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a b s t r a c t
ZnO/reduced graphene oxide (RGO) heterostructures were fabricated using a simple
two-step wet chemical technique and post-annealing treatment. ZnO nanoparticles with
different sizes (20–200 nm) and shapes were randomly distributed on mono- and/or multilayered RGO sheets. The microstructures of the ZnO/RGO composites examined using
transmission electron microscopy indicated that the heterostructures are polycrystalline
in nature, implying the possibilities of diverse defects present in the samples. The photoluminescence spectra examinations revealed the enhancement of defect-level emission
peaks observed at a relatively long wavelength ranges (i.e., 779 nm, 666 nm, and 574 nm) as
compared with the band to band transition observed at relatively short wavelengths (i.e.,
378 nm).
© 2017 Elsevier GmbH. All rights reserved.

1. Introduction
Graphene exhibits a monolayer-based two-dimensional (2D) honeycomb-structured carbon arrangement. Owing to its
thermal [1], electronic [2], and mechanical [3] properties, graphene has been widely used for many potential applications
such as in sensors, displays, solar cells, capacitors, electronic devices, and composite materials [4–8]. Graphene structures
have been mainly prepared with two types of methods, namely, physical and chemical methods [9]. Among various synthetic
techniques [10–15], chemical vapour deposition (CVD) and reduction of graphene oxide (GO) are the main physical and
chemical methods employed for producing graphene, respectively. Shi et al. [16] synthesized 3D mesoporous graphene
employing CVD self-assembly on hierarchically mesoporous oxide templates for using in lithium-sulfur batteries. Zhang
et al. [17] reported that graphene samples produced by CVD methods exhibit different properties depending on the catalyst
activity and the atomic packing on the catalyst surface. They also proposed a theoretical model for the growth mechanism
of graphene obtained from the self-assembly of carbon with a metal surface. Liu et al. [18] demonstrated a simple, chemical,
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low-cost technique for reducing GO sheets by the introduction of Lawesson’s reagent at 110 ◦ C. Dey et al. [19] reported
the chemical reduction of GO at room temperature employing a facile and rapid reaction with Zn/acid in aqueous solution.
Recently, graphene nanocomposites have been produced by combining the properties of graphene (or graphene oxide) and
semiconducting oxide materials in order to achieve unique synergetic characteristics, which are not observed with the
corresponding individual materials. These composites are used in several applications such as in solar cells as they exhibit
good transparency, ﬂexibility, and stability [20], photodetectors owing to their fast responses [21], and photocatalysts after
annealing and UV irradiation [22].
ZnO is a representative semiconducting oxide material possessing various advantages for use in dye-sensitized solar
cells (DSSC) [23], sensors [24], light-emitting-diodes (LED) [25], supercapacitors [26], and photodetectors [27]. Diverse
ZnO materials including their 0D [28], 1D [29], 2D [30], and 3D [31] materials could be fabricated using methods such as
hydrothermal [32], thermal evaporation [33], sputtering [34], sol-gel [35], and plasma-enhanced atomic layer deposition
[36] methods.
In this study, we report a wet chemical synthesis method for obtaining 0D ZnO nanoparticles and 2D RGO sheets. The
luminescent characteristics for the defect-related bands of the prepared materials have been compared with those obtained
with previous results.
2. Methods
The synthesis was performed based on a previous synthetic method [37]. Initially, GO sheets were fabricated using
graphite ﬂakes, sulfuric acid (H2 SO4 ), phosphoric acid (H3 PO4 ), potassium permanganate (KMnO4 ), hydrogen peroxide
(H2 O2 ), hydrazine monohydrate (NH2 NH2 ·H2 O), dimethylformamide (C3 H7 NO), and boric acid (BH3 O3 ) as the raw materials.
150 mg of GO powder was added to 500 mL DI water followed by sonicating the mixture for 1 h. In order to form ZnO
nanoparticles on the GO sheets, GO powder was poured into a solution containing 10 mmol of zinc nitrate hexahydrate

Fig. 1. Schematic illustration of the synthesis of ZnO/RGO composites by the wet chemical method and the corresponding process conditions for individual
steps.

H.G. Na et al. / Optik 156 (2018) 549–555

551

(Zn(NO3 )2 ·6H2 O) in 100 mL water. Subsequently, the solution was maintained at 60 ◦ C for 20 h so as to retain the sufﬁcient
chemical bonding between ZnO and GO. For peeling off the multilayered GO and physical bonding of ZnO/GO composites,
centrifugation with a speed of 4000 rpm was carried out for 30 min. For completely removing the remnant supernatant,
centrifugation was carried out with a speed in the range of 8000–12,000 rpm for 1 h. ZnO/GO composites were then annealed
at 200 ◦ C for 4 h under inert Ar gas atmosphere in a tube furnace to remove the remaining moisture in the samples. The
furnace was then cooled down up to room temperature, and ﬁnal products (ZnO/RGO) were collected.
The distinctive properties of ZnO/RGO heterostructures were investigated using ﬁeld emission scanning electron
microscopy (FESEM, Hitachi S-4200) for measuring the surface morphology, transmission electron microscopy (TEM, Phillips
CM-200) for examining a conﬁned region in the sample, high resolution transmission electron microscopy (HRTEM) for evaluating the interplanar distance, selected area electron diffraction (SAED) for examining the crystal structure, energy-dispersive
X-ray spectrometry (EDXS) for determining the constituent elements, and PL spectroscopy (SPEC-1403 PL spectrometer) with
He-Cd laser source (325 nm, 55 MW) for evaluating the emission characteristics of our samples.
3. Results and discussion
The synthetic procedure illustrated in Fig. 1 provides details on the formation processes employed for obtaining ZnO/RGO
composites from GO. Several factors such as the sonication power and time, concentration of ZnO precursors, synthetic temperature, dwelling time, centrifugation speed, and post heat-treatment conditions determine the characteristics of ZnO/RGO
composites. In other words, the sample properties are sensitive to the macro process conditions employed, which would
affect the growth factors determining the dimension (i.e., size and shape) and microstructure (i.e., single-, poly-crystalline,
and amorphous structures) of the products. As described in experimental, our ZnO/RGO composites are conﬁned to one of
the preliminary results of diverse growth factors on 0D semiconducting oxide particles on the 2D RGO sheet. Therefore,
further alteration in the macro process condition has been excluded from this issue.
A typical SEM image of ZnO/RGO composites (Fig. 2) reveals the presence of multi-layered accumulated RGO sheets and
randomly distributed ZnO nanoparticles with sizes in the range of ∼20–200 nm. As seen in Fig. 2(a and b), some multi-layered
RGO sheets are also observed, as the centrifugation process employed is insufﬁcient. Generally, this process is widely used
to separate multi-different immiscible substances or sediments of heterogeneous materials based on the centripetal force.
Denser constituents in the composites would migrate away from the centrifuge axis, while the less dense constituents
migrate towards the centrifuge axis. As the size and density of the mixture are gradually increased, the separation tendency

Fig. 2. Typical SEM images of ZnO/RGO composites: (a) top-view image of ZnO particles on multi-layered RGO sheets, (b) side-view image of multi-layered
ZnO/RGO samples, (c) side-view image of single-layered ZnO/RGO samples, and (d) discrete and aggregated ZnO nanoparticles on the RGO sheet.
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Fig. 3. Typical TEM images of ZnO/RGO composites: (a) low-magniﬁcation and (b) high-magniﬁcation images of ZnO/RGO samples, (c) HRTEM image of
ZnO/RGO heterostructures, and (d) SAED pattern indicating poly-crystalline ZnO/RGO heterostructures.

of mixture is also increased by degrees. The surface of RGO exhibits some sparse pitted regions. This morphology provides
more favourable nucleation sites for the formation of ZnO nanoparticles from the zinc nitrate hexahydrate (Zn(NO3 )2 .6H2 O)
precursor solution. From the SEM images shown in Fig. 2(c and d), the presence of widely distributed ZnO nanoparticles
indicates that ZnO growth initiates from the pitted regions of RGO sheets, which are favourable sites for ZnO nucleation,
as the rough region has a relatively higher surface energy than that of the smooth regions. Thus, the production of ZnO
nanoparticles on RGO sheets could be directly ascribed to the pitted regions in RGO. Consequently, it is important to induce
favourable nucleation sites in RGO sheets for producing more ZnO nanoparticles. The changes occurring with the RGO surface
would depend on the sonication conditions, such as the temperature and duration employed in the sonication process. As
seen in Fig. 2(d), individual ZnO nanoparticles exhibit a tendency to aggregate each other in order to lower their total surface
energy.
Low-magniﬁcation and high-magniﬁcation TEM images, HRTEM image, and SAED pattern are shown in Fig. 3. Fig. 3(a)
indicates the presence of numerous ZnO/RGO mixtures obtained by ultrasonication employed for preparing samples for
TEM. 2D RGO sheets are damaged and broken to several fragments containing nanoparticles with sizes less than 200 nm as
shown in Fig. 3(b). Fig. 3(c) exhibits the typical HRTEM image revealing the interplanar spacing of ZnO nanoparticles at the
local region. The distance of neighbouring parallel planes is 0.28 nm, which is in good agreement with the (100) plane of
hexagonal structured ZnO crystal (JCPDS No. 36-1451, hexagonal system, a: 0.32 nm, c: 0.52 nm). The SAED pattern (Fig. 3(d))
can be used for determining the crystalline properties (crystalline or amorphous) of the ZnO/RGO composites. The SAED
patterns might exhibit three types of distinctive patterns depending on the microstructure of the crystallites. An amorphous
structure would give rise to a pattern with only a dim circle without any spots. Single-crystalline structures exhibit patterns
with discrete spots without any continuous circles. For poly-crystalline structures, a pattern with multiple continuous circles
is obtained, different from those obtained with amorphous and single-crystalline structures. Our ZnO/RGO products consist
of poly-crystalline microstructures since the SAED pattern in Fig. 3(d) exhibits several continuous circles, indicating the
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Fig. 4. Elemental composition of ZnO/RGO heterostructures: (a) Typical TEM image, (b) EDX spectrum recorded on a large particle, and (c) EDX spectrum
on a small particle.

individual crystalline planes of the ZnO/RGO composites, originating from the crystalline ZnO and RGO structures. The
indexes (marked in white) for (101), (102), (110), (103), (004), and (202) planes correspond to the ZnO crystalline structure,
whereas the plane indexes (004) and (006), which are marked in yellow, could be associated to hexagonal structured C of
RGO (JCPDS No. 75-1621, hexagonal system, a: 0.24 nm, c: 0.67 nm). Several grain boundaries are present exhibiting different
crystalline planes, indicating that 2D defects analogous to grain boundaries along with 0D and 1D defects are formed, which
enhances the PL emission characteristics at the defect-related bands.
Fig. 4 shows the point EDX results obtained at different regions of the samples. Irrespective of the sizes and locations,
the peaks obtained conﬁrm that as-synthesized ZnO/RGO composites are comprised of C, O, and Zn without containing any
impurities.
Fig. 5 displays the PL spectrum of as-synthesized ZnO/RGO composites. The product exhibits a relatively strong orange
emission near 635 nm and a relatively weak violet emission around 378 nm. It has been previously reported that near-band
edge (NBE) emission of ZnO occurs due to the binding of its excitons to shallow donors and the deep-level emission of ZnO
originating from different kinds of defects such as oxygen deﬁciencies [38]. Based on Gaussian ﬁtting analysis, we surmise
that our samples exhibit yellow (2.16 eV, 574 nm), orange (1.86 eV, 666 nm), and red (1.59 eV, 779 nm) emissions. In addition,
apart from the 0D defects reported previously (i.e., oxygen vacancy), formation of several 2D defects (i.e., grain boundary)
arising from the poly-crystalline of ZnO/RGO composites continuously occur during the synthesis process as shown in
Fig. 3(d). Therefore, the hybrid system consisting of 0D ZnO nanoparticles and 2D RGO sheets may exhibit enhanced optical
properties at the long wavelength regions owing to the development of defects.

554

H.G. Na et al. / Optik 156 (2018) 549–555

Fig. 5. Room-temperature PL spectrum of ZnO/RGO composites with Gaussian ﬁtting.

4. Conclusion
A ZnO/RGO hybrid system was fabricated employing two different wet chemical methods. The samples consist of 0D ZnO
nanoparticles formed on 2D RGO sheets. Multi-layered GO could be changed to mono-layered GO with centrifugation. The
microstructure analysis of the as-synthesized ZnO/RGO indicates its hexagonal structure-based poly-crystalline nature. The
enhancement of PL emissions at the defect-level range simultaneously originates due to the presence of intrinsic 0D defects
of the constituents as well as the extrinsic 2D defects of the ZnO/RGO composites. However, a complete understanding of
two different dimensional hybrid systems must be obtained employing different process conditions.
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