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Graphene oxide was prepared by oxidizing the graphene via a simplified Hummers’ method, where it had
involved the oxidization of the ultrasonically exfoliated water-dispersible graphene in a H,SO4/HNO3
mixture and the neutralization effect of NaOH, but without the presence of the KMnO,4 oxidation agent.
From the investigations that were conducted on the physiochemical and structural properties of the
material under the Raman spectroscopy, Fourier transform infrared spectroscopy (FTIR) and high resolu-
tion transmission electron microscopy (HRTEM) techniques, the graphene was found to have been oxi-
dized and its geometrical topology damaged by the use of strong acids. Apart from the SEM images
that were used in the morphology comparison of the oxidized and pristine graphene, the XRD results
from this experiment had also demonstrated 26 of the 12.02° as having an interlayer spacing of 0.77 nm.
© 2019 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Graphene has been receiving a widespread attention in the
recent years owing to its extraordinary mechanical, electrical and
thermal properties and its potential usage in various science and
technological applications (Geim and Novoselov, 2007; Yin et al.,
2018; Kirubasankar et al., 2018; Zhang et al., 2019; Tian et al.,
2019; Le et al., 2019; Gong et al., 2019; Wang et al., 2017; Wang
et al., 2018). Graphene is known to possess an enormous specific
surface area (2620m?g~'), excellent mechanical properties
(Young’s modulus of 1 TPa and intrinsic strength of 130 GPa), very
high electronic conductivity (room-temperature electron mobility
of 2.5 x 105cm?V~'s71) as well as exceptionally high thermal
conductivity (above 3000 W m K~!), which can be produced by
either the mechanical exfoliation of bulk graphite (Novoselov
et al.,, 2004) or epitaxial chemical vapour deposition (Berger
et al., 2006). The water-soluble derivative of graphene, graphene
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oxide, is also a highly prized material that is being used extensively
in various applications (Zhu et al., 2010; Bao et al., 2011). Unlike
graphene, graphene oxide is a non-conductive hydrophilic carbon
material that relies heavily on its degree of oxidation, which can
be produced by either the top-down or bottom-up methods, where
in the former, the graphene oxide is obtained from the electro-
chemical exfoliations of the graphite and the latter involving the
chemical production of graphene oxide from the readily synthe-
sized graphene. Despite the rare use of the bottom-up method
because of the high cost involved, this method however, is still
being employed in the production of graphene oxide at the labora-
tories. Both the Hummers’ (Hummers and Offeman, 1958) and
modified Hummers’ methods (Narasimharao et al., 2016), which
are known for using the top-down approach had reported the
strong oxidation agent as resulting a medium to high degree of oxi-
dation on the graphene surfaces and edges that will consequently
compromise its electrical conductivity. For this reason, the use of
graphene oxide was found to have attracted the utilization of func-
tionalized graphene and graphene nanocomposites in advanced
applications as seen from the diamine-functionalized graphene
(graphene-diamine) that were used in electrical conductive adhe-
sives (Ghaleb et al., 2017), super capacitor electrodes (Song et al.,
2017) and epoxy/graphene nanocomposites (Abdul Kudus et al.,
2017; Yu et al., 2016). Since certain applications had still required
an average hydrophilicity and electrical conductivity levels, this
study had therefore proposed combining the Hummers’ and
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bottom-up methods, but with the elimination of certain steps and
the chemical usage of KMnO4 and NaNOs for obtaining a lower oxi-
dation of the graphene oxide.

2. Experiment

The oxidized graphene (OG) was obtained by oxidizing the gra-
phene via a simplified Hummer’s method, which begins by mixing
1 g of graphene, 30 ml of H,SO,4 (98%) and 10 ml of HNOs (98%) in a
1000 ml volumetric flask that was stirred continuously for 2 h. This
was followed by the gradual addition of 100 ml of water and the
ensuing rapid increase of temperature to nearly 100 °C. Stirring
was once again resumed upon the addition of 200 ml of water into
the solution, which was then neutralized with NaOH until a pH 7 is
observed. After rinsing with deionized (DI) water for five times, the
mixture was subsequently subjected to the filtration and oven dry-
ing processes. The resulted oxidized graphene (OG) that had
existed in powder form was then investigated under the Fourier-
transform infrared spectroscopy (FTIR), Raman spectroscopy and
high resolution transmission electron microscopy (HRTEM), while
the obtained OG (0.5 g) that was used in the colloidal polymeriza-
tion with TMD (10 g) was found to have formed a stable colloid
after a duration of between 5 and 10 min.

3. Results and discussion

In the simplified Hummers’ method, this technique had utilized
the bottom-up approach with the readily synthesized graphene
oxidized from a strong acid reaction. Once the mechanical exfolia-
tion of the graphene had been completed by way of sonication, the
strong acid would then inflict damages on the surface by breaking
the graphitic structure of the graphene with its heat reaction
halted by the NaOH. As for the common modified Hummers’
method (Narasimharao et al., 2016), the KMnO4 was used as a
strong oxidation agent to supply the oxygen element, while the
nitrate from the NaNOs, which had triggered the formation of car-
bonyl groups during the reaction process, would then increase the
interlayer spacing and consequently assists in more oxidation of
the basal planes than those of the graphene sheet edges (Roy
Chowdhury et al., 2014). As seen from the above, the simplified
method had used the oxygen from the environment in halting
the reaction process instead of the H,0, while the addition of
NaOH had formed the nitrate salt of NaNOs; from the NaOH and
HNO; reaction. As a result, the minute oxidation that was formed
on the graphene surface from the carbonyl formation of the NaNO3
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was found to have experienced a gradual cessation because of the
titrated NaOH.

3.1. Raman spectroscopy

From the Raman spectra of the (a) pristine and (b) oxidized
graphenes shown in Fig. 1, peaks at 1338cm™' (D band),
1580 cm™! (G band) and 2683 cm™! (2D band) were observed from
the Raman shift of a pristine graphene, while those of an oxidized
graphene had demonstrated peaks at 1334cm~' (D band),
1582 cm™! (G band) and 2684 cm™! (2D band).

The Raman intensities of both samples as well as the band ratios
intensities between the pristine and oxidized graphenes are
depicted in Table 1. Since the intensity ratio (Ip/Ig) is typically used
to investigate the amount of structural defects and disorders
(Abdul Kudus et al., 2017), the higher Ip/I; ratio that was observed
in the oxidized graphene in Table 1 had thus indicated the sample
as possessing a higher amount of functional groups as demon-
strated by its higher D intensity level (Maktedar et al., 2014). The
occurrence of defects on the oxidized graphene from the concen-
trated acid was found to have given rise to apertures and the for-
mation of epoxide, hydroxyl and carboxyl functional groups on
the graphene surface during the oxidation process, which could
be explained by the formation of covalent bonds between the func-
tional groups on the basal plane and those of the graphene edges.

3.2. Morphology

The morphologies of the pristine and oxidized graphene as
revealed by the HRTEM images in Fig. 2 had shown the (a) pristine
graphene as having no structural defects and the (b) oxidized gra-
phene with damaged spots on its basal plane.

3.3. F-TIR analysis

From the F-TIR analysis of the spectra peaks shown in Fig. 3a,
the spectra of the oxidized graphene was found to have demon-
strated a broad peak at ~3500 cm™~! hence, indicating that there
had been more of -OH or ~-COOH groups being formed on the gra-
phene surface as well as its edges as compared to the narrower
peak of the non-oxidized GNP at the same wavelength number.
The differences of the -OH stretching between the pristine and
the oxidized graphene spectra had also supported the graphene’s
successful oxidation from the simplified Hummers’ method. As a
small amount of nitrate had been intentionally applied to reduce
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Fig. 1. Raman spectra of (a) oxidized graphene, and (b) pristine graphene.
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Table 1
Raman intensity of oxidized graphene and pristine graphene.
Intensity D band G band 2D band Ip/lc Lp/lc
Oxidized graphene 337 1808 774 0.19 0.43
Pristine graphene 293 1836 875 0.16 0.47
Fig. 2. HRTEM images of (a) pristine graphene, and (b) oxidized graphene.
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Fig. 3. FTIR spectra of (a) pristine graphene and OG; and (b) OG, TMD, and colloid of TMD-OG; and (c) schematic representative of colloidal polymerization mechanism.

the possible damages on the graphene’s basal plane, the small
changes that were observed on the carbonyl stretching (C=0)
had therefore indicated the small degree of carboxyl group forma-
tion as being related to the presence of nitrate (NaNOs) that was
resulted from the NaOH titration process.

3.4. Colloidal polymerization

The success of graphene oxidation can be further assessed by
examining the reaction of the obtained functional groups with
other reactive chemicals, such as those of diamine molecules.
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The rapid formation of the stabilised colloid as shown by the dis-
persed oxidized graphene in the TMD via a high frequency sonica-
tion technique had thus implied the occurrence of polymerization
between those of the TMD amine groups (-NH,) and the oxidized
graphene carboxyl groups (-COOH), which could be further vali-
dated by the FTIR spectra of the raw TMD and the TMD-OG colloid
mixture (as shown in Fig. 3b). Alternatively, the specific reaction of
colloidal polymerization between the hydroxyl and diamine
groups could also be verified by focusing on the emergence of
the amine group, which had occurred at the two spectra peaks of
between the 3352 and 3285 cm~! wavelength numbers on the
TMD spectrum and the secondary anime of a single peak
(3385 cm™!) on the TMD-0OG spectrum. Since the successful gra-
phene oxidation from the simplified Hummers’ method was also
validated by the schematic diagram of the TMD and OG polymer-
ization reaction as shown in Fig. 3c, this therefore implies that
the graphene-diamine colloid has the potential to be used in elec-
tronic applications as well as those of epoxy polymer composites.

4. Conclusion

The simplified Hummers’ method was not only found to have
successfully produced the oxidized graphene without the use of a
strong oxidation agent, but the small degree of oxidation had also
kept its structural integrity without compromising its thermal and
electrical properties. The oxidized graphene and diamine-
functionalized graphene were also successfully characterized and
confirmed by the respective Raman spectroscopy, FTIR and HRTEM
techniques.
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