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ABSTRACT

In this experimental investigation, a simple and efficient technique
is presented for the carbonic nanostructures fabrication-in particular,
Graphene Oxide (GO) and Graphene nanosheets- based on the pulsed
laser ablation of graphite target inside the Cetyltrimethylammonium
bromide (CTAB) (0.1 M) and liquid nitrogen environments using the
pulsed nanosecond Q-switched Nd:Y,A O,, (Nd:YAG) laser at 532 nm.
X-ray diffraction (XRD) pattern, Raman spectrum, Transmission electron
microscopy (TEM), Fourier transform infrared spectroscopy (FT-IR)
and Field emission scanning electron microscopy (FE-SEM) were used
to characterize the ablation products. Results represent the formation of
multilayer graphene and GO nanosheets in liquid nitrogen medium and
CTAB solution, respectively. In liquid nitrogen medium, the graphene
nanosheets includes the largest SP? domain size and the least defects,
while the size distribution of SP2 domains of GO nanosheets decreased
noticeably in CTAB solution that can be related to the breaking of
crystallites with oxidation. The XRD spectra of the produced samples
showed the well-defned crystalline structure of the hexagonal phase of
CNx in liquid nitrogen medium and also the formation of GO and other new
carbonic structures in CTAB solution. In addition, the stretching vibrations
of C=0 and C-O in carboxylic groups of GO structure and vibrations of
graphitic domains (C=C bonds) in graphene nanosheets was observed by
FTIR spectra. Our experimental results can be useful guidance toward the
production of graphene nanosheets with desired attributes.
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INTRODUCTION

During the last years, graphene, a one-atom-
thick hexagonal array of SP2-bonded carbon
atoms packed into a two-dimensional honeycomb
structure, has aroused intensive research interest
from both industry and the research community.
[1]. Graphene offers a wide range of exceptional
properties [2-5], that make this 2-dimensional
carbon allotrope scientifically very fascinating and
commercially essential for numerous industrial
applications such as hydrogen storage [6], drug
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delivery [7], electric devices [8], supercapacitors
[9], solar cells [10] and memory cells [11]. In
addition, graphene is demonstrated to be suitable
candidates forfabricating a gas sensing device owing
to its intrinsic properties such as large surface area,
higher interaction with gas molecules, and zero
rest mass of its charged carriers [12]. Furthermore,
graphene oxide (GO), which is the functionalized
form of graphene, contains epoxy (-O-), hydroxyl
(-OH), carbonyl (-C=0) and carboxyl (-COOH)
groups [13, 14], has been considered as strategic

This work is licensed under the Creative Commons Attribution 4.0 International License.
To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.



E. Vaghri / Green Synthesis of Graphene and Graphene Oxide nanosheets

nanomaterials for a lot of applications including;
electronics, biosensors, pipes, semiconductors,
and packaging because of its extraordinary
electrochemical properties. Despite the fact that
graphene demonstrate far exceptional properties,
the high hydrophobic character of graphene
makes it easy to form irreversible aggregation
or even restack owing to strong m-mt stacking
interaction and Van der Waals forces [15]. Studies
indicate that introducing protective reagents
and surfactants to the graphene surface, such as
octadecylamine [16], silicone [17], polystyrene [18],
hexadecyltrimethylammonium bromide (CTAB)
[19] and dodecyltrimethylammonium bromide
(DTAB) could partially improve this problem [20].
CTAB is a type of cationic surfactant which is
consists of a cationic polar head and a hydrophobic
tail which enables it either to agglomerate
negatively charged nanoparticles and to use the
hydrophobic effect [21, 22]. In fact, when the
CTAB insertion in the interlayer of GO nanosheets,
the positively charged groups of the CTAB allows
it to easily assemble with the negatively charged
carboxyl group of GO and interact electrostatically
with the mt cloud of GO [22, 23], this phenomenon
can effectively resolved the aggregation problem
of GO nanosheets. The initial goal of the scientist
was finding new routes for the easy and proficient
preparation of graphene-based materials. In the
last few years, several methods include chemical
or physical methods have been devised to fabricate
graphene nanosheets such as pulse laser ablation
(PLA), chemical vapor deposition (CVD), epitaxial
growth, micromechanical exfoliation, chemical
oxidation-reduction of graphite and some other
specific techniques. Using chemical techniques we
may have lots of amount of graphene or graphene
oxide in one experiment by there is not any effective
tool to control the quality of sheets i.e. area of
sheets or number of layers [24]. Furthermore, most
of the chemical techniques require organic solvents
while production process which may cause toxic
deposits [25], which are highly unpleasant in view
of industrial and medical applications and for green
chemistry. Using physical techniques, such as Laser
ablation method, the rate of production is lower
but these methods include friendly environmental
process [24]. In addition, the purity of the products
is higher than in comparison with chemical
methods. Among them, pulsed laser ablation in
liquids (PLAL) has illustrated to be an impressive
and useful technique to produce high-quality
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nanoparticles (NPs) of a wide range of materials
[25]. PLAL technique containing different benefits
in comparison with traditional methods previously
cites such as green chemistry process, controllable
and uniform nano material size with less than 100
nm, cleaner and faster process, ability to construct
complex structure compounds, ability to modify
the surface of nanoparticles, etc [25]. Although
several studies have been reported on the effects
of laser parameters on the characteristics of
carbon nanostructures [26-30], there is a lack
of experimental study about the effect of liquid
medium environment on the characteristics
of graphene nanosheets. In the present study,
carbon nanostructures in particular, graphene and
GO nanosheets are produced using the second
harmonics of an Nd:YAG laser in liquid nitrogen and
CTAB solution environments and then the effect of
liquid environment on the characteristics of final
products have been investigated experimentally.
The rapid cooling of the irradiated target surface,
which can minimize the destructive laser processing
side reactions, is the outstanding property of
liquid nitrogen medium [29, 31]. In addition, the
liquid nitrogen molecules can be easily penetrated
into spaces between graphite layers during laser
heating and the cryogenic liquid evaporates during
laser ablation. The gaseous phase developed and
leads to separation sheets of graphene from the
layered structure of graphite [26, 29]. These are
the important point of employing liquid nitrogen as
another ablation environment in this experiment.

MATERIALS AND METHODS

In the present investigation, graphene
nanosheets and carbon nanostructures solutions
were fabricated by the pulsed laser ablation of
a graphite plate (%99 purity) in liquid nitrogen
(-195.79°C) and cetyltrimethylammonium bromide
(CTAB) 0.1 M solution environments using a
Q-switched Nd:YAG laser at 532 nm. At first the
graphite target was placed on the bottom of an
open cylindrical glass vessel flled with 20 mL of
liquid. Height of liquid on the surface of the target
was 0.8 cm. Before starting the experiment, the
graphite target and containers were cleaned
ultrasonically in alcohol, acetone and deionized
water solutions respectively for 15 min to remove
any residual contaminants. The graphite plate was
ablated with the second harmonic of a Nd:YAG laser
operated at 7-ns pulse width and 5-Hz repetition
rate. Output beam of laser was 6 mm, which was
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Fig. 1. X-ray diffraction of carbon nanostructures produced in (a) CTAB solution and (b) liquid nitrogen medium

focused by a 58-nm focal length lens on the surface
of the target. The fluence of the laser pulse for
producing graphene nanosheets was 0.5 J/cm?2. To
achieve a thermal steady state condition during the
ablation process, liquid nitrogen is added into glass
cylindrical vessel continually. After laser exposure,
owing to the evaporation of liquid nitrogen at the
room temperature, the cylindrical vessel was filled
with de-ionized (DI) water gradually. A variety of
analytical techniques have been used to study and
characterization of synthesized products. Infra-red
transmission spectra of the produced samples are
characterized usinga NEXUS 870 FT-IR spectrometer
from thermo Nicolet Co. The crystalline structure
of the dried carbon nanostructures suspensions on
silicon substrates are evaluated by X-ray diffraction
(XRD) with Cu-Ka radiation (A = 1.54060 A), using a
STOE-XRD diffractometer. The surface morphology
of the produced samples was investigated by
Hitachi, S-4160 field emission scanning electron
microscopy (FE-SEM). Raman Thermo Nicolet
disperse spectroscope from Almega (light source:
532 nm Nd:YLF laser) is used to evaluated of
structure and quality of produced graphene
nanosheets in dried drops of suspensions on
glass substrates with 0.1 cm™? spectral resolution.
Moreover, Transmission electron microscopy
(TEM, Zeiss EM10C) micrographs are obtained by
depositing a drop of the concentrated suspensions
on carbon-coated copper grids.

RESULTS AND DISCUSSION
Crystallinity analysis

The X-ray diffraction patterns of produced
samples in different liquid environments are
shown in Fig. 1. In order to record XRD data, few
drops of every suspension were dried on silicon
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substrates at room temperature.

X-ray diffraction pattern of the synthesized
products in liquid CTAB solution indicates a weak
peak at 26=10.41° attributes to the (002) reflection
planes of GO structure [32]. Furthermore,
another weak diffraction peak at 26=13.88° can
be belongs to X-ray photons diffracted from
CTAB (400) molecule. In addition, due to drying
process of GO and deoxygenating of weak oxygen
functional groups and restacking of graphene
layers, diffraction peaks at 26=17.26° and 24.24°
appeared in this pattern [33, 34]. As a significant
difference with previous work [35], with increasing
the concentration of CTAB from 0.04 to 0.1 M,
we observed the new strong diffraction peak at
26=21.66°. Diffraction peak emerging at 26=20.68°
ischaracteristicoffullerite (113)structure, whiletwo
other diffraction peaks at 26=21.66° and 26=31.19°
indicate the Buckminsterfullerene structure in
the suspension, corresponding to the (222) and
(422) orientations, respectively. Moreover, the
feature around 26=27.7° is corresponded to (002)
reflection usually observed for graphitic materials
[36]. Several diffraction peaks at 26=45.54°, 49.26°
and 53.05° are detected that are attributed to
(220), (022) and (311) reflection planes of carbon
oxide structure, respectively. X-ray diffraction
pattern of produced sample in liquid nitrogen
medium, (Fig. 1b), shows a peak at 26=32.12°
belongs to (200) reflection plane of hexagonal
phase of carbon nitride (CNx) structure. Also,
the peak of X-ray photons diffracted from (400)
planes of Si substrate can be seen at 26=69.84°
in these patterns. Increasing the intensity of X-ray
diffraction peaks of produced carbonic materials in
CTAB solution confirms a better crystallinity of the
samples in this environment.
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Fig. 2. Raman spectra of synthesized products (a) liquid nitrogen medium and (b) CTAB solution

Raman studies

Raman spectroscopy is a standard, powerful
and non-destructive technique for studying and
characterizing of carbon-containing materials
such as diamond, graphene, diamond-like
carbons, graphite and carbon nanotubes (CNT).
The most noticeable features in Raman spectrum
of graphene and graphite are the D, G and 2D
(historically referred to as G’) bands. The G band is
the only Raman mode in graphene arising from a
conventional first order Raman scattering process
and attributes to the in-plane, zone center, doubly
degenerate phonon mode (transverse (TO) and
longitudinal (LO) optical) with E, symmetry
[37], while the D and 2D modes originate from a
second-order double resonant process between
nonequivalent K points in the Brillouin zone (BZ) of
graphene, involving two zone-boundary phonons
(TO-derived) for the 2D and one phonon and a
defect forthe D band [38, 39]. Raman spectra of the
produced samples measured by 532 nm excitation
wave length of Nd:YLF laser in the frequency range
from of 1100-1600 cm™ are illustrated in Fig. 2.

Output data have been recorded from dried
drops of every suspension on glass substrates.
As shown in Fig. 2a, the Raman spectrum of
produced sample in liquid nitrogen medium
exhibits main characteristic peak at 1545 cm
correspond to the G-band and asymmetric Raman
intensity distribution in the range 1100-1460 cm™.
Therefore, the individual peaks of Raman spectrum
were deconvoluted using Gaussian peaks to give
the structural information in detail. The most
intense peak appears at 1190 cm™ in this spectrum
is originated from highly disordered and wrinkled
(defective) morphology of the graphene nanosheets
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[40], while the characteristic peak observed at
around 1248 cm™ corresponds to covalent C-N single
bonds [41]. This result is in a very good agreement
with XRD pattern. Furthermore, the individual peaks
located at ~1380 cm™ and 1325 cm™ are belonging
to the D-band and frequency of diamond lattice,
respectively. Owing to phonon confinement effect,
a triple-degenerated Raman band at 1333 cm™
of bulk diamond crystal shifts to 1325 cm™ in the
2-5-nm nanodiamond [42]. In addition, the other
additional peak appears at ~1422 cm® and 1479
c¢m *in this spectrum are assigned to the vibration
frequencies of Hg (7) mod from the C60 fullerene
molecule and nanocrystalline diamond (NCD) [43,
44]. With changing the laser ablation environment
to the CTAB solution, the Raman spectrum indicates
change in the bands position and the shape (see Fig.
2b). The D-band for the GO nanosheets produced
by 0.1 M concentration of CTAB is observed at the
wave number of 1347cm?, while the G peak shift
to higher wave number at 1565 cm™ and becomes
broadens. The change in the position of the G
band is typically associated to a modification of the
electronic structure of the carbon nanomaterial,
being shifted to higher frequencies in the presence
of electron-acceptor groups [35, 45]. In fact, the
trimethylammonium moiety of CTAB molecule can
act as an electron-acceptor group, thus causing
a shift of the G band to higher wavenumber [45].
Moreover, the additional peaks at the wave numbers
of 1290 cm™ 1389 cm™ can be seen in this spectrum
which can belong to the carbon dioxide structure in
the suspension [46]. The prominent peak appearing
at 1447 cm™ can be attributed to the nanodiamond
[47]. Furthermore, another characteristic peak at
1271 cm™, is also clear, which is associated with SP?
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diamond bonding in tetrahedral amorphous carbon
(ta-C) films [48]. The disorder-induced D band to
that of the G band (I /) has been widely used to
acquire quantitative information about the amount
of defects in the structure of carbonic materials and
it is inversely proportional to the average crystallite
size of SP? domains [49]. As can be seen in Raman
spectrum of produced sample in liquid nitrogen
medium (Fig. 2a), the prominent G band with
intensity compared to the D band is suggestive of
minor structural defects and disorders in graphene
nanosheets which are produced in this cryogenic
medium. In present investigation we observed that
the intensity ratio, I /I, for the sample produced
in CTAB solution was 4.67 and decreased to 0.26
in liquid nitrogen medium. In order to determine
the average crystallite size of the SP? domains in
graphene nanosheets, we employed the Tuinstra
and Koenig relation, which relates the ratio of D
and G bands intensities into the crystallite size as
follows [27, 37]:
I,/1.=[2.4 x 10 (A")] /L, (nm)

where A is the laser wavelength which was
used for Raman spectroscopy, La is the average
crystallite size of the SP? domains, I(D) is the
intensity of the D band, and I(G) is the intensity of
the G band. The calculated La values were found
as 73.94 nm and 4.11 nm for produced sample in
liquid nitrogen and CTAB medium, respectively.
The results shows that the average crystallite size
decreases with oxidation of graphene nanosheets
in CTAB solution ; this may be owing the breaking
of crystallites with oxidation resulting in the
formation of defects, disorders, SP* hybridization
and changes in crystallinity [50]. Furthermore,
as shown in Fig. 3, at the far wave number side
(2400-2800 cm™) another individual peaks at 2688
cm™ and 2717 cm™ (denoted as 2D bands) can be
clearly seen. These bands are the characteristic
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g. 3. Raman spectra of produced sample in the range of 1100-2800 cm™ (a) liquid nitrogen and (b) CTAB solution

peaks of the graphene structure and originates
from double resonance Raman scattering. In
monolayer graphene, the 2D Raman band occurs
as a single peak near 2675 cm, and this peak shifts
to higher wavenumber side in case of multilayer
graphene [51].

FT-IR characterization

For further investigating the changes in surface
chemical compositions of produced sample in
liquid nitrogen and CTAB solution the tests, FT-
IR analysis was carried out in the range of 300-
4000 cm™. It can be seen from Fig. 4(S,), the FT-IR
emission spectrum of produced sample in CTAB
solution displays the strong band at 740 cm™
attributed to C-H out-of-plane bending modes
[52]. Furthermore, the absorption bands at 1640
cm™ and 2358 cm™® wavelength could be assigned
to the stretching vibrations of C=0 and C-O in
carboxylic groups, respectively [53, 54].

In addition, we can observe the presence
of hydroxyl groups (O-H stretching mode) of
intercalated water molecule at 3413 cm™ and some
minor (low intensity) C-H stretching vibrations
originate from the alkyl chain of CTAB molecule at
2927cm™ and 2856cm™ [55]. In the case of liquid
nitrogen medium, the absorption peak at 732 cm™*
also is represent the out-of-plane bending of C-H
modes, while the presence of absorption peak
observed in the medium frequency area, at 1637
cm?is corresponded to the skeletal; vibrations of
graphitic domains (C=C bonds) [55]. Moreover, the
strong and broad absorption band at 3308 cm™ is
associated with -NH functional groups [56]. This
broad absorption band also may be overlap with
the O-H stretching vibration of water molecule
in the range of 3200-3600 cm-' Besides, the
absorption bond in FT-IR spectra of all suspensions
in the range of 2000-2200 cm™ is belongs to
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Fig. 4. FTIR spectra of produced samples in (s,) CTAB solution and (S,) liquid nitrogen environment
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carbon-carbon triple bonds [57].

TEM and FE-SEM analysis

As shown in Fig. 5 the TEM micrographs of
the surface of produced samples indicate the
transparent silk-like morphology of graphene
nanosheets.

More darkness in TEM image of produced
sample in CTAB solution is attributed to the regions
that several GO layers are stacked on each other.
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Fig. 6. FE-SEM images of the samples produced in; (a) CTAB solution and (b) liquid nitrogen medium
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In addition, in liquid nitrogen medium, carbonic
nanoparticles to form of dark points beside the
graphene nanosheets can be clear observed.
Fig. 6 illustrates the FE-SEM micrographs of the
produced samples. The images show that all the
products are composed of sheet-like structures
in the suspensions, however, in CTAB solution;
produced sheets are the GO nanosheets with well
defined edges in the suspension.

Furthermore, it can be seen that in liquid
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nitrogen medium the exfoliated-like structures
was decorated with spherical structures. Results
are in good agreement with TEM information.

CONCLUSIONS

In this study, carbonic nanostructures
suspensions have been produced by focusing
the second harmonic of Nd:YAG laser onto the
graphite target in liquid nitrogen and CTAB (0.1
M) solution environments. According to the
Raman spectra, the prominent G band with
intensity comparable to the D band in spectrum
of produced sample in liquid nitrogen medium
is indicative of minor structural defects and
disorders in graphene nanosheets which are
produced in this medium. Furthermore, the size
distribution of SP? domains of GO nanosheets
decreased noticeably in CTAB solution that can
be attributed to the breaking of crystallites
with oxidation, resulting in the formation of
disorders, defects and SP? hybridization. XRD data
reveals that the crystallinity degree of samples is
increased in CTAB solution. Also the XRD results
indicate the formation of hexagonal phase of
carbon nitrogen (CNXx) structure in liquid nitrogen
medium. Based on the TEM and FE-SEM image,
graphene nanostructures are transparent sheet-
like in the suspensions and size of transparent
graphene nanosheets in order of hundreds
nanometer. The FT-IR spectra represent the
presence of stretching vibrations of C=0 and C-O
in carboxylic groups of GO structure and vibrations
of graphitic domains (C=C bonds) in graphene
nanosheets. Consequently, our experimental
results indicate that the liquid nitrogen medium
is the suitable medium for produce high-quality
nanosheets whereas CTAB solution is the capable
environments for producing GO nanosheets.
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