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Graphene-ZnO nanocomposite was successfully synthesized via microwave-assisted reduction of
zinc ions in aqueous solution with graphite oxide dispersion using a microwave synthesis system.
The electrochemical performance of the nanocomposite was analyzed through cyclic voltamme-
try and chronopotentiometry tests. The results showed that as compared with pure graphene,
graphene-ZnO composite exhibited an improved electrochemical capacitance of 146 F/g with good
reversible charge/discharge behavior.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Graphene has attracted a great deal of attention in recent years
due to its excellent electronic, capacitive and mechanical proper-
ties, superior chemical stability and high specific surface area[1-9].
Graphene can be synthesized via reduction of exfoliated graphite
oxide (GO) such as chemical reduction using hydrazine or NaBHy4,
etc. [10-12], UV assisted photocatalytic reduction [13] and high
temperature annealing reduction [14,15]. However, in most of the
reported methods, hazardous reducing agents, high temperature
or long processing time are required. Therefore, the development
of facile and practical reducing methods still remains a challenging
issue.

As an inexpensive, quick, versatile technique, microwave can
heat the reactant to a high temperature in a short time by trans-
ferring energy selectively to microwave absorbing polar solvents
with a simultaneous increase in self-generated pressure inside the
sealed reaction vessel [16-24], and it has been successfully applied
in the reduction of GO. Chen et al. [25] reported a rapid and mild
thermal reduction of GO to graphene with assistance of microwave
in a mixed solution of N,N-dimethylacetamide and water. Li et al.
[26] reported an ultrafast dry microwave synthesis of graphene in
very short duration (<5 s) without using reducing agents. Janowska
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et al. [27] synthesized large few-layer graphene sheets in aque-
ous of anmmonia under microwave irradiation. Murugan et al.
[19] presented a facile microwave-assisted solvothermal reduc-
tion of exfoliated GO with nontoxic solvents to obtain graphene
and graphene-polyaniline nanocomposite within a short reac-
tion time of several minutes and at relatively low temperature
(180-300°C) and investigated their application as electrode mate-
rials for lithium-ion batteries and supercapacitors.

Currently one obvious challenge is to utilize these 2D car-
bon nanostructures as conductive carbon mats to anchor metal
oxide materials to form new nanocomposite hybrid materials
with potential application in optoelectronics and energy conver-
sion devices [28-32]. In the meantime, such an attachment of
metal oxide particles onto the graphene may also prevent the
restack and agglomeration of graphene sheets during the reduc-
tion process due to van der Waals interactions between them
[13,32]. Several investigations have been carried out to produce
graphene-metal oxide nanocomposite. Kim et al. [28] reported the
vertical growth of ZnO nanostructures on graphene layers using
catalyst-free metal-organic vapor-phase expitaxy and investigated
their photoluminescence characteristics. Zhang et al. [29] synthe-
sized graphene-TiO, nanocomposite with a sol-gel method using
tetrabutyl titanate and GO as the starting materials. Yao et al.
[30] fabricated the graphene-SnO, composite electrode materi-
als by NaBH,4 reduction of graphene oxide in SnCl, solution and
studied their application in lithium-ion batteries. Lambert et al.
[33] studied the synthesis of TiO,-graphene nanocomposite by
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hydrolysis of TiF4 in the presence of an aqueous dispersion of GO.
Williams et al. [13] and Kim et al. [34] fabricated TiO,-graphene
or ZnO-graphene nanocomposite by UV-assisted photocatalytic
reduction of graphene oxide in TiO, or ZnO suspensions. Wu
et al. [35] employed solvothermal method to prepare sandwich-
like graphene-ZnO nanocomposite in ethylene glycol medium
using graphene oxide as a precursor of graphene and zinc acety-
lacetonate as a single-source precursor of zinc oxide. Li et al.
[36] reduced GO with SnCl, to gain graphene-SnO, composite
which achieved a better capacitive behavior with a specific capac-
itance of 34.6F/g in 1M H,SO4 solution. In our previous work
[37], graphene-ZnO and graphene-SnO, composite films were
fabricated by ultrasonic spray pyrolysis (USP) and graphene-ZnO
composite electrode exhibited higher capacitance value (61.7 F/g)
as compared with graphene-SnO, and pure graphene electrodes.
However, as promising hybrid electrode materials for electrochem-
ical supercapacitors (ESCs), the exploration on graphene-metal
oxide composite materials is not nearly enough so far. Especially
the synthesis of graphene-metal oxide composite materials by
microwave-assisted reaction for electrochemical supercapacitors
has seldom been reported in the literature.

In this work, one-step synthesis of graphene-ZnO nanocom-
posite was carried out through microwave-assisted reduc-
tion of zinc ions in aqueous solution with GO dispersion
using a microwave synthesis system. The electrochemical tests
showed that graphene-ZnO composite exhibited an improved
electrochemical capacitance of 146F/g with good reversible
charge/discharge behavior.

2. Experimental

Commercial graphite powder was used as the starting reagent for the synthesis
of GO via modified Hummers method [38,39]. 10 mg ZnSO4-7H, O (Sinopharm chem-
ical Reagent Co. Ltd.) was added into a 5ml 10 mg/ml GO solution as the source of
Zn element, and then the solution was sonicated for 30 min to produce uniform
dispersion. A dilute NaOH solution was dropped in the solution to form a brownish-
black suspension with a pH value of 9. The mixture was then put into an automated
focused microwave synthesis system (Explorer-48, CEM Co.) and treated for 0.5 h at
150°C. It was obviously found that the color of suspension had changed into purely
black, indicating the successful chemical reduction of GO [40]. The as-synthesized
product was isolated by filtration, washed for three times with distilled water, and
finally dried in a vacuum oven at 70°C for 24 h. Subquently, the graphene-ZnO
composite was coated on graphite sheets by screen-printing method. The detailed
information can be found in our previous work [37]. The specific surface area of
the screen-printed graphene-ZnO electrode measured by Brunauer-Emmett-Teller
method (Micromeritics Tristar 3000) from N, adsorption-desorption isotherms is
about 20.9 m?/g. Pure graphene was also synthesized by direct microwave-assisted
reduction of GO solution for comparison.

Under acidic condition of pH <6.0, Zn element exists as Zn?* and ZnOH* soluble
ionsin the aqueous solution [41,42]. With the increase of pH value (~9), a conversion
from Zn?* and ZnOH* ions to Zn(OH); precipitation happens and finally Zn(OH); is
transformed to ZnO particles by microwave heating.

Zn(OH),"*¥¥Zn0 + H,0 1

The surface morphology, structure and composition of the samples were char-
acterized by high-resolution transmission electron microscopy (HRTEM, JEM-2100),
field-emission scanning electron microscopy (FESEM, Hitachi S-4800), atomic force
microscopy (AFM, SPI 3800N), X-ray diffraction spectroscopy (XRD, D8 ADVANCE),
and energy dispersive X-ray spectroscopy (EDS, JEM-2100), respectively. The UV-vis
absorption spectra were recorded using a Hitachi U-3900 UV-vis spectropho-
tometer. The cyclic voltammetry (CV) and chronopotentiometry experiments were
investigated by using Autolab PGSTAT 302N electrochemical workstation in a three-
electrode mode, including a standard calomel electrode as reference electrode and
a platinum foil as counter electrode. 1M KCI solution was used as electrolyte. The
specific capacitance (Cs, in F/g) could be obtained from the CV process according to
Eq. (2) or from the charge-discharge process according to Eq. (3):

i

Csp =
T uxm

(2)

where i is the average current (A), v is the scan rate (V/s) and m is the mass of
electrode (g).
ixt

Cp= Xt
P AV xm

(3)
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Fig. 1. AFM image of graphene nanosheet.

where i, t and AV are the constant current (A), charge/discharge time (s), potential
difference (V), respectively.

3. Results and discussion

To indicate the acquirement of graphene, an aqueous solution
of graphene was dropped onto the hydrophilic-treated silicon for
AFM measurements. Fig. 1 shows the AFM image of as-prepared
graphene nanosheet. The height profile of graphene sheet displays
a thickness of 3.8 nm, corresponding to the graphene of four or
five layers based on theoretical values of 0.78 nm for single layer
graphene and the thickness contribution from oxygen-containing
groups on the faces [38,43].

Fig. 2(a) and (b) shows the typical FESEM and HRTEM images
of as-prepared graphene nanosheets, respectively. The corrugated
and scrolled sheets resemble crumpled silk veil waves. Graphene
layers interact with each other to form an open pore system,
through which electrolyte ions easily access the surface of graphene
to form electric double layers [6]. Fig. 2(c) illustrates the FESEM
image of graphene-ZnO nanocomposite. It is clearly observed that
the surface of curled graphene sheets are packed by nanosized and
irregularly shaped ZnO grains, which displays a good combination
between graphene sheet and ZnO naoparticles (NPs). Some ZnO
NPs are grown on the brink of interlayer and inside interlayer of
graphene to form sandwich-like graphene-ZnO structure due to
the reduction of Zn2* diffused into the interlayer of GO [41]. Fig. 2(d)
and (e) draw the low-magnification and high-magnification HRTEM
images of graphene-ZnO nanocomposite. It is clearly seen that the
graphene sheets are decorated densely by small ZnO NPs. The diam-
eter of ZnO NPs is estimated to be 5-10nm and their crystalline
structures can be observed clearly from the lattice fringes of the ZnO
(002) plane with an interplanar spacing of approximately 0.52 nm
and (100) plane with an interplanar distance of about 0.28 nm
[44,45]. Additionally, the existence of Zn in the nanocomposite has
been proved by the peaks of Zn in EDS data (Fig. 2(f)). The appear-
ance of S element and Cu element is due to the residue of reactants
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Fig. 2. (a) FESEM and (b) HRTEM images of graphene nanosheets; (c) FESEM, (d) low magnification HRTEM and (e) high-magnification HRTEM images of graphene-ZnO

nanocomposite; (f) EDS spectra of graphene-ZnO nanocomposite.

during the synthesis and the use of copper grid for dispersion of
sample in EDS test, respectively.

Fig. 3 displays XRD patterns of graphene-ZnO nanocompos-
ite, pure ZnO and pure graphene. Graphene nanosheets exhibit a
weak (100) diffraction peak at 44.5° [46]. The XRD analysis further
shows the excellent crystal structures of ZnO NPs even if they are
combined with graphene. The peaks at 31.6°, 34.4°, 36.1°, 47.3°,
56.3°, 62.6° and 67.6° correspond to (100), (002),(101),(102),
(110),(103)and (112) planes of ZnO, indicating wutrzite crystal
structure [PDF #89-1397].

Fig. 4 shows the UV-vis absorption spectra of graphene
and graphene-ZnO nanocomposite. It is observed that graphene

exhibits a strong absorption peak at 265 nm which is regarded as
the excitation of m-plasmon of graphitic structure [35,47]. Com-
pared with the absorption spectrum of graphene, graphene-ZnO
displays anew peak at 362 nm, which is ascribed to the contribution
from ZnO NPs. The blue shift in the absorption peak as compared
to the one of bulk ZnO is caused by the quantum size-effect of fine
structure of nanometer size [48].

CV curves were conducted at a scan rate of 2, 10, 30, 50, 70 and
100 mV/s under the potential from —0.5 to 0.5V. Fig. 5(a) shows
CV curves at a scan rate of 100mV/s. The shapes of CV loop in
our experiment are close to rectangle, indicating a good capacitive
behavior in the ESCs [5]. It can be seen that the capacitive per-
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Fig.3. XRD patterns of graphene-ZnO nanocomposite, pure ZnO and pure graphene.

formance of graphene-ZnO electrode is obviously better than that
of pure graphene. Here the capacitive contribution from graphite
substrate to the whole electrode is very low and can be neglected
[37]. The specific capacitances of graphene-ZnO and graphene cal-
culated from CV curves measured at a scan rate of 2 mV/s are 146
and 59 F/g, respectively. It means that the ZnO contributes to the
total capacitance apart from the double-layer capacitance from
graphene. Fig. 5(b) shows the plot of scan rate verse specific capac-
itance of graphene-ZnO nanocomposite. The specific capacitance
tends to be relatively stable with the increase in scan rate, account-
ing for its good discharge efficiency and electrodynamic property.

The charge-discharge behavior of graphene-ZnO electrode was
measured by chronopotentiometry from 0 to 1V at a constant cur-
rent of 10 mA, as shown in the inset of Fig. 6. The IR drop, caused by
the internal resistance of the electrode, is hardly observed owing
to the well-formed electrode/electrolyte interface. The stability and
reversibility of an electrode material is also critical in the practical
application for ESCs [49]. Fig. 6 shows the cyclic performance of the
electrode examined by galvanostatic charge-discharge test for 100
cycles. It is observed that the capacitance of graphene-ZnO elec-
trode calculated from charge-discharge curve exhibits little decay
during the test, which implies its excellent long-term recycling
capability.
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Fig. 4. UV-vis absorption spectra of graphene and graphene-ZnO nanocomposite.
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Fig. 5. (a) CV curves of graphene and graphene-ZnO nanocomposite at a scan rate
of 100mV/s; (b) plots of scan rate verse specific capacitance of graphene-ZnO
nanocomposite.
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Fig. 6. Cyclic performance of graphene-ZnO nanocomposite. Inset is corresponding
charge-discharge curve.

4. Conclusions

Graphene-ZnO nanocomposite was successfully synthesized
via microwave-assisted reduction of zinc ions in aqueous solution
with GO dispersion. The results of electrochemical experiments
indicated that as compared to pure graphene, graphene-ZnO
nanocomposite exhibits a better capacitive performance with
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joint contribution of capacitance from ZnO and graphene.
Graphene-ZnO composite achieves a high capacitance value of
146 F/g and good reversible charge/discharge ability.
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