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Abstract

Oxidative exfoliation followed by chemical reduction is an effective method to synthesize reduced graphene
oxide (rGO). However, it is challenging to synthesize large scale high quality rGO by a simple and
inexpensive method. In this study, rGO materials were synthesized by a scalable hydrothermal method,
where the temperatures were controlled to obtain different morphology and quality of rGO. The morphology
and quality of the synthesized rGO were examined by scanning electron microscopy (SEM), transmission
electron microscopy (TEM), Photoluminescence (PL), and Raman spectroscopy. Results pointed out that the
hydrothermal temperatures strongly influenced on the morphology and quality of the synthesized rGO.
Material synthesized at 160°C has the highest quality with layered structure of large rGO flakes. The
synthesized rGO is potential for sensing and supercapacitor applications.
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1. Introduction

Graphitic materials of different forms like
graphene and reduced graphene have been
extensively studied in recent years [1-3]. Monolayer
graphene is excellent for flexible electronic device
[1], but it is limited by the challenge in synthesis of
large scale and high yield of product [2,3]. Thus it is
not suitable for applications those require large
amount of materials [4]. In opposite to the monolayer
graphene, graphene oxide (GO) and reduced graphene
oxide (rGO) can be synthesized by some inexpensive
and scalable methods such as mechanical exfoliation
[5] or sonication-assisted oxidation [6]. Reduced
graphene oxide (rGO) has better metallic properties
than those of graphene oxide (GO) after reduction
process due to the significant recovery of sp?
conjugations, as mentioned [7]. Thus rGO can be
used in many applications such as gas sensor,
supercapacitor, and etc [4]. Synthesis of rGO with
ability to control their characteristics, quality and
quantity has attracted interests from researcher
worldwide due to their massive potential applications
[8,9]. Bo et al. [4] reported a method to synthesize
rGO using caffeic acid as a reduction agent for
sensing and energy storage applications, where the
reaction was carried out at 95°C. Hu et al. [10]
prepared rGO by reduction of GO using pyrrole for
gas sensors. Xu et al. [11] synthesized water soluble
rGO from GO using acetylacetone, as both a reducing
agent and a stabilizer for adsorption of heavy metal
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ions. Munuera et al. [12] prepared rGO by
electrochemical exfoliation of graphite in aqueous
sodium halide electrolytes for dye adsorption and
supercapacitor. It is obviously that the morphology
and quality of rGO synthesized by different methods
are strongly dependent on the synthetic condition
and/or starting precursors [13].

In this study, rGO materials were synthesized by
a facile hydrothermal method from modified
Hummer’s GO using ascorbic acid as reduction agent.
We varied the hydrothermal temperatures to control
the morphology and quality of the rGO products. The
synthesized materials were characterized by means of
scanning electron microscopy (SEM), transmission
electron microscopy (TEM), Photoluminescence, and
Raman spectroscopy.

2. Experiments

Commercial graphite powders and analytical
ascorbic acid were used as precursors for the
synthesis of rGO. Process for the synthesis of rGO is
shown in Scheme 1. GO was prepared by a modified
Hummer method [14]. In a typical synthesis, 0.1 g
GO and 1 g ascorbic acid were dispersed in 80 ml
deionized water using a sonicator, and then the
solution was poured into a Teflon-line autoclave (100
ml capacity) for hydrothermal process. The rGO
materials were hydrothermally synthesized at
different temperatures ranging from 120 to 180 °C for
1 h to evaluate the effect of synthesis condition on the
quality of products. After hydrothermal synthesis, the
rGO was found dispersedly and partially precipitation
in the solution but not in the hydrogel form. The
produced rGO was purified and collected by
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centrifuging at 10.000 rpm. After drying in an oven
overnight at 45 °C, the morphology and crystal
structure of the products were characterized using
SEM (JEOL JSM-7600F), TEM (JEOL, 2100F), PL
and Raman spectroscopy (Renishaw Invia Confocal
micro-Raman System).

i

Chemical

o
Hydrothermal
?
[
@;ﬁg :

(B) GO

o C

(A) Graphite (©) rGO

Scheme 1. Diagram of the rGO synthesis: (A)
Graphite powders; (B) GO, (C) rGO.
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Fig. 1. SEM images of the starting (A) graphite
powders; (B) GO product

3. Results and discussion

Morphology of the starting graphite, GO, and
the synthesized rGO was characterized by SEM
images. Fig.1(A) shows the SEM images of the
starting graphite powders. The graphite powders have
the bulky morphology, with an average size of
approximately 1 pm. However, after oxidative
exfoliation by the modified Hummer’s method, the
GO materials have a layered structure (Fig.1(B)). The

57

thickness of the GO layers is very thin of few
nanometers; thus, they are curled into granular flakes
with scrolled morphology to reduce the surface
energy. The morphology of synthesized GO is similar
to that reported in ref. [15]. It is believed that during
oxidative exfoliation, the oxygen atoms are
intercalated into the gaps between graphitic layers
[16]. Thereafter, ultra-sonication exfoliates the
intercalated GO into layered GO. The GO product
obtained after centrifugation and drying has a
curvature morphology.

Fig. 2(A-D) shows the SEM images of rGO
synthesized at  different temperatures. As
demonstrated in Fig 2(A), the morphology of rGO
synthesized at low temperature of 120°C exhibits
curly graphene layers, confirming that the rGO is
highly exfoliated. The crumpled structure of rGO is
also observed in recent report, explained by the
multidirectional compression during synthesis and
drying [17]. Morphology of rGO is similar to that of
GO, suggesting that the reduction does not
significantly alter the physical appearance of the GO
films. With increase of hydrothermal temperatures,
the obtained rGO products still have layered
structures but tended to agglomerate to form bundle
of flakes (Fig. 2(B-D)). Upon hydrothermal reduction
by ascorbic acid, the interstitial oxygen species are
removed from the surface of GO to form rGO [14].

100 nm

Fig. 2. SEM images of rGO synthesized at different
temperatures: (A) 120°C; (B) 140°C; (C) 160°C; (D)
180°C.

We selected the sample synthesized at 160°C to
further study about their characteristics. TEM image
of the rGO synthesized at 160°C shown in Fig.3
demonstrates the ultrathin and flexible structure of
the material. The TEM image also suggests that the
rGO is homogeneous of few layers thickness [18].

XRD pattern of the rGO synthesized at 160°C
(Fig.4(A)) exhibited two broad peaks at 26=24.1° and
43.4°, corresponding to diffraction of the (002), and
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(100) planes of rGO, respectively [19]. Fig. 4(B)
shows the Raman spectrum of rGO synthesized at
160°C. The Raman spectrum shows two Raman peaks
at approximately 1325, and 1571 c¢cm’!, which were
attributed to the active modes of D-, and G-bands,
respectively. The D-band is associated to the defect
induced peak, whereas the G-band is related to the
stretching vibration of all pairs of sp? atoms in both
the rings and chains. The relative intensity of the D-
and G-bands (/p/ls) is an estimation of the disorder
level in rGO. In case of the synthesized rGO, the ratio
Ip/I; is less than one, thus confirming the low defect
level. The 2D peak at around 2640 cm™! is attributed
to double resonance transitions resulting in the
production of two phonons with opposite momentum

[6].

Fig. 3. TEM image of rGO synthesized at 160°C.
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Fig. 4. (A) XRD pattern and (B) Raman spectrum of
rGO synthesized at 160°C.
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Room temperature photoluminescence spectrum
of the rGO synthesized at 160°C is shown in Fig.5.
The PL spectrum exhibits a broad peak centered at
around 450 nm. It is worth to note that the ideal
monolayer  graphene is a  zero-bandgap
semiconductor. However, herein the PL spectrum of
rGO shows an asymmetry broad peak. This is caused
by the overlapping of multiple peaks. The result is
consistent with other report where the bandgap
opening was ascribed due to the quantum effect [20].
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Fig. 5. Photoluminescence spectrum of rGO

synthesized at 160°C
4. Conclusion

We have introduced an effective hydrothermal
method to synthesize scalable high quality rGO. We
also studied the effect of hydrothermal temperatures
on the morphology and quality of the rGO materials
by TEM, XRD, Raman and PL spectroscopy. We
pointed out the sample synthesized at 160°C has the
best quality of layered structure with excellent optical
properties. The synthesized rGO is of high quality for
various applications such as sensing and/or
supercapacitor.
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