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ABSTRACT: This Research Article reports an unusually high
efficiency heterogeneous photodegradation of methyl orange
(MO) in the presence of Ag nanoparticle-loaded ZnO quasi-
nanotube or nanoreactor (A-ZNRs) nanocatalyst grown on
FTO substrate. In typical process, photodegradation efficiency
of as high as 21.6% per μg per Watts of used catalyst and UV
power can be normally obtained within only a 60-min reaction
time from this system, which is 103 order higher than the
reported results. This is equivalent to the turnover frequency
of 360 mol mol−1 h−1. High-density hexagonal A-ZNRs catalysts were grown directly on FTO substrate via a seed-mediated
microwave-assisted hydrolysis growth process utilizing Ag nanoparticle of approximately 3 nm in size as nanoseed and mixture
aqueous solution of Zn(NO3)·6H2O, hexamethylenetetramine (HMT), and AgNO3 as the growth solution. A-ZNRs adopts
hexagonal cross-section morphology with the inner surface of the reactor characterized by a rough and rugged structure.
Transmission electron microscopy imaging shows the Ag nanoparticle grows interstitially in the ZnO nanoreactor structure. The
high photocatalytic property of the A-ZNRs is associated with the highly active of inner side’s surface of A-ZNRs and the
oxidizing effect of Ag nanoparticle. The growth mechanism as well as the mechanism of the enhanced-photocatalytic
performance of the A-ZNRs will be discussed.
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1. INTRODUCTION

Surface structure of nanocatalyst, such as crystal facet, defect, or
kink site, etc., plays a key role in promoting surface reaction.1

Synthesis of nanocatalyst with surface morphology containing a
highly defective structure is believed to facilitate a facile and
rapid catalysis process or surface reaction because of the high-
density localized-electron on the surface.1−6

ZnO nanostructures are a widely used catalysts in many
catalysis applications,7,8 including water-splitting,9 and degra-
dation of organic pollutants,10 such as methyl orange (MO),11

methylene blue (MB),12 and bisphenol A.13 Despite the
excellent catalytic performance obtained so far, however, their
overall peformance, determined from the relative efficiency over
mass of catalyst and UV light power used, is rather low. In a
typical case, efficiency as high 0.28% per microgram catalyst per
watt of UV light used is the highest performance reported so far
in a homogeneous catalytic reaction using ZnO nanostructure
with nanorod morphology.14 Although a great deal of effort has
been dedicated to improving the catalytic efficiency of ZnO
nanostructure, mainly via synthesizing nanostructure with high
surface area or controlled-morphology,15 such as nanotubes, it
has resulted in limited sucess.16 Nanotubes, for example, have

been well-known as the structures that offer a wide surface area
for reaction because they have inside and outside surfaces.
Nevertheless, the inside surface is has limited accessibilty for
the reactant because of high-surface potential at the nanotube
end, which increases with increasing nanotube aspect ratio, that
hinders the reactant transport. Thus, the catalytic performance
is kept limited.
Here, we present a simple method to produce ZnO

nanostructure with novel morphology directly on the substrate
surface, namely, quasi-nanotube or nanoreactor with a large
number of defects in the inside surface and loaded with Ag
nanoparticles using a microwave-assisted hydrolysis process.
The Ag nanoparticle-loaded ZnO nanoreactor (A-ZNRs) has a
length and outer and inner diameters of approximately 120,
100, and 90 nm, respectively. With relatively wide diameter and
low-aspect ratio, the structure grants excellent reactant
accessibility, allowing the reactant to enter the nanoreactor
and come in contact with the inside surface. Thus, excellent
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photocatalytic properties are predicted to be obtained from this
nanostructure. Ag nanoparticle loading may further expand the
catalytic performance of the ZNR system because it may lead to
the increase of the oxidation state of the ZnO nanostructure as
a result of the increase of the electron valence, which may
induce active redox reaction. This process could also enlongate
the lifetime of the excited electrons at the conduction band and
improve the charge transfer characteristic of the ZnO
nanostructure. Thus, enhanced photocatalytic performance is
expected to be obtained. The hetereogeneous catalytic property
of the A-ZNRs has been evaluated in the photodegradation of
methyl orange (MO). Photocatalytic efficiency as high as 25%
μg−1 W−1 has been successfully obtained so far. This result is
103 order higher than recently reported result.17−19 The A-
ZNRs should find potential use in photolysis or photo-
electrochemical reaction.

2. METHODOLOGY
2.1. Preparation of Ag Nanoparticle-Loaded ZnO

Nanoreactor (A-ZNRs). A-ZNRs were synthesized via a
seed-mediated microwave-assisted hydrolysis growth process,
our previously reported method.20,21 In the present approach,
which is crucial for the formation of A-ZNRs, Ag nanoparticle
of ∼3 nm in size instead of ZnO nanoseed was used. A
previously reported metal seeding method22−24 was applied in
this experiment to prepare Ag nanoseed on the FTO substrate.
Briefly, Ag nanoseeds were prepared on the FTO surface by
first immersing the FTO substrate into a 20 mL solution that
contains equimolar concentrations (0.25 mM) of silver nitrate
(Sigma Aldrich, reagent grade) and trisodium citrate (Wako
Pure Chemicals Ltd.) for 30 min. After that, 0.5 mL of 0.1 M
ice-cooled NaBH4 (Wako Pure Chemicals Ltd.) was added into
the solution. The solution and the FTO substrate in it were
then kept undisturbed for an hour at room temperature (∼25
°C). The substrate was then taken out, rinsed with a copious
amount of pure water and finally dried with a flow of nitrogen
gas. From this approach, high-density Ag nanoseed of size
approximately 3 nm can be grown on the FTO substrate. The
substrate was then annealed in air at 200 °C for 1 h to remove
any organic compound on the surface.
The Ag nanoseed attached FTO substrate was then

immersed into a Teflon shielded-glass vial containing equimolar
(0.04 M) of zinc nitrate hexahydrate and hexamethylenetetr-
amine (HMT) (Sigma aldrich, reagent grade) in the presence
of variable concentration (2.5−15 mM) of silver nitrate (Sigma
Aldrich, Reagent greade, 99%) solution for A-ZNRs growth
process. The growth process was carried out under the
influence of double-step microwave irradiance power, namely,
171 and 858 W in a Panasonic inverted home application
microwave system (NN-GD577M, 1100 W, 2.45 GHz). The
growth time was set for 10 and 20 s for first and second step
microwave irradiation, respectively. The growth solution
temperature during the growth process was monitored using
a thermocouple. The sample was then taken out, cleaned with a
copious amount of deionized water and dried with a flow of
nitrogen gas. In this paper, the effect of microwave power as
well as the effect of the double-step process on nanostructure
growth will not be discussed. The optimum condition reported
in our previous paper was adopted. Pure water with 18.2 MΩ
resistance was used throughout the experiment and all the
materials were used without any further purification.
2.2. Characterizations. The morphology of A-ZNRs was

characterized by a field emission scanning electron mocroscope

(FESEM) ZEISS Supra 55 VP that operated at the acceleration
voltage of 3kV. The high resolution trasmission electron
microscopy characterization was obtained from a ZEISS Libra
200 FE apparatus. The nanostructure phase was evaluated using
X-ray Diffractometer (XRD) Bruker D8 with CuKα irradiation
and scanning rate of 0.002 deg/s.

2.3. Photocatalytic Degradation of Methyl Orange
(MO). The heterogeneous photocatalytic property of A-ZNRs
was evaluated in the degradation of methyl orange (MO) under
UV light irradiation. In a typical procedure, the A-ZNRs
attached substrate was immersed into 20 ppm of MO aqueous
solution and exposed on a continuous UV light irradiation of
wavelength and power of 365 nm and 4 W, respectively. It
needs to be noted here that the UV power used is much lower
than that recently reported result and is meant to minimize the
effect of UV radiation on the MO degradation and thus obtain
the effectiveness of the catalytic property of ZnO nanostruc-
ture. During the experiment, the solution was continuously
stirred at 100 rpm. The MO photodegradation dynamic was
monitered by UV−vis Spectrometer Perkin-Elmer Lamda 900.

3. RESULT AND DISCUSSION
3.1. Ag Nanoparticle-Loaded ZnO Nanoreactor (A-

ZNR) Synthesis and Characterization. Using the microwave
hydrolysis approach, A-ZNRs were successfully grown directly
on the FTO substrate. The result is shown in Figure 1. As seen

from Figure 1A and B, high density A-ZNRs have been
successfully grown on the FTO surface, and using the image
analysis (ImageJ) software, we calculated the surface coverage
of the nanotube growth to be as high as 90.3%. From the image,
it was also found that the A-ZNRs adopted hexagonal
morphology (see Figure 1B), which is similar to the structure
normally obtained using the hydrothermal method. The length
of the nanotube was around 95 nm with shell thickness and a
hexagonal edge length of approximately 15 and 40 nm,
respectively. Interestingly, it is revealed from the high-
resolution images in Figure 1C−G that the A-ZNRs is
apparently highly rough or contains defects on the inner
surface and on the end of the nanotubes, promising peculiar
performance in applications because of the high density of high-
energy atom sites. With an incomplete hollow structure of

Figure 1. (A, B) Typical FESEM images of Ag nanoparticle-loaded
ZnO nanoreactor (A-ZNRs) prepared using the growth solution that
contains equimolar (0.04 M) of Zn(NO3)·6H2O and HMT in the
presence of 10.0 mM of AgNO3. Total growth time was 30 s. (C−G)
Typical morphology of A-ZNRs. Scale bars are 1 μm in A and 100 nm
in B to G.
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different depth, the A-ZNRs may behave as a nanoreactor for
catalytic reactions.
As the surface structure of the A-ZNRs was characterized by

a FESEM analysis, the bulk structure was examined using
HRTEM. The result is shown in Figure 2. As shown in Figure

2A−C, the A-ZNRs exhibit a high-defect structure throughout
the body of the A-ZNRs, particularly at the structure’s end. This
result agrees with the FESEM image as shown in Figure 1.
Interestingly, dark spot structures are apparent in the A-ZNRs
(see red circle and inset in Figure 2B). This is probably the Ag
nanoparticles that are interstitially incorporated into the ZnO
nanoreactor (ZNRs) structure that grows via a heterogeneous
nucleation process. The presence of Ag nanostructure in the
ZNRs is confirmed in the XRD analysis, which will be
presented later. These defect’s formations as well as the
substitution of Ag nanoparticles into the structure promises
distinguish photocatalytic activity. We further evaluated the
nanocrystal growth property by taking a HRTEM image of the
structure. However, despite the ZNRs being characterized by a
high-defect structure on their surface as confirmed in the
FESEM image and the low-resolution TEM analysis,
surprisingly the ZNRs are single crystal in nature. This is
confirmed by the presence of ordered-lattice fringe without the
presence of twinning or dislocation. On the basis of the lattice
fringe analysis, it is found that the crystal growth direction is
toward the c-axis of ZnO crystal, namely [002], inferring that
the ZNRs growth preparation using the presence condition
adopts the normal stable wurtzite ZnO crystal phase (Figure
2D).
Figure 3 shows the X-ray diffraction data for the A-ZNRs. As

can be seen from the figure, eight sharp peaks appear in the
spectrum. By considering the presence of Ag in the
nanostructure, as shown in the TEM image, we assumed that
these peaks must belong to Ag and ZnO crystals. XRD
diffraction data JCPDS file no. 04-0783 confirmed that the
peaks at 2θ = 38°, 44°, and 52° belong to fcc Ag nanocrystal.
And also, judging from the intensity of the peaks, we believed
that the Ag nanoparticles should be grown in high-density on
the surface, either interstitially inside the ZNRs structure or

freestanding on the FTO substrate. This condition might then
produce a peculiar catalytic property. Meanwhile, the other
peaks, that is, at 2θ = 36.2°, 34.4°, 31.8°, 47.6°, and 56.6°,
agreed with the XRD data JCPDS file no. 36-1451, namely,
hexagonal wurtzite structure of ZnO, which correspond to
(002), (100), (102) and (110) Bragg planes, respectively.
While the hexagonal shape of the nanotube can be related to

common crystal growth morphology for ZnO grown from
solution, the mechanism of tubular formation is not yet
understood. However, this mechanism might be more or less
similar to that of ref 25, namely, the effect of selective etching of
an Ag+ ion onto the (002) plane of ZnO under the influence of
the microwave field. The following facts can be taken as clear
evidence for such growth mechanism. First, the ZNRs may only
form when Ag+ ions are present in the growth solution and
their concentration should be in the range of 8.0 and 15.0 mM.
Lower or higher concentration leads to the formation of flower
shape nanorods and deteriorated-nanoring, respectively (see
Figure 4). No ZNRs was formed if the Ag+ ions were absent.
Instead, solid hexagonal nanorods were formed. Second, the
depth and the diameter of the tubular structure increased with
the greater level of Ag+ concentration (see Figure 4C and 4D).
Third, Ag nanoseed is critical in this process, where no

Figure 2. (A−C) Low-resolution TEM image of A-ZNRs. The red
circle in B highlights the formation of the Ag nanoparticle interstitially
grown in the A-ZNRs structure. (D) High-resolution TEM of ZNRs.
Scale bars in A and C are 100 nm.

Figure 3. Typical X-ray diffraction spectra of Ag nanoparticle-loaded
ZnO quasi-nanotube (A-ZNRs) showing the presence of Ag
nanoparticles.

Figure 4. FESEM images of A-ZNRs grow in various AgNO3
concentrations, namely, (A) 2.5, (B) 5.0, (C) 10.0, and (D) 15.0
mM. Other chemicals in the growth solution and the microwave
irradiation parameter are kept unchanged. The growth time is 30 s.
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nanostructures were formed on the surface during such short
growth process if Ag nanoseed was absence. The used of ZnO
nanoseed instead of Ag only projects the formation of ZnO
nanorods.
The A-ZNRs formation is very quick, apparently starting as

early as 15 s, as judged from the FESEM image for ZnO
nanostructure growth taken during the early growth process, as
shown in Figure 5. For the structure to be formed, we predict

that the hexagonal nanorods of ZnO must be formed on the
FTO substrate immediately after the application of the
microwave field on the reaction, probably in the period of
less than 5 s (see Figure 5B). Such crystal growth is extremely
fast. It is probably enabled by the presence of fcc crystal Ag
nanoseed on the surface, which facilitates rapid nucleation of
ZnO via a lattice mismatch process. It should be also
considered that the etching process might also immediately
take place when the crystal plane of ZnO is completely formed.
We found that, within 10 s of reaction, deterioration on the
hexagonal plane of the nanorod’s end was observed (see the red
circle in Figure 5C). However, we thought that the crystal
plane’s growth must be faster than the etching process in order
to form a A-ZNRs structure. Judging from the microscopic
analysis result, the oxidation of ZnO from the crystal plane
should be initiated from the center of the (002) plane, which is
the most unstable site in the hexagonal morphology.26,27 The
oxidation will produce Zn2+ and O2− in the solution, which
renucleates to promote the growth of the growing plane. The
Ag+ itself will reduce to Ag0 and form Ag nanoparticles either in
the solution or on the FTO substrate. The oxidation rate
toward the short and long axis is considered to be comparable
and the process will stop when the Ag+ has been consumed.
Nonetheless, the microwave power use, as well as the nature

of its application during the growth process, such as continuous
or double stepped-power, should also play a unique role in the
growth process. However, in this study, the effect of microwave
power on the formation of A-ZNRs, as well as its interplay with
the Ag+ ion, was not studied. Since the formation of A-ZNRs is
found to be merely due to the effect of Ag+ (see Figure 4), we
thought that the microwave power presumably only influenced
the rate of nanocrystals growth. However, the effect of
microwave power use, as well as its interplay with Ag+ ion on

the ZnO nanostructure’s growth, is being studied and will be
reported on in a different paper.

3.2. Photocatalytic Degradation of MO. The photo-
catalytic properties of A-ZNRs were examined in the photo
reduction of methyl orange (MO). By immersion of the A-
ZNRs sample into 20 mg/L of MO, the photocatalytic
degradation of MO was recorded. Figure 6A shows the

photodegradation kinetic of MO in the presence of two slides
of A-ZNRs catalysts under a 4 W UV light exposure. As can be
seen from Figure 6A, the optical density of MO at a wavelength
of 463 nm decreased significantly with the elongation of the
reaction time. As Figure 6A shows, the initial absorbance of
MO is around 1.74. Surprisingly, it reduces to 0.52 within only
60 min. This is equivalent to degradation as high as 70%. This
value is surprisingly high from the viewpoint of the
heterogeneous catalytic process, reflecting the high-catalytic
property of A-ZNRs. To further confirm the high catalytic
performance of the A-ZNRs, the photodegradation kinetic of
MO in the presence of undoped-ZnO nanorods (undoped-
ZnO nanostructure has nanorods morphology) and in the
absence of nanocatalyst sample were evaluated. The results are
shown in Figure 6B. For the case of in the presence of
undoped-ZnO nanorods, as can be seen from the curves (see
curve 2), the degradation of MO is much lower compared to its
degradation in the presence of A-ZNRs (curve 3), which only
decrease as high as 15.1% for the designation reaction time of
60 min. Considering the mass of undoped-ZnO nanorods on
the slide is much higher (even though only using one slide)
compared to the two-slides of A-ZNRs, that is, 168 μg (0.812
μg for two slides of A-ZNRs for comparison) and the MO
degradation value, it can be worth mentioned that the
photocatalytic efficiency of A-ZNRs is approximately 1000
times higher than the undoped-ZnO nanorods. We then
evaluated the extent of UV irradiation effect on the MO
degradation. However, the result is quite low, namely 6.2% only

Figure 5. FESEM image of ZnO nanostructures prepared at different
growth times: (A) 3, (B) 5, (C) 10, (D) 15, (E) 18, and (F) 20 s
utilizing the optimum growth condition. Red circles show the etching
process on the A-ZNRs. Scale bars are 100 nm.

Figure 6. (A) Optical absorbance spectra of MO during the
photodegradation process in the presence of two slides of A-ZNRs.
(B) Photodegradation kinetic of MO in the absence of photocatalyst
(1) and in the presence of ZnO nanorods (2) and two slides of Ag/
ZnO quasi-nanotube (3) photocatalyst samples.
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(see curve 1) for the designated reaction time. Thus, these
results further prove the excellent photocatalytic property of A-
ZNRs system.
To compare the performance of the present system with the

reported result, we have calculated the photocatalytic
degradation efficiency of the A-ZNRs by using the relation3,4

η = (% degradation)/(μg of catalyst)·WUVpower, where %
degradation, μg of catalyst, and WUVpower is the percent
degradation at the final reaction time, mass of the A-ZNRs
on the substrate surface in micrograms, and the power of UV
light used in watts, correspondingly. The mass of ZnO on the
surface involved in the oxidation reaction was calculated by
considering the mass density, dimension of nanotube, density
of the A-ZNRs on the surface and the total surface area. The
mass of A-ZNRs on 1 slide is approximately 0.406 μg or 0.812
μg if two slides are used. Since the UV light power used in this
study was 4 W, the photodegradation efficiency in our system is
as high as 21.6% μg−1 W−1, which is 103 times higher than the
reported results14,17,18 (see Table 1). We have analyzed the

turnover frequency (ToF) of the system. The ToF as high as 90
mol mol−1 h−1 was obtained. However, because only small part
of A-ZNRs on the surface involved in the reaction, the ToF
should be much higher from this value. By considering around
25% only of the A-ZNRs takes place in the catalytic reaction,
the ToF become 360 mol mol−1 h−1. In good agreement with
the catalytic efficiency described above, the ToF value obtained
here is also quite high in the viewpoint of heterogeneous
catalysis process, confirming active catalytic property of A-
ZNRs.
High photocatalytic efficiency in the present A-ZNRs could

be related to the following facts: First, the presence of large-
defect density both on the inner and the outer surfaces of the
A-ZNRs that enable facile and active reaction on the surface
with MO molecules. It is well-known that the catalytic and
surface reactions actively occurred at the defect site or kinks
structure. Second, it could also be related to high-surface area28

of the A-ZNRs resulting from tubular morphology, thus
providing a large site for adsorption of MO molecules. The
nature of A-ZNRs with large inner diameter and low aspect
ratio grant excellent surface accessibility by the MO onto both
inner and outer surfaces of the A-ZNRs, thus enhancing
effective surface reaction with the catalyst. Third, the presence
of Ag nanocatalyst on the A-ZNRs structure as confirmed by
the TEM image in Figure 2 could also be considered as the
reason for the high-photocatalytic property because Ag
nanocrystal may improve the light absorption as well as the
oxidation energy of the A-ZNRs system, thus enhancing the
charge transfer kinetic with the MO molecules. The optical
absorption spectroscopy analysis of the samples that is shown
in Figure 7 further confirms such modification of the optical

absorption properties of the ZnO upon the presence of Ag
dopant. A significant red-shift in the band gap of the ZnO and
effective improvement in the optical density of the A-ZNRs
over the undoped-ZnO nanorods (see curve 2) reflects a
substantial improvement of the photoactivity of the A-ZNRs.
Thus, enhances the photocatalytic property of the A-ZNRs
system. The possibility of Ag crystallites residing on the surface
of the A-ZNRs could also play a critical role in the charge
transfer kinetic between A-ZNRs and MO molecules because
the Ag nanostructure itself is a highly oxidating agent. In
addition, during the light absorption by the ZnO, photoexcited-
electrons in the ZnO may be transferred to Ag and produce
more active charge transfer kinetic between the two systems.29

Thus, enhanced photodegradation efficiency will be obtained.
We have also evaluated the stability property of the A-ZNRs

in the photocatalytic degradation of MO by examining its
performance under multiple applications in the photo-
degradation experiment. In typical procedure, we reused the
A-ZNRs that have been applied in the degradation of MO to
degrade a fresh MO solution of the same concentration. The
results are shown in Figure 8. As the Figure 8 shows, the A-
ZNRs exhibits excellent stability property by demonstrating
insignificant change in the performance even though after being
used for 5 times in the degradation of fresh solution of MO. For
example, the fresh A-ZNRs sample indicates the photocatalytic
degradation of up to 72.085% for a 60 min reaction time. The

Table 1. Efficiency of Photodegradation MO of A-ZNRs and
Other System

mass of ZnO
particles (μg)

efficiency ((%
degradation)/(μg of ZnO
× WUVpower)) at reaction

time

UV
power
(W)

time of
reaction
(min) ref

1 0.812 21.60 4 60 our
data

2 325 0.28 14.3 100 14
3 5000 0.001 20 80 18
4 200000 0.0000022 125 120 17

Figure 7. Normalized-optical absorption spectrum of undoped-ZnO
nanorods (1) and A-ZNRs with optimum Ag+ ion doping (2), which
is the the sample that was used for photocatalytic application. The
undoped-ZnO nanorods were multiplied three times for a normal-
ization process.

Figure 8. Stability performance of A-ZNRs in multiple used in the
degradation of MO. Co and Ci are the initial and the final
concentration of MO (60 min).
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performance after being 5 times in the reaction is approximately
72.095%, confirming the excellent stability of A-ZNRs. This
infers that the A-ZNRs feature large active sites on the surface
facilitating a dynamic catalytic reaction. Thus, it may be
unsaturated even though being used extensively. The A-ZNRs
system may find a potential use for a green photocataltyic
degradation of pollutant.

4. CONCLUSION
A-ZNRs have been successfully grown directly on the FTO
surface via a microwave assisted hydrolysis process. In a typical
procedure, high-density A-ZNRs can be realized on the FTO
surface within only 30 s. A-ZNRs adopts hexagonal cross-
section morphology and is characterized by a rough, rugged
surface both on the inner or outer surfaces and the nanotube’s
edge with a visible Ag interstitial growth on the nanotube
structure. Its length, shell thickness, and hexagonal edge length
are 95, 15, and 40 nm, correspondingly. The A-ZNRs exhibited
excellent heterogeneous photocatalytic property in the photo-
degradation of MO with efficiency as high as 21.6% μg−1 W−1

within 60 min, which is 103 order higher than the reported
results. This result is equivalent to ToF of 360 mol mol−1 h−1.
The sample also shows excellent photocataltyic stability by
demonstrating a stable performance although being reused for
5 times in the degradation of a fresh MO solution. Highly
defected surface structure and high surface area as well as
improvement of the light absorption and the oxidation property
of the A-ZNRs by the presence of Ag nanostructure could be
the reason for their high-photocatalytic property. The A-ZNRs
might find a potential use for a green photo catalysis and
photoelectrochemical devices.
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