reduction route for the characterized well.

We also demonstrated multifunctional application of GO and graphene
nanosheets. The GO nanosheets can be used for photocatalysis, antibacterial,
functional textile and also for corrosion inhibition coating. The graphene nanosheets

synthesized by hydrothermal method are evaluated for their antibacterial activity
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against pathogenic bacteria. The results shows that graphene nanosheets can be used
as a potential antibacterial agent as a suitable alternate to the commercial drug. The
graphene nanosheets synthesized by plasma assisted reduction are examined for their
applications in supercapacitors. The results showed that it has a better specific
capacitance, suggesting their applications in the energy storage devices.

With understanding the basic properties of GO, we used this material for the
preparation of multifunctional nanopaint by incorporating GO in alkyd resin with
suitable non-toxic additives using a ball milling approach. The prepared GO
nanopaint shows promising application towards prevention of bacterial growth,
corrosion inhibition of metals and anti-fouling applications. Based on the
experimental results, we ensure that GO nanopaint has potential applications in the
painting industry as a suitable alternative to the anti-fouling paints in the maritime

industries.
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