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ZnO and graphene composites (ZnO/GR) were prepared by a simple and repeatable thermal evaporation
process, and both the reduction of graphene oxide and the loading of ZnO were achieved. The structural
and optical properties were studied by X-ray diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscope (TEM), atomic force microscope (AFM), Raman spectroscopy, X-ray
photoelectron spectroscopy (XPS) and photoluminescence (PL) measurements. In the PL spectra, when
the mass ratio of graphene to ZnO increased, a series of fluorescence quenching were found, and a reg-
ularly blue shift of the ultraviolet (UV) peak were also found, which might be attributed to the
Burstein–Moss effect.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

The two-dimensional (2D) graphene exhibited a promising po-
tential in fabricating electronic devices due to its fascinating phys-
ical properties such as quantum electronic transport, extremely
high mobility, high elasticity and electromechanical modulation
[1–4]. One way to utilize the unique properties of graphene would
be its incorporation in a composition. Recently, the graphene sheets
decorated by the inorganic nanoparticles (NPs) such as metal, metal
oxide and sulfide, i.e. the graphene/inorganic composites, have at-
tracted uncountable attention. So far, some graphene/inorganic
composites have been successfully synthesized and showed the
desirable properties that cannot be found in the individual compo-
nent [5–15]. As an important wide band-gap semiconductor, ZnO
has already been evaluated in the application of optoelectronic de-
vices such as solar cells, gas sensors and light emitting diodes, due to
its promising electrical and optical properties [16–18]. The new
ZnO/GR composites might possess unusual properties as compared
with their individual counterpart, and present some special fea-
tures, such as high electrical property, good optical transmittance,
improved field emission and capacitive properties, which prompt
many researchers to synthesize the ZnO/GR composites and explore
their potential applications [19–21].
ll rights reserved.
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For most chemistry methods, the graphene oxide is usually re-
duced into graphene with toxic reductant [22], such as hydrazine.
The worse thing is that the reduction process could lead to more de-
fects in graphene and the graphene would restack together to form
graphite [23]. Recently the non-toxic water had been reported to re-
duce graphene oxide under specific condition [24], which had fewer
defects in graphene and no restacking of graphene.

In this work, we have prepared ZnO/GR composites by an easy
and reproducible one-step thermal evaporation reaction. In the
solvent of water, ZnO particles can attach on the surface and edge
of graphene oxide sheets, which could efficiently separate the
graphene sheets and prevent the restacking of the graphene sheets.
Therefore the ZnO/GR composites can be directly formed during
the reduction of the graphene oxide. We have studied the struc-
tural and optical properties of ZnO/GR composites with different
ratios.
2. Experimental

2.1. Preparation of graphene oxide

Graphene oxide (GO) was prepared by a modified Hummers method [25,26]
from flake graphite (average particle diameter of 25 mm, 99.9% purity, Qingdao
Weijie Graphite Co., Ltd.). Briefly, 1 g of graphite and 1 g of NaNO3 were placed in
a beaker. The 50 mL of H2SO4 was added into the beaker. The mixture was stirring
at 80 �C for 1 h. Then, 6 g of KMnO4 powder was slowly added over 1 h in an ice
water bath. Cooling was completed in 2 h, and the mixture was allowed to vigorous
stirring 3 h at room temperature. During which the mixture turns green, dark
brown, and then brick brown. The obtained liquid was added with 300 mL de-ion-
ized water and then stirred over about 30 min at 98 �C. When the temperature was
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Fig. 1. XRD pattern of the prepared ZnO, ZnO/GR, and graphene.
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cooled down to 60 �C 30 mL of H2O2 (30 wt.% aqueous solution) was added into the
above liquid. In order to remove ions of oxidant, the resultant liquid was purified by
repeating the following procedure cycle 3 times: centrifugation, removal of the
supernatant liquid, adding some 5% HCl with vigorous stirring and bath ultrasoni-
cation for 30 min at a power of 100 W. Then the procedure was cycled for 3 times
using de-ionized water. The remainder was dried at 60 �C for 24 h, and then the
graphene oxide was obtained.
Fig. 2. FESEM of (a) GO, (b) ZnO, (c)
2.2. Preparation of ZnO/GR

The graphene oxide powder obtained above (1 mg/mL) was added into ZnO col-
loidal suspension (40 mg/mL commercial ZnO nanoparticles with particle diameter
of 10 nm (Hurricane Co., Iran) in water). The suspension was vigorously stirred for
2 h, sonicated for 30 min and subsequently heated at 200 �C to obtain the hybrid-
ized ZnO/GR powder.

X-ray diffraction (XRD) was performed on a Rigaku-Dmax-Ra powder X-ray dif-
fractometer with Cu Ka radiation (k = 1.5418 A). The morphology of the samples
was carried out through scanning electron microscopy (SEM) (Hitachi, S-570) and
Transmission electron microscope (TEM) (200 keV, JEM-2010HR). To characterize
the surface topography of the graphene sheets, Atomic Force Microscope (AFM)
(Bruker-Veeco Multimode Nanoscope 3d) was utilized as an appropriate technique.
The chemical components were characterized by X-ray photoelectron spectroscopy
(XPS) (ESCALABMKLL). The Raman and photoluminescence (PL) spectra were per-
formed on the Renishaw invia Raman spectroscopy. The excitation wavelength
for Raman measurement is 514.5 nm originated from Ar+ Laser. The excitation
source for PL measurement was He–Cd Laser with 325 nm wavelength.

3. Results and discussion

Fig. 1 showed that the typical diffraction peak of GO at
2 h = 10.6� [27] shifts to higher angle after reduction. This could
be attributed to fact that GO nanosheets are partially reduced to
graphene and restacked into an ordered crystalline structure. The
XRD pattern of ZnO/GR composites with 1 mM ZnO suspension
and 0.025 mg/mL at GR concentrations was similar to that of pure
ZnO. And no diffraction peaks for carbon species were found, which
might be owing to the low amount and relatively low diffraction
intensity of graphene.
ZnO/GR and TEM of (d) ZnO/GR.
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Fig. 2a showed the SEM images of GO with lots of wrinkles which
were probably caused by the oxygen functionalization and the
resultant defects during the preparation. Fig. 2b and c showed the
SEM images of ZnO and the ZnO/GR composites with 1 mM ZnO sus-
pension at GR concentration 0.025 mg/mL, which revealed graph-
ene sheets emerged and the ZnO nanoparticles were dispersed
and coated by graphene sheets. The formation graphene sheet dec-
orated by ZnO nanoparticles was further investigated by TEM with
1 mM ZnO suspension at different GR concentrations 1 mg/mL in
Fig. 2d. The 2D graphene sheets and ZnO nanoparticles were clearly
observed. The graphene sheets were not perfectly flat but display
intrinsic microscopic roughening and out of plane deformations
(wrinkles).

A typical AFM image of ZnO nanoparticles anchored to graphene
sheets was given in Fig. 3, which were consistent with the TEM
image. The corresponding section-depth profile of the image is also
provided. The height profile diagram of the AFM image showed
that the height of the graphene layer was about 1.35 nm, which
is in good consistency with the typical thickness of the observed
bilayer graphene based on theoretical values of 0.78 nm for single
layer graphene and the thickness contribution form oxygen-
containing groups on the faces [28].

In the XPS spectra (Fig. 4a), the level of Zn2p
3/2 is 1020.39 eV.

The peaks located at 284.6 and 530.4 eV are assigned to the peaks
of C1s and O1s, respectively. The peaks at 288.7 eV in the C1s spectra
are assigned to the carbon element in association with oxygen in
the carbonate ions. The predominant O1s peak at 530.4 eV belongs
to the lattice oxygen of the ZnO NPs. The remaining smaller peaks
at higher binding energies (760.7, 795.4, 816.7 eV) are satellite
shake-ups of the assigned components [29]. Fig. 4b showed that
the concentration of the oxygen–containing bonds(CAOH, C@O
and O@CAOH in the reduced graphene sheets) were very low,
which indicated an effective chemical reduction of the graphene
oxide platelets to graphene ones in the ZnO/graphene (oxide) sus-
pension. Thermal evaporation is a convenient method to convert
GO sheets to graphene sheets. The high temperature made GO re-
duced to graphene [24].

Raman spectroscopy was used to characterize the ordered dis-
ordered crystal structures of carbon materials [30]. As shown in
Fig. 5, Raman spectra of ZnO/GR composites showed two funda-
mental vibrations. G band located at 1580 cm�1 which is generally
assigned to the E2g phonon of sp2 bonds of carbon atoms. D band
located at 1357 cm�1 as a breathing mode of p-point phonons of
A1g symmetry [31,32], which is attributed to local defects and dis-
orders, particularly the defects located at the edges of graphene
and graphite platelets [33,34]. The fitting of the observed Raman
Fig. 3. AFM images of the ZnO/GR with 1 mM ZnO suspens
spectra using the Raman spectrometer software gives the D/G
intensity ratios which listed in Table 1. One can see there is no reg-
ular evolution for the D/G intensity ratios evolution with the
increasing of the GR concentrations from 0.025 mg/mL to 5 mg/
mL. The D/G intensity ratio for all ZnO/GRs is around 0.90, which
are larger than that of GO (0.75). This suggests that more sp2 do-
mains are formed during the reduction of GO, and indicates that
there is increasing disorder in ZnO/GR. The peak at 2937 cm�1

associating with the D + G band also indicates the increasing disor-
der in graphene [33,34].

The optical property was characterized by the room-tempera-
ture PL spectroscopy. As shown in Fig. 6, the PL spectra of ZnO and
ZnO/GR composites showed the dominant UV emission at 386 nm
which was attributed to free-excitation recombination in the
near-band-edge. From curves a to d, the UV emission peak position
gradually shifted from 384 to 379 nm (Fig. 7). While the PL intensity
decreased gradually. We believe that the blue-shift of the UV emis-
sion peak originated from the interaction between the ZnO particles
and the graphene sheets. The physical mechanism might be attrib-
uted to the Burstein–Moss effect [35,36]. As shown in Fig. 8, the cal-
culated work function for graphene is 4.4 eV [37,38], which is lower
than that for ZnO (4.5 eV) [39]. When ZnO/GR composites formed,
some electrons of graphene sheets may diffuse towards the ZnO
and accumulate at the interface between the graphene and ZnO to
form potential barrier. The barriers impede the diffusion of the elec-
tron into ZnO. Those electrons may occupy the states at the bottom
of the conduction band of ZnO. After the thermal relaxation, there is
a considerable population in the low energy levels of the conduction
band. Thus the photo excitation electrons of ZnO requires Eg + DEb

energy, where DEb is the extra energy required to transfer the free
electrons to the unoccupied electronic sublevels closest to the bot-
tom of the conduction band. This shift in DEb is called the Burstein
Moss shift. With increase of the mass ratio of graphene to ZnO, more
p electrons would enter the lattice of ZnO. The potential barrier
formed between the graphene and ZnO would increase. Thus the
Burstein Moss shift DEb would be increased also. As a result, the
optical band-gap became larger gradually. As the optical band-gap
increased, the number of the photogenerated electrons in ZnO
would also decrease gradually, which would make the PL intensity
decreasing.

The weak deep level emission appeared in the PL curve located
at around 550–590 nm. The ability of ZnO particles to transfer
photogenerated electrons to GO has been demonstrated from the
quenching of ZnO emission [40]. The fluorescence intensity de-
creased as the amount of GO increasing. The interaction between
the excited ZnO particles and the GO sheets results in an additional
ion at GR concentrations 1 mg/mL on mica substrates.
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Fig. 5. Raman spectra of graphene and ZnO/GR composites. Samples a to f represent
1 mM ZnO suspension at different GR concentrations: (a) 0.025, (b) 0.033, (c) 0.05,
(d) 0.1, (e) 1, and (f) 5 mg/mL.
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Fig. 4. The XPS spectra of the ZnO/GR with 1 mM ZnO suspension at GR
concentrations 0.025 mg/mL.
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pathway for the disappearance of the charge carriers. As demon-
strated earlier, such emission quenching represents interfacial
charge-transfer processes [41–43]. In the present experiments,
the emission quenching represented electron transfer from the
Table 1
The D/G intensity ratios of Raman spectra for all samples.

Sample a b c d e f

D/G ratio 0.92 0.89 0.90 0.89 0.93 0.91

Fig. 7. The blue shift of the UV peak. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)



Fig. 8. Schematic of the Burstein–Moss shift in ZnO/GR.
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excited ZnO NPs to the GO to produce reduced graphene. Without
ZnO, no such reductive radicals are produced. The charge recombi-
nation in semiconductor particulates is often a problem in hetero-
geneous photocatalysis by semiconductor materials (TiO2, ZnO,
ZnS, etc.) [5–11]. If semiconductor particles are anchored on a
graphene scaffold, it should be possible to improve the photo in-
duced charge separation and then improve the photocatalysis
performance.
4. Conclusion

In summary, we demonstrated a repeatable route to obtain
ZnO/GR composites by a thermal evaporation reaction. The blue-
shift of UV emission peaks in the PL spectra of ZnO/GR composites
might be attributed to the Burstein–Moss effect. The PL quenched
phenomenon implied that the recombination of the photo induced
charge would be restrained, which will benefit the heterogeneous
photocatalysis of semiconductor materials. This work opens up
new avenues to one-step synthesis of graphite-based composites
in various solvents, i.e. the nanomaterial synthesis and reduction
of GO sheets to graphene sheets could occur simultaneously.
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