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Abstract: A simple hydrothermal route has been developed for the fabricating ZnO hierarchical micro/
nanostructure with excellent reproducibility. SEM and TEM analysis show that the hierarchical rod is a
single-crystal, suggesting that many single-crystal micro/nanorods are assembled into ZnO hierarchical mi-
cro/nanostructures. The morphologies of the hierarchical rods can be conveniently tailored by changing the
reaction parameters. And we also found citric acid plays a crucial role in the formation process of ZnO
micro/nanostructures. Room-temperature photoluminescence spectra reveals that the ZnO hierarchical mi-
cro/nanostructures have a strong emission peak at 440 nm and several weak emission peaks at 420, 471 and
541 nm, respectively.
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Introduction

Bottom-up processes which commonly used to ma-
nipulate the growth of multi-dimensional nanostruc-
tures are very important for understanding advance
fundamental nanomaterials and engineering novel func-
tional devices [1,2]. Omne-dimension (1D) nanostruc-
tures or their ordered arrays have attracted consider-
able interest in recent years because they are expected
to improve the performance of various nano-devices [3-
7]. Meanwhile, hierarchical or complex architecture
built up with well-ordered nanostructures plays a key
role in their chemical, optical and electrical proper-
ties for functional micro/nanosystems [8]. Different
dimension hierarchical ordered nanostructures may in-
duce some novel properties resulting from its unique
multi-dimensional shape and a combination of both
micrometer-scale and nanometer-scale building blocks
[9], such as multi-reflection [10], higher specific surface
and porosity [11,12].

A wide range of 1D ZnO nanostructures, including

wires, rods, belts and tubes has been prepared [13].
So far, much attention has been paid to the realiza-
tion of three-dimensional (3D) ZnO structures based
on these 1D structures due to its unique properties for
novel applications in advanced catalysts or gas sensors
[14]. To date, several techniques have been used for
the fabrication of 3D ZnO structures, including chem-
ical vapor deposition (CVD) [15], thermal evaporation
[16], sonochemical method [17], hydrothermal route [18]
and pyrolysis technique [19]. For example, Umar et
al [15] reported flower-shaped ZnO nanostructures ob-
tained on silicon substrates with different orientations
by using modified cyclic feeding chemical vapour depo-
sition (CFCVD) technique in which diethyl zinc and
high purity oxygen (99.999%) gas were used as raw
materials. Zhang et al [18] synthesized prickly sphere-
and flower-like ZnO by decomposing Zn(OH)?~ precur-
sor in an aqueous solution or Zn(NH;z)?™ precursor in
ethanol. Moreover, Choppali et al [19] obtained 3D
ZnO structures with hexagonal flower-like morphologies
by using a polymeric precursor solution-based pyroly-
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sis technique. Template methods using pre-deposited
buffer layers or different surfactants (additives) were
also reported by other groups on synthesis of 3D ZnO
nanostructures [20]. However, previous efforts usually
involved complicated experimental procedures, equip-
ments, expensive substrates or surfactants. Control-
lable synthesis of hierarchical or complex ZnO structure
is still a challenge for researchers.

Herein, we present a one-step hydrothermal route
to synthesize ZnO hierarchical micro/nanostructure.
The morphology can be simply controlled by chang-
ing the reaction parameters. We also investigated the
optical properties of flower-like ZnO hierarchical mi-
cro/nanostructures using UV-Vis and photolumines-
cence techniques.

Experimental

All reagents were analytically pure and used without
further purification. The precursor solution was pre-
pared by mixing 0.025 mol Zn (CH3COO)2-2H50, 0.05
mol NaOH and 50 ml NH3-H2O (25-28%) into deionized
water with continuous stirring. Firstly white floccules
appeared and after a while it dissolved completely. The
as-formed solution was transferred into a volumetric
flask, diluted to 250 ml with deionized water, and then
a precursor solution with 0.1 mol/1 Zn?* concentrations
was obtained. In a typical procedure, an aqueous solu-
tion of precursor and deionized water were mixed in an
equal volume. A 0.3 g citric acid was added into the
above solution whilst stirring for ~10 min. Then 32 ml
of this mixture with Zn?* concentration of 0.05 mol/1
were transferred into a 50 ml Teflon-lined stainless steel
autoclave. After hydrothermal treated at 180°C for 12
h, the autoclave was cooled down to room temperature
naturally. The white precipitates were collected and
washed with deionized water and ethanol several times
to remove impurities. The precipitates were dried in air
at 60°C for 5 h.

The products were characterized with X-ray diffrac-
tometer (XRD, Rigaku D/Max-2550 PC, Cu Ka ra-
diation), scanning electron microscope (SEM; JSM-
5600LV), transmission electron microscope (TEM;
JEOL JEM 200CX 3000F) equipped with an X-ray en-
ergy dispersive spectrometer (EDS). The photolumines-
cence (PL) measurements were performed on a Perkin-
Elmer luminescence spectrometer LS55 at room tem-
perature using a Xe lamp with a wavelength of 380 nm
as the light source.

Results and Discussion

All as-obtained powders show similar XRD patterns.
A representative XRD pattern is shown in Fig. 1, in
which products were prepared when the volume ratio

of Zn(NH3)3" precursor solution and water is 1:1. Tt
can be indexed to a hexagonal ZnO phase with lat-
tice constants of a=0.325 nm and ¢=0.521 nm (JCPDS
card: 36-1451). No precursor impurities peaks, such as
Zn (CH3COO0)2-2H20 and NaOH were detected within
experimental error. The sharp and narrow lines indi-
cate that the products are well crystallized.
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Fig. 1 XRD pattern of the product prepared with the

volume ratio of Zn(NH;z)2" precursor solution and water of
1:1.

A low-magnification SEM image (Fig.2(a)) re-
veals that the flower-like products have the average
mean diameter of ~20-40 um. These flower-like mi-
cro/nanostructures consist of hierarchical rod align-
ments; as further shown in the high magnification SEM
image (Fig. 2(b) and 2(c)), the hierarchical rod within
the micro/nanostructure is composed of microrods on
its lower part and a taper on its upper part. The micro-
rods are regular hexagonal prisms with diameters of
~300 nm and lengths of several micrometers, and the
taper is consisted of the cone with a width of ~300 nm
and a cone-like nanorod end with a diameter of ~30
nm. The high-resolution TEM image is taken from an

Fig. 2 (a-c) SEM and (d) HRTEM images of the ZnO hier-
archical micro/nanostructures synthesized using the volume
ratio of Zn(NHjz)2" precursor solution to water of 1:1.
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edge of a composed ZnO micro/nanorod within flower-
like microstructures (Fig. 2(d)). It reveals that the hi-
erarchical rod is a single-crystal, suggesting that many
single-crystal hierarchical rods are self-assembled into
ZnO hierarchical micro/nanostructures. Detailed anal-
ysis of the lattice fringes give an interplanar spacing of
0.524, which match well the distance of the (001) planes
of a ZnO crystal, which may result from lattice orienta-
tion perfections among the prismatic rod [21]. The rod
axis direction was parallel to the (001) crystallographic
orientation of a wurtzite ZnO crystal. This is a frequent
growth orientation for the hexagonal close-packed ma-
terials, which has been observed in many ZnO nanorods
[22].

The morphologies of these ZnO hierarchical mi-
cro/nanostructures vary with the volume ratio of
ZH(NH3)§+ precursor solution to water, as shown in
Fig. 3. When the volume ratio of Zn(NHz)3" precur-
sor solution to water is 32:0 with unchanged other pa-
rameters, the ZnO micro/nanostructures are consisted
of the cone-like microrod assemblies and many sub-
micrometer particles, and the cone-like microrod of the
assemblies has a diameter of ~1 um and a length of
several micrometers, as shown in Fig. 3(a) and 3(b).
When the volume ratio is decreased to 3:1, the ZnO mi-
crostructures consisting of several microcones and par-
ticles are prepared (Fig. 3(c) and 3(d)). The cone has
a diameter of ~3 um and a length of ~6 um, and the
particle has a diameter of ~1 wm. With further de-
creasing the quantity of Zn(NH;z)™ precursor solution
(the volume ratio is 1:3), the flower-like ZnO structures
are destroyed (Fig. 3(e) and 3(f)), and it can be seen
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Fig. 3 SEM images of the ZnO micro/nanostructures pre-

pared at different volume ratio of Zn (NH3z)2T precursor
solution to water: (a,b) 32:0; (c,d) 3:1; (e,f) 1:3.
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that the products are consisted of many cone-like mi-
crorods or particles with ~3 pm in diameter and sev-
eral micrometers in length, which possess the typical
tapering feature with the tips. Therefore, ZnO crystals
with a series of different morphologies were success-
fully fabricated only by changing the volume ratio of
ZH(NH3)Z+ precursor solution to water; each ZnO mi-
cro/nanostructures is composed of the ZnO cones and
particles.

The effect of the surfactant quantity on the morphol-
ogy of the ZnO hierarchical micro/nanostructures was
also investigated. SEM images of the products prepared
using the different amounts of citric acid are shown in
Fig. 4. Without using citric acid as the surfactant, the
flower-like ZnO hierarchical superstructures are com-
posed of sub-micrometer rod, and individual rods grad-
ually tapered and tipped in the form of cone with a di-
ameter of about ~1 um (Fig. 4(a)). When the amount
of citric acid was increased to 0.025 g or 0.05 g, the
formation of the flower-like ZnO hierarchical structures
consisted mainly of these micro-sized prisms, Fig. 4(b)
and 4(c). When the amount of citric acid was increased
to 0.1 g, the ZnO hierarchical structures are composed
of sub-micrometer hierarchical rod or single hierarchi-
cal rod, and individual rod is prism-like and gradually
tipped in the form of several nanocones with a diameter
of about ~100 nm (see Fig. 4(d)). Besides, when the
amount of citric acid was increased to 0.3 g, the hier-
archical microrod with a taper on its upper part began
to aggregate into flower-like micro/nanostructures (see
Fig. 2).
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Fig. 4 SEM images of the ZnO micro/nanostructures pre-
pared at different amounts of citric acid: (a) without citric
acid; (b) 0.025 g; (c) 0.05 g; (d) 0.1 g.

ZnO particles by the direct decomposition of solu-
ble Zn(NH3)2" precursor under hydrothermal condi-
tions were fabricated, which follows the growth habit of
ZnO crystals [23]. The crystal growth process involves
two stages of nucleation and crystal growth [24]. Ex-
ternal conditions may stress tremendous effects on the
morphology and size of a given crystal by participating
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in the nucleation and growth [25]. In the present case,
with the amounts of surfactant increasing gradually, the
surfactant affects the overall size and the morphology
by participating in the nucleation and growth. So, the
surfactant plays a crucial role on the formation process
of the ZnO micro/nanostructures.

We investigate the optical properties of ZnO hi-
erarchical micro/nanostructures using a combina-
tion of UV-Vis and PL technologies. Figure 5(a)
shows the UV-Vis spectra of ZnO hierarchical mi-
cro/nanostructures. The band gap energies (Eg) cal-
culated on the basis of the corresponding absorption
edges are 3.27 eV, which are comparable to the val-
ues of bulk ZnO. The PL properties of the as-prepared
hierarchical micro/nanostructures were measured using
380 nm as an excitation wavelength at room tempera-
ture (Fig. 5(b)). It is clear that the spectra consist of
a strong emission peak located at 440 nm and several
weak emission peaks at 420, 471 and 541 nm, respec-
tively. The near-UV emission at 420 nm agrees with
the band gap of bulk ZnO (Gaussian peaks from 365 to
420 nm) [26], which comes from the recombination of
free excitons. One possible reason for the variations in
the position of the band-edge emission in ZnO nanos-
tructures with relatively large dimensions are different
concentrations of native defects [27]. The weak broad
peaks at 440 and 471 nm are attributed to the exciton
transitions [28] and the present of various point defects,
either extrinsic or intrinsic, respectively. The green
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Fig. 5 (a) UV-vis absorption spectra, (b) Room
temperature PL spectra of the ZnO hierarchical mi-
cro/nanostructures.
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emissions at 541 nm are related to the singly ionized
oxygen vacancy [29], and these emissions result from
the recombination of photogenerated hole with a singly
ionized charge state of the specific defect.

Conclusion

ZnO hierarchical micro/nanostructures with the dif-
ferent morphology are fabricated by a simple hydrother-
mal method with excellent reproducibility. These mor-
phologies can be conveniently tailored only by selecting
the reactant concentration and the quantity of citric
acid. SEM and TEM analysis reveal that the hierarchi-
cal rod is a single-crystal, suggesting that many single-
crystal micro/nanorod are assembled into ZnO hierar-
chical micro/nanostructures. The surfactant plays a
crucial role on the formation process of the ZnO mi-
cro/nanostructures. Room-temperature PL spectra re-
veal that the ZnO hierarchical micro/nanostructures
have a strong emission peak at 440 nm and several weak
emission peaks at 420, 471 and 541 nm, respectively.
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