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a b s t r a c t

ZnO nanoflowers were grown on Si substrate through the adoption of a ZnO seed-layer with unique mor-
phology and subsequent immersing in suitable growth medium. Depending on the ZnO seed-layers, ZnO
nanostructures varied from nanosheets to nanoflowers. The ZnO nanoflower is composed of nanosheets
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with 20–30 nm in thickness. XRD results revealed a hexagonal phase of these nanostructures. The ZnO
nanoflowers can exhibit strong UV and relatively weak visible luminescence at room temperature. The
water wettability of the ZnO nanoflowers showed good hydrophilic property without UV illumination.

© 2010 Elsevier B.V. All rights reserved.
hemical synthesis
uminescence

. Introduction

ZnO nanostructures have been extensively studied because of
heir unique properties and promising applications in nanode-
ices and nanosystems [1–7]. The properties of ZnO nanostructures
epend sensitively on both size and shape. Manipulation of their
ub-structure and morphology has arisen many interests in recent
ears [8,9]. So far, a variety of Zn nanostructures such as nanowires,
anorods, nanodots, nanotubes, nanosheets, nanobelts, nanorib-
ons, nanorings, nanoaeroplanes, nanocombs, nanobridges and
anonails have been synthesized via various physical and chemical

abrication techniques [10–15]. These methods include vapor phase
ransport process, chemical vapor deposition, thermal evapora-
ion process, electrodeposition, hydrothermal, self-assembly, and
emplate-assisted sol–gel process [16–21]. The vapor methods usu-
lly involve sophisticated equipments, complex procedures or rigid
xperimental conditions. The solution chemical route therefore
ecomes a promising option for production of nanostructures due
o the facile, efficient and less expensive virtues. Two-dimensional
2D) nanostructures, such as nanosheets, nanoplates and their
ggregations of ZnO are suggested to be desirable in producing
nergy storage, data conversion and memory devices owing to their

igh specific surface area, interesting optical and photocatalytic
ctivities [22,23]. However, studies on 2D ZnO nanostructures are
uite less common compared to those on 1D ZnO nanostructures.
oreover, there is even less literature to report the preparation
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of this kind of nanostructures with prominent optical properties
through facile solution chemical method.

In our previous work, we have developed a seed-layer assisted
route to prepare 2D ZnO nanosheets on Si substrate at room tem-
perature [24]. This method is based on growing nanostructures on
pre-formed seed-layer in a suitable liquid medium. The photolumi-
nescence (PL) spectra of ZnO nanosheets had a high intensity ratio
of UV emission to defect emissions. In this paper, this method is
extended to prepare novel ZnO nanosheet aggregations, i.e., ZnO
nanoflowers, on Si substrate through controlling the morphology
of ZnO seed-layer. The formation of the ZnO nanoflowers was char-
acterized and further discussed. The structural, optical and wetting
properties of ZnO nanoflowers were also studied.

2. Experimental details

The precursor solution used for ZnO seed-layers was composed of 0.1 M zinc
acetate dihydrate ethanol solution with ethanolamine in equimolar of Zn2+. Clean Si
wafers were used as substrates. 15 �L precursor solution was spin-coated onto a Si
substrate at 6000 rpm for 30 s. Seed-layers with different morphologies were formed
after calcination at 500 ◦C, 750 ◦C and 1000 ◦C for 60 min (seeds A–C), respectively.
A mixture of 0.1 M Zn(NO3)2 and 0.4 M NaOH aqueous solutions with pH 13.2 was
prepared as the growth medium for growing ZnO nanostructures. Seeds A–C and
bare Si substrate without seed-layer were dipped in the above growth medium
vertically and soaked for 4 h at room temperature (∼25 ◦C). Then the substrates were
washed with deionized water and ethanol thoroughly, and dried in air to obtain the
final products (samples A–D).
Phase and crystallinity of ZnO nanostructures were investigated on an X-ray
diffractometer (Thermo ARL X′TRA). The morphologies of ZnO nanostructures were
examined by field-emission scanning electron microscope (SEM, Hitachi S-4800)
and atomic force microscope (AFM, ARTRAY SPI3800N). The structure of nanoflower
was observed using a transmission electron microscope (TEM) (JEOL, JEM-2010)
equipped with selected area electron diffraction (SEAD). Photoluminescence (PL)
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Fig. 1. (a1–a3, b1–b3, c1–c3) SEM, TEM and AFM images of seeds A–C; (a4, b4, c4

pectra were performed on a Hitachi F-4500 spectrophotometer using a Xe lamp
ith a wavelength of 325 nm as the excitation source.

. Results and discussion

.1. Formation of ZnO nanoflowers

In our experiment, the control of morphology of ZnO seed-layer
lays a key role in the formation of ZnO nanoflowers. Hence, the
eed-layers prepared by different procedures were firstly investi-
ated. Fig. 1 shows the SEM (Fig. 1a1–c1), TEM (Fig. 1a2–c2) and
FM (Fig. 1a3–c3) images of ZnO seed-layers calcined at 500 ◦C

seed A), 750 ◦C (seed B) and 1000 ◦C (seed C), respectively. They
llustrate that the crystalline grains grew obviously with increase
f the calcination temperature. The mean size of crystalline grain
f ZnO seed-layer increased from 20 nm to 180 nm when the cal-

ination temperature ascended from 500 ◦C to1000 ◦C. Seed A had
continuous coverage of particles with an average size of 20 nm.
fter calcination at 750 ◦C, bigger and higher crystal grains formed
nd a part of the ultrathin films break up into islands with size of
0–80 nm in diameter. In case of seed C which underwent calcina-
images of samples A–C; (d1,d2) SEM images of bare Si substrate and sample D.

tion at 1000 ◦C, the seed-layer film dehisced completely and formed
big islands on Si substrate. The grain size exceeds 100 nm from
the TEM image shown in Fig. 1c2. It is assumed that the mobility
and surface diffusion of atoms are enhanced under higher tem-
perature, which allows the deposited material to break up and
coalesce into larger islands [25]. Abundant grain interfaces exist
in the seed-layers, and the fairly high interface energy could be in
favor of reducing the system energy of the subsequent ZnO growth
in growth medium solution.

Morphologies of ZnO nanostructures (samples A–C) grown on
seeds A–C were investigated by SEM (Fig. 1a4–c4). They clearly
demonstrate that the morphology of ZnO nanostructures varied
as a result of the change of seed-layer after the same solution
growth. Growing seed A in the solution leads to the formation of
ZnO nanosheets with length of 200–600 nm and typical thickness
of 20–25 nm (Fig. 1a4). Each nanosheet has almost the same thick-

ness perpendicular to the substrate, indicating that the nanosheet
growth is strictly extended in the 2D plane. When growing seed B
in the growth medium, the final product became a compound of
ZnO nanosheets and nanoflowers (Fig. 1b4). The ZnO nanoflowers
have the average diameter of about 1–2 �m, and are made up of



516 Q. Li et al. / Journal of Alloys and Com

s
a
1
a
(
e
i
f
n
Z

3

g
s
b
s
n
Z
a
i
t
d
w
F

Fig. 2. X-ray diffraction patterns of samples A–C.

pokewise ZnO nanosheets with the mean thickness of 20–25 nm
s shown in the magnified image. In the case of seed C, i.e., the
000 ◦C calcined island-shaped seed-layer, there is no nanosheet
nd unique and larger ZnO nanoflowers formed on the Si substrate
Fig. 1c4). From the above data, the grain size of ZnO seeds influ-
nces the final morphologies of ZnO nanostructures greatly. The
ncrease of grain size leads to the aggregation of ZnO nanosheets to
orm the ZnO nanoflowers. SEM images (Fig. 1d1 and d2) show that
o nanosheet or nanoflower formed on bare Si substrate without
nO seed-layer which was soaked in the same growth medium.

.2. Phase and structure of ZnO nanoflowers

The phase and crystallinity of the obtained ZnO nanostructures
rown on different seed-layers were examined using XRD. Fig. 2
hows the XRD patterns of samples A–C. All diffraction peaks can
e well indexed to wurtzite structural zinc oxide (hexagonal phase,
pace group P63mc). No impurity was detected except for the sig-
als of Si from the substrate, which implies that wurtzite hexagonal
nO was obtained via this synthetic route. In the cases of samples A
nd B, the (0 0 2) peak is much stronger than (1 0 0) and (1 0 1) peaks,

ndicating that most of ZnO crystals grew basically perpendicular to
he Si substrate with a preferred growth orientation along the c-axis
irection. The peak intensity of (0 0 2) plane decreases gradually
ith morphology transformation from nanosheet to nanoflower.

or ZnO nanoflowers, the (1 0 0), (1 0 1) and (0 0 2) peak have the
pounds 503 (2010) 514–518

similar intensities, indicating a decreased orientation compared
to nanosheets. This may result from the factor that there are less
oriented regions in nanoflowers.

Further structural characterization of the ZnO nanoflowers was
performed on TEM combined with SAED. Fig. 3a shows the TEM
images of ZnO nanoflower and the corresponding magnified image
is shown in Fig. 3b. It can be seen that the nanoflower has a spherical
shape. Though the nanoflower is mainly composed of nanosheets
with 20–30 nm in thickness, there are still some small ZnO sprouts
in the body of nanoflower. From the XRD results, it can be deduced
that these sprouts are less crystalline-oriented region. Fig. 3c–d
shows the high resolution TEM (HRTEM) images of nanosheet in
the body of nanoflower. The determined d spacings of 0.28 nm
and 0.25 nm correspond to the (0 1 0) and (1 0 1) crystal faces. The
SAED pattern is shown in inset of Fig. 3b, which shows that the
growth directions are along the [0 1 0] and [1 0 1] crystallographic
directions from the inside of the nanoflowers.

3.3. Possible formation mechanism of ZnO nanoflowers

Herein, we propose a possible interpretation to explain the
growth mechanism of ZnO nanoflowers. We think that two fac-
tors, morphology and crystallite structure of ZnO seed-layer, are
dominant. It is considered that the heterogeneous instead of the
homogeneous nucleation in solution on the substrate favors the
formation of ZnO nanosheets [24]. The degree of supersaturation
of the growth medium with pH 13.2 is considered to be low at the
initial stage. Therefore, homogeneous nucleation in this solution
becomes very difficult [26]. The existence of the ZnO seed-layer
can effectively lower the nucleation energy barrier, so it is able
to afford heterogeneous nucleation for crystal growth [27]. The
500 ◦C calcined seed-layer is an ultrathin, continuous and homo-
geneous film which is composed of many small crystalline grains.
These grains act as many active nuclei, resulting into the forma-
tion of uniform ZnO nanosheets on Si substrates [24]. In the case of
seed B, some of the nuclei aggregated to form bigger grains. During
the growth process, the aggregated nanosheets are self-assembled
into nanoflowers to decrease the surface energy through reducing
exposed area. In this case, both ZnO nanoflowers and nanosheets
exist on Si substrate. After calcined at 1000 ◦C, the seed-layer film
broke up completely and formed big islands on the substrate. The
high-temperature calcination can induce further aggregation of
growth nuclei which contain more active growth seeds compared
with seed B. Consequently, seed C can lead to the formation of
unique and larger ZnO nanoflowers on substrate.

3.4. Optical properties and wettability of ZnO nanoflowers

Fig. 4 shows the PL spectrum of the ZnO nanoflowers measured
at room temperature with an excitation wavelength of 325 nm.
Strong UV emission (located at 387 nm) as well as blue emis-
sions (located at about 451 nm and 470 nm) is observed in the
PL spectrum. The UV emission generally comes from the direct
recombination of free excitons through an exciton–exciton colli-
sion process, which is called near band edge emission (NBE) [28].
The appearance of the blue emission results from the impurities
and some structural defects (oxygen vacancies and zinc intersti-
tials) in ZnO crystals known as deep level emission [29]. The peak
at 451 nm is considered as the electron transition from the shal-
low donor level of oxygen vacancy and the zinc interstitials to the
valence band [30]. The peak around 470 nm is believed to result

from the singly ionized oxygen vacancy [31]. Compared with the
PL properties of ZnO nanosheets in our previous work [24], the
intensity of the blue emission of ZnO nanoflowers increased. We
speculate that the stronger blue emission is related to the higher
quantity of structural defects in the ZnO nanoflowers.
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Fig. 3. TEM and HRTEM images of ZnO na
As one of the important properties of a solid surface, wettabil-
ty is widely studied not only for fundamental research but also for
ractical applications. The surface wettability is mainly governed
y the surface energy and the geometrical structure. Wettability
f ZnO nanoflowers on Si substrates was characterized by water

Fig. 4. Room temperature PL spectrum of ZnO nanoflowers.
ers. Inset of (b) shows the SEAD pattern.
contact angle at room temperature, after placing the sample in
dark for 3 days. The water contact angle of ZnO nanoflowers film
is15.4◦ (Fig. 5), which demonstrates good hydrophilicity without
UV illumination. As reported in literature, the single crystalline

Fig. 5. Photograph of water droplet shape on a ZnO nanoflower film.
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nO surface is hydrophilic with the water contact angle to be 31◦

32]. Hence, the nanosheet-based ZnO nanoflower structures have
n enhanced hydrophilic property. According to Wenzel’s model
33], both hydrophobic and hydrophilic properties of a surface
an be enhanced by the surface roughness. The increased surface
oughness of ZnO nanoflowers can further decrease the water con-
act angle. Consequently, the surfaces of ZnO nanoflowers become
ighly hydrophobic.

. Conclusions

ZnO nanoflowers were prepared on Si substrate via the
eed-layer assisted route at room temperature. Control of the mor-
hology of ZnO seed-layer is considered to be the major factor to

nduce the formation of ZnO nanoflowers. The ZnO nanoflower has
he mean diameter of several micrometers and is composed of ZnO
anosheets with 20–30 nm in thickness. The ZnO nanoflower can
how strong NBE emission at room temperature. The nanoflower-
overed Si substrate showed good hydrophobic property without
V illumination. It is believed that the high-quality ZnO nanoflow-
rs have potential significance in future scientific researches and in
pplications as optical, optoelectronic and sensing devices.
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