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Abstract

Graphene Oxide (GO) was chemically synthesized from Natural Flake Graphite (NFG). The GO was
chemically reduced to Reduced Graphene Oxide (RGO) using hydrazine monohydrate. Thin films of
GO and RGO were also deposited on sodalime glass substrate using spray pyrolysis technique (SPT).
The samples were characterized using Fourier Transform Infrared (FTIR) spectroscopy, Scanning
Electron Microscopy (SEM) with Energy Dispersive X-Ray (EDS) facility attached to it, UV-Visible
Spectrometry and Four-Point probe. The FTIR spectra showed the addition of oxygen functionality
groups in GO while such groups was drastically reduced in RGO. SEM micrograph of GO thin film
showed a porous sponge-like structure while the micrograph of RGO thin film showed evenly dis-
tributed and well connected graphene structure. The EDX spectrum of RGO showed that there was
decrease in oxygen content and increase in carbon content of RGO when compared to GO. The optical
analysis of the GO and RGO thin films gave a direct energy bandgap of 2.7 eV and 2.2 eV respectively.
The value of sheet resistance of GO and RGO films was determined to be 22.9 x 10¢Q/sq and 4.95 x
106 Q/sq respectively.
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1. Introduction

Graphene is a two-dimensional building block with honeycomb structure. It can be stacked as three dimensional
graphite, rolled into one dimensional nanotubes, or folded into zero dimensional fullerenes [1] [2]. It is a nanos-
cale allotrope of carbon. Unlike graphite, electrons can only move between carbon atoms in the 2D lattice. The
extra quantum confinement of the electrons due to the lack of a third dimension gives graphene various novel
properties. For example, electrons interact with carbon atoms in the lattice to create a system that acts like a sin-
gle mobile charge carrier. The carrier moves ballistically over the graphene surface which enables graphene
sheets to conduct electricity [3] [4]. Other complex interactions between electrons and the hexagonal lattice
make graphene transparent, flexible and strong [5]. These properties and others have attracted many researchers
over the last half-decade to study graphene for a diverse array of uses [6] [7].

Graphite is a 3-dimensional carbon based material made up of millions of layers of graphene. By the oxidation
of graphite using strong oxidizing agents, oxygenated functionalities are introduced into the graphite structure
which not only expands the layer separation, but also makes the material hydrophilic. This property enables the
graphite oxide to be exfoliated in water using sonication, ultimately producing single or few layer graphene, known
as graphene oxide (GO). The main difference between graphite oxide and GO is, thus, the number of layers. In a
GO dispersion, a few layer flakes and monolayer flakes can be found.

One of the advantages of GO is its easy dispersability in water and other organic solvents, as well as in dif-
ferent matrixes. This is due to the presence of the oxygen functionality groups. This remains a very important
property in mixing the material with ceramic or polymer matrixes when trying to improve their electrical and
mechanical properties [8] [9]. On the other hand, in terms of electrical conductivity, GO is often described as an
electrical insulator, due to the disruption of its sp2 bonding networks. In order to recover the honeycomb hex-
agonal lattice and the electrical conductivity, the reduction of the graphene oxide has to be achieved. However,
once most of the oxygen groups are removed, the reduced graphene oxide (RGO) obtained is more difficult to
disperse due to its tendency to create aggregates.

Mass production of high quality graphene sheets at low cost is needed for commercial applications. Therefore,
it is important to develop environmentally friendly methods for producing graphene nanosheets in large scale.
Several methods have been developed to synthesize graphene sheets. This includes micromechanical exfoliation
of graphite, chemical vapor deposition and epitaxial growth on silicon carbide. However, chemical reduction is
regarded as the most promising approach for large volume synthesis. The chemical approach for producing GO
is well suited for mass production because of its low-cost procedure. Furthermore, it can render a large variety
of different variants of graphene with chemical modifications [10] [11].

In view of this, the interest of this study is to chemically synthesize GO and RGO through a modified Hum-
mers’ method, using natural flake graphite (NFG) as starting material. One of the advantages of this method is
the absence of NaNOj, thus no generation of toxic gases such as NO,, N,O, in the reaction thereby making it
more environmentally friendly. The use of this method is expected to be successful in terms of controlling the
particle size, chemical composition and crystallite size in a simple and inexpensive way. Thin films of GO and
RGO were also deposited on sodalime glass substrate using spray pyrolysis technique (SPT). The characteriza-
tion of the prepared thin films samples is also reported.

2. Experimental Method
2.1. Synthesis of GO

In this study, a modified Hummers’ method [12] was used to prepare GO. In this method, there is complete re-
moval of sodium nitrate, increase in the amount of potassium permanganate and introduction of phosphoric acid
[13]-[17]. 3.0 g of flake graphite (44 um, 99.8% carbon, ash color, from Asbury Carbon, New Jersey, USA) was
added to 120 ml solution of sulphuric acid (H,SO,) (98%, BDH) and phosphoric acid (HsPO,) (98%, BDH) in a
500 ml conical flask in ratio 9:1. The mixture was stirred vigorously and maintained at 100°C for 2 hours. The
mixture was then allowed to cool to room temperature and kept below 10°C by placing the mixture in an ice
bath. 15.0 g of potassium permanganate (KMnO,) was added gradually over a period of one hour after which it
was continuously stirred for another hour in order to obtain homogeneous mixture. It was then removed from
ice-water bath, placed in a warm-water bath maintained at 45°C and stirred for an hour. After this, the mixture
was allowed to cool to room temperature. It was observed that the color of the mixture changed to yellowish
green. Subsequently, 250 ml of distilled water was added to the mixture. The color of the mixture changed
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gradually from yellowish green to reddish brown as the reaction proceeds. In order to stop the reaction, 20 ml of
hydrogen peroxide (30%, BDH) was added to the mixture until the color changed from reddish brown to dark
brown. This shows that oxidized graphite has been synthesized. The obtained mixture was left overnight. The
mixture was then centrifuged and re-dispersed in dilute hydrogen chloride. After this, it was repeatedly washed
in distilled water and centrifuged three times. The mixture was tested with blue litmus paper each time it was
washed in distilled water until the litmus paper color remained unchanged. This showed that the residual acid
has been removed. Finally, the mixture was filtered, oven-dried and pulverized. The powder obtained was sieved
S0 as to obtain even particle size.

2.2. Reduction of GO

The obtained GO was reduced using the method reported by Park et al. [18]. 300.0 g of GO was dispersed in
100 ml of distilled water (3 mg/ml). 0.1 ml of hydrazine monohydrate (N,H,) was added to the mixture of GO
and distilled water in a beaker. The mixture was placed in an oil bath, stirred and maintained at 80°C on a hot
plate magnetic stirrer for one hour. After this duration, the color of the solution changed from dark brown to
black which indicated that RGO has been obtained. The obtained RGO was washed thrice and filtered in order
to remove residual N,H, from the solution. The black filtrate was then oven-dried.

2.3. Film Deposition

In order to deposit GO and RGO thin films, 0.5 g each of GO powder and RGO powder was dispersed separate-
ly in 20 ml of ethylene glycol (EG). EG was chosen because GO and RGO have high dispersability in it [19]
[20]. The GO and RGO films were deposited using SPT. It is a technique which uses a liquid source for thin
film coating of the desired compound on to preheated substrates [21]-[24]. The deposition temperature was
200°C while the distance between the nozzle and the substrate was 30 cm. The temperature of the substrate was
monitored using temperature probe connected to a digital multimeter. The carrier gas used was compressed air
while the substrate used was sodalime glass. The sodalime glass showed a dark coloration after deposition of
GO and RGO films which indicated the decomposition of the precursors.

2.4. Characterization of Starting Materials and Thin Films

Infrared spectrum of the NFG powder, GO powder and RGO powder was obtained using Fourier Transform
Infrared spectrophotometer (FTIR, SHIMADZU IRTracer-100). The surface morphology and compositional
analysis of the GO and RGO thin film materials were carried out using scanning electron microscope (SEM;
6510LA) with energy dispersive X-ray spectroscope (JOEL EDS System) facility attached to it. Optical absor-
bance of the GO and RGO thin films was obtained in order to study their optical property. This was done using
Jenway UV-Visible spectrophotometer (Model 6405). All measurements were made at room temperature with
incident photon wavelength ranging from 200 to 1100 nm at 5 nm interval. The electrical characterization of the
films was done using Kethley four-point probe facility (Model 2400) with source voltage of 5 mV.

3. Results and Discussion
3.1. FTIR Spectroscopy Analysis of GO and RGO

FTIR analysis was used to identify functional groups present in the NFG, GO and RGO. Figures 1(a)-(c) show
the FTIR spectrum of NFG, GO and RGO powders respectively. The NFG spectrum shows O-H broad peak at
3433.41 cm * resulting from intercalated water and C = C at 1629.90 cm* which can be assigned to the skeletal
vibrations of graphitic domains [25] [26]. Figure 1(b) confirmed the introduction of oxygen containing groups
such as functional hydroxyl, epoxy and carboxylic groups after oxidation of NFG. The strong band at 1728.28
cm *is attributed to stretching vibration modes of C = O in carboxylic acid and carbonyl groups. The peak at
1624.12 cm s attributed to the skeletal vibrations of un-oxidized graphitic domains. The band at 1057.03 cm *
is assigned to C-O (epoxy) groups while the band at 1224.84 cm™* is usually attributed to C-OH stretching vi-
brations and 3433.41 cm* represents O-H stretching vibrations [9] [26]-[30].

After the reduction process using N,H,, there was drastic decrease in the bands associated with the oxygen-
containing group. The broad band became sharp and finally, the peak at 1728.28 cm* for carboxyl C = O en-
tirely vanishes. Sharp peak at 1400.37 cm * corresponds to C = N vibration while the one at 1637.62 cm * can be
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Figure 1. FTIR spectrum of (a) natural flake graphite powder (b) GO powder (c) RGO powder.
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attributed to C = C vibration [9] [25] [28] [29]. Amine group functionality was due to the hydrazine N,H, used
to reduce GO to RGO.

3.2. Scanning Electron Microscope Analysis of GO and RGO Films

The SEM micrographs of GO and RGO thin films are shown in Figure 2(a) and Figure 2(b). The micrograph of
GO thin film has a porous sponge-like structure with the graphene sheet not well connected together. This is an
indication that graphite has been exfoliated during oxidation process. This may be due to the distorted graphene
sheets when oxygen and other functionality groups are attached to sheets of graphene to form GO [30]-[32]. The
micrograph of RGO thin film showed evenly distributed and well connected graphene sheet, indicating that
graphene sheets in RGO overlapped each other [33]. This observation showed that the normal plane of graphene
has been restored while the oxygen and other functional groups attached to the sheets of graphene has decreased,
after the reduction of GO to RGO. There was also a reduction in the particle size of GO from 100 nm to 10 nm
in the case of RGO as detected by SEM using Image J software.

3.3. Energy Dispersive X-Ray Spectroscopy Analysis of GO and RGO Films

Figure 3(a) shows the EDX spectrum for the reference sodalime glass substrate. The spectrum showed peaks
corresponding to Si, O, Mg, Na, Al and Ca. Figure 3(b) shows the EDX spectrum of pelletized NFG with a
peak that corresponds to carbon. The EDX spectrum of GO thin film is shown in Figure 3(c). The presence of
carbon, oxygen, silicon, magnesium, sodium, phosphorus, sulphur and potassium can be seen. Phosphorus, sul-
phur and potassium were present as a result of H,SO,4, HsPO, and KMnQ, used as oxidizing agent, while silicon,
magnesium and sodium are from the substrate. This is a confirmation that graphene oxide was actually formed.
The EDX spectrum of RGO thin film shown in Figure 3(d) also confirmed the presence of carbon, oxygen, sil-
icon, and sodium. However, it can be seen that phosphorus, sulphur and potassium were absent. There is also a
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Figure 2. SEM micrograph of (a) GO (b) RGO thin film.
reduction in percentage of oxygen and increase in percentage of carbon when compared with that of GO. The

mass ratio of C:0O in GO and RGO films was estimated to 5:8 and 12:5 respectively. The atom ratio of C:O in
GO and RGO films was also estimated to be 4:5 (0.8) and 3:1 (3.0) respectively. This result showed that N,H,

reduced GO to RGO to a certain extent.
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Figure 3. EDX spectrum of (a) sodalime glass substrate (b) pelletized NFG (c) GO thin film on sodalime glass substrate (d)
RGO thin film on sodalime glass substrate.
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3.4. Optical Characterization of GO and RGO Thin Films

Optical characterization constitutes the most direct and perhaps the simplest approach for probing the band
structure of the deposited film. The UV-Visible spectrum of the thin film is shown in Figure 4(a). The UV-
Visible spectrum is a plot of the absorbance, A as a function of wavelength, 4. It can be seen that GO has higher
absorbance when compared to that of RGO. The absorbance peak of GO dispersion is in the range of 250 to 300
nm. A major peak also occurs at approximately 260 nm. Since absorbance depends on atomic number and den-
sity of material, this peak may be due to the attachment of functional group to layers of graphene in GO. The
absorbance peak of RGO is around 210 nm [27]. The decrease in the absorbance peak of RGO when compared
with that of GO is due to decrease in the amount of functional group after reduction process [34]. The absorption
coefficient o is given by

1.1
a==—In= 1
d T @
where, d is the thickness of the film, T = 10 " is the transmittance. The dependence of absorption coefficient on
photon energy can be obtained for optical transition processes using the time-dependent perturbation theory. The

optical absorption at high values of absorption coefficient follows a power law of the general form
oc:B(hu—Eg)n (2)

where h = Planck’s constant, v = frequency, E4 = energy gap and B = constant of proportionality. The exponent,
n, which characterizes the transition process can be taken as 1/2. From Equation (1), square of the absorption
coefficient, o” was calculated. Figure 4(b) shows the plot of «” against the energy of the photon for the GO and
RGO thin films. The extrapolation of linear part of the plot to the energy axis gives the direct bandgap energy of
the GO and RGO thin films to be 2.7 eV and 2.2 eV respectively. This implies that reduction of GO to RGO
lower the bandgap of GO which can lead to increase in the conductivity of RGO [27].

3.5. Electrical Characterization of the Films

The electrical characterization of GO and RGO films was carried out using Keithley (Model 2400) four-point
probes. The values of current and equivalent voltage were taken. The average current generated was 4.946 x
10° A and 45.6903 x 10° A for GO and RGO thin film respectively, while the average voltage determined was
25.00 mV and 50.00 mV for GO and RGO thin film respectively. Sheet resistance Ry of GO and RGO thin film
was determined using the equation,

R, =K

S

" 3
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where K is a constant that depends on the configuration and spacing of the probes. In this case,

K=—"_—4532. (4)
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The sheet resistance of GO and RGO thin film was calculated to be 22.9 x 10° Q/sq and 4.95 x 10° Q/sq re-
spectively. The result obtained is of the same order of magnitude with that reported in literature [16] [35]. The
resistivity of GO and RGO thin films was calculated in terms of average sheet resistance using equation,

p=Rt (5)

where t is the thickness of the film which was estimated, using color code chart [36]. The resistivity, p of GO
and RGO thin film was estimated to be 0.6183 Q-m and 0.13365 Q-m. The reduction in resistivity indicated that
GO has been drastically reduced to RGO.

4. Conclusions

GO was synthesized from NFG powder and chemically reduced using N,H, to obtain reduced RGO. Thin films
of GO and RGO were also deposited on sodalime glass substrate using SPT. The functional groups present in
the synthesized GO and RGO were characterized using FTIR spectroscopy. Morphological property, chemical
composition, optical and electrical properties of the deposited thin films were also investigated.

FTIR spectrum of GO showed the introduction of oxygen-containing functional group which confirmed the
oxidation of the NGF to form GO. The drastic reduction of oxygen-containing functional group in the FTIR
spectrum of RGO also confirmed the reduction of GO to RGO. SEM micrograph of GO thin film showed a
porous sponge-like structure with the graphene sheet not well connected together which is an indication that
graphite has been exfoliated to GO. The micrograph of RGO thin film showed evenly distributed and well con-
nected graphene which is an indication that the normal plane of graphene has been restored while the oxygen
and other functionality groups attached to sheets of graphene have decreased after the reduction of GO to RGO.
The EDX spectrum of RGO showed that there was decrease in oxygen content and increase in carbon content
when compared to that of GO. The optical behavior showed that the absorption peak of the GO and RGO thin
films were within visible range which corresponding to a direct energy bandgap of 2.7 eV and 2.2 eV for GO
and RGO thin films respectively. The values of sheet resistance and resistivity of GO and RGO films were de-
termined to be 22.9 x 10° Q/sq and 0.6183 Q-m; 4.95 x 10° Q/sq and 0.13365 Q-m respectively.

These results indicated low oxygen content, evenly distributed well connected graphene structure, reduction
in bandgap and decrease in resistivity of RGO thin film when compared with GO thin film. Hence, the method
adopted in this work is suitable for preparing GO and RGO precursors for the deposition of their respective thin
films using SPT. The results of the thin films characterizations showed that the use of this method is a promising
technique for the development of GO and RGO thin films for use in various technological applications such as
energy storage devices and solar cell applications.
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