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In  this  paper,  attention  is  focused  on  the  synthesis  of  graphene  sheets-ZnO  (GSs-ZnO)  multipod  nanocom-
posite.  Graphene-based  composites  are  emerging  as  a  new  class  of  materials  that  hold  promise  for  many
curious applications  in different  areas.  In  this  section,  we report  a suitable  approach  for  the forma-
tion  of  GSs-ZnO  composites  through  two-step  processes.  Initially,  graphene  nanosheets  are  synthesized
by  solvothermal  method  and  in  the  second-stage  GSs-ZnO  composite  is  synthesized  by  hydrothermal
method  using  water  as  solvent.  It  was  observed  that  ZnO  multipods  were  randomly  dispersed  on  the
surfaces  of  graphene  sheets  (GSs).  We  have  also carried  out  the  structural  and optical  characterizations
anocomposite
hotoluminescence spectra
icrostructures

of  GSs-ZnO  nanocomposites.  The  hybridized  structure  of  ZnO and  graphene  nanosheets  has  been  further
investigated  by  HRTEM.  The  2-D  graphene  nanosheets  and  ZnO  multipod  are  clearly  observed  in the  TEM
microstructures  indicating  the  formation  of  nanocomposite  structure.  Raman  and  FTIR  investigations  of
GSs-ZnO  nanocomposite  have  also  shown  the signature  of nanocomposite  formation.  In  addition,  a  pho-
toluminescence  spectrum  of GSs-ZnO  multipod  nanocomposites  displays  the fluorescence  quenching
property.
. Introduction

Graphene, a single atomic layer of carbon arranged in a hon-
ycomb lattice, has attracted a lot of research interest since its
iscovery in 2004 [1–3]. It has been found to exhibit excellent
lectrical, thermal, optical, mechanical properties and room tem-
erature Hall effect [2,4–7].  The photochemistry and photovoltaic
spects of 2-D carbon nanostructures, graphene nanosheets and
raphene oxide (GO) sheets, are relatively unstudied and provide
n exciting new array of ideas and applications. Although graphite
nd graphite oxide were known to be in existence since the last cen-
ury, it has been only recently that the graphene and graphene oxide
heets have been prepared and characterized in a systematic way
8,9]. The most significant challenge in the preparation of graphene
s to overcome the strong exfoliation energy of the �-stacked lay-
rs in graphite [10]. The earlier efforts to obtain graphene sheets
nvolved the simple micromechanical cleavage of graphite, where

 piece of scotch tape was used to remove individual sheets of
raphene. Although the term graphene is used only for a single

ayer of carbon sheet, there are other related graphene struc-
ures, which have also been recently investigated. For example,
raphene oxide (GO) layers have been synthesized and investigated
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extensively [11]. It has a characteristic peak in XRD pattern at
2� ≈ 10–13◦ (for Cu K� wavelength) and its reduction results in the
formation of graphene sheets (GSs). It should also be mentioned
that few layers of graphene sheets have also been fabricated from
MWCNTs, where characteristic XRD peaks of MWCNTs at 25.96◦

(d(0 0 2) = 3.43 Å) and graphene sheets at approximately 26.26◦ have
been reported [12].

Several other methods of preparation of graphene and graphene
oxide include the oxidation of graphite combined with thermal
exfoliation, the treatment of graphite fluorides with alkyl lithium
reagents, and the oxidation of graphite followed by strong sonica-
tion [13,14]. The factors dictating stable dispersions of graphene
in various organic solvents and its interactions with substituted
organic compounds have also been reported [15,16].

One obvious challenge is to utilize these 2-D carbon nanos-
tructures as conductive carbon mats so that one can anchor
semiconductor or metal nanoparticles and facilitate tailored
catalytic reactions. Recently, graphene decorated with metal
nanoparticles or metal oxides has also attracted a great deal of
attention due to potential applications in many technological fields
[17–19]. ZnO nanoparticles have recently been examined in com-
bination with carbon nanotubes, showing an electron accepting

and storing capacity of the nanotubes [20,21]. Hence, it is rea-
sonable to expect that graphene sheets may  play a similar role of
providing unique 2-D architecture to support semiconductor cat-
alyst nanoparticles. The graphene-ZnO composites might possess

dx.doi.org/10.1016/j.jallcom.2012.02.115
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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nusual properties as compared to their individual counterparts,
nd present some special features, such as high electrical and elec-
rochemical properties, good optical transmittance, improved field
mission and capacitive properties [22–25].

Solution methods are more convenient and low cost effective
pproach for the synthesis of oxide nanocomposites and devel-
pment of different graphene-based composites [26]. ZnO, an
mportant material in the II and VI group semiconductor, has novel
pplications in the optics, optoelectronics, sensors (bio, chemical
nd gas), UV light emitters and actuators due to its semiconduct-
ng, piezoelectric and pyroelectric properties. Furthermore, ZnO is
iocompatible, which makes it suitable for biomedical applications
27]. A variety of ZnO nanostructure can be synthesized by different

ethods [28,29]. The growth and properties of ZnO nanostruc-
ures have been extensively studied, but there are limited reports
vailable on ZnO-composites. Here two-step approaches have been
tilized to synthesize the GSs-ZnO multipod nanocomposites. In
he first step graphene sheets (GSs) have been synthesized by
olvothermal method and in second step graphene sheets-ZnO
GSs-ZnO) multipod nanocomposite has been prepared employing
ydrothermal method.

. Methods

.1. Preparation of graphene sheets (GSs)

Graphene sheets in the present work were prepared by the solvothermal method
30].  All solvothermal reactions were performed in a reactor having a maximum vol-
me  of 50 mL.  A typical synthesis consists of heating a 1:1 molar ratio of sodium
2 g) and ethanol (5 ml) in a sealed reactor vessel at 220 ◦C for 72 h to yield a
olid solvothermal product – the graphene precursor. This material is then rapidly
yrolyzed and the remaining product is washed with deionized water several times.
he suspended solid was then vacuum filtered and dried at 120 ◦C for 20 h. The dried
roduct is then suspended in ethanol and sonicated in order to disperse graphene
heets.

.2. Preparation of graphene sheets-ZnO (GSs-ZnO) composite

The as-synthesized GSs (10 mg)  and 0.148 g zinc acetate (Zn (O2CCH3)2) were
ut in deionized water (50 ml) and stirred for 30 min  at room temperature. After
0 min 0.52 ml  NH3*H2O solution of 0.3 M was added drop by drop. The solution was
hen stirred and sonicated for 10 min  for homogeneous mixing. Now this solution
as  put into 100 ml  of Teflon-lined autoclave. The autoclave was  sealed and heated

o  180 ◦C temperature for 24 h. After removing from the furnace, the material was
ooled to room temperature. The black precipitated products were filtered out and
ashed with deionized water several times and then dried in the vacuum at 60 ◦C

or  1 h. Synthesis of GSs and GSs-ZnO multipod nanocomposite has been carried out
sing autoclave reactor.

.3. Characterization tools

The as grown carboneous materials were characterized by X-ray diffractome-
er  (XRD, Philips PW 1710), transmission electron microscopy (TEM, Tecnai G2 20).
ample for TEM studies were prepared by dispersing a small amount of carboneous
aterials into ethanol and sonication for 10 min. Drops of the dispersed material
ere placed onto a holey carbon grid and dried. Raman spectroscopy of the as-grown

ample was carried out by Raman spectrometer (Renishaw, model no. H 45517)
sing an argon ion laser (� = 514 nm). Fourier transform infrared (FTIR) spectra of
he  samples were recorded using the Perkin-Elmer (Spectrum 100, USA) spectrom-
ter. The photoluminescence (PL) spectrum at room temperature was measured by

 PerkinElmer LS 55 type luminescence spectrometer having Xe lamp of 350 nm line
s  an excitation source.

. Results and discussion

.1. Microstructural characterization

.1.1. Characterization of graphene sheets (GSs)
X-ray diffraction (XRD) measurements were employed to inves-
igate the phase and structure of the synthesized samples. Typical
RD pattern of GSs sample is shown in Fig. 1. The inset of Fig. 1
hows the (0 0 2) reflection around 24.9◦ (blue line) and a broad
eak around 18.7◦ (blue line) which are merged to give the
Fig. 1. XRD patterns of GSs samples. Inset shows the multiple Lorentzian fitting of
the (0 0 2) reflections. (For interpretation of the references to color in the text, the
reader is referred to the web version of the article.)

resultant peak (red line). The (0 0 2) graphitic reflection in the pow-
der XRD pattern of sample shows that it comprises of few numbers
of GSs. The number of layers in GSs samples can be obtained by
Lorentzian fitting of the (0 0 2) reflection making the use of the
Scherrer formula [31]. Inset of Fig. 1 shows multiple Lorentzian fit-
ting of the (0 0 2) reflection. The number of layers in GSs has been
found to be 2 and 8 correspond to the broader peaks at 18.7◦ and
24.9◦ respectively [32]. The inter layer separations between GSs are
0.41 and 0.35 nm corresponding to the peak at 2� = 18.7◦ and 24.9◦

respectively.
Fig. 2 shows the SEM micrographs of the as-synthesized

graphene sample prepared by solvothermal method. The bulk GSs
product obtained from the pyrolysis of the solvothermal product
is highly porous as well as flaky. The entire micrograph consists of
individual GSs held into a porous structure that typically extends
over more than 10 �m,  with the presence of numerous cavities,
or holes. The GSs are therefore, initially obtained as fused sheets,
weakly held into a foam-like structure which is then easily sep-
arated into individual sheets by sonication in ethanol for several
minutes.

Fig. 3 presents the low resolution TEM micrographs of the
agglomerated GSs at different magnification. This clearly shows the
extent of sheet formation and the tendency for sheets to coalesce
into overlapped regions. An inherent sheet-like structure display-
ing an intricate long-range array of folds is evident. TEM micrograph
shows that GSs has corrugations and scrolling on the edge of the
graphene (shown by arrow). The images are taken in transmission
mode; the relative opacity of individual sheets is a result of inter-
facial regions with overlap between individual sheets [33]. The GSs
are transparent and exhibit a very stable nature under the electron
beam. The SAED pattern (inset in Fig. 3(b)) shows the well-defined
diffraction spots, which confirm the crystalline structure of the GSs.

Fig. 4 shows the HRTEM micrograph of GSs which are clearly vis-
ible. HRTEM micrograph shows the morphology of few-layer GSs.
The numbers of GSs are found to be 3, 4 and 7 layered, which are in
conformity with the results of XRD analysis (Fig. 1).

3.1.2. Characterization of graphene sheets-ZnO (GSs-ZnO)
multipod nanocomposite
Fig. 5 shows the diffraction peaks of as-synthesized GSs-ZnO
multipod nanocomposite. The peaks at 2� = 31.7◦, 34.4◦, 36.2◦,
47.5◦, 56.6◦, 62.8◦, 66.3◦, 67.9◦, and 69.1◦ correspond to the
(1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3), (2 0 0), (1 1 2) and (2 0 1)



R. Kumar et al. / Journal of Alloys and Compounds 526 (2012) 129– 134 131

phs of

c
Z
4
g
s

t
f
d
t
t
s
a
m
p
t
t
d
M
S
m

Fig. 2. SEM microgra

rystalline planes of ZnO, respectively. This result indicates that the
nO multipod on the GSs is having wurtzite structure. The peak at
4.4 corresponds to the specimen holder used for XRD. The (0 0 2)
raphitic reflection is also present in the powder XRD pattern of
ample, which corresponds to GSs.

Transmission electron microscopy (TEM) and high resolution
ransmission electron microscopy (HRTEM) analyses were per-
ormed on the as-prepared GSs-ZnO multipod nanocomposites to
etermine their features in the nanometer domain. Fig. 6 shows
he TEM micrographs of GSs-ZnO multipod nanocomposite syn-
hesized by the hydrothermal method. TEM micrograph (Fig. 6)
hows the intimate contact between ZnO multipod (marked by
rrow) and GSs (mark by dotted arrow). This intimate contact
akes the electronic interaction between ZnO multipod and GSs

ossible. The lengths of the legs of ZnO multipod were found
o be in the range of 200–250 nm.  It can be clearly seen that
he GSs were well decorated by ZnO multipods, which were

ensely deposited on these GSs to form a composite structure.
oreover, almost no ZnO multipods were found outside the GSs.

ome larger features shown in Fig. 6 are agglomerate of ZnO
ultipods.

Fig. 3. TEM micrographs of t
 as-synthesized GSs.

The structure of GSs-ZnO multipod nanocomposite was  further
investigated by HRTEM. Fig. 7 shows the HRTEM of the leg of ZnO
multipod which is showing (0 0 2) plane [34–36].  The interplanar
spacing is found to be 0.26 nm corresponding to the (0 0 2) crystal
plane.

Fig. 8 shows the typical energy dispersive X-ray of as-
synthesized GSs-ZnO multipod nanocomposite. The EDX has been
taken from larger area with different regions. The elemental anal-
ysis of GSs (Fig. 8(a)) shows the presence of carbon and oxygen
contents. Fig. 8(b) shows the elemental content of carbon, oxygen
and zinc in GSs-ZnO multipod nanocomposite sample. The pres-
ence of zinc, oxygen and carbon indicate the formation of GSs-ZnO
multipod nanocomposite. There is some change in oxygen content,
which shows the reduction of oxygen from GSs.

3.2. Fourier transform infrared analysis
Fourier transform infrared (FTIR) study in the range of
4000–450 cm−1 has been carried out in the present investigation.
The FTIR spectrum of as-synthesized GSs and GSs-ZnO multipod
nanocomposite are shown in Fig. 9. The peaks in Fig. 9(a) and

he agglomerated GSs.
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Fig. 4. HRTEM micrograph of the as synthesized GSs.

(
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o
f
1

tion of ZnO [39,40]. There are no signature of peaks at 1392 cm−1

and 1045 cm−1 corresponding to functional groups containing oxy-
gen in GSs-ZnO multipod nanocomposite. However, at 3400 cm−1

there is a broad peak of small size indicating the presence of OH
Fig. 5. XRD pattern of GSs-ZnO multipod nanocomposite sample.

b) at 3440 cm−1 indicates the presence of OH groups, which
re due to the presence of moisture in the samples. In GSs

−1
Fig. 9(a)) the peak at 1636 cm can be assigned to the vibrations
f unoxidized graphitic domains [37]. The small oxygen-containing
unctional groups attach to GSs are revealed by the bands at
392 cm−1 and 1045 cm−1, which correspond to C OH stretching

Fig. 6. TEM micrograph of as synthesized GSs-ZnO multipod nanocomposite.
Fig. 7. HRTEM micrograph of as synthesized GSs-ZnO multipod nanocomposite.

and C O stretching vibrations respectively [38]. In GSs-ZnO mul-
tipod nanocomposite (Fig. 9(b)), the strong peak at 1552 cm−1 can
be attributed to the skeletal vibration of the GSs and other peak at
465 cm−1 is the characteristic peak of the Zn O stretching vibra-
Fig. 8. Energy dispersive X-ray of: (a) as-synthesized GSs and (b) GSs-ZnO multipod
nanocomposite.
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ig. 9. FTIR of as synthesized (a) GSs and (b) GSs-ZnO multipod nanocomposite.

roup. This has also been confirmed by EDX analysis in Fig. 8. These
bservations confirm that the GSs-ZnO multipod nanocomposite
as been successfully prepared. Further it may  be mentioned that

rom these observations, it appears that GSs are not completely
evoid of oxygen containing functional groups, which are attached
o these sheets. Because of these functional groups, the separation
etween sheets is somewhat larger than the graphitic planes and
maller than the interplanar separation between graphene oxide
ayers.

.3. Raman analysis

Fig. 10(a) and (b) shows the Raman spectra of GSs and GSs-
nO multipod nanocomposite, respectively. Both samples exhibit
wo peaks namely D-band and G-bands. The D-band is associated
ith the presence of defects in the hexagonal graphitic layers, and

he G-bands is associated with Raman-active E2g modes, which are
sually assigned to the breathing mode of � point phonons of A1g

2
ymmetry and the E2g phonon of C sp atoms, respectively [41].
t may  be noted that the Raman D-band peak of GSs at 1340 cm−1

as shifted to 1348 cm−1 in GSs-ZnO multipod nanocomposite, i.e.
hifted towards the higher wave number. Raman G-bands peak

ig. 10. Raman spectra of as-synthesized (a) GSs and (b) GSs-ZnO multipod
anocomposite.
Fig. 11. Room-temperature PL spectra of (a) ZnO multipod and (b) GSs-ZnO multi-
pod nanocomposite.

of GSs at 1595 cm−1 has shifted to 1585 cm−1 in GSs-ZnO multi-
pod nanocomposite, i.e. is shifted towards the lower wave number.
These observations show that the D band has been slightly blue-
shifted by 8 cm−1 in the GSs-ZnO multipod nanocomposites, while
the G band has shown a red shift of 10 cm−1. Similar shifts for
the case of graphene-ZnO nanoparticle composite have also been
reported [42]. These shifts in the Raman peak have been attributed
to the chemical interaction between GSs and ZnO multipod. The
ID/IG ratio has been found to increase from 1.0 to 1.25 for GSs  to
GSs-ZnO multipod nanocomposite. This indicates the existence of
reduction of graphene and interaction between GSs and ZnO mul-
tipod [43,44].

3.4. Photoluminescence spectrum analysis

In order to explore the potential optical and electronic applica-
tions, the PL emission spectrum of as-prepared GSs-ZnO multipod
nanocomposite was  measured. The excitation source employed
here was  the 350 nm line of Xe lamp. In the PL spectrum of pure ZnO
multipod, the near band edge (NBE) emission of ZnO is seen around
380 nm (3.22 eV) (Fig. 11(a)). The near-UV emissions at 3.20 eV cor-
respond to the bulk bandgap at 3.35 eV of ZnO and originate from
the recombination of free excitons. In Fig. 11(a), a broad PL emis-
sion peak is found in the wavelength range of 400–700 nm,  which
is attributed to the oxygen vacancies in ZnO lattice [45]. This type
of broad PL emission has also been reported for ZnO nanoparticles
[46]. The emission peak can be assigned to the electron excited-
recombined on the surface of ZnO multipod [45]. A change in the
emission of GSs-ZnO multipod nanocomposite can be noticed in
Fig. 11(b). The PL emission peak has been found to be quenched
completely. It is interesting to note that phenomena like this were
also observed in the graphene-ZnO composite [47,48]. There are
also some reports available on CNTs-ZnO composite showing the
quenching properties [11]. It has been proposed for the case of
CNTs-ZnO composite that electrons can transfer from ZnO to the
outermost surface of CNTs which act as electron acceptors [11,19].
Because of the similarity of graphene structure with CNTs, it is pro-
posed that PL emission peak of ZnO multipod get suppressed due
to the similar energy transfer mechanism.
It is known that ZnO is a good electron donor and carbon materi-
als are relatively good electron acceptor, thus the synergistic effect
between these two  components would effectively reduce recom-
bination and lead to an increased charge carrier separation [38].
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uminescence quenching of the emission of ZnO in the visible
egion was observed in such coupling systems, which also provide a
acile method to monitor the interfacial electron-transfer processes
42,49]. Charge recombination in semiconductor particulates is
ften a problem in solar cells based on mesoscopic semiconduc-
or films. If semiconductor particles are anchored on a graphene
caffold, it should be possible to improve the photo induced charge
eparation. The PL results imply that the graphene-ZnO composites
ave potential application in the photo-electrochemical cell [18].

Based on our experimental results, formation of GSs-ZnO mul-
ipod nanocomposite can be understood in terms of electrostatic
nteraction mechanism. The small amount of oxygen-containing
roups in GSs is negatively charged due to the functional groups
ttached to the GSs surfaces [43,44]. When zinc acetate is mixed
ith GSs, the positive Zn2+ may  get absorbed on the surface of
Ss due to electrostatic interaction. These Zn ions will react with
H3*H2O on the GSs surface to form ZnO clusters. Although the
xact mechanism of multipod formation is not known at present,
ome plausible explanation may  be given. The initial shape of ZnO
ucleus will be governed by the growth conditions, e.g. tempera-
ure, concentration of Zn2+ and NH3*H2O, etc. Since the c-direction
f ZnO is the fastest growth direction; the legs of multipods have
rown along this direction. It is also evident from HRTEM image
Fig. 7). Probably, the multipods are growing on the clusters of ZnO
articles having (0 0 0 1) surface. These ZnO multipods are spread
ver the surface of GSs.

In order to investigate the influence of different reaction tem-
eratures and durations on the structural features of the final
roducts, we have carried out comparative experiments and found
ut that reaction temperature and reaction time strongly affect the
ield of GSs-ZnO multipod nanocomposite. In the present work, a
eaction time of 24 h appears to give the largest quantity of the
Ss-ZnO multipod nanocomposites than other reaction time used.
eanwhile, it has been found that the optimal reaction temper-

ture is 180 ◦C, and no ZnO multipod was produced when the
emperature is lower than 180 ◦C.

. Conclusions

In the present work, GSs and GSs-ZnO multipod nanocompos-
te have been synthesized using solvothermal and hydrothermal

ethods, respectively. It was found that the annealing at 180 ◦C
or 24 h in the reaction medium was crucial for the formation
f GSs-ZnO multipod nanocomposite. XRD analysis and HRTEM
how the presence of 2–8 layered graphene sheets. Raman and
TIR spectra clearly indicate the formation of GSs-ZnO multipod
anocomposite. The photoluminescence spectra of GSs-ZnO mul-
ipod nanocomposites exhibit a significant change with respect
o ZnO multipod in the wavelength of 400–700 nm.  The PL emis-
ion peak has been quenched completely for GSs-ZnO multipod
anocomposite. It would be intriguing to explore whether this flu-
rescence quenching property is a characteristic feature of all types
f graphene sheets-ZnO (GSs-ZnO) nanocomposites.
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