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bstract

Uniform single-crystalline ZnO microflower with well-defined multilayer spiny petals and hexangular prism pistil have been successfully
repared through the surfactant-assisted self-assembly route at 60 ◦C. For the as-prepared product, three emitting bands were observed, of which

ncluded a very strong and broad green light emission at around 580 nm, and two shoulders emission at 404 nm and 439 nm, respectively. ESR
xperiments confirm that there existed a great fraction of oxygen vacancies in the ZnO microflowers. The possible self-assembly growth mechanism
as also been proposed.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

One-dimensional nanostructures such as nanotube, nanorod,
anowire and nanobelt are important building blocks for fabrica-
ion of future electronic, photonic and bio-nanodevices [1]. Due
o dimensionality and quantum confinement phenomena, the
anostructures are expected to exhibit some distinctive and novel
roperties from conventional bulk and thin film materials for new
otential applications [2]. Semiconducting oxides, as an impor-
ant series of materials candidates for optoelectronic devices
nd sensors, have attracted considerable attention in scientific
esearch and technological applications. Among the functional
xides with perovskite, rutile, CaF2, spinel, and wurtzite struc-
ures, zinc oxide (ZnO) is unique because it exhibits dual
emiconducting and piezoelectric properties. ZnO is a kind of
aterial that has diverse structures, whose configurations are
uch richer than any known nanomaterial including carbon

anotube [3].
ZnO, a semiconductor with a direct wide band gap (3.37 eV at
oom temperature) and large exciton binding energy (60 meV), is
ne of the most promising materials for the fabrication of opto-
lectronic devices operating in the blue and ultraviolet (UV)
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egion and for gas sensing applications [4]. Up to now, well-
efined ZnO nanostructures with an abundant variety of shapes,
uch as the nanoneedles, nanocables, nanotubes, nanowalls,
anobridges, nanonails, nanohelixes, nanosprings, nanorings,
ierarchical nanostructures, and mesoporous polyhedral cages
nd shells, have been achieved through vapor-based techniques
5–12]. Via the chemical solution route, tube-, tower-, and flow-
rlike ZnO nanostructures, and oriented helical ZnO nanorod
rrays have also been realized very recently [13–16]. Despite
reat progress in this field, the shape-controlled synthesis of
nO nanocrystals, especially regarding control over the com-
lex structure, still remains a remarkable challenge. However,
ost of the synthetic procedures involve high temperature in

olvothermal process, such as ZnO nanorod, generally, it is
ecessary to prepare them at a high temperature of more than
60 ◦C.

In this communication, we provided an interesting green reac-
ion and cetyltrimethylammonium bromide (CTAB, a cationic
urfactant)-assisted self-assembly route to synthesize uniform
owerlike single-crystalline ZnO nanostructures at 60 ◦C. More-
ver, the possible growth mechanism has also been proposed.
. Experimental

In a typical procedure, all the chemicals were analytical grade
eagents without further purification. Experimental details were

mailto:jfchen@ustc.edu.cn
dx.doi.org/10.1016/j.colsurfa.2007.05.060
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Scheme 1. Schematic illustration of the growth of ZnO microflowers route. (a)
T
p
Z

f
e
o
d
f
p
Z
e
u
i

d
t
o
t
a
t
c
Z

s
a
c
3
r
petals flowerlike morphology. A ZnO flower petal is shown
in Fig. 2c. From this, we can calculate the pointed petal with
1.5 �m in length, 300–400 nm in width and 30–50 nm in tip
J. Chen et al. / Colloids and Surfaces A: Phys

s follows: first, 0.48 g ZnSO4·7H2O was dissolved into 34 mL
f distilled water, 3.5 mL of 5 M NaOH and 0.53 g CTAB were
dded in succession, and then the mixed solution was intensively
tirred for 0.5 h at room temperature. After this, the mixed clear
olution was put into oven at 60 ◦C for 14 h. When the reactions
ere finished, the white precipitates were collected, washed with

thanol and distilled water several times until the final product
ad high purity. At last, the products were also dried in the oven
t 60 ◦C.

The composition and the phase of these as-prepared prod-
cts were determined by XRD, using a Philip X’Pert PRO
UPER �A rotation anode with Cu K� radiation (λ = 1.54187 Å)
t 25 ◦C. FESEM was performed on a JEOL JSM-6700 field-
mission scanning electron microanalyzer. TEM image and
RTEM image were obtained on a JEOL-2010 transmission

lectron microscope. The room temperature photoluminescence
PL) spectrum was recorded on a Jobin Yvon-Labram steady-
tate/lifetime spectrometer with a He–Cd laser (λex = 360 nm).
SR experiments were performed on a JES-FA200 Spectrometer
f JEOL at room temperature, microwave frequency 9.066 GHz,
ower 1 mW, field modulation width 0.25 mT, sweep time 1 min,
ime constant 0.3 s.

. Results and discussion

For the growth process of the as-produced crystals, a possible
ormation process of ZnO microflower was suggested as follows.

First, Zn2+ salt solution reacted with superfluous OH− to
orm transparent solution Zn(OH)4

2−:

n2+ + 4OH− → Zn(OH)4
2− (1)

Then, ZnO would be formed at 60 ◦C by Eq. (2):

n(OH)4
2− → ZnO + H2O + 2OH− (2)

In general, a larger ZnO crystal is a polar crystal whose
ositive polar plane is rich in Zn and the negative polar plane
s rich in O. In the hydrothermal process, the growth unit of
nO is Zn(OH)4

2−, which leads to the different growth rate
f planes shown in following: V(0 0 0 1) > V(1̄ 0 1 1̄) > V(1̄ 0 1 0) >

(1̄ 0 1 1) > V(0 0 0 1̄). As it is understood, the more rapid the
rowth rate, the quicker the disappearance of the plane. There-
ore, the (0 0 0 1) plane, the most rapid growth rate plane,
isappears in the hydrothermal process, which leads to the
ointed shape in an end of the c-axis. However, the (0 0 0 1̄)
lane, the slowest growth rate plane, is maintained in the
ydrothermal process, which leads to the plain shape in another
nd of the c-axis [17,18]. Cheon et al. reported that there are four
ifferent parameters, kinetic energy barrier, temperature, time,
nd capping molecules, which can influence the growth pattern
f nanocrystals under nonequilibrium kinetic growth conditions
n the solution-based approach [19].

In fact, the growth mechanism of the flowerlike ZnO nanos-

ructures is similar to that of larger ZnO crystals. In the
TAB-assisted synthesis process, capsules of CTAB are gen-
rated in the solution. Moreover, due to the Coulomb force
ction between Zn(OH)4

2− and CTAB capsules, they interact to
he mixed transparent solution containing Zn(OH)4
2− and CTAB. (b) Induction

eriod for nucleation at 60 ◦C for 14 h. (c) Deposition of self-assembly flowerlike
nO structure on beaker substrate.

orm complexing agents, which are adsorbed on the circumfer-
nce of the depositing ZnO nuclei. Because of the adsorption
f the complexing agents, the surface energy of ZnO nuclei
ecreases, resulting in the active sites generating on the sur-
ace. Thus, even if at the low temperature, ZnO nanorods with
ointed ends can grow on those active sites [13]. In the end,
nO nuclei would spontaneously form beautiful uniform flow-
rs in the CTAB solution at 60 ◦C. For the sake of more clearly
nderstanding the whole process, it is presented schematically
n Scheme 1.

The as-prepared product was characterized by X-ray power
iffraction (XRD). The XRD pattern is shown in Fig. 1 and
he Miller indices are indicated for each diffraction peak. All
f these peaks can be indexed to wurtzite (hexagonal) struc-
ured ZnO (JCPDS card no. 36-1451) with cell parameters
= 3.249 Å and c = 5.206 Å. The strong and clear peaks reveal

he high purity and crystallinity of the as-obtained product. No
haracteristic peaks were observed for other impurities such as
n(OH)2.

The surface morphology can be illustrated by the field emis-
ion scanning electron microscope (FESEM) images, which
re shown in Fig. 2. From the panoramic image (Fig. 2a), we
an see that all ZnO microflowers are uniform in size about
�m. The magnified FESEM image in Fig. 2b further clearly

eveals that obtained ZnO exhibits the well-defined multilayer
Fig. 1. XRD pattern of the as-synthesized product.
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Fig. 2. FE-SEM images of ZnO microflowers. (a) Uniform ZnO flower cluster. (b) The intact ZnO flower with multilayer petals. (c) The isolated petal of ZnO flower.
(d) The pistil of ZnO flower.

Fig. 3. (a) TEM image of a intact ZnO flower. (b) HRTEM image of ZnO flower petal, the enlarged area of rectangle (inset) and ED pattern (inset).
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ize. Fig. 2d photograph reveals that the ZnO flower pistil con-
ists of hexangular prism rod with 500 nm in length and 200 nm
n rim size.

Further morphology characterization of the ZnO samples
as performed on transmission electron microscopy (TEM)

s shown in Fig. 3a, which agrees with the FESEM results.
ig. 3b shows a representative high resolution transmission elec-

ron microscopy (HRTEM) image of a single ZnO flower petal.
he clear lattice fringes (enlarged area of rectangle, inset in
ig. 3b) further confirm that the product is a single crystal. The
ringe spacing is about 0.26 nm, which is close to the separa-
ion between the (0 0 0 2) lattice planes. This means that the
xial direction of the as-prepared sample is perpendicular to the
ormal direction of the (0 0 0 2) lattice plane of the hexagonal
nO.

Electron diffraction (ED) pattern (inset in Fig. 3b) also veri-
es that the as-prepared products are single crystals of hexagonal
nO, which is in agreement with XRD pattern result.

Room temperature photoluminescence (PL) of the as-grown
roducts was studied. The PL spectrum of the ZnO microflowers
as shown in Fig. 4, which obtained with an excitation wave-

ength of 360 nm. Three emitting bands, including a very strong
nd broad green light emission at around 580 nm, two shoul-
ers at 404 nm and 439 nm were observed. The two shoulders
iolet emission (404 nm) and blue emission (439 nm), having
light red shift in the near band-edge emission, differ from the
and gap of bulk ZnO (around 380 nm) [20–22], of which comes
rom the recombination of free exciton [23,24]. The green emis-
ion peak is commonly referred to as a deep-level of trap-state
mission. The green transition has been attributed to the singly
onized oxygen vacancy in ZnO and the emission results from
he radiative recombination of a photogenerated hole with an
lectron occupying the oxygen vacancy [25]. The stronger the
ntensity of the green luminescence, the more the singly ion-
zed oxygen vacancies. Thus, there is a great fraction of oxygen
acancies in the ZnO microflowers. This analysis had also been

onfirmed through electron spin resonance (ESR) experiment
Fig. 5), because singly ionized oxygen is paramagnetic mate-
ial, g-value here (in this circumstances: 2.1804) was bigger than
hat of free electron (2.0023).

Fig. 4. Fluorescence spectrum of ZnO microflower (λex = 360 nm).
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ig. 5. ESR spectrum of ZnO microflower recorded at room temperature.

. Conclusion

In summary, we provided an interesting green reaction
nd CTAB-assisted self-assembly route to synthesize uniform
icroflower single-crystalline ZnO nanostructures at 60 ◦C. The
owerlike ZnO nanostructures are hexagonal phase and single
rystal in nature. It is considered that CTAB plays important
ole in the growth units of ZnO generating active sites on the
urface of ZnO nuclei, so that the pointed ZnO nanorods are
reated on those sites, resulting in the formation of the flower-
ike ZnO nanostructures. The synthesis method reported here is
ffective for ZnO nanostructure and might be expected to find
ast allocations in the morphological synthesis of other similar
xide nanocrystals.
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