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A facile microwave hydro
NaOH under hydrotherma
zinc oxide (ZnO) one-dim
ogy. The microwave plays
nanostructure. The forma
absorption edge of nano-
this method avoids the su
thermore, a substantial re
compared with the hydro

1. Introduction
The synthesis of inorganic nanocrystals is currently an active
eld of research in modern materials chemistry due to their
ide application in catalysis, optoelectronics, microelectronics,
agnetics, and biology [1–5]. Furthermore, the special attention

n nanoscience and nanotechnology has been pointed toward
he fabrication of materials with uniform complex structures
6–10].

Zinc oxide nanostructures have been fabricated as one-
imensional nanostructures (ODNS) and proven versatility and
ompatibility in numerous applications. ZnO ODNS were synthe-
ized in the form of nanorods, nanowires, nanotubes, nanobelts,
anocombs, nanosprings, nanorings, nanobows, nanopropellers,
tc. [11–14]. The wide interest in ZnO has resulted from the follow-
ng fundamental characteristic features with potential applications
n electronic, structural and bio-materials [12]:

Direct band gap semiconductor (3.37 eV).
Large excitation binding energy (60 meV).
Near UV emission and transparent conductivity.
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al (M-H) solution route employing the reaction of Zn(NO3)2·6H2O and
ditions has been demonstrated to successfully synthesize a single-crystal
nal nanostructure (ODNS) with a novel three-dimensional (3D) morphol-
portant role and is necessary for the synthesis of ZnO with the complex
echanism of this complex nanostructure is proposed. A red shift of the

s also observed. The absence of metal catalyst, template or surfactant in
uent complicated workup for the removal of the residual additives. Fur-
ion in the reaction time as well as the reaction temperature is observed
al process.

© 2008 Elsevier B.V. All rights reserved.

• Piezoelectric property resulting from its non-centrosymmetric
structure.

• Bio-safe and bio-compatible.

Up to now, a number of synthetic approaches have been
developed to prepare various types of ZnO ODNS using differ-
ent surfactants, polymers, or templates for control of the sizes,

dimensions, and morphologies of these materials. For instance,
solution-based synthesis [15–21], vapor phase growth [22–31] and
template-assisted synthesis [32,33]. However, the introduction of
metal catalyst, surfactants, or templates into the reaction system
involves a complicated process, introduces heterogeneous impu-
rities in the products, and increases the production cost, which
may restrict the wide development of research and applications.
Therefore, developing a facile and metal catalyst-, surfactant- or
template-free method is still of great significance [34–38], which
avoids the subsequent complicated workup for the removal of the
metal catalyst, template or surfactant.

Ivanov et al. [39] demonstrated a methodological approach
for utilizing microwave heating during the hydrothermal process
to obtain highly dispersed ZnO crystals with high photocatalytic
activity. However, the employed process involves in two steps
and whether the morphology of as-prepared ZnO powders can
be controlled by simply adjusting the process conditions was not
illustrated. Peiró et al. [40,41] prepared ZnO films with complete
substrate coverage with ZnO nanorods mainly oriented perpen-
dicularly to the substrate by a modification of the chemical bath
deposition (CBD) procedure in which crystal growth is activated
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pension of the sample powders onto a standard carbon-coated
(20–30 nm) Formvar film on a copper grid (230 mesh). The sam-
ple for UV–vis spectra was also ground up lightly with agate
mortar and pestle. The Lambda 950 spectrophotometer uses the
universal reflectance accessory with a snap-in integrating sphere
to measure the optical absorption. The snap-in integrating sphere
can capture diffuse and specular reflectance and is available in
60 mm and 150 mm, with 8◦ reflectance and center mount capa-
bility. The universal reflectance accessory with dual Si and InGaAs
detectors is used for automated, precise and reproducible angle
adjustments and resulting high-sensitivity, absolute reflectance
measurements.

3. Results and discussion

3.1. Structure and morphology

The typical XRD patterns of the ZnO nanostructure are shown
in Fig. 2. All of the diffraction peaks can be readily indexed as
hexagonal ZnO with lattice constants of a = 3.249 Å and c = 5.206 Å,
which are consistent with the values in the standard card (JCPDS
188 J. Huang et al. / Materials Science

Fig. 1. Schematic diagram of preparation of ZnO nanostructure by a microwave
hydrothermal process in a MDS-6 microwave hydrothermal system.

using microwave (MW) radiation. This MW-CBD technique was also
used to deposit TiO2 thin films [42–44]. However, this method pro-
duces films in an open atmosphere, not a closed system as will be
demonstrated below. In the present work, we report a microwave
hydrothermal (M-H) approach to prepare single-crystal ZnO ODNS
with novel 3D morphology under mild conditions without the addi-
tion of any metal catalyst, surfactant or template.

2. Experimental

ZnO nanostructure was prepared by an M-H process. All of
the raw materials were analytical reagent and used as-received
without further purification. In a typical synthesis process, first,
15.6024 g Zn(NO3)2·6H2O (1.6 mol L−1) was dissolved in 32 mL
deionized water to obtain Zn2+ solution. Secondly, 4.0960 g NaOH
(3.2 mol L−1) was added into the above solution with stirring at
room temperature to get colloid solution. Then the solution was
transferred into a 46 mL Teflon-lined autoclave and treated at a
selected temperature (e.g. 413 K) for specific time (e.g. 20 min)
under temperature-controlled mode or at a selected pressure (e.g.
3.0 MPa) for specific time (e.g. 20 min) under pressure-controlled
mode in a MDS-6 microwave hydrothermal system (Fig. 1). The
MDS-6 microwave hydrothermal system, which is manufactured
by Shanghai Sineo Microwave Chemistry Technology Co. Ltd.,
China, can be operated under two different control modes, i.e. the
temperature-controlled mode (TCM) and the pressure-controlled
mode (PCM). The temperature-controlled mode maintains con-
stant temperature while the pressure-controlled mode maintains

constant pressure. The system uses non-pulsed microwave to heat
the samples continuously and the microwave power is adjusted
by automatic frequency conversion with the variation of temper-
ature/pressure. The maximum microwave power is 1000 W and
can be controlled continuously at four different power ranges,
i.e. 0–400 W, 0–600 W, 0–800 W and 0–1000 W, according to the
selected temperature/pressure.

After that the reaction was terminated and cooled to room tem-
perature. Then the as-prepared white precipitate was collected
by filtration and purified by washing with deionized water and
absolute ethyl alcohol or isopropyl alcohol several times. Finally,
the white precipitate was dried at 355 K in a drying cabinet with
air-blasting for 2 h and the sample was obtained. The aim of the
treatment at 355 K for 2 h is to remove any residual impurities, such
as deionized water and absolute ethyl alcohol or isopropyl alco-
hol. The TG–DSC curve of nanoscale ZnO [45] shows that there is
almost no mass loss during the experiment temperature range from
298 K to 1200 K and no phase transformation during the experi-
ment temperature range from 298 K to 1773 K. This indicates that
the treatment at 355 K for 2 h may not affect the sample. We con-
ducted the experiment for different reaction times at the range
gineering B 150 (2008) 187–193

of 10–60 min. What is more, we also conducted the experiment
for different [Zn2+] (0.2–2.0 mol L−1), hydrothermal temperatures
(373–473 K, under TCM), hydrothermal pressures (0.5–4.0 MPa,
under PCM), and filling ratios (50–80%). We also conducted the
control experiments without microwave radiation, i.e. at the same
hydrothermal conditions but without microwave.

The product was characterized via X-ray powder diffraction
(XRD), field-emission scanning electron microscope (FE-SEM),
high-resolution transmission electron microscope (HRTEM), and
UV/Vis/NIR Spectrophotometer. The XRD pattern was performed
on a D/MAX-2200PC X-ray diffractometer with Cu K� radiation
(� = 0.15406 nm) and a scanning rate of 8◦ min−1 (Rigaku, Japan).
SEM images were taken on a JSM-7000F field-emission scanning
electron microscope equipped with an energy-dispersive spec-
trometer (JEOL, Japan). HRTEM images were taken on a JEM-3010
high-resolution transmission electron microscope (JEOL, Japan).
UV–vis spectra were obtained on a Lambda 950 spectrophotome-
ter (PerkinElmer, USA). The sample was ground up lightly with
agate mortar and pestle before XRD and FE-SEM characterization.
The sample for TEM was prepared by dropping a diluted sus-
Fig. 2. XRD patterns of the as-prepared nanocrystals of ZnO nanorods (a), nanowires
(b), nanothruster vanes (c), nanodandelions (d), and nanospindles (e).
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= 20 m
lling r
Fig. 3. FE-SEM images of the ZnO nanocrystals with different morphologies: nanor
HRTEM image and right: selected area electron diffraction (SEAD) pattern), nanow
othruster vanes (c, temperature = 393 K, [Zn2+] = 1.6 mol L−1, filling ratio = 70%, time
time = 20 min) and radial nanospindles (e, pressure = 3.0 MPa, [Zn2+] = 0.8 mol L−1, fi

No. 36-1451). No diffraction peaks from any other impurities were
detected. The strong and sharp diffraction peaks indicate that the
product is crystallized.

The morphology and microstructure details of the as-prepared
ZnO nanocrystals were investigated with FE-SEM. Fig. 3 shows the
typical SEM images of ZnO nanostructure with different morpholo-

gies. Summary of experimental conditions and the morphology
of different ZnO nanostructures are shown in Table 1. The SEM
image clearly demonstrates that the majority of the crystals have a
uniform nanostructure. A small portion of nanoparticles can also
be observed. These nanoparticles are the intermediate products
between the initial nanoparticles and the final nanostructures. The
nanorods are hexagonal prisms with a typical diameter ∼30 nm
and length ∼100 nm (Fig. 3(a)). Although there is not any domi-
nance of the (0 0 2) peak of the diffractograms provided in Fig. 1,
the peak intensities of all the peaks are remarkably enhanced com-
pared to that obtained in control experiment. Moreover, the HRTEM
image and SEAD pattern of the sample conforms the hypothe-
sis; see Fig. 3(a) middle and right. The nanowires are hexagonal
shafts with a typical diameter ranging from 10 nm to 30 nm and the
length ranging from hundreds of nanometers to several microme-
ters (Fig. 3(b)). The nanothruster vanes are thin slices with a typical
thickness and width of the slices ∼10 nm and ∼400 nm, respectively
(Fig. 3(c), inset is the low-magnification FE-SEM image). The nan-
odandelions are radial hexagonal prisms with a typical diameter
of the petals about 10 �m (Fig. 3(d), inset is the low-magnification
FE-SEM image). The most interesting case arises from the nanos-

Table 1
Summary of experimental conditions and the morphology of different ZnO nanostructure

Sample Control mode Temperature (K) Pressure (MPa) Time (min)

a TCM 413 – 20
b TCM 453 – 20
c TCM 393 – 20
d TCM 373 – 20
e PCM – 3.0 20
, temperature = 413 K, [Zn2+] = 1.6 mol L−1, filling ratio = 70%, time = 20 min, middle:
b, temperature = 453 K, [Zn2+] = 1.6 mol L−1, filling ratio = 70%, time = 20 min), nan-
in), nanodandelions (d, temperature = 373 K, [Zn2+] = 1.6 mol L−1, filling ratio = 70%,

atio = 70%, time = 20 min).

tructure of nanospindles. They grew in three-dimensional spaces
in such a pattern that several spindles grew from the same cen-
ter and joined each other with the same angle in a single plane,
while the rest two ones just grew along the normal directions of
the plane (Fig. 3(e)). The Debye–Scherrer equation d = K�/B cos �,
where d is the crystallite size, K a constant, � the wavelength of the

Cu K� radiation and B is the line width of the XRD peak, was used
in order to determine the crystallite sizes. And the sizes calculated
by Debye–Scherrer formula are consistent with the results of the
FE-SEM and HRTEM.

3.2. Effect of the microwave and possible growth mechanism

The M-H process is an innovation of the conventional hydrother-
mal technology by introducing microwave into the reaction vessels
to produce nanostructured materials more quickly [46]. The
advantage of the application of microwave to the synthesis of nano-
materials is the significant reduction in fabrication time. It may be
attributed to the microwave offers a kinetic process different from
other methods (such as conventional hydrothermal or microemul-
sion) and can promise a very short reaction time and relatively
stable reaction conditions.

With the assistance of microwave irradiation, the prod-
uct was obtained only after 20 min reaction time under both
temperature-controlled mode and pressure-controlled mode,
while the prolongation of the reaction time has not remarkable
influences on the final product.

s

[Zn2+] (mol L−1) Filling ratio (%) Morphology Crystal dimension

1.6 70 Rod 1D
1.6 70 Wire 1D
1.6 70 Thruster vane 2D
1.6 70 Dandelion Quasi-1D
0.8 70 Spindle 3D
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hydrothermal conditions but without microwave irradiation compared to Fig. 3(a). The

ther, nanothruster vanes can be formed by self-assembled growth.
Take the morphology evolution of nanorods as an example:
when the experiment conditions are hydrothermal tempera-
ture = 413 K, [Zn2+] = 1/2[OH−] = 1.6 mol L−1, filling ratio = 70%, and
reaction time = 20 min, the ZnO nuclei first come into being by the
inducing of the microwave irradiation; then the obtained nuclei
evolve into primary ZnO nanoparticles (Fig. 6(a)). With the ongoing
of the reaction, the newly generated nuclei attach to the previous
190 J. Huang et al. / Materials Science

Fig. 4. XRD pattern (a) and FE-SEM image (b) of the sample obtained at the same
rhombuses indicate the peaks corresponding to ZnO.

Microwave heating offers many advantages over conventional
autoclave heating, including rapid heating to crystallization tem-
perature, homogeneous nucleation, and fast supersaturation by the
rapid dissolution of precipitated hydroxides, which leads to lower
crystallization temperatures and shorter crystallization times [47].
Such behavior leads to many unique properties in the hydrothermal
solution and has been used extensively to generate novel mate-
rials with unusual properties. In the current case, the microwave
may accelerate the hydrolysis of Zn(NO3)2·6H2O, which is presum-
ably helpful to the nucleation and growth of ZnO nanocrystals. The
experimental phenomena support the above hypothesis.

Furthermore, the rapid heating to hydrothermal temperature
or pressure can accelerate solid particles to high velocities, lead-
ing to interparticle collisions and effective fusion at the point of
collision. It is suggested that the microwave causes fusion of the
adjacent particles and attachment of primary particles on the outer
layers of the ZnO nanostructures, which are the intermediate prod-
ucts between the initial nanoparticles and final nanostuctures. In
this work, microwave plays an important role and is found to be
necessary for the synthesis of ZnO with the complex 3D mor-
phology. Fig. 4 shows the XRD pattern and FE-SEM image of the
sample obtained at the same hydrothermal conditions compared
to Fig. 3(a) but without microwave irradiation. The intensity and
shape of the diffraction peaks in Fig. 4(a) reveal that the sample
is not perfectly crystallized. Some peaks attributable to unknown

impurity are observed. The SEM image (Fig. 4(b)) of the as-prepared
ZnO crystals shows an irregular morphology, which is consistent
with the XRD results.

Microwave appears to be particularly effective as a means of
inducing nucleation and may affect the crystallization, which is
responsible for the formation of final complex 3D ZnO single crys-
tals.

In a word, the role of microwave is not only to accelerate the
reaction between the raw materials but also to lead to the growth
and crystallization of ZnO with complex 3D morphology.

Fig. 5 shows a condensed illustration of our strategies in
the morphology control of ZnO nanostructures. First, ZnO nuclei
generally evolve into nanorods by preferential c-axis ([0 0 2] direc-
tion) oriented 1D growth. Second, nanorods can be converted
into nanowires by a multiple nanorods growth along the [0 0 2]
direction and simultaneous local attachment of the polar (0 0 0 1)
surfaces or nanospindles by an increase in diameter and local
dissolution. Third, multiple nanorods grow from center results
in nanodandelions. Fourth, when the crystal growth along the
[0 0 2] direction is suppressed, nanoslices can be obtained due
to quasi 1D growth. Finally, when multiple nanoslices grow fur-
gineering B 150 (2008) 187–193
Fig. 5. Schematic of the shape-controlled synthesis of ZnO nanorods, nanowires,
nanothruster vanes, nanodandelions and radial nanospindles via a microwave
hydrothermal route.
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ges (t
Fig. 6. FE-SEM images of nanorods at different morphology evolution sta

obtained ZnO nanoparticles and lead to the further growth to the
nanorods along c-axis (Fig. 6(b)). Finally, the hexagonal nanorods
are obtained (Fig. 3(a)).

In our research, zinc cations and hydroxide anions are provided
by hydration of zinc nitrate hexahydrate and NaOH, respectively.
Here, zinc cations are known to readily react with hydroxide anions
to form stable Zn(OH)4

2− complexes, which act as the growth unit of
ZnO nanostructures [48,49]. Therefore, the M-H growth mechanism
of ZnO nanostructures was considered as follows:

Zn(NO3)2 + 2NaOH
microwave−→ Zn(OH)2 ↓ +2NaNO3 (1)

Zn(OH)2 + 2H2O
microwave−→ Zn(OH)4

2− + 2H+microwave−→ ZnO + 3H2O

(2)

That is to say that zinc hydroxide dissolves into soluble zinc
complexes, which deposit as zinc oxide under the microwave irra-
diation.

The employing of the microwave irradiation will accelerate the
hydrolysis process, leading to the formation of the small primary
ZnO nanoparticles. With the ongoing of the reaction, the primary
nanoparticles further grow to the nanorod or nanoslice, and the
freshly formed nanoparticles will spontaneously “land” on the as-

formed rod or slice and then undergo further growth to nanowire or
another slice, forming a complex structure. These processes could
be related to a proposed mechanism of the so-called “orientated
attachment” by Penn and Banfield [50] and Banfield et al. [51]. In
this mechanism, the larger particles are grown from small primary
nanoparticles through an orientated attachment process, in which
the adjacent nanoparticles are self-assembled by sharing a common
crystallographic orientation and docking of these particles at a pla-
nar interface. Small particles may aggregate in an oriented fashion
to produce a larger single crystal, or they may aggregate randomly
and reorient, recrystallize, or undergo phase transformations to
produce larger single crystals. This type of growth mode could lead
to the formation of faceted particles or anisotropic growth if there
is sufficient difference in the surface energies of different crystallo-
graphic faces. In our case, according to the experimental results, the
former seems to be more reasonable. Therefore, it is believed that
the microwave hydrothermal formation of complex ZnO nanostruc-
tures undergoes three steps in sequence: (1) microwave-induced
hydrolysis of Zn(NO3)2, which leads to the formation of primary
ZnO nanoparticles, (2) microwave-induced fusion of these primary
ZnO nanoparticles accompanying the oriented growth to form the
emperature = 413 K, [Zn2+] = 1.6 mol L−1, filling ratio = 70%, time = 20 min).

rod-like or slice-like structure, and (3) a further growth and crystal-
lization process, giving rise to the formation of the 3D morphology
product. Although the exact formation mechanism for this complex
nanostructure is not yet exactly clear, it is believed that the growth
of the complex nanostructures is not catalyst-assisted or template-
directed or surfactant-modified, because the only material sources
used in our synthesis are pure Zn(NO3)2 and NaOH.

3.3. Optical properties

The typical optical absorption spectra of the as-prepared
samples respectively under temperature-controlled mode and
pressure-controlled mode are presented in Fig. 7(a) and (c). All
the cases show a strong absorption in the ultraviolet spectrum.
ZnO is a direct band gap semiconductor, and therefore its absorp-
tion coefficient is related to the excitation energy (Eexc = h�) by
(˛hv)2 = const − (hv − Eg), where Eg is the band gap energy [52]. To
obtain the absorption onset, (˛hv)2 was plotted versus energy hv
(Fig. 7(b) and (d)). And the absorption onsets obtained in Fig. 7(b)
and (d) indicate that they all at the range of 3.25–3.27 eV.

Extrapolation of the linear part until its intersection with the hv
axis gives the values of Eg. From Fig. 7(b), Eg values are 3.258 eV for
temperature-controlled mode and 3.264 eV for pressure-controlled

mode respectively, both of them showing a red shift compared
to the band gap for bulk ZnO (3.37 eV). Theoretically, a generally
received opinion is that the ubiquitous blue shift of the absorp-
tion edge of nanocrystals is the result of the quantum size effect
owing to the downsized crystals. But simultaneously a red shift of
the absorption edge of nanocrystals may arise from an increase of
the internal stress of the nanocrystals due to the decrease of the
grain sizes to nanometer scale [53]. The increase of this compres-
sion stress may result in the change of the energy band structure,
the overlap of the electron wave function, and finally the narrow-
ing of band gap and energy-level width. It thus makes the optical
absorption and the absorption edge induced by the electron tran-
sition from lower level to upper level or semiconductor electron
transition from valence band to conduction shift to long wave-
length side. Based on the discussion above, the red-shift factor in
excess of blue-shift factor may be responsible for the red shift of
the absorption edge of ZnO. Theories [54,55] have been established
and developed to estimate the band gap of thin films [56–61], sin-
gle crystals [62–65], quantum wells [66], and composites [67]. But
the proposed procedures are either too complicated or quite rigor-
ous. Zhao [68] has introduced a sample and exercisable method
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plot fo
sampl
Fig. 7. (a) UV–vis absorption spectra of the as-prepared samples; (b) (˛h�)2 vs. h�
spectra; (d) (˛h�)2 vs. h� plot for determining absorption onset of the as-prepared

Table 2
Macro-stress and micro-stress of as-prepared ZnO nanocrystallites

Sample Macro-stress, �macro

(MPa)
Micro-stress,
�micro (MPa)

Band gap, Eg

(eV)

a 220.243 0.147 3.261
b 397.810 0.282 3.258
c 825.982 0.177 3.250
d 100.481 0.255 3.272

e 220.243 0.139 3.264

to measure the internal stress, including both the macro-stress
and micro-stress, using X-ray diffractometer technique. The macro-
stress and micro-stress of as-prepared ZnO nanocrystals calculated
by this method are listed in Table 2. It is remarkable to note that
the macro-stress is dominant, and the micro-stress is very small
and can almost be eliminated. The data are fitted by polynomial fit
as follows:

Eg = 3.2773 − 7.06041 × 10−5�macro + 4.58475 × 10−8�2
macro (3)

where Eg is the band gap of the samples, and �macro the macro-
stress of the samples.

The internal stress, mainly the macro-stress, may arise from
the decrease of the grain sizes to nanometer scale and the resul-
tant local disorder or mismatch of crystals. Perhaps, it could be
explained as the short-range disorder of the crystals that synthe-
sized by the M-H process, in which the “orientated attachment”,
as proposed above, leads to the primary ZnO nanoparticles quickly
r determining absorption onset of the as-prepared samples; (c) UV–vis absorption
es corresponding to Fig. 3.

“land” on the pre-formed rod or slice, resulting in the local disorder
of the crystals. Thus, the inevitable internal stress occurs.

4. Conclusions

In summary, a facile, quick, environmentally benign M-H route
to the synthesis of 3D, novel, various ZnO morphologies with single

crystal structure in the absence of any metal catalyst, template or
surfactant additives in a MDS-6 microwave hydrothermal system
has been demonstrated. The experimental results indicate that the
microwave plays the key role in the formation of the complex struc-
ture. The formation and evolution of ZnO with 3D morphology was
investigated, and a possible mechanism was proposed to explain its
formation. The red shift of the absorption edge of ZnO was observed
and a possible origin was also proposed. The synthesis route is
a process with sample maneuverability and good reproducibility
and may be feasible to develop into the scale-up production. This
unique complex 3D morphology may be a promising candidate for
both fundamental research and functional applications and we also
expect that this M-H technique can be readily adopted in realizing
other forms of various nanostructured materials.
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