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ZnO Nanotubes Grown at Low Temperature Using Ga as Catalysts and Their Enhanced
Photocatalytic Activities
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We report the synthesis of ZnO nanotubes grown via the Ga-catalyzed vapor transport method at low
temperature and their photocatalytic activity. The low melting point of Ga (29 °C) resulted in the growth of
ZnO nanotubes at a low temperature of 80 °C, enabling us to use Kapton film or ITO glass as substrates.
Structure analysis shows that the nanotube is single crystal and has a hollow structure with a wall thickness
of ~2 nm, is several tens of micrometers long, and has a diameter of 60—300 nm. Photocatalytic activity of
ZnO nanotubes was determined by measuring the photoinduced degradation of rthodamine B (RB) and an
azobenzene-containing polymer poly{1-4[4-(3-carboxy-4-hydroxyphenyl-azo)benzenesulfonamido]-1,2-
ethanediyl sodium salt} (PAZO) solution, respectively. The measurement reveals that the photodecomposition
reactions of both RB and PAZO follow the first-order rate law with the rate constant of 0.018 and 0.004 s,
respectively. The photocatalytic activity of ZnO nanotubes was shown to be much enhanced compared with
ZnO thin films and ZnO nanowires. Therefore, this work demonstrates a novel and simple way to synthesize
ZnO nanotubes on flexible substrates, which can potentially serve as excellent photocatalysts for the degradation

of organic pollutants in water.

In the past few years, ZnO, one of the oxide semiconductors,
has attracted considerable interest due to its unique material
properties such as direct and wide bandgap (3.2 eV), n-type
semiconducting properties, large binding energy (60 meV at
room tempearture), and piezoelectricity.'”> In addition, the
photocatalytic activity of ZnO has also been studied owing to
its high photocatalytic efficiency. It is known that ZnO can
degrade most kinds of organic compounds, dyes, and detergents
under UV-irradiation.* However, previous studies have paid
attention to thin films or fine powders of ZnO as photocatalysts,
and reports on photocatalytic properties of ZnO nanostructures
are rarely performed.>® Among various nanostructures, one-
dimensional ZnO nanostructures such as nanowires’ and nanon-
eedles® were shown to be good photocatalysts due to their high
surface-to-volume ratio.

For applications as photocatalysts, tubular structure could
provide larger specific surface-to-volume area than nanowires
or nanoneedles because of their hollow internal structure,
resulting in the enhancement of photocatalytic activity. Besides
the application of nanotubes for photocatalysts, tubular nano-
structures of various materials have attracted intensive interest
since they could be used as nanoscale building blocks with
unique physical properties.>"'® As stimulated by the research
in carbon nanotubes,!! there have been substantial reports on
tubular nanostructures of various materials including GaN,'
MoS,,"? TiO,,'* Si0,," Al,O4,'° and ZnO."'7?° ZnO nanotubes
have been synthesized using high-temperature (700 °C) vapor
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phase growth,!” first reduction, and following oxidation of ZnS
powders,'® thermal treatment of [Zn(NH3)4]*>" precursor in
ethanol solvent,'® pyrolysis of zinc acetylacetonate,”® and
hydrothermal growth.!

In this article, we report on the fabrication of ZnO nanotubes
at relatively low temperature (80 °C) using Ga as catalyst on
ITO glass or Kapton film substrates. Their crystal structure was
characterized, and the photocatalytic performance was studied
for the degradation of dyes. To the best of our knowledge, this
work is the first investigation on photocatalytic behavior of
tubular ZnO nanostructures grown at low temperature using ITO
glass or Kapton film substrates. The ZnO nanotubes in this work
have been demonstrated to work as effective photocatalysts by
virtue of their high surface-to-volume ratio and low band gap.

Synthesis of ZnO Nanotubes. To synthesize ZnO nanotubes,
Ga catalyst was thermally deposited on ITO glass or Kapton
films with a thickness of ~ 20 nm. Zn powder (Sigma-Aldrich,
99.99%) was used as the vapor source of ZnO. The substrate
and Zn powder were mounted in a tube furnace with two
temperature zones. Zn powder (melting point of 420 °C) was
placed in the high temperature zone of the furnace. The entire
growth system was evacuated to <5 mTorr, and the high
temperature zone was heated up to 850 °C to evaporate the
source materials. The substrate was placed in the same tube in
the lower temperature zone of 80 °C. Once the temperatures of
850 and 80 °C were achieved, a mixture of Ar and O, gas was
introduced to the tube furnace at the rates of 120 and 8 sccm
(standard cubic centimeters per minute), respectively, to grow
7ZnO nanotubes on the substrate. The low melting point of Ga
(29 °C) resulted in the formation of molten Ga droplets to
provide seeds to grow nanotubes at a low temperature of 80
°C. A total pressure of ~3 Torr was maintained throughout the
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Figure 1. (a) SEM image of as-grown ZnO nanotubes on an ITO glass
substrate. The inset shows an open end of the nanotube. (b) EDS result
of single ZnO nanotube showing Zn and oxygen content. (c) A picture
of as-grown ZnO nanotubes on a Kapton film. Low temperature growth
enables a flexible substrate for ZnO nanotubes. The inset exhibits the
SEM image of ZnO nanotubes. (d) TEM image of a ZnO nanotube
which shows that both ends are open and the inside structure is hollow.
The upper inset displays diffraction pattern of the nanotube, indicating
its single-crystal structure. The lower inset is a high-resolution TEM
image of the nanotube. The scale bar in the lower inset: 10 nm. (e)
SEM and EDS reveal that Ga remains at the bottom of the nanotubes.
When an electron beam was shined on a substrate region where initial
7ZnO nanotubes are removed, Ga content was found in the EDS
spectrum. (f) Proposed growth mechanism of ZnO nanotubes.

growth of ZnO nanotubes. After 10 min of reaction, the furnace
was cooled to room temperature without gas flow.

Electron Microscopy Characterization of ZnO Nanotubes.
The morphology of the as-grown ZnO nanotubes was examined
by an FEG scanning electron microscope LEO 1530 SEM.
Transmission electron microscopy was performed on ZnO
nanotubes using JEOL 4000 EX. For TEM, nanotubes were
transferred to a copper TEM grid by mechanically detaching
nanotubes from the substrates. Energy dispersive spectroscopy
was performed by EDS attached to the SEM and TEM. Figure
1 shows SEM images of as-grown ZnO nanotubes on an ITO
glass (Figure 1a) and a Kapton film (Figure 1c). As can be seen
in the figures, large amount of nanowire-like structures were
observed over the large area of the substrate (more than 1 cm?).
The inset in Figure la displays an open end of the nanowire-
like structures, suggesting hollow character. The tubular structure
is further confirmed by TEM (Figure 1d). The diameter of
typical nanotubes ranges from 60 to 300 nm. Their length is
estimated to be approximately several tens of micrometers. To
characterize chemical composition of nanotubes, an electron
dispersive spectroscope attached to the scanning electron
microscope was utilized. EDS measurement of the nanotubes
reveals that they are composed of Zn and O with a molar ratio
of close to 1:1, indicating the formation of ZnO nanotubes
(Figure 1b).

Gallium was used in this work as a catalyst to synthesize
the nanotubes. Since Ga has a low melting point of 29 °C, it
forms a liquid droplet at even considerably low growth
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Figure 2. UV—vis absorption spectra of RB as a function of irradiation
time with the absence of ZnO nanotubes. The time interval between
two curves is 20 min from top to bottom. The initial solution
concentration was purposely chosen to give an absorbance value above
1.0.
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Figure 3. UV—vis absorption spectra of RB as a function of irradiation
time with the presence of ZnO nanotubes. The time interval between
two curves is 20 min from top to bottom. The initial solution
concentration, Cy, was purposely chosen to give an absorbance value
above 1.0. C is the concentration of the remaining molecules at the
given time. Inset shows the plot of degradation In(C/Cy) as a function
of irradiation time. The linearity of this plot indicates the photodeg-
radation of RB with ZnO nanotubes follows the first-order rate law
with the reaction constant of 0.018 s

temperature of 80 °C. Generally, the high temperature vapor
phase growth method (more than 700 °C) was carried out in
previously reported work, making it difficult to make use of
flexible substrates. Our approach of using Ga as cata-
lyst facilitates the application of flexible substrates such as
Kapton films. Figure 1c shows as-grown ZnO nanotubes on
a Kapton film.

Figure 1d shows TEM images of a ZnO nanotube with the
diameter of 60 nm. It can be seen clearly that both ends of the
nanotube are open, and the hollow internal structure possesses
a wall thickness of ~2 nm, confirming the tubular morphology.
The diffraction pattern from the nanotube demonstrates its
single-crystal structure.

To understand the growth mechanism of ZnO nanotubes,
some nanotubes are removed from the substrate, and the
electron beam is shined on the exposed area of the substrate.
EDS measurement on the area reveals that Ga content remains
at the bottom of ZnO nanotubes (Figure le). In Figure le,
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Figure 4. (A) UV—vis absorption spectra of PAZO as a function of irradiation time with the presence of ZnO nanotubes. The time interval
between two curves is 20 min from top to bottom. The initial solution concentration was purposely chosen to give an absorbance value above 1.0.
Inset shows the plot of degradation In(C/C)) as a function of irradiation time. The linearity of this plot indicates the photodegradation of PAZO with
7ZnO nanotubes follows the first-order rate law with the reaction constant of 0.004 s~'. (B) The molecular structure of PAZO.

still Zn and O peak are seen in the EDS spectrum since ZnO
was not completely cleaned from the ITO substrate. ZnO was
removed by mechanical scratch, leaving some ZnO contents
on the substrate. Extensive EDS and TEM measurements on
as-grown individual nanotubes did not show Ga catalysts at
the top of nanotubes. Hence, the Ga catalyst is thought to be
located at the root of the nanotubes after the growth process
is finished.

On the basis of the above observations from SEM, TEM,
and EDS measurements, the active growth surface is thought
to be at the root of the nanotube, and the growth of nanotubes
occurs by vapor—liquid—solid (VLS) process (Figure 1f). Since
Ga has a very low melting point (29 °C), it forms molten
droplets on the substrate. The surface of liquid Ga supersaturates
by constant supply of ZnO vapor. Thus, the ZnO nanotubes
continue to grow by using molten Ga droplets as nucleation
seeds. The growth mechanism of carbon nanotubes may provide
some insights to understand how ZnO nanotubes are formed.
More studies would be needed to understand the formation
mechanism of ZnO nanotubes.

Measurement of Photocatalytic Activity of ZnO Nano-
tubes. To evaluate the photocatalytic activity of the synthe-
sized ZnO nanotubes on Kapton films, two kinds of dyes,
rhodamine B (RB) and an azobenzene-containing polymer
poly{1-4[4-(3-carboxy-4-hydroxyphenyl-azo)benzenesulfona-
mido]-1,2-ethanediyl sodium salt} (PAZO), were chosen as
model molecules for the photodegradation investigation. A
sample of 3 mL of 1 x 107> M RB or 6.75 x 107> M PAZO
solution was added into a typical quartz cell, and a substrate
with the ZnO nanotubes with a size of 1.1 cm x 0.8 cm was
vertically immersed into the solution. The quartz cell was
irradiated by UV-light produced with a 500 W mercury lamp.
The cell was placed about 15 c¢cm from the light source to
minimize the heat effect. The UV —vis absorption spectra of
the solution as a function of irradiation time were recorded
by using a Shimadzu UV-2501PC spectrophotometer after
removing the substrate. The substrate was placed back into
the solution for further irradiation at intervals of 20 min for
up to 140 min. Moreover, the self-degradations of both RB
and PAZO were also studied, by using the dye solution as a
reference sample in the absence of ZnO nanotubes under the
same irradiation conditions. The decomposed contents of dye
were calculated by 100(1 — I/I;), where I and I, are the
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Figure 5. UV—uvis diffuse reflectance spectrum of the as-synthesized
ZnO nanotubes on an ITO glass substrate. The inset displays a plot of
(ohv)? vs hv for the determination of the direct band gap of the
nanotubes (3.13 eV).

absorbance band intensity of the sample and the control,
respectively.’

It was found that the molecule of RB degrades itself under
irradiation of UV in the absence of ZnO nanotubes (Figure
2). However, the presence of the ZnO nanotube catalyst
increases its degradation process significantly. Figure 3 shows
the changes in the UV—vis absorption spectra of RB over
140 min, indicating the nanotube material is an effective
photocatalyst. After 140 min, the fraction of the decomposed
dye was ~92%. The degradation ratio with respect to time
is also given (inset of Figure 3). This plot of In(C/Cy) vs
time is linear, indicating that the photodecomposition reaction
follows the first-order rate law. The rate constant was
calculated to be 0.018 s™! from the slope of the curve. In the
case of PAZO, no obvious self-degradation was observed
without ZnO nanotubes under irradiation of UV (not shown).
However, the existence of ZnO nanotubes favors the occur-
rence of this reaction. Figure 4 displays the changes in the
UV—vis absorption spectra of PAZO over 120 min in the
presence of ZnO nanotubes. The linear relationship between
In(C/Cy) and irradiation time indicates that the photodegra-
dation process of PAZO can be described by the first-order
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Figure 6. (a) Plot of degradation In(C/Cy) as a function of irradiation time by RB without any photocatalysts (), ZnO thin film (@), ZnO nanowires
(a), and ZnO nanotubes (V). The test dye was RB. The reaction constants for each experimental conditions were shown in the inset. (b) SEM
image of ZnO thin film. The scale bar: 3 um. (c) SEM image of ZnO nanowires. The scale bar: 400 nm. (d) SEM image of ZnO nanotubes. The

scale bar: 4 um.

rate law. The rate constant was calculated to be 0.004 s~!

from the slope of the curve. The different rate constants may
be related to their different polarity and the degree of
adsorption onto the surface of nanotubes.

To understand the high photocatalytic performance of the ZnO
nanotubes, measurement of the optical properties was also
performed. UV —vis diffuse reflectance spectrum of the nano-
tubes on an ITO glass substrate was used to determine the band
gap (Figure 5), from which a band gap of 3.13 eV was obtained.
This band gap is not only smaller than the well-known band
gap of 3.37 eV for bulk ZnO but also slightly lower than that
of the reported ZnO nanowires (3.22 eV).**' The lower band
gap makes it easier for the formation of photoinduced electrons
and holes for ZnO nanotubes, which facilitates the electron
transfer in the process of photodegradation of dye molecules.
As a result, it can be concluded that the lower band gap of ZnO
nanotubes in this work accounts for their enhanced photocata-
lytic activity. Recently, Kim et al. demonstrated that aqueous
electrolytes could penetrate into a TiO, nanotubular layer,*?
suggesting that similar wetting behavior of ZnO nanotubes is
feasible and the large area-to-volume ratio of the ZnO nanotubes
(both the inner and outside surface) may contribute to their high
photocatalytic performance. More studies would be needed to
understand the mechanism of photocatalytic activity of ZnO
nanotubes.

The photocatalytic activities of ZnO nanotubes are further
investigated and compared with other morphologies of ZnO
nanostructure. ZnO thin films, ZnO nanowires, and ZnO
nanotubes are prepared at the similar mass density of ~0.03
g/cm?, and their degradation In(C/Cy) using RB as test dye were
plotted as a function of irradiation time, as shown in Figure 6.
As summarized in the inset of Figure 6, the reaction constants
for ZnO thin films, nanowires, and nanotubes were measured
to be 0.007, 0.008, and 0.018, respectively. This comparison
study reveals that the reaction constant by ZnO nanotubes is
157% larger than ZnO thin films. It is also 125% larger than
ZnO nanowires, indicating that ZnO nanotubes showed en-
hanced photocatalytic activity compared with ZnO thin film or
nanowires. The enhanced photocatalytic activity of ZnO nano-
tubes is mainly attributed to larger effective surface area, as
can be suggested in SEM images of ZnO nanotubes, nanowires,
and thin film (Figure 6b—d).

In summary, ZnO nanotubes were synthesized on flexible
and glass substrates by using the Ga-catalyzed vapor phase

growth method. The low melting point of Ga enables us to
synthesize the nanotubes at low temperature of 80 °C. The
nanotubes have also been demonstrated to serve as effective
photocatalysts for the degradation of both RB and PAZO.
Therefore, this work demonstrates a novel and simple way
to synthesize ZnO nanotubes on flexible substrates using Ga
as catalyst for low temperature growth. It can be expected
that the low temperature growth process for ZnO nanotubes
in this work could be attractive for the preparation of
photocatalysts on flexible substrates, which possesses po-
tential applications for the degradation of organic pollutants
in water. The photocatalytic activity of ZnO nanotubes was
shown to be much enhanced compared with ZnO thin films
and ZnO nanowires, suggesting that the tubular structure of
7ZnO could be more effective photocatalysts compared with
thin films or nanowires.
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