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Abstract
Zinc oxide (ZnO) microrods were fabricated on graphene/SiO2/Si substrate by a simple hydrothermal route. The obtai-

ned products were characterized using X-ray powder diffraction, scanning electron microscopy, energy dispersive X-ray

spectrometry, photoluminescence and UV–visible spectrometry. Microrods exhibits hexagonal wurzite structure. Some

ZnO clusters and twinned ZnO structures were found to spread on the microrod array layer. The formation mechanism

of ZnO microrods is discussed, emphasizing the formation mechanism of isolated clusters and twinned ZnO structures.

Furthermore, microrods demonstrated a good photocatalytic performance towards rhodamine B degradation as ascribed

to oxygen vacancies and interstitials considered as the photocatalytical active sites.
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1. Introduction

As a new discovery in materials science, graphene
has attracted tremendous attention due to its extraordinary
electrical, mechanical, chemical and thermal proper-
ties.1–4 It is considered to be promising material for future
electronic and optoelectronic applications.5–7 However,
multifunctionality of graphene is limited when integrated
into devices, because it consists of only elemental carbon.
To realize the full potential of graphene in advanced elec-
tronics and optoelectronics, graphene-based hybrid one-
dimensional nanostructures have been developed, such as
GaN nanowire/graphene, InxGa1–xAs nanowire/graphene,
GaAs nanowire/graphene and ZnO nanowire/graphe-
ne.8–11 Among all graphene based hybrid nanostructures,
graphene-ZnO nanostructures have shown superior physi-
cal and chemical properties, which can result in their ap-
plication for semiconductor devices, like solar cells, gas
sensors, and transparent electrodes.12–15 Zinc oxide nano-

structures on graphene can be fabricated either by vapour-
phase or liquid-phase methods.16–19 Generally, for the for-
mer method, it is necessary to solve the problems caused
by high temperature and a presence of oxygen atoms.
Such conditions may result in oxidation or etching of
graphene when ZnO nanostructures are created. On the
other hand, liquid-phase method is advantageous for ob-
taining the ZnO nanostructures on graphene due to its
simplicity, low cost, and low processing temperature. Kim
et al. fabricated ZnO nanostructures on few-layer graphe-
ne sheets. They investigated the optical properties of cry-
stallized nanorods, indicating their high optical quality.19

Hybrid ZnO nanorods/graphene architectures were repor-
ted elsewhere as a high-sensitive flexible gas sensors.11

Such gas sensors enabled detection of ppm ethanol vapour
levels with very high sensitivity (as high as ∼ 9 for 10
ppm). Hwang et al. described vertical ZnO nanowi-
res/graphene hybrids prepared by hydrothermal method
and this hybrid architecture demonstrated excellent field
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emission properties. Very low turn-on field values of 2.0
Vμm-1 for convex, 2.4 Vμm-1 for flat, and 2.8 Vμm-1 for
concave deformations were given.20 Excellent mechanical
properties of graphene (flexibility and structural stability)
indicate the promising application of ZnO nanorod/grap-
hene hybrid structures for flexible electronic and optoe-
lectronic devices.21

In this study, the preparation of zinc oxide micro-
rods on graphene/SiO2/Si substrate by a hydrothermal
method and their photocatalytic activity is reported.
Their crystal structure and optical properties were deter-
mined and the formation mechanism is discussed. ZnO
microrods demonstrated four emissions in photolumi-
nescence spectrum, where the green and orange emis-
sions were assigned to O vacancies and O interstitial de-
fects. Additionally, the photocatalytic performance of
ZnOmicrorods/graphene was investigated, and it verified
the superior photocatalytic activity for the dye degrada-
tion. Again, oxygen vacancies and interstitials were con-
sidered to be the active sites of the ZnO photocatalyst.

2. Experimental 

2. 1. Synthesis of ZnO Seeds
To prepare the ZnO seeds, 2.9 g of zinc acetate,

Zn(CH3COO)2 was added into 62.5 ml of methanol,
CH3OH at 60 °C under vigorous stirring, dropping 32.5
ml solution containing 1.2 g of NaOH. The obtained solu-
tion was heated and stirred at 60 °C for 3h, and then coo-
led to a room temperature. Finally, white zinc oxide preci-
pitate was collected as a seeds for the fabrication of ZnO
microrods. The seeds were ZnO nanoparticles with the
diameter of ∼20 nm (Figure1).

2. 2. Fabrication of ZnO Microrods

Zinc oxide microrods were prepared on graphene/Si-
O2(300nm) /Si substrate by hydrothermal method. The ex-
perimental procedure comprises the following steps:

1. Graphene/SiO2/Si substrate was cleaned in ace-
tone, ethanol and deionized (DI) water, and
dried in the air;

2. The cleaned substrate was coated with white ZnO

precipitate prepared earlier by dropping. After
dropping, the coated substrate was washed in DI
water, then, dried in air;

3. The coated substrate was rinsed in acetone, etha-
nol and DI water to remove the organic residue
(ZnO seeds remained on the graphene/SiO2/Si
substrate);

4. 200ml reaction solution was prepared with 14.85
g of zinc nitrate, Zn(NO3)2 · 6H2O and 7 g of he-
xamethylenetetramine, C6H12N4 in DI water.

5. Two seeded substrates were put into the two reac-
tors containing the reaction solution (about 50
ml);

6. The reactors were kept in an oven at 105 °C, one
for 60 and the other for 80 minutes;

7. The reactors were cooled to a room temperature
and substrates were washed with DI water and
dried in the air.

The process is schematically shown in Figure2.
Graphene used in the study was grown by chemical

vapour deposition according to the procedure given in
Ref.22. Graphene was prepared on 20μm thick Cu foil at
1000 °C with CH4 as C resource. After CVD growth,

Fig. 1. SEM image of ZnO seeds.

Fig. 2. Schematic process for fabricating ZnO micorods.
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graphene-coated Cu foil was covered with spin-coated
Polymethyl methacrylate (PMMA) layer. Cu foil was etc-
hed in an aqueous solution of concentrated sulfuric acid
and H2O2. Then, PMMA/graphene was cleaned with DI
water and transferred on SiO2/Si substrate. PMMA was
removed by Acetone and graphene was remained on Si-
O2/Si substrate. The detail can be found in experiment
part of Reference22.

2. 3. Characterization

The X-ray diffraction patterns of the samples were
collected on a Bruker D8 Advance X-ray diffractometer
with Cu Kα radiation in the 2θ range of 25–80°. The
morphology of the samples was examined by scanning
electron microscopy (SEM, FIT Nano 430) and chemical
composition determined by energy dispersive x-ray spec-
trometry (EDS, Oxford Institute). UV-Vis spectra were re-
corded on a Shimadu UV-3660 spectrometer, and Photo-
luminescence (PL) spectra were measured with the 325
nm He–Cd laser as excitation source (LABRAM 800).
The photocatalytic activity of the samples was evaluated
using aqueous solution of RhB under the UV light illumi-
nation. Samples (ZnO microrods/graphene/SiO2/Si, 1.5
cm × 1.5 cm) were immersed in 25 ml of RhB solution
(5mg/L) and a 50 W UV lamp was used as light source. At
1 hour intervals, 2.5 mL of the reaction solution was col-
lected and analysized by UV-Vis spectroscopy measuring
the absorption band at 555 nm. The degradation efficiency
was evaluated by the equation: η = (1 –C/C0), where C
and C0 were the concentrations of RhB after and before
UV irradiation, respectively. C/C0 was calculated by A/A0,
because the concentration of RhB was linear proportion to
absorption (A).

3. Results and Discussion

D, G and 2D peaks in raman spectrum of graphene
are often observed, G peak (∼1580 cm–1) is due to the
bond stretching of all pairs of sp2 atoms in both rings and
chains, D peak (∼1350 cm–1) is due to the breathing mo-
des of sp2 atoms in rings and 2D peak (∼2700 cm–1) ori-
gins from two phonons with opposite momentum in the
highest optical branch near the K.23

In our study, the Raman spectrum of graphene on Si-
O2/Si is shown in Fig. 3a. The two most intense features
are the G peak at ∼1595 cm–1 and 2D peak at ∼2694 cm–1,
indicating the well-crystallized graphitic carbon in grap-
hene.23 Furthermore, a stronger intensity of the 2D peak in
comparison to the G peak, indicates the monolayer of
graphene on SiO2/Si. The D peak, attributed to defects in
graphene was also observed, but its very low relative in-
tensity indicates the high quality of graphene. As shown in
optical microscopy (OM) picture (Fig. 3b), graphene ex-
hibited the wrinkle-free and smooth surface over a large

a)

b)

c)

Fig. 3. (a) Raman spectrum of monolayer graphene, (b) OM image

of monolayer graphene on SiO2/Si; (c) The typical SEM images of

ZnO microrods grown on monolayer graphene by the hydrothermal

method.



905Acta Chim. Slov. 2015, 62, 902–909

Fan et al.:  The Fabrication of ZnO Microrods on Monolayer   ...

area, confirming its high quality. Fig. 3c illustrates SEM
image of ZnO microrods fabricated on graphene/SiO2/Si
substrate. Obviously, the highly dense ZnO microrod ar-
ray was formed, and the cluster and twinned ZnO structu-
res were grown on such layer. The clusters are composed
of microrods with very smooth surfaces that extend ra-
dially from the centre. The twinned ZnO structures were
also observed, as marked by the white arrow in Fig.3c.
Two hexagonal microrods are here connected by a com-
mon basal plane. 

Scanning electron microscopy (SEM) was used to
investigate the details of ZnO microrod structure. Figs.4a
and 4b show the zinc oxide microrods grown on graphe-
ne/SiO2/Si at the same temperature but with different

growth times – 60 and 80 minutes. It can been seen, that
some clusters and twinned structures are formed on the
uniform microrod layer. The microrods within such clu-
sters and twinned structures are from 0.6 to 3.5 μm long
and from 0.2 to 2.1 μm wide. Their shape is clearly hexa-
gonal. Figs.4c and 4d show the typical twinned ZnO
structure and the surface of a dense microrod layer.

The growth process of ZnO microrods in the liquid
phase could be attributed to the initial precipitation of the
Zn(OH)2 and described as follows:24–26

Zn2+ + 2OH– = Zn(OH)2↓ (1)

Zn(OH)2 + 2OH– = Zn(OH)4
2– (2)

Fig. 4. SEM images of (a) ZnO microrods grown at 105 °C and 60 min. (b) ZnO microrods grown at 105 °C and 80 min. (c) The typical twinned

ZnO structure, and (d) the dense ZnO microrod arrays.

a) b)

c) d)
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Zn(OH)4
2– = ZnO + H2O + 2OH– (3)

Initially formed, amphoteric Zn(OH)2 precipitate
(eq. 1) is dissolved in basic solution, forming zincate ions,
Zn(OH)4

2– (eq. 2). Under hydrothermal conditions,
Zn(OH)4

2– precipitates in the form of zinc oxide, ZnO, and
microrods are formed (eq. 3). 

During precipitation, some ZnO clusters were for-
med on the microrod array layer, which can be attributed
to the formation of aggregated ZnO nuclei in an initial ho-
mogeneous nucleation process.27, 28 At the initial growth
stage of the clusters, a large number of ZnO growth units
resulted in a burst in homogeneous nucleation and formed
aggregated ZnO nuclei. ZnO crystals at the initial growth
stage exhibited many crystalline grains and boundaries,
and had more defects than other regions and were not
thermodynamically stable. Each grain of the initial ZnO
crystals grew primarily along one growth direction, and
Secondary growth from the defects occurred because of
the large number of growth units. Moreover, the crystal
surfaces with the defects further decreased their energy
through surface reconstruction, providing the active sites
for secondary nucleation. Therefore, ZnO clusters were
formed on the microrod array layer. 27

The twinned zinc oxide structures are often found as
a type of nanostructures grown by liquid methods and it
can be attributed to the linkage of single microrods
throughout crystallization process. Wang et al. reported
the twinned ZnO structures where K+ or Na+ ions acted as
a bridge between the structural ZnO4

6– units.29 In our ex-
periments, under hydrothermal conditions, abundant
Zn(OH)4

2– units were formed, while C6H12N4 in the solu-
tions was hydrolyzed, which resulted in the complex
(CH2)6N4 – 4H+, as described by Equation (4):30

C6H12N4 + 4H2O = (CH2)6N4 – 4H+ + 4OH– (4)

When Zn(OH)4
2– ions were adsorbed by the com-

plex (CH2)6N4 – 4H+, the nuclei for twinning crystals we-
re formed. By extending the reaction time, the twinned
ZnO structures were developed.

The crystal structure and chemical composition of
the typical zinc oxide microrod was determined by X-ray
diffraction (XRD) and energy dispersive x-ray spectrome-
try (EDS). In the XRD pattern (Fig. 5), all detected peaks
are unambiguously assigned to the ZnO wurtzite phase as
marked in XRD pattern (JCPDS 036–1451). Furthermore,
no other peaks of any impurities were observed, indica-
ting the high purity of the zinc oxide. In EDS spectrum of
microrods of ZnO microrods, only Zn and O peaks were
observed, demonstrating nearly stoichiometric ratio. The
contents of O and Zn were 52.9 at. % and 47.1 at. %, res-
pectively, and the ratio of O/Zn was ∼1.12. Such EDS re-
sults further confirmed the formation of pure ZnO phase. 

Photoluminescence (PL), as a powerful and non-de-
structive technique, has been widely used to investigate

optical properties and the defects of various ZnO mate-
rials (bulk, films and nanorods, nanowires and nanotu-
bes).31–35 Fig.6 shows the PL spectra of ZnO microrods

Fig. 5. XRD pattern of typical ZnO microrods. 

Fig. 6. The PL spectra of the ZnO microrods fabricated with vari-

ous growth times: a) 60 min; b) 80 min. The spectra were deconvo-

luted by four parts, marked as UV band (I), green band (II), orange

band (III), and NIR band (IV).

a)

b)
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grown through different times. The spectra were deconvo-
luted in four parts, marked as: UV band (I), green band
(II), orange band (III), and near infrared (NIR) band (IV)
by Gaussian fitting. An ultraviolet and a broad visible
emissions were detected for both samples. The UV emis-
sion band demonstrated its maximum at 3.22 eV (∼385
nm) with a full width at a half-maximum (FWHM) of
125 meV and it could be attributed to the near-band edge
emission of wide band gap of ZnO. Generally, the broad
visible emissions are related to the deep-level defects,
such as the vacancies and interstitials of oxygen and
zinc.36 To obtain more information on such defects,
Gaussian fitting was carried out for the PL spectra of Zn-
O microrods. In visible range, the PL peaks at ∼550
(green) and 630 nm (orange) were resolved, as shown in
Fig. 6. These emissions could be considered to corres-
pond with oxygen vacancies and interstitials in ZnO mi-
crorods, respectively.37 We also noted NIR luminescence
at about 775 nm in PL spectra. It was due to the second-
order diffraction of the UV luminescence.

The UV–visible spectra of ZnO microrods on grap-
hene/SiO2/Si with different growth times are shown in

Fig.7. They exhibited the fundamental absorption edge
with the maximum absorption peak at 360 nm. Such ab-
sorption edge corresponds to the electron excitation from
valance to conduction band, determining the band gap of
semiconductor. For ZnO microrods in these experiments,
the band gap was evaluated to be ∼3.25eV by the equation
(I):38–40

(αhv)2 = D(hv-Eg)             (I) 

where hν is the photon energy, Eg is the optical band gap,
and D is a constant. α is absorbance. Fig. 7b demonstrates
the relationship between (αhν)2 and hν which enables the
calculation of the aforementioned band gap. 

The photocatalytic activities of zinc oxide micro-
rods on graphene/SiO2/Si is shown in Fig.8. It can be seen
that the absorption intensity at ∼550 nm of aqueous Rho-
damine B (RhB) solution decreased gradually with the ir-
radiation time, suggesting the successful degradation by
the ZnO microrods. After 3h irradiation period, the degra-
dation efficiency was ∼65%, indicating the effective pho-
tocatalysis. To confirm their photocatalytic activity, aque-

Fig. 7. UV–visible spectra of ZnO microrods grown with various

growth time (a) and the corresponding band gap calculation (b).

a)

b)

Fig.8. (a) Degradation of Rhodamine B with different irradiation ti-

mes. (b) Degradation rate of Rhodamine B with ZnO microrods.

a)

b)
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ous RhB solution without ZnO micorods was also irradia-
ted by UV light. However, even after 4h irradiation, no
obvious changes were observed in the absorption inten-
sity. Therefore, the measured degradation of RhB in solu-
tion originated from ZnO micorods immersed in it. Their
photocatalytic activity could be assigned to oxygen vacan-
cies and oxygen interstitials. These two oxygen defects
serve as the active sites of the zinc oxide photocatalytic
performance.41–43

Previously described PL results have indicated
that there were abundant oxygen vacancies and intersti-
tials within the structure of ZnO microrods, which offe-
red enough active sites for their photocatalytic activity.
Besides that, the band gap of ZnO microrods (∼3.25 eV)
is smaller than that of bulk ZnO (3.37 eV), and, therefo-
re, it is easier to form the photoinduced electrons and
holes under the irradiation. In addition, the synergy of
surface oxygen defects and graphene hybridization
could also enhance the overall catalytic performances.44

Consequently, ZnO microrods on graphene/SiO2/Si de-
monstrate good photocatalytic properties, which shows
the potential of their use in wastewater treatment appli-
cations.

4. Conclusions

ZnO microrods were grown on the graphe-
ne/SiO2/Si by hydrothermal method. The XRD pattern
and EDS spectrum demonstrated that these microrods are
of pure wurtzite phase. The SEM pictures showed that
some ZnO clusters and twinned structures were formed
on the microrod array layer. The formation of such clu-
sters is considered to be due to the aggregation of oxide
nuclei during the growth process, and the twinned struc-
tures were attributed to the linkage of the growing cry-
stals by C6H12N4. Photoluminescence spectra revealed
the abundant O defects (VO and Oi) in ZnO microrods.
Furthermore, hydrothermally formed microrods on grap-
hene/SiO2/Si exhibited good photocatalytic performance
with oxygen vacancies and interstitials being the active
sites of the ZnO photocatalyst. These results indicate a
potential of zinc oxide microrods in the wastewater treat-
ment applications. 
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Povzetek
S preprosto hidrotermalno sintezo smo na substratu grafen/SiO2/Si pripravili pal~ke cinkovega oksida 

(ZnO) mikronskih velikosti. Dobljeni produkt smo karakterizirali z rentgensko pra{kovno difrakcijo, vrsti~no elektron-

sko mikroskopijo, energijsko disperzijsko rentgensko spektrometrijo, fotoluminiscenco in UV-VIS spektrometrijo.

Pal~ke ZnO imajo heksagonalno wurtzitno strukturo. Na plasti iz urejenih pal~k smo opazili tudi nekaj klastrov in

dvoj~kov ZnO. V ~lanku razpravljamo o mehanizmu tvorbe plasti ZnO iz podolgovatih zrn, s poudarkom na mehaniz-

mu nastajanja klastrov in dvoj~kov ZnO. Poleg tega so pal~ke ZnO pokazale dobro fotokatalitsko aktivnost pri procesu

razgradnje rodamina B, kar velja pripisati kisikovim prazninam in intersticijskim mestom, ki delujejo kot fotokatalitska

aktivna mesta. 


