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ZnO ellipsoid-like structures assembled by ZnO nanrods were fabricated from common ZnO whiskers by autoclave tests and pyrolysis integrated method. X-ray diffraction, scanning electron microscopy, transmission
electron microscopy, selected area electron diffraction, and high resolution transmission electron microscopy
studies reveal ZnO ellipsoidal structures are single-crystals and formed from direct “oriented attachment” of
nanorods. Raman and room temperature photoluminescence spectra are also discussed.
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I. INTRODUCTION

Zinc oxide (ZnO) is an important semiconducting
ceramic material with many useful properties such as
piezoelectricity, conductivity, optical absorption and
emission, high voltage-current nonlinearity, sensitivity
to gases and chemical agents, and catalytic activity due
to its wide direct band gap of 3.37 eV at room temperature and large exciton binding energy of 60 meV
[1,2]. It has been extensively investigated for applications in luminescence, and as window and electrode material for solar cells, phosphors, piezoelectric transducers and actuators, surface acoustic coatings, varistors,
microsensors, photocatalysts, pigments, decontamination agents and so on [1,3]. The properties of the ZnO
depend closely on the microstructures of the materials,
including crystal size, orientation and morphology, aspect ratio, and even crystalline density.
Over the past few decades, the controlled synthesis
of ZnO nanostructures with well-defined morphologies
has attracted great interest, for the dimensional and
structural characteristics of the material endow them
with a wide range of potential applications [4]. To
date, well-defined ZnO nanostructures with different dimensionalities have been obtained successfully. For example, Qian et al. fabricated large-scale arrayed ZnO
crystals with a series of novel morphologies, including
tower-like, flower-like, and tube-like samples by a simple aqueous solution route [5]. Ren et al. synthesized
wurtzine ZnO nanobridges and aligned nanonails [6],
Yu and co-workers demonstrated a facile one-step wetchemical self-assembly route for the selective creation
of hollow ZnO microhemispheres and microspheres con-
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structed from one dimensional (1D) ZnO nanorods and
two dimensional (2D) thin nanosheets, respectively [7].
Huang et al. reported self-assembled unusual ZnO ellipsoids were grown by a facile low-temperature (60 ◦ C)
solution process on a large scale [8]. Ren et al. presented a variety of hierarchical ZnO nanostructures with
6-, 4- and 2-fold symmetries that were grown by a vapor transport and condensation technique [9]. Liu et al.
reported a low-temperature synthetic route in aqueous
solution for the systematic preparation of large arrays
of oriented ZnO nanostructures by controlling heterogeneous nucleation and growth, and for the predictable
alteration of the ZnO microstructures by tailoring the
surface chemistry of the crystals [1].
Ordered self-assembly of nanoscale building blocks,
such as nanoclusters, nanoparticles, nanoribbons,
nanowires, and nanotubes, into desired singlecrystalline architectures is a significant challenge in the
realization of advanced nanodevices [10-22]. This process seems very promising as a route for the preparation of complex-shaped nanostructures through the
“oriented-attachment” mechanism [11]. Understanding
factors governing the creation of nanocrystal assemblies
would allow the design of desired nanostructures for optical, microelectronic, chemical, and biological applications [23]. Therefore, to attain various nanometer-sized
building blocks, many self-assembly and synthesis processes have emerged in recent years [24]. Until now,
most related literature reported the oriented aggregation concentrated on the self-assembly of limited number of nanoparticles into 1D [11-17] or 2D crystalline
nanostructures [18-20]. Recently, three dimensionally
oriented aggregations of nanoparticles into monocrystalline architectures with nanoscale sizes were realized
[21,22]. It is our goal to obtain and understand the
three dimensional (3D) oriented-attachment process of
nanobuilding blocks into larger single-crystalline materials by a simple route. Importantly, these assemblies and syntheses at the nanometer scale have revealed
many unusual thermodynamic and kinetic behaviors of
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the microphase growth, which plays an important role
in the development of classical thermodynamics [24].
Therefore, to control the formation of nanostructures,
it is essential to clarify the thermodynamic driving force
of the self-assembly process of nanostructures [25].
In this work, we report an autoclave tests and pyrolysis integrated method to synthesize ZnO ellipsoidlike structures. These self-assembled microstructures
composed of nanorods were formed by the orientedattachment mechanism. The parameters, such as the
pressure and the temperature in the autoclave, are the
key elements that control the formation of nanostructures. The influence of the experimental factors (the
pressure and the time in the autoclave) is briefly discussed. The optical properties of the ZnO ellipsoid-like
structures are also discussed. The resulting ZnO structure might have potential applications as catalysts, sensors, and lithium ion electrode materials.

B. Characterization of samples

II. EXPERIMENTS

III. RESULTS AND DISCUSSION

A. Preparation of samples

After the synthesis, the crystal structure of the samples was examined by XRD. The XRD pattern for the
precursors before annealing at 500 ◦ C (Fig.1(a)) demonstrates that all of the diffraction peaks can be readily
indexed to a pure hexagonal Zn5 (OH)8 Cl2 ·H2 O phase
with cell constants a=6.34 Å and c=23.66 Å (JCPDS,
card No.73-0922).
The XRD pattern of the products (by annealing at 500 ◦ C) (Fig.1(b)) shows that pure wurtzitetype ZnO crystal is obtained by annealing using the
Zn5 (OH)8 Cl2 ·H2 O as a precursor (Fig.1(a)), and the
lattice parameters of the products are 3.251 Å (a-axis)
and 5.191 Å (c-axis) (JCPDS card No.36-1451). No
diffraction peaks of impurities such as Zn or ZnCl2 can
be found in this pattern. The peaks of the products
(by annealing at 500 ◦ C) are sharper and broader than
that of the raw material, which indicates the size of the
products (by annealing at 500 ◦ C) is small and the crystal quality of the products is high. The slightly stronger
(002) peak compared with a standard pattern suggests
that the structure of ZnO might have a preferential orientation along (002).
Further EDS result indicates only the elements Zn
and O are contained in the product (by annealing at
500 ◦ C), and the atomic ratio of Zn and O is 1:1, confirming the chemical composition of ZnO.
Scanning electron microscopy (SEM) examination
was further conducted to investigate the morphology
characteristics of the as-synthesized product. From
SEM images of raw materials and the precursors, we
can see the precursors are rod-like, and the length of
the precursors is twice as large as that of the raw materials and the diameter of the precursors is little larger
than that of the raw materials.
Figure 2(a) shows a typical SEM image of as-prepared
products (by annealing at 500 ◦ C). It can be seen clearly
that ZnO dumbbells, with the average horizontal axis of

All of the reagents used in the experiments were in
analytical grade and utilized without further purification.
Preparation of raw materials ZnO whisker: 200 mL
25 mmol/L aqueous solution of zinc nitrate hexahydrate Zn(NO3 )2 ·6H2 O with 99% purity (Solution A)
was prepared at 40 ◦ C under magnetic stirring. 0.4 g
of Polyethylene Glycol (average molecular weight 2000,
abbreviated as PEG2000), 2.0 mL ammonium hydroxide NH3 ·H2 O were in turn dispersed in 50 mL distilled water (Solution B) and ultra-sonicated for several minutes. Here, Polyethylene Glycol (PEG2000) is
both the catalyst and the surfactant. Then, solution B
was added drop-wise into A to obtain the final mixture
(250 mL pH∼8.5). The mixture was heated to 60 ◦ C
and maintained at that temperature until the reaction
was complete (24 h). Vigorous stirring was maintained
throughout the entire process. After the reaction, the
precipitate was filtered out, washed several times with
alcohol and water, dried at 60 ◦ C under air atmosphere,
and kept for further characterization.
Autoclaves procedure: As-prepared ZnO whiskers
(1 g) and Chloroform (100 mL) were put into a 2 L
high-pressure kettle (for the experimental apparatus see
Ref.[26]). The kettle was pre-filled with air of 1 MPa,
and then heated to 220 ◦ C and maintained at 220 ◦ C
for 3 h. During the heating, the pressure in the kettle
was raised gradually and attained 2.5 MPa at 220 ◦ C.
After cooling, the products were dried in air at 100 ◦ C.
Annealing treatment: Part of the as-prepared precursor was heated to 500 ◦ C in air with a ramping rate
of 10 ◦ C/min and then maintained at 500 ◦ C for 3 h
under ambient pressure, resulting in a white powder.
Part of the samples was heat-treated at a temperature
of 600 ◦ C.
DOI:10.1088/1674-0068/20/06/613-618

The phase purity of the as-prepared products was examined by using powder X-ray diffraction (XRD) with
Cu Kα radiation from 20◦ to 90◦ (2θ) in steps of 0.03◦
(λ=1.5418 Å). Microstructures of the as-synthesized
products were observed by field emission scanning
electron microscopy (FESEM, JEOL JSM-6700F) and
transmission electron microscopy (TEM, JEM-100CX).
Energy-Dispersive X-ray spectrometry (EDS) attached
to SEM was employed to perform the elemental analyses
of the nanostructure materials. Selected area electron
diffraction (SAED) pattern analyses were performed
on TEM. The photoluminescence (PL) spectrum was
measured at room temperature in a spectral range of
350-600 nm using a He-Cd laser with a wavelength of
325 nm as the excitation source.
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FIG. 1 (a) Comparative XRD patterns of the samples during the autoclave tests (i) and a standard Zn5 (OH)8 Cl2 ·H2 O (ii),
respectively. (b) XRD pattern of the ZnO ellipsoids.
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(b)
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FIG. 2 SEM images of dumbbell (a) and (b) ellipsolid-like ZnO structure.

4 µm twice the length of raw materials and longitudinal
axis of 2 µm, are obtained on a large scale. The SEM
image (Fig.2(a)) demonstrates that most ZnO dumbbells have a uniform size. From the image, apparently
rod-assembled surfaces of some ZnO dumbbells are observed.
When the dumbbell-like samples were heat-treated
at 600 ◦ C for 3 h, ellipsoid-like patterns (Fig.2(b)) were
formed. As shown in Fig.2(b), the products also have
uniform morphologies and can be obtained in large
quantities. The sizes of the short axis and the long
axis of these ellipsoids are in the ranges of 200-300
and 300-500 nm, respectively. SEM image (Fig.2(b))
indicates that each ellipsoid is comprised of numerous
1D nanorods, which have an average diameter of about
10 nm. The densely packed rods make the ellipsoidal
surface rough and corrugated. On the basis of the above
results, we conclude that the surfaces of these ellipsoids
are formed from attachment of nanorods. It is noteworthy to stress that these ellipsoidal structures are sufficiently stable that they could not be destroyed even
after long-term ultrasonication.
To experimentally clarify the nucleation and growth
mechanisms of the ellipsoid-like ZnO nanostructure, the
structure of the ellipsoid-like ZnO was further investigated by TEM. Figure 3(a) shows the bright field
TEM image of an individual ZnO ellipsoid-like structure. It can be seen clearly that the ellipsoid is asDOI:10.1088/1674-0068/20/06/613-618

sembled of nanorods. The diameter of the nanorods is
about 10 nm. The SAED pattern taken from the whole
ZnO ellipsoid is display in Fig.3(b). The result indicates almost single-crystal diffraction patterns and can
also be indexed to the wurtzite structure with phase
purity. This interesting and surprising feature gives obvious evidence that ellipsoid-like ZnO is formed through
“oriented attachment” [27-29] of small nanorods along
the [0001] direction. Otherwise, the generation of small
misorientation (arc-like diffraction spots in Fig.3(b)) deriving from perfect alignment between nanocrystallines
should be reasonable in order to form ellipsoidal microstructure.
The high resolution transmission electron microscopy
(HRTEM) examinations displayed below further supports the conclusion. The HRTEM images in Fig.3 (c)
and (d) further reveal the sample is a wurtzite type
structure. Figure 3(c) shows the HRTEM image of the
three intersecting ZnO nanorods from one underdeveloped ellipsoid. The three nanorods contact very closely
and form a structurally uniform crystal. The parallelism and overlap of the lattice fringes demonstrate
that the crystallographic axes of all the rods are parallel,
providing direct evidence for the oriented-attachment
growth mechanism [7,11]. The rods serving as building
blocks are in a quasi-spherical shape and about 10 nm in
diameter. Figure 3(d) is an HRTEM image of one part
of a ZnO nanorod from an underdeveloped ellipsoid.
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FIG. 3 (a) TEM image of ellipsoid-like structure, (b) SAED pattern of the ellipsoid-like structure, (c) TEM image of three
adjacent nanorods, and (d) HRTEM image of the nanorod.
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FIG. 4 SEM images of the samples obtained during the autoclave tests of 2.0 MPa and annealing at 500 ◦ C (a) and 600 ◦ C
(b).

The measured spacing of the crystallographic planes is
determined to be 2.5 Å, which corresponds to the (0001)
lattice fringe of the hexagonal ZnO. This alludes to the
growth direction of the nanorods along c axis ([0001]),
which is in agreement with the 1D anisotropic growth
habit of ZnO crystals [8,30]. All of the above results
give evidence that the final anisotropic ellipsoidal architecture is formed from the oriented attachment of
nanorods.
The ellipsoid-like ZnO structures assembled by
nanorods are determined by the composition of the
precursors Zn5 (OH)8 Cl2 ·H2 O obtained during the autoclave tests. In the formation of the precursors
Zn5 (OH)8 Cl2 ·H2 O, the reaction pressure and time in
the autoclave tests play important roles. When the
DOI:10.1088/1674-0068/20/06/613-618

pressure per-filled is 0.8 MPa (2.0 MPa at 200 ◦ C),
the samples during the 500◦ C heat treatment are still
dumbbell-like ZnO (Fig.4(a)). The image shows the
dumbbell-like ZnO composed of nanorods. The length
of the nanorods is about 500 nm and the diameter is
in the range of 50-100 nm. The dumbbell-like structures are destroyed during annealing at 600 ◦ C for 3 h
(Fig.4(b)).
An experiment using a short reaction time of 1 h,
keeping 220 ◦ C/2.5 MPa 1 h, then annealing at 500 ◦ C
3 h, was performed. From SEM images, we can see
that large amounts of actinomorphic ZnO structures
composed of nanorods were obtained after annealing at
500 ◦ C 3 h. The size of the actinomorphic ZnO structures is about 2 µm in length, half of the dumbbell. The
c
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diameter of the nanorods is larger than the former, up
to 200-300 nm.
On the basis of the experimental results, a possible
growth process demonstrating the synthesis of ZnO ellipsoids during the autoclave tests and pyrolysis process
can be simply described. In this experiment, the formation of the crystals Zn5 (OH)8 Cl2 ·H2 O occurred via
spontaneous nucleation and self-growth process. Chloroform was easily decomposed into COCl2 , HCl, CO2 ,
Cl2 , and H2 O in air at low temperature
1
CHCl3 + O2 = COCl2 + HCl
(1)
2
5
2CHCl3 + O2 = 2CO2 + 3Cl2 + H2 O (2)
2
5ZnO + 2HCl + 4H2 O = Zn5 (OH)8 Cl2 · H2 O (3)
The hydrochloric steam and vapor first cover the surface
of common ZnO whiskers and probably a series of surface reactions occur. By continuously diffusing and colliding, Zn5 (OH)8 Cl2 ·H2 O clusters form on the ZnO, and
then the nucleation of Zn5 (OH)8 Cl2 ·H2 O takes place
when the size of the clusters reaches that of the critical
nucleus. The diffusing and colliding would be enhanced
by increasing the pressure and the time, which promotes
the formation of Zn5 (OH)8 Cl2 ·H2 O nuclei. The welldefined Zn5 (OH)8 Cl2 ·H2 O crystals are obtained. During annealing at 500 ◦ C, the Zn5 (OH)8 Cl2 ·H2 O precursor is decomposed into ZnO and the ZnO dumbbell composed of nanorods is obtained. Further annealing at 600 ◦ C, the dumbbell is undrawed from two
ends and turns into the ellipsoid-like structure. The
dumbbell-like and the ellipsoid-like structure are composed of nanorods. XRD investigations supported the
above conclusion that the Zn5 (OH)8 Cl2 ·H2 O formed in
the autoclave and were stable at temperatures 220 ◦ C
for 3 h. XRD results also confirmed that the intermediate Zn5 (OH)8 Cl2 ·H2 O would totally transform to ZnO
when the precursor was annealed to 500 ◦ C or above.
SEM observations indicate that the dumbbell-like structures of ZnO could only be perfectly constructed by
heat treatment at the temperature of 500 ◦ C and the
ellipsoid-like structures of ZnO could be obtained by
heat treatment at the temperature of 600 ◦ C.
Synthesis conditions were also been systematically
studied, including the pressure and the time in the autoclave, and annealing temperature. Firstly, the effect
of the pressure in the autoclave on the size of the products was investigated. In order to control the pressure
in the autoclave, the pre-filled pressure was controlled.
Increasing the pressure in the autoclave, the reaction (3)
occurs more fully and more uniformly and the composition of the precursor is more uniform, so the size of the
ultimate products obtained during annealing decreases
and the stability of the ultimate structures increases
(Fig.2(a) and Fig.3(a)). Next, we looked at the effect of
the time of the autoclave tests on the size of the products. Shortening the time of the autoclave tests, the
reaction (3) occurs on the surface, and the products are
DOI:10.1088/1674-0068/20/06/613-618
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unshaped. It is helpful to oriented attachment if the
pressure and the time in the autoclave is increased.
It is well known that hexagonal ZnO has characteristic Raman peaks due to C6v symmetry. Singlecrystalline wurtzite ZnO has eight sets of optical
phonon modes at the Γ point of the Brillouin zone,
in which the A1 +E1 +2E2 modes show Raman activity.
In addition, the A1 and E1 modes split into longitudinal (LO) and transverse (TO) optical components [8].
The Raman spectrum of ellipsoid-like ZnO shows the
remarkable peak at 437 cm−1 is the nonpolar optical
phonon E2 mode, corresponding to band characteristic
of wurtzite phase. The barely appearance of the longitudinal optical (E1 LO, 580 cm−1 ) mode is attributed
to the formation of oxygen vacancy, or other defect
states. The result indicates that the ultimate ZnO products have high quality and the obtained nanocrystalline
ellipsoid-like has a wurtzite structure.
This conclusion can also be confirmed by photoluninescence spectrum (PL) analysis. In general, PL spectra of ZnO products consist of two bands: near band
edge excitonic UV emission and defect related deep level
emission in the visible range [8,31]. Figure 5 shows the
photoluminescence spectra of ellipsoid-like ZnO structures and raw materials. The curve of the ellipsoid-like
ZnO structures shows a strong UV emission at 390 nm
with a full width at halfmaximum (FWHM) of 20 nm.
The UV emission energy of ZnO can be calculated as:
E=hc/λ≈3.20 eV. It is close to the band gap of 3.37 eV.
Therefore, the UV emission is attributed to the near
band edge emission from the recombination of excitons.
Moreover, the sharpness of the UV emission peaks confirms that ellipsoid-like ZnO have a narrow size distribution of grains as shown in the XRD and SEM results.
In the ZnO materials reported previously, the deep
level emission is subject to interstitial zinc or oxygen
vacancies. These interstitial zinc or oxygen vacancies
will limit the applications of ZnO in optoelectronic and
laser devices. In the PL spectra of the products annealing at 600 ◦ C, almost negligible deep level or trap
state defect emission in the green region was observed,

FIG. 5 PL spectra of ellipsoid-like ZnO and raw ZnO material.
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indicating the absence of interstitial zinc or oxygen vacancies. Therefore, as-prepared ZnO will be a promising
candidate for optoelectronic devices and UV laser.
The curves demonstrate that the stronger UV emission and weaker green emission distribute uniformly
over the entire unit, indicating that the integrated
nanostructures possess good crystal quality with few
oxygen vacancies. This conclusion is in accord with the
results by Raman scattering.
IV. CONCLUSION

In summary, we succeeded in constructing welldefined ellipsoid-like ZnO structures by the oriented attachment mechanism based on the autoclave and pyrolysis process. The dumbbell is the intermedia formed by
annealing at 500 ◦ C. The experimental results demonstrated that these self-assembled microstructures composed of orientationally aligned nanorods were formed
by the oriented-attachment mechanism. The pressure
and the times of autoclave tests are of great importance
in the formation process. Increasing the pressure in the
autoclave, the size of nanorods decreases and the stability of the structure strengthens. Shortening the time
of the autoclave tests, the products are unshaped. It is
helpful to oriented attachment to increase the pressure
and the time in the autoclave. The optical properties of
the ellipsoid-like ZnO were studied. The understanding
of this building unit oriented attachment will be helpful
in controllably designing new nano/microstructures for
various applications.
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