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Single-crystalline ZnO microtubes were synthesized by a simple metal-vapor deposition method. The
ZnO microtubes, which had outer diameters in the range of 0.3-2 µm and wall thickness in the range
of 100-500 nm, indicated a faceted hexagonal shape. In addition, it was found that there were many
incomplete ZnO microtubes, which indicate the morphology assembled with several nanowires at the tip
part of the microtubes and prismatic tubular morphology at the bottom part of the microtubes. It is suggested
that the ZnO microtubes were formed by the coalescence of ZnO nanowires due to a high reaction
temperature of 950°C and optimized oxygen supplement when ZnO nanowires were grown on a large
ZnO grain. We discuss the growth mechanism of the ZnO microtubes in detail.

Introduction

The control of the shape and the orientation of oxide nano-/
microcrystallites with various morphologies such as wire,
rod, belt, and tube have attracted much attention because of
their great potential for fundamental studies of the effects
of morphology, dimensionality, and size on their physical
and chemical properties as well as for their application in
optoelectronic devices.1,2 Recently, zinc oxide (ZnO) nano-/
microcrystallites with various morphologies have been
synthesized by many researchers using various methods.3-7

ZnO, which has a direct band gap of 3.37 eV and large
exciton binding energy of 60 meV, can realize practical
applications in the area of nanoscale laser diodes, sensors,
varistors, and so on. Especially, the tubular structures of
nano-/microcrystalline materials become important because
a high porosity and a large surface area are required to fulfill
the demand of high efficiency and activity in numerous
applications. For instance, the development of new functional
materials with high porosity is required for better and

optimized performances of dye-sensitized photovoltaic cells,
dimensionally stable anodes (DSA), metal-ion batteries,
electrochemical supercapacitors, hydrogen storage devices,
biosensors, and gas sensors.8 Tubular structures of several
binary oxide systems, including TiO2,9,10 SiO2,11 Ga2O3,12

In2O3,13 VOx,10 and Y2O3,14 have been synthesized by various
methods, and several researchers have synthesized ZnO
nano-/microtubular structures using several methods, such
as template, chemical reaction, pyrolysis, thermal treatment,
and so on.15-20 Up to now, some research groups demon-
strated the synthesis of tubelike ZnO arrays at low reaction
temperature below 100°C using a chemical solution route,8,21

which has advantages that simple procedures, no sophisti-
cated equipment, and low reaction temperature are needed.
However, the entire reaction time of these techniques is as
long as 2 days8 while thermal vapor methods generally need
a reaction time below 1 h. Despite much progress in the
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synthesis of ZnO nano-/microtubes, there was no report on
the synthesis of ZnO microtubes using a metal-vapor
deposition method until now. Moreover, an explanation about
the growth mechanism of ZnO microtubes is still desired to
understand the synthesis of ZnO microtubes. Our group has
studied the synthesis and the growth mechanism of ZnO
nanowires using a metal-vapor deposition method.22,23 As a
result, we could elucidate the refined growth mechanism of
ZnO nanowires.24

Here, we demonstrate that single-crystalline ZnO micro-
tubes can be fabricated by control of oxygen gas and reaction
temperature using a simple metal-vapor deposition method.
Our result indicates that ZnO tubular structures are formed
by a coalescence of ZnO nanowires grown on large
individual ZnO grains on Al2O3 substrate. We discuss the
possible growth mechanism of the ZnO microtubes produced
by a simple metal-vapor deposition method.

Experimental Section

The ZnO microtubes were fabricated by a following procedure.
A nickel nitrate/ethanol solution (0.01 M) was dropped onto an
Al2O3 substrate. After drying of the Al2O3 substrate at 400°C in
ambient air, NiO particles were evenly formed on the Al2O3

substrate. The substrate was loaded on a quartz boat filled with
metal zinc powder (99.998%, Sigma-Aldrich) and ZnO powder
(99.998%, Sigma-Aldrich). The quartz boat was inserted into a
quartz tube under a constant flow of argon (flow rate: 500 sccm).
After evacuation during 20 min, the quartz tube was heated to 950
°C under a constant flow of argon (flow rate: 500 sccm). The ZnO
microtubes were synthesized at 950°C for 60 min under argon
flow of 500 sccm and oxygen flow of 5 sccm. After reaction, the
quartz tube was spontaneously cooled to room temperature. The
produced ZnO microtubes were characterized by scanning electron
microscopy (SEM; Hitachi S-4700) equipped with energy dispersive
spectrometry (EDS), X-ray diffraction (XRD; Rigaku KMAX PSPC
MDG 2000), and transmission electron microscopy (TEM; JEOL
JEM3010).

Results and Discussion

Figure 1 shows XRD pattern and EDS spectrum of the
ZnO products grown on the Al2O3 substrate. The XRD
reveals that the products are well-known hexagonal wurtzite
ZnO as shown in Figure 1a. There is no evidence of bulk
remnant materials and impurity. Generally, the relative
intensity for the 0002 line of tubular structure has small
intensity due to absence of the (000n) planes in the hollow
structure. However, in this work, the intensity of the 0002
peak of the ZnO microtubes indicates high intensity. We
consider that the (000n) planes are actually not absent
because the ZnO microtubes have a large wall thickness in
the range of 100-500 nm and the ZnO layer is formed on
the substrate before the growth of the ZnO microtubes
according to the growth mechanism of the ZnO microtubes
which will be proposed later. The EDS analysis demonstrates

that the products consist of only zinc and oxygen elements
as shown in Figure 1b.

Typical SEM images of the synthesized products are
shown in Figure 2. The SEM images reveal that the ZnO
crystals with tubular shape are synthesized on the Al2O3

substrate. The ZnO tubular structures have outer diameters
in the range of 0.3-2 µm, wall thickness in the range of
100-500 nm, and lengths about 10µm. The detailed
geometrical morphologies are shown in Figure 2c,d. The
magnified SEM images show that most ZnO microtubes have
a hollow cavity and a faceted hexagonal shape. In addition,
from more SEM observations, we found that there were many
incomplete ZnO microtubes, which showed the special
morphology assembled with several nanowires (see Figure
4). The detail growth mechanism of the microtubes will be
discussed in a later section.

TEM analysis shows that the ZnO microtubes grow along
[0001] direction and have a single-crystalline structure as
shown in Figure 3. The image contrast shows that the ZnO
products have a hollow cavity indicating tubular structure.
We tried to investigate high-resolution TEM (HRTEM)
image of the ZnO microtubes, but we had no success in
getting a lattice image because the tube wall was too thick
to obtain HRTEM images.

Figure 4 shows the SEM images of the above-mentioned
incomplete ZnO microtubes. The side-viewed SEM images
of the various morphologies of tips of the incomplete
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Figure 1. (a) XRD pattern and (b) EDS spectrum of the ZnO products
produced on the Al2O3 substrate.
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microtubes are shown in Figure 4a-d, and the top-viewed
SEM image is also shown in Figure 4e. The SEM images
certainly indicate that the incomplete microtubes exhibit that
neighboring individual nanowires are assembled together,
resulting in a hexagonal shape as shown in a dotted line
indicated in the SEM images. It is likely that the incomplete
ZnO microtubes show proceeding stages of their growth.
Therefore, at the final growth stage, these incomplete
microtubes may also have hexagonal prismatic tubular
morphologies as shown in Figure 2d. From SEM observa-
tions of ZnO microtubes, we suggest that the ZnO microtubes
are formed by the coalescence of neighboring nanowires
grown on a large individual ZnO grain on the Al2O3 substrate.
In this work, we can find that no catalyst particle was
observed at the tip of the microtubes in the SEM images
and the EDS analysis also indicated that there was no
evidence of the catalyst particle at the tip of the microtubes.
It reveals that the catalyst particles may exist at the bottom
of the microtubes. It is well-known that transition metal

oxides, such as nickel and iron monoxides (NiO and FeO),
also have a catalyst effect on the growth of semiconductor
nanomaterials that is similar to the metal catalyst.25 In this
work, we consider that the NiO catalyst just affects formation
of ZnO layer on the Al2O3 substrate and not growth of the
ZnO microtubes as proposed in previous work on the growth
mechanism of ZnO nanowires.24 When we investigated the
surface of the Al2O3 substrate, we could find that several
tens of nanometer-sized NiO catalyst particles were produced
on the Al2O3 substrate by adopting a simple baking process
at 400°C in air ambient as shown in Figure 5. The SEM
image shows that the surface of the Al2O3 substrate reveals
isolated grain morphology because the Al2O3 substrate used
has a bulk crystal structure.

The proposed growth mechanism of the ZnO microtubes
is shown in Figure 6. At the initial stage of ZnO microtube
growth, an island of a thin ZnO layer is grown on the NiO
catalyst particle. With further progression in the growth of
ZnO, the thin ZnO layer gradually grows on the NiO catalyst
particle and finally perfectly covers the NiO catalyst particle
as shown in Figure 6a. The nucleation can occur at any of
the sites on the ZnO layer. We had proposed a similar growth
mechanism on ZnO nanowires in our previous work, in
which the ZnO nanowires were directly synthesized not on
the NiO nanoparticles but on the laterally grown thin ZnO
layer originated from the NiO nanoparticles on the Al2O3

substrate.24 However, in this work, we supplied oxygen gas
into the reactor during the ZnO growth and synthesized ZnO
materials at a high reaction temperature of 950°C, distinc-
tively from our previous results.22,24 As a result, the grown
ZnO layers consist of large grains. In fact, it is well-known
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Figure 2. Typical SEM images of the synthesized ZnO microtubes: (a, b) low-magnification SEM images of the microtubes; (c, d) high-magnification
SEM images revealing geometrical morphology of the microtubes with a faceted hexagonal shape.

Figure 3. Typical TEM image and selected-area electron diffraction pattern
of the ZnO microtube.
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that the grain size increases as growth temperature in-
creases.26 In the case of large grain size, several nucleation
sites can be generated on one ZnO grain as shown in Figure
6b. The ZnO nuclei may selectively grow along the crystal-
lographic orientation of the ZnO grain due to the strong
epitaxial relation between the ZnO nuclei and the ZnO grain
as shown in Figure 6b, resulting that the ZnO nanowires have
the same direction ofc-plane to the ZnO grain. Continuous
feeding of evaporated Zn sources and oxygen elements into
favorable nucleation sites will lead to vertical directional
growth of the ZnO nanowires as shown Figure 6c. Therefore,
the epitaxially grown nanowires within the same grain region
may have the same crystallographic direction. As the growth
time increases, the ZnO nanowires may grow laterally even
though the lateral growth rate is much lower than that of
the vertical direction as shown in Figure 6d. Moreover, a
high reaction temperature may accelerate the lateral growth
of the ZnO nanowires. Therefore, neighboring ZnO nanow-
ires at the same grain region easily coalesce together as
shown in Figure 6e, resulting in the incomplete ZnO
microtubes as shown in Figure 4. As the reaction time
increase, the complete prismatic ZnO microtubes are finally
formed by the coalescence of ZnO nanowires as shown in
Figure 6f. Consequently, the coalescence of ZnO nanowires
contributes to the ZnO microtubular structures with single-

crystalline structure as shown in TEM results and the ZnO
microtubes formed by coalescence of nanowires have a
hexagonal prismatic morphology as shown in Figure 2d. This
is quite different from the previous report which indicated
the growth mechanism of tubelike ZnO arrays produced by
chemical solution route.21 While Wang et al. suggested that
ZnO nanowires were formed at first on the substrates and
self-adjusted in a hexagonal circle before growing into a
tubular structure, we suggest that the ZnO microtubes were
generated by a high reaction temperature and reasonable
oxygen supplement in our work.

We have conducted additional experiments to support our
suggestion that the reaction temperature and the oxygen gas
play an important role in the formation of microtubes.
According to our experimental results, we could not succeed
in obtaining ZnO microtubes at lower growth temperature.
When we increased the flow of oxygen gas from 5 to 50
sccm with argon flow of 500 sccm, neither nanowires nor
microtubes were formed as shown in Figure 7a. On the other
hand, when the flow of oxygen gas was reduced to 2 sccm,
we can obtain just nonuniform ZnO flakes with relatively
large width due to high reaction rate of ZnO crystal as shown
in Figure 7b. The respective detailed morphologies are shown
in the inset of Figure 7a,b to identify their structures. Our
previous results also showed that only nanowires could grow
when the oxygen gas was not supplied into the reactor and
the reaction temperature was low.22,23 These results demon-
strate that the optimized reaction temperature and oxygen
element are very important to synthesize the ZnO microtubes.

In this work, the synthesized ZnO microtubes have a larger
diameter than that of previously reported tubular structures
because the ZnO microtubes were formed by the coalescence
of the ZnO nanowires. Moreover, the synthesized microtubes
have a faceted hexagonal shape. To explain why the ZnO
microtubes formed by coalescence of nanowires finally have
a hexagonal shape morphology, it is necessary to understand
thermodynamic stability of ZnO structure. Generally, the
crystal exhibits a different growth behavior depending on
the relative growth rates at various crystal facets. ZnO forms
a polar crystal with space group ofP63mcandc-axis as polar
axis. In the ZnO structure, each Zn2+ ion is surrounded by
four O2- ions and vice versa. The growth velocities of the
ZnO crystal in different directions are reported to be [0001]
> [011h1h] > [011h0] > [011h1] > [0001h] under hydrothermal
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19.

Figure 4. SEM images of the ZnO microtubes with the morphology assembled with several nanowires: (a-d) side-viewed SEM images of the tips of the
incomplete microtubes; (e) top-viewed SEM image of the tip of the incomplete microtube.

Figure 5. SEM image of several tens of nanometer-sized NiO catalyst
particles produced on the Al2O3 substrate.
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condition.27,28 This is consistent with the growth behavior
of the ZnO microtubes synthesized by our experiment. It is
well-known that the crystal facets with lower growth rate
appear while the crystal facets with higher growth rate

disappear. Therefore, although the{011h1} facets are not
observed under our experimental condition, the{011h0} facets
appear in the synthesized ZnO microtubes as shown in the
SEM images. It is suggested that the lateral growth of the
ZnO nanowires which is accelerated by high reaction
temperature induces the coalescence of the neighboring
nanowires and the ZnO microtubes formed by the coales-
cence of the nanowires finally exhibit a stable hexagonal
crystal shape with{011h0} facets as shown in Figure 6f. This
is the reason the incomplete ZnO microtubes stopped at
different stage of their growth also have a crystal shape
similar to the hexagonal shape in their morphology as shown
in Figure 4.

Conclusions

We demonstrated that the single-crystalline wurtzite ZnO
microtubes were fabricated on NiO-catalyzed Al2O3 substrate
using a simple metal-vapor deposition method. The ZnO
microtubes, which had outer diameters in the range of 0.3-2
µm and wall thickness in the range of 100-500 nm, indicated
a faceted hexagonal shape. In addition, it was found that
there were many incomplete ZnO microtubes, which indi-
cated the morphology assembled with several nanowires at
the tip part of the microtubes and prismatic tubular morphol-
ogy at the bottom part of the microtubes. It is suggested that
the tubular structures are formed by the coalescence of ZnO
nanowires grown on a large ZnO grain at a high reaction
temperature of 950°C under an oxygen ambient.
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Figure 6. Schematic diagram of the proposed growth mechanism of the ZnO microtubes formed by coalescence of the ZnO nanowires: (a) thin ZnO layer
formed on the NiO catalyst particles; (b) several nucleation sites generated on one large ZnO grain; (c) continuous feeding of source elements into favorable
nucleation sites of the ZnO grain leading to vertical growth of ZnO nanowires; (d) lateral growth of ZnO nanowires; (e) formation of the incomplete ZnO
tubular structure; (f) perfect ZnO microtubes formed by the coalescence of neighboring nanowires.

Figure 7. Typical SEM images of the ZnO crystals synthesized under
oxygen flow of (a) 50 sccm and (b) 2 sccm with argon flow of 500 sccm
at 950°C.
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