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Abstract. Through a facile solvothermal synthesis process, a graphene-ZnO microspheres composite
was produced at 180 °C for 24 hours. Raman spectroscopy, X-ray diffraction (XRD), field emission
scanning electron microscopy (FESEM) and transmission electron microscopy (TEM) were used to
analyse the morphological structures of the materials. The analysis revealed that homogeneous
microspheres assembled by hexagonal phase wurtzite ZnO nanoparticles were decorated on the
graphene sheets via graphene oxide (GO) functional groups. The ZnO nanoparticles are about 30 nm
in size and the microspheres are hollow. A possible growth mechanism for the formation of ZnO
hollow microspheres anchored on graphene sheets has been proposed. Cyclic voltammetry (CV),
galvanostatic charge-discharge (GCD) and electrochemical impedance (EIS) were used to evaluate
the electrochemical performance of the composite. At a scan rate of. 1 mV/s, the graphene-ZnO hollow
microspheres (rGS-ZnO(HMs)) composite electrode demonstrated enhanced specific capacitance of
40.70 F/g with respective energy and power densities of 5.75 W h/kg and 1.97 kW/kg.

Introduction

Graphene, a two-dimensional atom-thick substance composed of a monolayer hexagonal sp?-
hybridised carbon, has caught the interest of researchers in recent years due to its unique structure
and exceptional electrical, mechanical, thermal, and optical properties [1-6]. These properties can be
enhanced further by fusing graphene sheets with nanoscale or micron-sized transition metal oxides to
produce unique graphene-based composites. To achieve exceptional hybrid characteristics in
graphene-based composites, a variety of transition metal oxide structures have been linked to
graphene layers [7-18]. Zinc oxide (ZnO), a wide-bandgap (3.37 eV) semiconductor, is a transition
metal oxide that has drawn considerable research attention due of its distinctive properties. With a
significant exciton binding energy of 60 MeV at ambient temperature, ZnO is a non-toxic,
environmentally friendly, and readily available material with a cheap production cost. The
multifunctional nature of ZnO, which is modifiable by changing its morphology and crystallinity, has
attracted a lot of attention in the last two decades [19]. ZnO hollow microspheres are of interest in
many technological applications such as solar cells [20-22], lithium-ion batteries [23,24],
photocatalysis [25-27], sensors [28-30], supercapacitor electrode materials [31,32] and medical [33]
because of their low density, high surface area and hollow geometrical shapes.

Hybridisation of different materials allows the generation of composites with versatile and tailor-
made properties, demonstrating attractive combinations that outperform the individual components
[34]. Considering the outstanding properties of graphene and ZnO, the generation of graphene-ZnO



composite is expected to provide exceptional performance. However, the solvothermal synthesis of
graphene-ZnO hollow microspheres composite has received little attention.

A graphene-zinc oxide hollow microspheres (rGS-ZnO(HMs)) composite was synthesised
utilising a solvothermal processing approach in this study. This one-pot synthesis process is
straightforward, efficient, and requires no reducing or oxidising chemicals. In situ growth of ZnO on
the surface of graphene produced uniformly adorned hollow microspheres. The morphology and
electrochemical properties of the rGS-ZnO(HM:s) composite was thoroughly examined.

Experimental

Materials. Cheap Tubes Inc. (Grafton, US) provided commercially available graphene oxide (GO,
99 wt%) powder. Zinc acetate dihydrate (Zn(CH3C00)2.2H20, 99.5%) and absolute ethanol were
supplied by Merck and HnbG Chemicals, respectively. No further purification was performed on any
of the chemicals, and distilled water was used throughout the sample preparation process.

Solvothermal preparation of rGS-ZnO(HMs) composite. GO powder was dissolved in absolute
cthanol to achieve a concentration of 1 mg/ml of GO and stirred continuously for 30 minutes.
Subsequently, 2.5 mM of Zn(CH3COO),.2H,0 was added and the mixture suspension was sonicated
for 30 minutes to obtain a homogeneous solution. The suspension was then transferred into a Teflon-
lined autoclave. The autoclave was sealed and maintained in the oven at 180 °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
rGS-ZnO(HMs) composite powder was dried in the oven at 60 °C for 8 hours. For comparison
purposes, a control experiment was performed without adding zinc precursor and the product was
labelled as rGS.

Morphological characterization of rGS-ZnO(HMs) composite. 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.

Preparation of electrodes and electrochemical characterization. To evaluate the electrochemical
characteristics of the composite, electrodes were prepared by mixing the electroactive materials,
carbon black, and poly(vinylidenefluoride-hexafluoropropylene) (PVDF-HFP) binder in a mass ratio
0f 90: 5: 5. A small amount of acetone was added to the mixture to produce a homogeneous slurry
paste, which was coated on graphite tape and dried overnight in an oven at 60 °C overnight. An
electrochemical cell was assembled by sandwiching two symmetric electrodes separated by a 25 um
thickness of microporous membrane (Celgard 3501, LLC) as a separator in a 6M KOH electrolyte.

The performance of the electrochemical cells was studied using cyclic voltammetry (CV),
galvanostatic charge-discharge (GCD) and electrochemical impedance (EIS) on a Solartron SI 1286
Electrochemical Interface and a Solartron HF 1255 Frequency Response Analyzer. All the
measurements were carried out at room temperature (25 °C). The CV measurement was conducted
within a potential range of 0 to 1 V and over a range of scan rates from 1 to 100 mV/s. The GCD
measurement was conducted over a potential range of 0 to 1 V and at a current density of 0.1 to 1.0
A/g. EIS data were recorded at 10 mV over a frequency range of 1 MHz to 10 mHz.

Results and discussion

Morphological characteristics. The XRD patterns of the GO, rGS and rGS-ZnO(HMs) composite
are shown in Fig. 1(a). The presence of oxygenated functional groups attached to the basal planes and
edges of carbon sheets is associated with the peak emerging at around 11.0° in the GO pattern [36].
Meanwhile, the development of small bumps at 23.5° and 42.8° in the rGS pattern confirms the



reduction of GO to rGS, or reduced graphene oxide [35,36]. These bumps imply the loss of a
substantial number of oxygen-containing groups and the formation of much more disordered
graphene sheets. The rGS-ZnO(HMs) composite diffraction peaks at 31.9°, 34.5°, 36.3°, 47.6°, 56.7°,
62.9°, 66.4°, 67.9°, 69.3°, 72.5° and 77.0° correspond well with the hexagonal phase wurtzite of the
ZnO structure, which is consistent with the reference pattern JPCDS 36-1451 [37]. There were no
peaks of any contaminants observed, implying that high-quality ZnO nanoparticles were synthesised.
The diffraction peaks are extremely sharp and intense, indicating the formation of a well-crystalline
structure of ZnO nanoparticles on the graphene surface. The absence of the GO peak implies that
GO was completely reduced throughout the hybridisation process. There are no rGS diffraction peaks
in the rGS-ZnO(HMs) composite due to the extensive formation of ZnO and the comparatively low
amount of rGS [36,38].
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Fig. 1. (a) XRD spectra, and (b) Raman spectra for GO, rGS and rGS-ZnO(HMs) composite
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The presence of both carbon and ZnO in the structure of the prepared rGS-ZnO(HMs) composite
can be confirmed from the Raman spectra. As shown in Fig. 1(b), the characteristic Raman peaks of
the rGS-ZnO(HMs) composite exhibit D and G bands at around 1347 cm” and 1589 om’,
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
[39, 40]. Compared with rGS, the D and G bands in the rGS-ZnO(HMs) composite were blue-shifted
by 5 cm™ and 14 cm™, respectively. These shifts are assigned to the chemical interaction between
Zn0 and rGS, which suggests that the electronic structure of the rGS could be modified by contacting
it with ZnO nanoparticles [35]. The intensity ratio of the D band to the G band, Ip/I can be used to
measure the relative defect content in the sp* carbon lattice [41]. The calculated In/Ig ratios for GO,
IGS and the rGS-ZnO(HMs) composite are 1.02, 0.98, and 1.04, respectively. The Ip/lg 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 GO. The relatively high Ip// ratio for GO is contributed by the presence of
oxygenated functional groups on both sides and edges of the GO sheets [42]. However, the rGS-
ZnO(HMs) composite exhibits the highest /p//; ratio due to the increasing disorder of sp? domains
contributed by the presence of ZnO nanoparticles on the graphene sheets. The rGS-ZnO(HMs)
composite curve displayed four distinctive Raman vibration modes centred at 324 cm™, 430 cm’!, 570
cm’ and 1125 cm!, which are referred to as the ZnO spectrum. The edge at about 324 cm! has been
assigned to the second order Raman scattering (E; (high)-E> (low) mode) and arises from the zone-



boundary phonon of hexagonal ZnO [43]. The intense peak at 430 cm™! corresponds to the nonpolar
optical phonon E, (high) mode, which is known as the Raman active optical phonon mode and is
related to the motion of oxygen atoms [40,44]. The presence of the E; (high) mode in the composite
samples, which is characteristic of wurtzite hexagonal phase ZnO is consistent with the above XRD
analysis. The peak at 570 cm™ is assigned to the E; longitudinal optical (E; (LO)) mode, attributed to
oxygen deficiency defects in ZnO [43]. 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
[40,45].

FESEM was used to examine the surface morphology of the as-prepared rGS-ZnO(HMs)
composite. Homogeneous ZnO hollow microspheres were discovered to anchor the graphene
structure (Fig. 2(a)). The microspheres had diameters ranging from 800 to 1200 nm and were equally
distributed on the graphene surface. As demonstrated in the high-magnification image (Fig. 2(b)), the
microspheres are made up of ZnO nanoparticles about 30 nm in diameter, which is consistent with
the XRD findings. TEM examination was also used to analyse the structure of the ZnO hollow
microspheres formed on the surface of graphene. The fact that the middle portion of the microsphere
is lighter than the edge clearly confirms the hollow interiors of the unique ZnO microspheres (Fig.

2(c)).
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Fig. 2. FESEM images of (a) rGS-ZnO(HMs) composite and (b) rGS-ZnO(HMs) composite with
high-magnification; (¢) TEM images of a single ZnO hollow sphere

Formation mechanism of +GS-ZnO(HMs) composite. The formation mechanism of ZnO hollow
microspheres on graphene sheets is shown in Fig. 3. GO contains large amounts of epoxide, hydroxyl
and carboxyl acid reactive groups on its surface and edges. These functional groups immobilise Zn>*
ions through C-O-Zn bonds, thereby undergoing condensation reactions, enabling Zn®* to be
connected to these nucleation sites and ZnO quantum dots grown on graphene sheets via normal ionic
bonds [46]. The high temperature inside the autoclave stimulates the nucleation and subsequent
growth of ZnO quantum dots to form nanoparticles. Simultaneously, due to the high temperature
condition, ethanol can effectively remove most of the oxygen-functional groups and restore the
conjugated network of the graphitic lattice of GO, resulting in the rGS [47]. The ZnO nanoparticles
preferentially aggregate and self-assemble into metastable spheres by the well-known growth
mechanism of “oriented attachment” to minimise the total surface energy [48]. In a prolonged
solvothermal process, the inner phase of metastable ZnO microspheres with higher energy will move
to the stable outer surface through Ostwald ripening, resulting in the hollow structure.
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Fig. 3. Schematic of the formation mechanism of ZnO hollow microsphere on rGS sheet

Electrochemical Characteristics. Cyclic voltammetry (CV) is a well-known electrochemical
technique for studying a material's capacitive properties. At a scan rate of 1 mV/s, Fig. 4(a) compares
the CV profiles of rGS and 1GS-ZnO(HMs). The CV curves have an irregular quasi-rectangular form
with no distinct pair of redox peaks during the anodic and cathodic sweeps, indicating that capacitance
is driven by a combination of EDLCs and faradaic redox activities. At the same scan rate, the rGS-
ZnO(HMs) composite electrode had a larger integrated area than the rGS electrode, confirming
improved charge storage ability. This clearly shows that deposition of ZnO hollow microspheres on
the surface of rGS enhances the electrode's total capacitance. The specific capacitance, Csp of the
samples can be determined from the CV curves using Eq. (1) [42].

Cp=-L | ‘ )

nm*s

where [ iis the integrated area of the CV curve, m is the mass of the electrode material in grams, and
§ is the scan rate in volts per second. At a scan rate of | mV/s, the calculated Cy, values for these
clectrochemical capacitors were 40.7 F/ g (rGS-ZnO(HMs)) > 10.9 F/g (rGS). The CV curves for the
IGS-ZnO(HMs) electrode at various scan rates were examined to learn more about its capacitive
behaviour (Fig. 4(b)). It was discovered that as the scan rate increased from 1 to 100 mV/s, the integral
area of the curves decreased. The result clearly indicates that specific capacitance reduces steadily as
scan rates increase. At scan rates of 1, 10, 30, 50, 70, and 100 mV/s, the specific capacitance of the
rGS-ZnO(HMs) electrode was calculated to be 40.7,32.3,16.3, 11.0, 8.8, and 7.4 F/g, respectively
(Fig. 4(c)). The specific capacitance rapidly declines with rising scan rates, which can be attributed
to insufficient time available for ion diffusion and adsorption within the intrinsic pore structures of
the active material at high scan rates. This diffusion effect restricts electrolytic ion movement,
rendering some active surface areas inaccessible for charge storage [34,49].
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Fig. 4. Cyclic voltammograms (CV) curves of (a) rGS and rGS-ZnO(HMs) at a scan rate of 1 mV7/s,
(b) rGS-ZnO(HMs) at different scan rates, and (c) variation of specific capacitance of rGS-
ZnO(HMs) at different scan rates

A galvanostatic charge-disc}{arge test was used to further investigate the electrochemical performance
of the electrodes by applying a series of charging and discharging currents to the electrochemical
capacitors. The voltage response of rGS and rGS-ZnO(HMs) composite electrodes at a constant
current density of 1.00 A/g is shown in Fig. 5(a). The galvanostatic charge-discharge diagram is
nearly symmetrical triangular, with a little bend in the charging curve for the rGS electrode, indicating
electric double layer capacitive behaviour. The asymmetric design of the device could explain the
bend in the charging curve. Meanwhile, the rGS-ZnO(HMs) composite curve deviates significantly
from the triangular form, indicating the involvement of the ZnO Faradaic reaction process. This
composite curve depicts three types of potential variation in the discharge range. A sudden drop in
current at the start of discharge is caused by the electrode's internal resistance (region 1), a linear
variation in the time dependence of the potential indicates double-layer capacitance behaviour (region
1), which is caused by charge scparation at the electrode-electrolyte interface, and a slope variation
in the time dependence of the potential (region III) indicates typical pseudo-capacitance behaviour,
which results from the electrochemical adsorption/desorption or a redox reaction at an electrode-
electrolyte interface [50]. When comparing their individual masses, the 1GS-ZnO(HMs) composite



electrode has lower internal resistance and thus a larger specific capacitance than the rGS electrode.
The specific capacitance of the 1GS-ZnO(HMs) composite is quite similar to the CV analysis result.
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Fig. 5. (a) Galvanostatic charge-discharge curves at a current density of 1.00 A/g and (b) Nyquist
plots at 10 mV of rGS and rGS-ZnO(HMs) composite electrodes

Accordingly, the specific energy, Esp, and specific power, Py, were calculated from the GCD data
using the equations:

cr’ :
Esp= . ' ()

Py= 22 3
where C' is specific capacitance estimated from charge-discharge curves, ¥ is the potential range
during discharge, ¢ is the discharge time and m is the total mass of electroactive material of the
electrodes. Their maximum values are tabulated in Table 1.

Analysing the resistive behaviour of electrode materials using electrochemical impedance
spectroscopy (EIS) is a helpful approach. The Nyquist plots of rGS and rGS-ZnO(HMs) composite
electrodes at 10 mV are shown in Fig. 5(b). The semicircles visible in the high frequency region
correspond to the electronic resistance within the electrode materials, which is induced by the charge
transfer process at the electrode/electrolyte interface. Meanwhile, the ion diffusion in the electrolyte
is represented by the steeply rising straight line in the low frequency region. The equivalent series
resistance (ESR) is defined as the initial x-intercept point of the semicircle, which combines the bulk
resistance of the electrode electroactive material, the bulk resistance of the electrolyte, and the
interface resistance between the electrode material and the current collector [51]. The faradaic charge
transfer resistance, Re is equal to the diameter of the semicircle arc on the real axis [52]. The smaller
diameter semicircle promotes rapid electron transport between electrode material and electrolyte.
Table 1 shows the ESR and R values calculated from the Nyquist plot in Fig. 5(b) for the rGS and
rGS-ZnO(HMs) composite electrodes. The higher ESR and R values of the rGS electrode strongly
suggest that attaching ZnO hollow microspheres to the surface of graphene sheets increases charge
transfer.



Table 1
Electrochemical parameters of rGS and rGS-ZnO(HMs) composite electrodes.

Sample ESR (Q) Rt ()  Specific capacitance (F/g) _ Energy density (Wh/kg) Power density (kW/kg)
rGS 0.49 20.01 10.9 0.81 0.63
rGS-ZnO(HMs)  0.38 7.55 40.7 5.75 1.79
Conclusions

A one-step solvothermal process was used to synthesise the 1GS-ZnO(HMs) composite as an
electrode material for supercapacitors. The surface morphology, microstructure, composition, and
electrochemical behaviour of the composite material have all been comprehensively investigated.
FESEM and TEM images revealed a homogeneous distribution of ZnO hollow microspheres on the
rGS sheet substrate. The microspheres are constructed of ZnO nanoparticles about 30 nm in diameter.
The electrochemical performance of the rGS-ZnO(HMs) composite electrode is greatly improved
over that of the rGS electrode. The increased supercapacitance performance of the rGS-ZnO(HMs)
composite was attributable mostly to the intrinsic double-layer capacitance of the rGS sheets and the
pseudocapacitance of the ZnO microspheres.
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