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ABSTRACT

Graphene-ZnO microspheres composites were prepared through a facile solvothermal synthesis route
at 150 °C for 24 h. The morphological structures of the samples were characterized using Raman
spectroscopy, X-ray diffraction (XRD), field emission scanning electron microscopy (FESEM) and
transmission electron microscopy (TEM). The analysis revealed that homogeneous microspheres
assembling by hexagonal phase wurtzite ZnO nanoparticles were decorated on the graphene sheets
via graphene oxide (GO) functional groups. The dimension of the ZnO nanoparticles is approximately
30 nm and the microspheres are hollow. A possible growth mechanism for the formation of ZnO
hollow microspheres anchored on the graphene sheets has been proposed. The unique structure of the
graphene-ZnO hollow microspheres (G-ZnO(HMs)) composites could have applications in
electronics, photonics and medicine.
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1. Introduction

In recent years, graphene, a single sheet of sp?>-hybridized carbon atoms compacted into a two-
dimensional honeycomb lattice, has intrigued enormous research interests. The electrical,
mechanical, thermal, and optical characteristics of this carbon allotrope are fascinating [1-7].
Meanwhile, by combining graphene sheets with nanoscale or micron-sized transition metal oxides to
create novel hybrid materials, these capabilities can be further enhanced. Various transition metal
oxide structures have been anchored to graphene layers in order to achieve exceptional hybrid
characteristics [8-19]. Zinc oxide (ZnO) is a type of transition metal oxide that has been extensively
studied for a variety of potential applications due to its unique characteristics. With a significant
exciton binding energy of 60 MeV at ambient temperature, ZnO is one of the fascinating wide and
direct bandgap semiconducting materials. It is a non-toxic, environmentally acceptable, readily
available material with a cheap production cost. The multifunctional character of ZnO, which can be
altered by altering its morphology and crystallinity, has sparked a lot of attention in the last two
decades [20]. ZnO hollow microspheres are of interest in many technological applications such as
solar cells [21-23], lithium-ion batteries [24,25], photocatalysis [26-28], sensors [29-31],
supercapacitor electrode materials [32,33] and medical [34] because of their low density, high surface
area and hollow geometrical shapes.



Hybridisation of graphene and ZnO structures is a viable way to improve their performance far
beyond what those materials can achieve on their own [35]. The synergistic impact that occurs
between the two building elements is responsible for this extraordinary performance. However, the
hybridisation of graphene and ZnO hollow microspheres through a solvothermal synthesis route has
rarely been described.

In this study, graphene-zinc oxide hollow microspheres (G-ZnO(HMs)) composites were
prepared using a solvothermal processing method. This one-pot synthesis method is simple, efficient,
and does not involve the use of any reducing or oxidising agents. On the surface of graphene, in situ
growth of ZnO resulted in uniformly adorned hollow microspheres. The morphological properties of
G-Zn0O (HMs) composites were thoroughly investigated.

2.  Experimental
2.1  Materials

Commercially available graphene oxide (GO, 99 wt%) powder was acquired from Cheap Tubes
Inc. (Grafton, US). Merck and HmbG Chemicals provided =zinc acetate dihydrate
(Zn(CH3CO0)2.2H20, 99.5 %) and absolute ethanol, respectively. All of the reagents were used
exactly as they were received, with no further purification, and distilled water was used throughout
the sample preparation process.

2.2 Solvothermal preparation of G-ZnO(HMSs) composites

GO powder was dissolved in absolute ethanol to achieve a concentration of 1 mg/ml of GO and
stirred continuously for 30 minutes. Subsequently, 5.0 mM of Zn(CH3C00)2.2H20 was added and
the mixture suspension was sonicated for 30 minutes to obtain a homogenecous solution. The
suspension was then transferred into a Teflon-lined stainless autoclave. The autoclave was sealed and
maintained in the oven at 150 °C for 24 hours. After cooling the autoclave to room temperature
naturally, the black precipitates were separated by centrifugation, and washed with distilled water and
absolute ethanol repeatedly. The pure G-ZnO(HMs) composites powder was dried in the oven at 60
°C for 8 hours. For comparison purpose, a control experiment was performed without adding zinc
precursor and the product was labelled as rGS.

2.3 Physical characterisation of G-ZnO(HMs) composites

The X-ray diffraction (XRD) spectra on powdered samples was collected via a Bruker D8
Advance 9 Position diffractometer using Cu K-a radiation (A = 0.15406 nm) to determine the
crystalline phase of the samples. The disordering of the formed carbon was examined using Raman
spectroscopy (Renishaw inVia system with a laser of 25 mV at 532 nm). A field emission scanning
electron microscope (FESEM, Zeiss Merlin) and a transmission electron microscope (TEM, Philips
CM12) were used to analyse the structural morphology of G-ZnO(HMs) composites.



3. Results and discussion

3.1 Physical characteristics
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Fig. 1. XRD-spectra for GO, rGS and G-ZnO(HM:s) Fig. 2. Raman spectra for GO, rGS and G-ZnO(HMs)
composite. composite.

The XRD patterns of the GO, rGS and G-ZnO(HMs) composite are shown in Fig. 1. The peak
emerging at approximately 11.0° in the GO pattern is associated with the presence of oxygenated
functional groups attached to the basal planes and edges of carbon sheets [36]. Meanwhile, the
appearance of small bumps at 23.5° and 42.8° in the rGS pattern, which indicates the removal of a
large number of oxygen-containing groups and the formation of much more disordered graphene
sheets, verifies the reduction of GO to rGS, or reduced graphene oxide [36,37]. The diffraction peaks
of G-ZnO(HMs) composites at around 31.9°, 34.5°, 36.3°, 47.6°, 56.7°, 62.9°, 66.4°, 67.9°, 69.3°,
72.5°, and 77.0° agree well with the hexagonal phase wurtzite of the ZnO structure, which is in
accordance with the reference pattern JPCDS 36-1451 [38]. No characteristic peaks of any impurities
were detected, suggesting that high-quality ZnO nanoparticles were synthesized. The sharp and
intense diffraction peaks are highly remarkable, indicating the formation of a well-crystalline
structure of ZnO nanoparticles on the graphene surface. The absence of the GO peak indicates that
GO was completely reduced throughout the hybridisation process. Due to the extensive formation of
Zn0O and the relatively low amount of rGS, no diffraction peak of rGS can be observed in the
composites [37,39].

The presence of both carbon and ZnO in the structure of the prepared G-ZnO(HMs) composite
can be confirmed from the Raman spectra. As shown in Fig. 2, the characteristic Raman peaks of G-
ZnO(HMs) composite exhibit D and G bands at around 1347 cm” and 1589 cm™, respectively. The
G band provides useful information on in-plane stretching vibrations of symmetric sp* C-C bonds,
while the D band is associated with the disturbance of the hexagonal graphitic lattice [40, 41].
Compared with rGS, the D and G band in G-ZnO(HMs) composites were blue-shifted by 5 cm™ and
14 cm’!, respectively. These shifts are assigned to the chemical interaction between ZnO and rGS,
which suggests that the electronic structure of the rGS could be modified by contacting with ZnO



nanoparticles [36]. The intensity ratio of D band to G band, /p/Is can be used to measure the relative
defect content in the sp? carbon lattice [42]. The calculated Ip/I; ratios for GO, rGS, and the G-ZnO
(HMs) composite are 1.02, 0.98, and 1.04, respectively. The Ip/I; ratio of rGS is smaller than that of
GO, which suggests an increase in the average size of the in-plane sp? domains upon reduction of the
GO. The relatively high Ip/I ratio for GO is contributed by the presence of oxygenated functional
groups on both sides and edges of the GO sheets [43]. However, the G-ZnO(HMSs) composite exhibits
the highest /I ratio due to the increasing disorder of sp? domains contributed by the presence of
Zn0O nanoparticles on the graphene sheets. The G-ZnO(HMs) composite curves displayed four
distinctive Raman vibration modes centred at 324 cm™!, 430 cm™!, 570 cm™ and 1125 ecm™', which are
referred to the ZnO spectrum. The edge at about 324 cm™ has been assigned to the second order
Raman scattering (Ez2 (high)-E2 (low) mode) and arises from zone-boundary phonon of hexagonal
ZnO [44]. The intense peak at 430 cm™ corresponds to the nonpolar optical phonon E; (high) mode,
which is known as Raman active optical phonon mode and is related to the motion of oxygen atoms
[41,45]. The presence of the Ez (high) mode in the composite samples, which is the characteristic of
wurtzite hexagonal phase ZnO is consistent with the above XRD analysis. The peak at 570 cm™! is
assigned to E; longitudinal optical (E; (LO)) mode, attributed to oxygen deficiency defects in ZnO
[44]. The broad band at 1125 cm™ is due to the multiple-phonon scattering processes (2A1 (LO), 2E;
(LO) and 2LO mode), characteristic of the II-IV semiconductor [41,46].

Fig. 3. FESEM images of (a) G-ZnO(HMs) composite, and (b) G-ZnO(HMs) composite with high-magnification; (c)
TEM images of a single ZnO hollow sphere.

The surface morphology of the as-prepared G-ZnO(HMSs) composite was investigated using
FESEM. The graphene structure was found to be anchored by homogenous ZnO hollow microspheres
(Fig. 3(a)). The diameter of the microspheres ranged from 800 to 1200 nm and they were evenly
dispersed on the graphene surface. The microspheres are composed of ZnO nanoparticles about 30
nm in diameter, as shown in the high-magnification image (Fig. 3(b)), which is consistent with the
above XRD data. The structure of the ZnO hollow microspheres formed on the graphene's surface
was also determined via TEM analysis. The hollow interiors of the unique ZnO microspheres are
clearly confirmed by the fact that the centre region of the microsphere is lighter than the edge (Fig.

3(c)).



3.2 Formation mechanism of G-ZnO(HMSs) composite

The formation mechanism of ZnO hollow microspheres on graphene sheet is shown in Fig. 4.
GO contains large amounts of epoxide, hydroxyl and carboxyl acid reactive groups on its surface and
edges. These functional groups immobilize Zn*" ions through C—O-Zn bonds, thereby through
condensation reaction, enabling Zn?* to be connected to these nucleation sites and ZnO quantum dots
grown on graphene sheet via normal ionic bonds [47]. The high temperature inside the autoclave
stimulates the nucleation and subsequent growth of ZnO quantum dots to form nanoparticle.
Simultaneously, due to the high temperature condition, ethanol can effectively remove most of the
oxygen-functional groups and restore the conjugated network of graphitic lattice of GO, resulting in
the rGS [48]. The ZnO nanoparticles preferentially aggregate and self-assemble into metastable
spheres by the well-known growth mechanism of “oriented attachment” to minimize the total surface
energy [49]. On a prolonged solvothermal process, the inner phase of metastable ZnO spheres with
higher energy will move to stable outer surface through Ostwald ripening, resulting in the hollow
structure.
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Fig. 4. Schematic of the formation mechanism of ZnO hollow spheres on SLG sheet.

Conclusions

The G-ZnO(HMs) composite was synthesized via a simple, facile and scalable solvothermal
method at 150 °C for 24 h without using any reducing or oxidizing agent. The analysis revealed that
homogeneous microspheres assembling by hexagonal phase wurtzite ZnO nanoparticles were
decorated on the graphene sheets via graphene oxide (GO) functional groups. The dimension of the
7Zn0 nanoparticles is approximately 30 nm and the microspheres are hollow.
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