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Facile Gram-Scale Growth of Single-Crystalline Nanotetrapod-Assembled ZnO
Through a Rapid Process
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From a rapid combustion and catalyst-free method, pure
single-crystalline nanotetrapod-assembled bulk nano-ZnO
was grown on a gram-scale for the first time. The gram-scale
bulk nano-ZnO is synthesized from ZnO powder with great
reliability and repeatability, and also a high conversion effi-
ciency. All four arms of the nanotetrapods are cone shaped

Introduction

Because of their wide bandgap, II–VI group compounds
are very important semiconductors and widely used in op-
tical and electro-optical devices. Among them, wurtzite-
structured zinc oxide (ZnO) is an especially important II–
VI group semiconductor with a direct wide bandgap of
3.37 eV at room temperature.[1–3] It has a large exciton
binding energy (60 meV for ZnO vs. 28 meV for GaN) and
a high optical gain (300 cm–1 for ZnO vs. 100 cm–1 GaN)
at room temperature.[2,3] Wurtzitic ZnO is a very interesting
material because of its applications in numerous fields. Its
low voltage and short wavelength (green or green/blue) are
applicable in electro-optical devices such as light-emitting
diodes and laser diodes, and it can also be used as trans-
parent ultraviolet (UV)-protection films, transparent con-
ducting oxide materials, piezoelectric materials, electron-
transport media for solar cells, chemical sensors, photocata-
lysts, and so forth.[1–5]

In recent years, a lot of attention has been focused on the
study of ZnO-nanostructured materials for understanding
fundamental optical properties, developing novel nano-
technological applications, and exploiting its significant po-
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and grow in the [001] direction. The photoluminescence
properties of the nanotetrapod-assembled ZnO were studied
and a mechanism was suggested for the growth of the bulk
nanotetrapod-assembled ZnO.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

tential for nano-optoelectronics. Nano-ZnO has been sug-
gested to be the next most important nanomaterial after
carbon nanotubes.[6] Up to now, a number of ZnO nanos-
tructures such as nanowires, nanorods, nanotetrapods,
nanoribbons, nanorings, nanosprings, nanonails, and
nanohelices have been reported.[7,8] Usually, the reported
nano-ZnO is catalytically grown and deposited on a sub-
strate as a thin film. This method has some disadvantages
that limit the extensive applications of the nano-ZnO: (1)
For applications, the as-grown nano-ZnO needs to be re-
moved and collected from the substrate by means of ultra-
sonic agitation etc., and the nano-ZnO could be damaged
during the collection process; (2) The as-grown nano-ZnO
could be contaminated during the growth process (by cata-
lyst) or the collection process.

ZnO tetrapods are a common morphology for ZnO and
they have been extensively studied.[9–15] Recently, individual
ZnO nanotetrapods were designed as multiterminal sensors
to detect light with different wavelengths, and the results
indicate that these multiterminal sensors are remarkable op-
toelectronic devices that are sensitive to ultraviolet light,
and are an advantage for distinguishing noise and increas-
ing sensitivity.[16]

In this report, we demonstrate that from a facile combus-
tion and catalyst-free method, pure single-crystalline nano-
tetrapods can be produced on the gram-scale for the first
time. By this technique, gram-scale bulk nano-ZnO is reli-
ably and repeatedly assembled from ZnO powder with a
conversion rate of up to 58%. The gram-scale nanotetra-
pod-assembled ZnO is valuable for applications (the nano-
tetrapods are self-assembled into bulk nano-ZnO and very
easy to collect), damage-free, and contamination-free. To
the best of our knowledge, this is the first time that the
gram-scale growth of nano-assembled, pure and single-crys-
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talline tetrapod ZnO has been realized. This facile tech-
nique will greatly facilitate the large-scale industrial pro-
duction of nano-ZnO.

Results and Discussion

Figure 1 is a photograph of the gram-scale nanotetra-
pod-assembled bulk ZnO, which shows that the white prod-
ucts have dimensions of several centimeters. Figure 1b is a
representative low-magnification field emission scanning
electron microscopy (FESEM) image of a fragment of the
as-grown nanotetrapod-assembled ZnO. Figure 1c is a high-
magnification FESEM image of the nanotetrapod-as-
sembled ZnO and it indicates that the nanotetrapods have
arm lengths of up to several microns. Furthermore, it
clearly reveals that the nanotetrapods remain intact as the
samples grow in size.

Figure 1. (a) Photograph of the gram-scale white nanotetrapod-as-
sembled ZnO; (b) Representative low-magnification FESEM image
from a fragment of the nanotetrapod-assembled ZnO (scale bar:
100 µm); (c) High-magnification FESEM image of the nanotetra-
pod-assembled ZnO (scale bar: 1 µm).

X-ray powder diffraction (XRD) was used to investigate
the overall crystallographic properties and phase purity of
the nanotetrapod-assembled ZnO. Figure 2 is a typical
XRD pattern of the sample, and it can be indexed to a pure
wurtzite structure of ZnO. These data are a good match to
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the standard values of hexagonal ZnO with lattice constants
of a = 0.3250 nm and c = 0.5207 nm [joint committee on
powder diffraction standards (JCPDS) card no. 36–1451].
The XRD result reveals that the products have a pure hex-
agonal wurtzite ZnO phase.

Figure 2. Room temperature XRD pattern of the nanotetrapod-
assembled ZnO measured using Cu-Kα radiation.

Figure 3 shows a transmission electron microscopy
(TEM) image of the ZnO nanotetrapods. All four arms of
the nanotetrapods are cone shaped. The diameter of the
arms at the center of the tetrapod is ca. 100 nm and at the
tips it is ca. 20 nm.

Figure 3. (a) TEM image of the ZnO nanotetrapod; (b) HRTEM
image taken from an arm of the ZnO nanotetrapod (inset: SAED
pattern of the arm of the nanotetrapod).

High-resolution TEM (HRTEM) and selected area elec-
tron diffraction (SAED) were used to further characterize
the structure of the ZnO nanotetrapods. Part b of Figure 3
shows an HRTEM image taken from an arm of the nano-
tetrapod, and it clearly indicates the (001) atomic planes
with an inter-planar spacing of 0.52 nm along the length of
the arm. Furthermore, the HRTEM result reveals that the
arms of the nanotetrapods are ideal single crystals without
an amorphous shell. The SAED pattern on the arm of the
ZnO nanotetrapod (inset of Figure 3, b) can be indexed as
a standard single-crystalline hexagonal structure of ZnO,
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which is in good agreement with the XRD and HRTEM
results. The perfect lattice fringes and SAED pattern reveal
the ideal monocrystalline hexagonal phase quality of the
ZnO nanotetrapods. The HRTEM and SAED results also
indicate that all four arms of the nanotetrapods grow along
the [001] direction.

Curve (a) (gray) and curve (b) (black) in Figure 4 are the
room temperature photoluminescence (PL) spectra mea-
sured from the nanotetrapod-assembled ZnO and commer-
cial ZnO powders (99.99%, Alfa Aesar), respectively.

Figure 4. Room temperature photoluminescence spectra with exci-
tation energy of 3.815 eV. (a) Nanotetrapod-assembled ZnO.
(b) Commercial ZnO powders.

The emission at approximately 3.18 eV, near the ultra-
violet (UV) band edge emission of ZnO (ca. 3.3 eV at
295 K),[19] occurs in both curves. This emission is generally
attributed to the recombination of free excitons through an
exciton–exciton collision process.[1] There is a broad below-
bandgap emission centered at 2.37 eV in curve (a). The
chemical and structural origins of this “green band” from
ZnO are still a matter of debate. The most frequently cited
explanation for the visible luminescence is that it arises
from the recombination of photogenerated holes in the val-
ence band with electrons trapped at deep-level, singly-ion-
ized oxygen vacancies in ZnO.[17,18] Another frequently
cited explanation is from the recombination of electrons in
the conduction band and/or shallow donor states with holes
trapped at oxygen vacancies.[17,19]

The green emission from tetrapod-structured ZnO has
been observed by a lot of researchers[20–27] and the origin
of the green luminescence is still a controversial issue. A
couple of possible causes, such as intrinsic defects in ZnO
(oxygen vacancy or Zn interstitials etc.)[20–24] and defects
located at the surface[25,28] etc., of the green emission of
ZnO tetrapods were proposed in the literature.

It can be seen from curve (a) that the “visible band”
emission is much stronger than the UV band edge emission.
Some researchers think that the high peak intensity ratio of
the “visible band” emission to the UV band edge emission
from nanostructured ZnO is due to the high surface-to-vol-
ume ratio of the ZnO nanostructures.[17,26,29] The phenome-
non of the dependence of the visible emission on the dia-
meter of ZnO nanowires has already been described in the
literature.[29–31] Recently, He et al. found that the ZnO tetra-
pods with a high surface-to-volume ratio produced a
stronger and wider green emission.[26] Zollfrank et al. dem-
onstrated that the intensity of the green emission was de-
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pendent on the leg diameter of the ZnO tetrapods and the
green emission increased with decreasing the leg dia-
meter.[27]

There are three different growth mechanisms to explain
the initial formation of the wurtzite-structured ZnO tetra-
pods.[32] The first one is based on the assumption of the
existence of a zinc-blende phase core at the center of the
wurtzite ZnO tetrapods;[33] the second one is built upon the
octahedral multiple twin structure, giving a growth model
from a multiple inversion-twin embryo and suggesting that
the octahedral multiple inversion-twin formed first;[34] the
third one is that the ZnO tetrapods grow from wurtzite-
phased multiple twins induced in a zinc-blende structured
nucleus, and that the zinc-blende phase nucleus only exists
in the high-temperature tetrapods and will degenerate to
multiple twins at room temperature.[35] Recently, Ding et al.
directly observed the zinc-blende structure core in the initial
formation of wurtzite ZnO nanotetrapods and confirmed
the zinc-blende core in the nucleation of the wurtzite-struc-
tured ZnO tetrapods.[32]

After the nucleation of the wurtzite-structured ZnO nano-
tetrapods takes place, it appears that the arms of the nano-
tetrapods reported here prolong via a vapor–solid (VS)
mechanism.[36–38] This is because no catalyst is used in the
growing process, nor are catalyst particles detected at the
arm tips. In vapor–liquid–solid (VLS) growth liquid catalyst
particles act as the energetically favored sites for absorption
of gas-phase reactants and catalyst particles are typically
detected at tips of the one-dimensional materials.[39]

At the center of the tube furnace, ZnO powders inside a
horizontal, fused quartz tube were reduced at high tempera-
ture by graphite carbon through a “carbon reduction” pro-
cess, generating zinc vapor and CO.[30] The Zn vapor and
CO were transported downstream by a flow of argon. Be-
cause of impurities in the argon and the leak of the growth
system, a small amount of oxygen occurred in the tube.
During the transportation process, the Zn vapor reacted
with the oxygen to form ZnO. Accompanied by the zinc,
the ZnO deposited to form a grayish zinc-mixed ZnO mate-
rial at the relatively low-temperature zone of the tube. Be-
cause zinc has a lower boiling point than zinc oxide, the
distance between the source (ZnO/graphite carbon pow-
ders) and the depositing sites has a strong effect on the zinc
level in the mixture. The further the depositing site (lower-
temperature zone) from the source, the more zinc was found
in the mixture, as revealed by the energy dispersive X-ray
(EDX) (see Figure 5, parts a and b).

When the downstream end of the tube was opened and
the as-grown grayish material was heated under the flow of
argon at 740–820 °C, the zinc component in the mixture
was quickly burnt with bluish green flames and the mixture
completely changed to pure ZnO vapor. By the flow of ar-
gon, this ZnO vapor was transported to the downstream
end of the tube. At this low-temperature area, the ZnO
vapor deposited and nucleation of the wurtzite-structured
ZnO nanotetrapods took place. Through a vapor–solid
(VS) growth process,[36–38] the arms of the nanotetrapods
prolonged. Because of the rapid deposition at the down-
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Figure 5. EDX of (a) zinc-mixed ZnO deposited at a site with a
shorter distance from the source; (b) zinc-mixed ZnO deposited at
a site with a longer distance from the source; and (c) pure gram-
scale nanotetrapod-assembled ZnO.

stream end of the tube, the nanotetrapods assembled
quickly to form the gram-scale nanotetrapod-assembled
bulk nano-ZnO. The EDX measurement of the nanotetra-
pod-assembled ZnO (Figure 5, c) shows a 1:1 Zn:O compo-
sition, consistent with stoichiometric ZnO, revealing that
the nanotetrapods are composed of pure ZnO. Rapid burn-
ing of the grayish material under the flow of argon is thus
the key step to producing the large-scale nanotetrapod-
assembled bulk nano-ZnO.

Conclusions

In summary, we have developed a simple, facile, and cata-
lyst-free method for gram-scale growth of pure single crys-
talline nanotetrapod-assembled bulk nano-ZnO. The struc-
ture of the ZnO nanotetrapods was characterized. All four
arms of the as-grown ZnO nanotetrapods are cone shaped
and grow in the [001] direction. The photoluminescence of
the ZnO nanotetrapods shows a high intensity “visible
band” emission. The high peak intensity ratio of the “vis-
ible band” emission to the UV band edge emission is due
to the high surface-to-volume ratio of the ZnO nanotetra-
pods. A mechanism is suggested for the growth of the nano-
tetrapod-assembled ZnO. When using this highly repeatable
technique the gram-scale growth of nano-assembled bulk
nano-ZnO from ZnO powder occurs with a high conversion
rate. This is the first time that the gram-scale growth of
single-crystalline ZnO nanotetrapods and nanostructure-
assembled bulk nano-ZnO has been realized. This facile ap-
proach could also be applicable for preparing other nano-
material-assembled oxides, opening up more opportunities
for fundamental studies and greatly facilitating the large-
scale industrial applications of nanomaterials.

Experimental Section
The nanotetrapod-assembled ZnO was grown in a horizontal, fused
quartz tube inside a tube furnace previously used to prepare GaN
nanowires.[40] The source material was a mixture of ZnO (99.99%,
Alfa Aesar) and graphite carbon powders (99.9995%, Alfa Aesar)
with a weight ratio between 1:1 and 2:1. First, the raw material was
loaded into a fused quartz boat, and the boat was placed into the
horizontal fused quartz tube with the source material located at
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the center (the highest temperature zone) of the tube furnace. Then
the furnace was heated under a steady flow of argon (99.99%,
National Specialty Gases) of 100–200 standard cubic centimeters
per minute (sccm). When 980–1080 °C was reached, the tempera-
ture was kept constant for 6–10 h. Grayish material completely cov-
ered the inner wall of the downstream section of the tube. The
temperature was then quickly decreased to 740–820 °C, after which
the downstream end of the tube was opened and the downstream
part with grayish material was moved to the center of the tube
furnace. The grayish material remained there for 1–3 min before
being burnt completely. After that, the furnace was switched off
and opened, and then quickly cooled to room temperature. Gram-
scale white nanotetrapod-assembled ZnO was obtained in the area
near the downstream end of the tube, and up to 58% of the ZnO
powder in the original source was converted into nano-assembled
products.

The as-grown gram-scale nano-ZnO was characterized by field
emission scanning electron microscopy (FESEM, Philips FEI
XL30SFEG), X-ray powder diffraction (XRD, Rigaku Multiflex
X-ray diffractometer with Cu-Kα radiation at room temperature),
transmission electron microscopy (TEM, Hitachi HF-2000), and
photoluminescence [PL, He–Cd laser operating at 3.815 eV
(325 nm)].
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