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Abstract: In this work we construct a simple experiment for rapid synthesis of graphene and graphene oxide (GO)
sheets using microwave plasma chemical vapor deposition (MWPCVD) which uses a conventional microwave oven
operating at frequency of 2.45GHZandwith a power of 700W to produce plasma inside a tube of quartz for 2min and
the polyethylene which consist of small beads was used as a carbon source. The graphene and graphene oxide sheets
were characterized by different techniques such as Transmission electron microscopy (TEM), X-ray diffraction,
Raman spectroscopy, UV-visible Absorption, Photoluminescence and FT-IR spectroscopy. TEM shows that the
morphology of graphene suspension in the form of crumpled and folded sheets, X —ray diffraction for graphene
shows the presence of a high and small peak around 26=24.56° and 26=43.65° respectively. Raman spectra indicated
the difference between position and shape of peaks, crystal size and intensity ratio of the D to G modes (Ip/Ig) for
graphene and graphene oxide. Also the FT-IR of GO exhibits the presence of C=0 (1735cm™), O-H (3425cm™),
C=C (1625cm™) and C-O (1078cm™). The emission spectra of GO exhibits abroad emission band between 400 to
800nm. An absorption peak of GO at 235 nm was observed in UV- vis absorption spectra. All the characteristic
techniques revealed that MWPCVD is appropriate for synthesis of graphene and graphene oxide.
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1. Introduction reactant gases are introduced into a reaction chamber
Graphene is a material discovered by a team out and are decomposed and reacted at a heated surface to
of the University of Manchester in 2004. It is a two- form the thin film, producing high purity and high
dimensional monolayer of carbon atoms tightly performance solid materials [12]. There is different
packed into a honeycomb lattice composed of two types of chemical vapor deposition such as plasma
equivalent sublattices of carbon atoms bonded enhanced chemical vapor deposition (PECVD) which
together with double electron bonds (sp2 bond) in a was used in this research, and served as one of early
thin film only one atom thick [1,2]. Graphene which methods for the production of diamond. It forms a few
has a hexagonal arrangement of carbon atoms forming layers of vertically standing graphene and carbon nano
one atom thick layer of the layered mineral graphite is walls and enables their deposition at lower
a promising material for future electronic applications temperatures in contrast to traditional CVD which
because of its high electrical conductivity as well as uses higher temperatures to cause the reaction. In
its chemical and physical stability. It serves as the PECVD the plasma can be used to accelerate
building block of all graphitic materials that can be thermodynamical chemical reactions without a
wrapped up as fullerenes (0D), rolled as nanotubes catalyst produce and forming films with good
(1D) and stacked as graphite(3D)[1].There arethree adhesion and uniformity [13-15]. Vertical layered
different types of graphene namely single layer graphene has been grown using different methods of
graphene (SLG), bi layer graphene (BLG) and few PECVD employing microwave plasma, Radio
layer graphene (FLG with number of layers (n)<10)[3] frequency, Arc discharge or electron beam excited
being characterized by its thickness [4]. Several plasma where the substrates were exposed to the
typical methods have been developed for synthesis of plasma [13-15].
graphene such as mechanical exfoliation from highly An easy, fast and straight forward method to
oriented pyrolytic graphite (HOPG) [5], chemical synthesize graphene and graphene oxide sheets called
exfoliation from bulk graphite [6], epitaxial growth on microwave plasma chemical vapor deposition
an electrically insulating surface [7], chemical vapor (MWPCVD) is present in this work. The method
deposition (CVD) [8-10] and the reduction of represents a useful and simple batch version of the
graphene oxide [11]. PCVD technique using polyethylene as a carbon
In this work chemical vapor deposition (CVD) source which can be performed by using a microwave
technique was used to grow graphene and graphene source without the need for a catalyst. MWPCVD is
oxide. Generally in chemical vapor deposition the also capable of depositing graphene and graphene
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oxide thin films on appropriate surfaces. Graphene
oxide is a layer of graphene with oxygen atoms,
COOH groups and OH groups attached to it;
MWPCVD serves as the most promising precursor for
production of graphene and it does not have a
completely planar shape due to the addition of oxygen
atoms on the top and bottom of carbon layer. The
structure of graphene oxide contains epoxide
functional groups along the basal plane of sheets as
well as hydroxyl and carboxyl moieties along the
edges. The graphene oxidized by the addition of C-O-
C (epoxide) and C-OH (hydroxyl) groups, the degree
of oxidation alters the electronic properties and higher
oxidation means the greater band gap.

Both graphene oxide (GO) and reduced graphene
oxide (rGO) are used to describe oxidized graphene
but with the difference of higher and lower degree of
oxidation respectively. This means that reduced
graphene oxide (rGO) does not refer to graphene
although one of the methods of creating graphene
involves the reduction of graphene oxide. Graphene
oxide consist of a mixture of sp’ and sp” carbon atoms,
the sp’carbon atoms are bound to the adjacent oxygen
containing functional groups while the sp’ carbon
atoms are only connected to the adjacent carbon atoms
[16, 17]. The sp*/sp’ carbon atomic ratio can vary the
PL emission from visible to near—IR wavelength,
transforming graphene oxide from an insulator to a
semiconductor and tune the band gab of GO [18]. The
most common method for synthesizing graphene
oxide is the Hummers ‘method (oxidation with
KMnQO,4 and NaNO; in concentrated H,SO,) which
requires large amount of reagents and along reaction
time.

In this work a new method is developed for rapid
synthesis of graphene and graphene oxide
simultaneously by microwave plasma. Graphene is
deposited as black product on the wall of quartz tube,
under the plasma ball region and graphene oxide is
deposited as yellow product on the wall of quartz tube
away from the plasma ball or outside waveguide. Also
the graphen and graphen oxide are deposited on
appropriate surfaces which were placed under the
plasma ball and away from plasma ball respectively.

2. Experimental

The schematic diagram of the MWPCVD set up
is shown in figurel. The MWPCVD set up consist of a
microwave source operating at 2.45GHZ with
maximum power of 700W. The magnetron antenna
transmit the microwave energy to the waveguide
(length = 30cm). The microwaves are directed to the
quartz tube. A quartz tube of 30 cm in length, 2.5cm
in diameter and 0.5 cm in thickness was utilized as
discharge tube. The polyethylene in the form of small
beads was used as carbon source and an aluminum foil
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cut as a small sheet of 0.5x0.5cm” was used as the
trigger for starting plasma. The polyethylene and
aluminum foil were put inside the center of the quartz
tube and waveguide. The quartz tube was evacuated
by a rotary pump for 30 min, and was exposed to
microwave irradiation with a power of 700W for 2
min. After the microwave plasma power was switched
off, the tube was left for 20 min under vacuum to cool
down to room temperature.

The resultant materials were formed as black
soot (graphene) on the tube wall inside the waveguide
and as yellow color (graphene oxide) on the tube wall
outside the waveguide. In order to collect the black
soot, the tube was filled with ethanol and shaken for
10 min to allow all of the particles to be dispersed in
the solvent (graphene suspension). The yellow color is
difficult to remove from the tube wall. Graphene
suspension is shown in figure (2.a).

Also by MWPCVD the graphene oxide (yellow
color) and graphene (black color) were deposited on
appropriate surfaces, two substrates are used, the first
substrate is located at 1 cm from the center of the
quartz tube inside the waveguide and the second
substrate is located outside the waveguide at 3cm from
the first substrate. Graphene (black) deposited on the
substrate inside the waveguide and graphene oxide
(yellow) deposited on the substrate outside the
waveguide as in figure2(b, c), then the two samples
and the sample of graphene suspension were
characterized by different techniques such as TEM,
XRD, Raman, UV-visible absorption,
photoluminescence and FTR spectroscopy.
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Fig. 1.Schematic diagram of the set up used for
synthesis of graphene and graphene oxide by
MWPCVD.
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Fig.2. The image of (A) quartz tube after deposition, (B) grapheme G and graphene oxide films on quartz and (C)

graphene suspension after shacked process.

The atomic emission spectra of the plasma were
collected by an optical fiber into optical spectrometers
during deposition. The spectra were measured in the
range from 200nm to 800nm during the deposition and

the major spectral features are the oxygen ion lines as
shown in figure 3. The emission lines in the spectrum
have different intensities and are labeled and identified
by using NIST data as shown in table 1.
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Fig. 3. The optical spectrum of plasma.

Table 1. Emission lines and the corresponding elements of plasma spectrum.

elements Intensity (a.u.) Wavelength (nm)

oIl 0.68x107 442

OIl 1.310x> 550

oIl 4.5x10° 660

OIl 0.7x107 674

oIl 1x10° 720

OIl 0.75x107 780

2.1.Characterization. microscope JEOL (JEM-1400 TEM). Additional

The x-ray diffraction (XRD) analysis was
performed using an X' Pert Pro system with Cu-K,
radiation (A =1.54060A), operating at 40 kVand 40
mA to determine the crystal structure and orientation
of the sample. For morphological analysis of the
sample a two 2-5 ul drops of the prepared dispersion
was dried over a 400 mesh copper grid with a holey
support film and analyzed using transmission electron
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structural information was obtained by Raman
spectroscopy [using a laser beam of 532 nm
wavelength]. Photoluminescence were obtained by
Spectrofluorometer. Fourier Transform Infrared
spectra were obtained by FT-IR spectrophotometer in
the 4000-1000cm™ region and UV-Vis absorption
spectra were obtained by UV-Vis spectrophotometer.
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3. Results and discussion.
3.1. X-ray Diffraction

Fig.4. shows the x-ray diffraction pattern of
graphene powder (black product) which was collected
from the tube wall as black suspension after filling the
tube with ethanol and shaken for 20 min, then by
allowing the ethanol to evaporate the solution
becomes slurry and by dryingit becomes powder. The

XRD pattern consists of a two broad peaks, a high
peak around (20 = 24.56°) with d-spacing (d=3.621A°)
and a small peak around (20 = 43.65°) with d-spacing
(d=2.0734A°) which refer to the formation of
graphene. Also the figure shows that there is some
impurities which are due to the residues of the used
materials.

d=3.6214"

Intensity

e

d=2.07344"

L -

3.2. Transmission Electron Microscopy(TEM).
Transmission electron microscopy [TEM]
images of our suspended graphene prepared by
MWPCVD using polyethylene as carbon source are
shown Fig.5. (a, b). From the TEM images the
morphology of our sample appears in the form of
crumpled and folded sheets with size scale of several
hundred nano meters such that the darkest areas can
be attributed to the crumpling regions but the less
transparent areas are the result of the folding and
overlap of a single sheet or the overlap of multiple
sheets. The crumpling and folding is often part of the
intrinsic nature of the morphology of graphene sheets

Fig. 4. X-ray diffraction

pattern of graphene powder.

according to previous studies [19]. The observation
of the edges of the suspended film which always fold
back by TEM provides a way to determine the
number of layers at multiple locations on the film
such that the single layer graphene exhibits only one
dark line and for bi layer graphene two dark lines
should appear and the difference in the number of
layers depends on the different locations of the
sample [19]. Our transmission electron microscopy
(TEM) studies revealed that suspended graphene
sheets are not perfectly flat but exhibit crumpling,
folding and consist of multi layers.

Fig. 5. (A, B). TEM images of graphene nano sheets
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3.3. Raman Spectroscopy.

The Raman spectrum of the (graphene
suspension) which was prepared by MWPCVD and
collected from the wall of tube in ethanol show the
two typical peaks of graphitic structures at 1610cm™
labeled as the G band which arises from the zone
center of E, mode and corresponding to ordered sp
bonded carbon atoms and the D band at 1332 cm’
which is very weak in graphite and originates from
disorder in the sp® hybridized carbon atoms as shown
in figure6. The Raman spectra of graphene prepared
by other methods exhibit a band at 1580 cm™ (G
band) and a band at 1350 cm™ (D band) [20]. Our
spectrum noted that D band exhibited the greatest
intensity and G band shifted to higher wave numbers
(1610cm™) and this shift is due to the presence of
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stronger defects in this sample and the thickness of
the sample. The intensity ratio of the D to G modes
(Ip/ig) measures the disorder degree in the sample and
average size of the sp” domains. The crystal size was
estimated according to the D band /G peak intensity
ratio by this equation La (nm) = (2.4x10™%) A* (Ip/I)
'which was found by Cancado et al. [21, 22]. From
the Raman spectra of our suspended graphene the
intensity ratio (Ip/Ig) = 0.90 and the crystal size (L,)
=21 nm. When we compare between these crystallite
size result (L,) = 21lnm and the observed size of
sheets in the transmission electron microscopy
images (several hundred nano meters) it can be
concluded that the morphology of the suspended
graphene sample involves the overlaying of multiple
sheets consisting of around 4-5 graphene layers.
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Fig.6. Raman spectra of suspended graphene.

Fig.7. shows the Raman spectra of graphene
film which was deposited on a substrate of quartz
which was put in the quartz tube inside the
waveguide. The Raman spectrum of graphene film on
quartz substrate showed G band at 1586cm™, D band
at 1354 cm”, D' at 1620 cm”. The 2D and the
disorder induced combination mode (D+G) peaks can
also be observed at 2710 and 2949 cm™. There is a
blue shift (Sem™) in G band position (1586cm™)
when compared to bulk graphite (1581 cm™) and this
shift is attributed to the transformation of bulk
graphite crystal to graphene sheets and the 2D band
peak is used to confirm the presence of graphene[23].
The number of graphene layers was determined by
the position and shape of the 2D band peak such that
Single layer graphene sheets have a single sharp 2D

76

peak below 2700cm™, while bi layer sheets have a
broader and up shifted 2D peak located at 2700 cm’
'and the sheets with more than Five layers exhibit
similar spectra which have broad 2D peaks that are
up shifted to position greater than 2700 cm™[24].
From our Raman spectrum the 2D band peak
observed at 2710 cm™ which is greater than 2700 cm™
and this means that our sample consist of multilayer
of graphene. Also the intensity ratio of the 2D to G
band peaks can be determine the number of graphene
layers such that the single layer of graphene can
demonstrated if (I,p/Ig) >2 otherwise it is bi layers
even multi layers, the number of graphene layers
decrease with increasing the intensity ratio of (I,p/Ig)
[21, 25] and from figure.7.The intensity ratio (I,p/Ig)
= 0.25which < 2 and this mean that our sample
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consists of multi layers of graphene. According to the
resonant Raman scattering theory the intensity of
defect bands (Ip, Ip) depends on the amount of
defects, the type of defects associated with it and the
intensity ratio of defect bands (Ip/Ip) would provide
information about the type of defects present in the
material such that if the ratio of (Ip/Ipy =13 it
indicates the presence of sp’ related defects, and
similarly 10.5 corresponds to hopping defects, 7 for
vacancy like defects, 3.5 for boundary like defects
and 1.3 represents the one site defects in graphene as

180 1
160—-
140—-
120—-

100+

Raman Intensity

0. 2710.26

reported in previous studies[26] and by applying this
information to our spectrum were found that the
intensity ratio of defect bands (Ip/Ip) = 1.3 this
means that the type of defects in our sample
represents one site defects in graphene. Also from the
Raman spectrum the intensity ratio of the D to G
modes (Ip/Ig) = 1.09 and crystal size according to
Cancado ef al. equation (L,) = 18 nm. From the above
it was concluded that our sample is graphene with
multi layers.
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Fig. 7. Raman spectra of graphen film on substrate.

The Raman spectrum of graphene oxide
deposited by MWPCVD on a substrate of glass which
was put inside the quartz tube outside the waveguide
shows the presence of G band at 1616 cm™ and D
band at 1342cm™ as shown in fig.(8). From the figure
the G band is shifted towards higher wave number
which is due to the oxygenation of graphite which
results in the formation of sp’ carbon atoms. The D
band is broadened due to the reduction in size of in
plane sp’ domains by the creation of defects
vacancies and distortion of the sp” domains during
oxidation [27]. There is some differences which
distinguish between the graphene and graphene oxide
such as the intensity ratio (Ip/Ig) of graphene higher
than those of graphene oxide, the increase in intensity
ratio is attributed to a lower degree of crystallinity in
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graphitic material and the average crystallite size (L,)
of sp® domains is decreased in graphene due to the
formation of new sp® carbon atoms which are smaller
in sizethan the sp” carbon atoms present in graphene
oxide [28, 29]. From the above information and the
Raman spectra of graphene oxide it was found that
the intensity ratio of D to G modes (Ip/Ig) = 0.57
which is less than (Ip/ Ig) = 1.09 of graphene in our
previous sample (Ip/Ig of this sample < Ip /Ig of
graphene) and the crystal size (L,) of graphene oxide
according to Cancado et al. equation La = 34 nm
which is higher than crystal size (L, = 18 nm) of
graphene in our previous sample (L, of graphene <L,
of this sample). From all of the above results it was
concluded that our sample is graphene oxide.
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Fig. 8. Raman spectra of graphene oxide film on substrate.

3.4. Spectrofluorometer Analysis.

The figure (9a) shows the fluorescence emission
spectra of graphene oxide with different excitation
wavelengths (350 — 550nm). From the figure the
graphene oxide exhibits abroad emission band
between 400 and 800 nm due to its heterogeneous
electronic structure and this emission associated with
the aromatic C-OH, C=C and COOH functional
groups. Also from the figure the positions of emission
peaks were dependent on the excitation wavelengths,
the maximum of the emission peaks red-shifted to
higher wavelengths with increase in the excitation
wavelength and these peaks have different relative
intensities. When the relation between excitation
energy and also emission energy were plotted as in
figure (9b), it is obvious that the excitation
wavelength versus the emission wavelength.
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Fig 9a. Emission spectra of graphene oxide.
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Fig. 9b. Fluorescence emission photon energy maxima
versus excitation photon energy.

3.5. FT-IR Analysis.

The FT-IR spectrum of the graphene oxide as in
figure10 shows several peaks, a peak at 3425 cm’
originated from (O-H) stretching vibration indicating
abroad and intense absorption, the absorption peaks of
the alkyl group at 2860 and 2926 cm™ correspond to
the symmetric and anti- symmetric stretching
vibrations of CH,, a peak at 1735¢cm™ due to the
(C=0) stretching of carboxylic groups placed at the
edges of GO sheets, C-O-C (1196cm™), C-O (1078cm’
") and a peak atl445 cm'for (O-H). Finally the
absorption peak at 1625cm™ can be attributed to in
plane C=C bands present at the edges of graphene
oxide [30]. From the figure there are strong bands
associated with CH, groups observed at 2926 and
2860cm™" respectively due to polyethylene which was
used as carbon source and the presence of these
oxygen containing groups indicated that graphene has
been oxidized.
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3.6. UV-Visible Spectroscopy.

The absorption spectrum of graphene oxide is
shown in fig. (11).The figure shows that the
absorption peak for the prepared graphene oxide at
235 nm is considered due to the & -n* (C=C) transition
and the smart peaks are due to n—n* transition of
C=0. From the absorbance measurements in UV-Vis
absorption spectrum the absorption coefficient o of
graphene oxide film can be determined; photon energy
(hv) can be calculated by hv =1240/A and the energy
gap Eg of graphene oxide is estimated by the
following equation ohv = k (hv —Eg) "> where k is a
constant. When the relation between photon energy
(hv) and the coefficient as a function of wave length
(ohv) * were plotted, the energy gap Eg of graphene
oxide is determined by extrapolating the straight line
portion of the spectrum ahv = 0 as in fig. (12). From
the figure the value of energy gap (Eg) of graphene
oxide = 3.1 ev.
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Fig. 10.FT-IR spectra of graphene oxide.
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Fig. 11. UV-Vis absorption spectrum of graphene
oxide film.
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Fig. 12: Measurement of energy gap for graphene
oxide film.

3. Conclusion

In this study, a simple experiment was
constructed for the synthesis of graphene and
graphene oxide by microwave plasma chemical vapor
deposition using microwave source operating at
2.45GHZ and with a power of 700W and the
polyethylene was used as carbon source instead of
other materials which is toxic such as CH,. Several
method have been developed for the synthesis of
graphene and graphene oxide which require along
reaction time but in MWPCVD the graphene and
graphene oxide were synthesized when the quartz tube
and polyethylene had exposed to microwave
irradiation for 2 min and a power of 700W and the
deposited films were good adhesion and uniformity.
The deposited samples were characterized by different
techniques which distinguished between graphene and
graphene oxide and revealed that MWPCVD is
appropriate for synthesis of graphene and graphene
oxide. The MWPCVD create a new way for the
synthesis of graphene and graphene oxide in short
time and is safe for the environment.
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