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Abstract. Graphene oxide (GO) was synthesised using modified hummers method. X-Ray
Diffraction (XRD), Scanning Electron Microscopy (SEM), Transmission Electron Microscopy
(TEM), Fourier Transform Infrared Spectroscopy (FTIR), Raman Spectroscopy (RM) and
Atomic Force Microscopy (AFM) was utilised to acquire the structural properties of GO. Each
spectroscopic technique reveals unique features about the surface morphology of graphene
oxide. XRD confirmed the crystalline nanosheets stacking of a carbon honeycomb. SEM and
TEM revealed wrinkles and folding of planar honeycomb layers. FTIR and RM indicated the
presence of carbonyl, alkoxy, epoxy, and hydroxyl functional groups. AFM further confirmed
the surface roughness and the thickness of GO layer.

1. Introduction

Graphene oxide (GO) is a new interesting material which is derived from graphene and the oxygen
functional group(s) [1]. GO is known to possess some interesting properties such as high surface area,
high mechanical stiffness, high Young’s modulus and exceptional thermal conductivity [2-3]. Due to
these properties GO has attracted enormous great research interest. Nowadays, the synthesis and
modification of GO has been one of the major focus and interesting part of graphene related research.
The structure of graphene oxide can be defined as a layer of graphene with a number of oxygen
functional group(s), such as hydroxyl (OH), epoxy (C-0O), carbonyl (C=0) and alkoxy (C-O-C)
distributed on the graphene surface [4]. GO is a promising material for future technologies due to the
oxygen functional group as well as their minute size and shape [5]. This material has been identified as
a potential candidate for advanced semiconducting applications such as water treatment as well as gas
sensing [1].

The presence of the oxygen containing functional groups in GO influence this material’s hydrophilic
behaviour and its polar nature, as a results of which GO can be easily dispersed in several solvents such
as water [6], in the process gaining advantage in terms of other peculiar properties over its precursor
graphene. These functional groups highlight the opportunities for surface modification in GO which is
very much suitable for nanocomposite materials.

This paper is focused on the synthesis and structural characterisation of graphene oxide. Accordingly,
the synthesis of graphene oxide is more favourable over other graphene materials due to its low cost,
easy access and its ability to be easily converted to graphene [7]. Graphite which is defined as a packed
layers of graphene is the main source of graphene oxide [8]. GO has been synthesised using modified
hummers method and was further characterised using various spectroscopic instruments including X-
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Ray Diffraction (XRD), Scanning Electron Microscopy (SEM), Transmission Electron Microscopy
(TEM), Fourier Transform Infrared Spectroscopy (FTIR), Raman Spectroscopy (RM), and Atomic
Force Microscopy (AFM).

2. Materials and Methods

2.1 Reagents used for the synthesis of graphene oxide

The materials used in this study were purchased from Sigma Aldrich. The materials are: graphite (99%
purity), sodium nitrate (99% NaNOs3), potassium permanganate (99% KMnOy4) and sulphuric acid (98%
H,S0,), hydrogen peroxide (50% H»0.), hydrochloric acid (35% HCI).

2.2 Synthesis of graphene oxide

The modified hummers method was used to synthesise graphene oxide (GO) [9]. This method involves
the treatment of graphite flakes with a mixture of sodium nitrate (NaNQs), potassium permanganate
(KMnOg) and sulphuric acid (H2SO4). During the synthesis of GO, 120 ml of concentrated H>SO4 was
measured and cooled to the temperature below 5°C in an ice bath. In the process 2.5 g of NaNOs and 2
g of graphite were slowly added to the H,SO4 The mixture was then allowed to stir for a maximum of
30 min under an ice bath at 300 rpm (revolution per minutes). 15 g of KMnQO4 was then added slowly
to the mixture after 30 min with continuous stirring at 300 rpm. The temperature of the mixture was
always kept below 5 °C. After KMnO4 was successfully stirred into the mixture, the ice bath was
replaced with an oil bath. The temperature of the mixture was increased and maintained in the range of
60 - 70 °C in the oil bath. The mixture was further allowed to stir for extra 30 min at 300 rpm.
Furthermore, after 30 min of stirring, the mixture was then allowed to react whilst stirring for 24 h under
room temperature in the oil bath still at 300 rpm.

After the full complete 24 h reaction, the mixture was cooled to a temperature below 5 °C in an ice bath,
followed by gradual addition of 220 ml of de-ionized water drop by drop wise in the mixture to increase
the temperature to 55 °C maximum while stirring at 300 rpm. Subsequent the gradual addition of 220
ml of de-ionized water, the mixture was further heated in an oil bath and refluxed for 24 h at a
temperature below 60 °C. The mixture was then cooled to room temperature and 50 ml of hydrogen
peroxide (H20;) was slowly added to eliminate excess of KMnOs. The exothermic reaction occurred
during the addition of H,O» and the mixture changed to bright yellow. The mixture was then filtered
and the obtained product (graphite oxide) was washed continuously with 0.1 M of hydrochloric acid
(200 ml) to remove the metal ions. The graphite oxide was further washed with the de-ionized water
for several times using centrifuge, until the pH value of the supernatant was approximately close to the
pH of the water. Then, the graphite oxide was dried up in a vacuum oven at a temperature of 60 °C for
24 h. Finally, 5 mg of graphite oxide was exfoliated by sonication in a 100 ml of deionized water to
yield several graphene oxide nanosheets.

2.3 Characterization of graphene oxide

X-ray diffraction pattern of GO was conducted using Bruker D2 Phaser Diffractometer (£ = 0.15418
nm) which uses secondary graphite monochromated with CuKo radiation. The surface of GO was
investigated using ZEISS SEM and Perkin Elmer TEM. The presence of the oxygen functional groups
on the hexagonal honeycomb sheet was confirmed by Perkin Elmer FTIR TWO spectrometer at the
spectral wavenumber range of 400 cm™ to 4000 cm!. Perkin Elmer Raman Spectrometer was used to
analyse the structural characteristics of GO at a laser voltage of 50% with a beam exposure of 10 s.
Images of GO layers were further explored and obtained using Veeco-nano scope AFM in a contact
mode.

3. Results and Discussion

3.1 X-ray diffraction analysis

The x-ray diffraction spectrum confirms that GO crystallise into nanosheet form with a sharp peak at
20 = 11.1° which corresponds to the interlayer spacing of 0.791 nm as depicted in figure 1. In addition,



the diffraction peak correspond with the (001) plane of GO. However, the x-ray diffraction of the well-
ordered graphene usually depicts a sharp peak at 20=26.7° [10]. This simply suggests that the sudden
changes in the GO peak is due to the presents of the oxygen containing functional groups lying on the
graphene surface. Commonly, the interlayer spacing of GO is known to range from 0.6 to 1.0 nm
depending on the oxidation process involved during the synthesis procedure [11]. Therefore, since the
obtained interlayer spacing for GO (0.791nm) lies between 0.6 and 1.0 nm, this shows that the
synthesised GO is highly oxidized. The Bragg law [12] has been used in the determination of the
interlayer spacing. The oxygen functional groups lying on the graphene sheets are also responsible for
the increase in the interlayer spacing of GO [13]. The observed value for the sharp peak of GO
approximately corresponds with the values reported in the literature [14]. The crystal size of this
material was calculated to be 4.7 nm (47 A). The Debye-Scherrer [15] equation was used to calculate
the crystal size.
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Figure 1. X-ray diffraction of GO.

3.2 Scanning and Transmission Electron Microscopy

The SEM micrograph suggests, the folding or piling of the layers with the surface morphology which
is wrinkled, as shown in figure 2. This could be due to oxygen functional groups and other structural
defects [16]. Based on the synthesis of GO by improved method, the wrinkles in GO are also caused by
the folding of the GO sheets [17].

The TEM micrograph in figure 3 further shows evidence of the wrinkles in the middle of the GO
nanosheets. The wrinkles further extend towards the edges. The same observations are noted and
reported by Singh et al. [18]. It must be noted that the TEM image was taken in the bright field mode of
the microscope where only transmitted electrons are allowed to pass through the aperture. The dark

region at the middle and the edges of the GO nanosheets may be caused by the presence of wrinkles.
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Figure 2: SEM micrograph of GO. Figure 3: TEM micrograph of GO.



3.3 Fourier Transform Infrared Spectroscopy

In figure 4, the FTIR spectra of GO is shown. The spectra indicate the existence of various functional
groups: hydroxyl (OH), carbonyl (C=0), epoxy (C-0O), and alkoxy (O-C-O). The hydroxyl (OH) and
carbonyl (C=0) groups stretching vibrations can be identified by the bands appearing at 3358 cm™ and
1728 cm respectively. Furthermore, the bands appearing at wavenumbers 1224 cm™ and 1050 cm'!
correspond to epoxy (C-O) and alkoxy (O-C-O) stretching vibrations respectively. The obtained FTIR
results are in good agreement with literature reports as outlined by Zhang et al. [19] and confirms the
oxidation of graphite during the synthesis of GO via modified hummers method.

3.4 Raman Spectroscopy

According to many studies, the Raman spectra of graphene oxide usually exhibits two strong peaks, the
D and the G peaks at approximately 1343 cm™! and 1598 cm™! respectively [20]. In this study, the D
and the G peaks are observed at 1308 cm™ and 1596 cm! respectively as illustrated in figure 5. The G-
peak is usually because of the carbon-carbon bond stretching and the D-peak is associated with the
presents of the oxygen functional groups on the graphene sheets [20]. If the intensity of the D peaks is
(ID) and that of the G peak is (IG), the increase in the intensity of the ratio of the D and the G (ID/IG)
peaks usually indicates the decrease in the average size of carbon-carbon bonds [21]. The ratio of the
intensity of GO is 0.82 as compared to the theoretical value of 0.84, which suggests an increase in the
average size of the carbon-carbon bonds stretching on the graphene sheets. Consequently, an increased
aromaticity in the GO structure which is related with enlarged surface area and improved stability. As
a results, Raman spectroscopy was successfully conducted to confirm the chemical changes in the

graphitic structure.
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Figure 4. FTIR spectra of GO. Figure 5. Raman Spectroscopy of GO.

3.5 Atomic Force Microscopy

Figures 6 and 7 shows that the AFM GO layers have different lateral sizes as well as different layer
thickness. The folding or piling of the layers can also be observed which could have resulted when
drying GO on the glass substrate as observed in figure 7. A typical height profile in figures 6 and 8
reveals the thickness of 2.993 nm of a single GO layer with the root mean square (RMS) value of the
surface roughness of 1.134 nm due to the oxygen functional groups as reported in the literature. The
thickness of graphene is approximated to range from 0.34 to 1.27 nm [22]. Therefore, since the obtained



thickness for GO (2.993 nm) is out of the approximated range of graphene, this could be attributed to
the presence of the oxygen atoms laying on the graphene sheets causing the folding of GO nanosheets.
As aresult, GO is expected to be thicker than graphene because of the surface oxygen functional groups.
However, this spectroscopic technique has difficulties in determining the exact number of layers in
graphene and graphene oxide [23], hence this could also introduce difficulties in obtaining the exact
thickness of GO.
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Figure 6: The sectional analysis of the GO nanosheets.
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Figure 7: The AFM micrograph of GO Figure 8: The spectral analysis of GO height
nanosheets. profile.

4. Conclusion

Graphene oxide was successfully synthesised via modified hummers method. An acceptable
interpretation of the surface morphology of graphene oxide through the spectroscopic instrument was
successfully achieved. Correspondingly, SEM and TEM complement each other on the wrinkles and
folding of the GO layers. The FTIR and RM results suggest the presence of the oxygen functional
groups in the honeycomb sheets and AFM confirms that the synthesised GO is a nanomaterial with a
rough surface due to the oxygen functional groups.



5. Reference

[1] Chen H, Feng H and Li J 2012 Chem. Rev 112 6027.

[2] McAllister MJ, Li JL, Adamson DH, Schniepp HC, Abdala AA, Liu J, Herrera-Alonso M, Milius
DL, Car R, Prudhomme RK and Aksay IA 2007 Chem. Mater 19 4396.

[3] Ramanathan T, Abdala AA, Stankovich S, Dikin DA, Herrera-Alonso M, Piner RD, Adamson DH,
Schniepp HC, Chen X, Ruoff RS, Nguyen ST, Aksay IA, Prud'Homme RK and Brinson LC 2008
Nat. Nanotechnol 3 327.

[4] Raccichini R, Varzi A, Passerini S and Scrosati B 2015 14 271.

[5] Huang X, Yin Z, Wu S, Qi X, He Q, Zhang Q, Yan Q, Boey F and Zhang H 2011 Small 7 1876.

[6] Pendolino F and Armata N Springer Briefs in Applied Sciences and Technology.

[7] Bai H, Li C, Wang, X and Shi G 2011 J. Phys. Chem. C 115 5545.

[8] Brodie BC 1859 Philosophical Transactions of the Royal Society of London 149 249.

[9] W.S. Hummers WS and Offeman RE 1958 J. Am. Chem. Soc. 80 1339.

[10] Ashori A, Rahmani H and Bahrami R 2015 Polym. Test. 48 82.

[11] Ramesh P, Bhagyalakshmi, S and Sampath S 2004 J. Colloid Interface Sci. 274 95.

[12] LiJ, Zeng X, Ren T, and Van Der Heide E 2014 Lubricants 3 137.

[13] Shen JF, Hu YZ, Shi M, Lu X, Qin C, Li C and Ye M.X 2009 Chem. Mater 21 3514.

[14] Ruiguang X and Yanan L.Y 2016 Chem. Commun, 52 390.

[15] Fischer HE, Barnes AC and Salmon PS 2006 Rep. Prog. Phys. 69 233.

[16] Mungse HP and Khatri O.P 2014 J. Phys. Chem. C 118 14394.

[17] Yu H, Zhang B, Bulin C, Li R, and Xing R 2016 Sci. Rep 6 36143.

[18] Singh M, Kaushal S, Singh P and Sharma J 2018 J. Photochem. Photobiol A. 364 130.

[19] Zhang L, Lu Z, Zhao Q, Huang J, Shen and Zhang Z 2011 Small 7 460

[20] Kudin KN, Ozbas B, Schniepp HC, Prud’homme RK, Aksay IA and Car R 2008 Nano Lett. 8 36.

[21] Dresselhaus MS, Dresselhaus G, Saito R and Jorio A 2005 Phys. Rep. 409 44.

[22] Li D, Muller MB, Gilije S, Kaner RB and Wallace GG 2008 Nat. Nanotechnol. 3 101.
[23] Liu WW, Chai SP, Mohamed AR and Hashim U 2014 J. Ind. Eng. Chem. 20 171.



