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ABSTRACT: Control of structural and compositional characteristics during
fabrication of a versatile visible-light active ZnO-based photocatalyst is a crucial
step toward improving photocatalytic pollutant degradation processes. In this
work, we report a multifunctional photocatalytic electrode, i.e., TiO2 coated
ZnO:I nanorods (ZnO:I/TiO2 NRs) array films, fabricated via a hydrothermal
method and a subsequent wet-chemical process. This type of hybrid
photocatalytic film not only enhances light absorption with the incorporation
of iodine but also possesses increased electron transport capability and
excellent chemical stability arising from the unique TiO2-coated 1D structure.
Owing to these synergic advantages, the degradation efficiency of the ZnO:I
samples reached ∼97% after irradiation for 6 h, an efficiency 62% higher than
that of pure ZnO. For RhB photocatalytic degradation experiments in both
acidic (pH = 3) and alkaline (pH = 11) solutions, as well as in repeat
photodegradation experiments, the ZnO:I/TiO2 NRs films demonstrated high
stability and durability under visible-light irradiation. Thus, ZnO:I/TiO2 NRs are considered a promising photocatalytic material
to degrade organic pollutants in aqueous eco-environments.
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1. INTRODUCTION

The demand of clean energy technology has attracted
significant research on using nanostructured oxide semi-
conductors as photocatalysts for environmental purification
and hydrogen generation from water splitting.1 Among various
semiconductor materials, zinc oxide (ZnO) has been regarded
as one of the most promising photocatalysts owing to its wide
band gap (Eg = 3.37 eV), large exciton binding energy, high
carrier mobility, nontoxicity, abundant availability, simple
tailoring of the nanostructures, and easy modification of the
surface structure.2 Nevertheless, there are several distinct
drawbacks associated with ZnO as a photocatalyst. First, ZnO
is only responsive to ultraviolet light, which occupies no more
than 4% of the solar spectrum compared to visible light (43%).
Second, fast recombination of photoinduced electron−hole
(e−−h+) pairs results in low quantum efficiency and thus limits
the photocatalytic potential of ZnO. Additionally, intrinsic
instability of ZnO, including photocorrosion in long-term
photocatalytic processes and decomposition in acidic or
alkaline photoreactive media, also greatly hinders the
commercialization of a ZnO photocatalyst technology.3 The
long-standing challenge remains to improve the fundamental

disadvantages of ZnO as a photocatalyst for diverse
applications.
Recent research has improved visible-light active ZnO

materials through the incorporation of additional metal (such
as Au, Ag, Zn, Cu, Al, and Pt) or nonmetal species (such as S,
C, and N) to slow the recombination of photogenerated e−−h+
pairs,4−12 and through fabrication of block heterojunctions with
other narrow band semiconductors (such as C3N4, In2S3, CuO,
and Cu2O).

13−16 Historically, more attention has been paid to
metal and nonmetal doping. In particular, iodine is thought to
be the most suitable dopant for extending the light response of
n-type semiconductor into the visible region. Furthermore, it
has been proven that iodine anchored on the ZnO acts as
electron trapping sites, thus preventing the unwanted charge
recombination.17,18 Recently, Boukherroub et al. synthesized
iodine-doped ZnO (ZnO:I) nanoflower photocatalytic films for
dye degradation, and they found that such hybrid films
possessed significantly enhanced visible-light photocatalytic
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performance in comparison to that of undoped ZnO.19

Accordingly, a deep exploitation of a versatile ZnO:I based
photocatalyst via control of structural and compositional
characteristics has great significance for more effective pollutant
degradation and practical application, which has yet to be
reported.
In addition to the poor visible-light response, pure ZnO still

suffers from insufficient electron transport and chemical
instability in practical photocatalytic systems.20 In previous
works, one-dimensional (1D) ZnO nanostructures have shown
improvements in electron diffusion length and charge trans-
portation capability compared to bulk ZnO.21−23 Meanwhile,
the chemical stability of ZnO can be enhanced by coating an
inert oxide layer, such as SiO2, Al2O3, or TiO2, on the surface of
the ZnO.24−26 Among them, TiO2 is a wide-band gap
semiconductor (Eg = 3.2 eV) and its energy level is similar to
that of ZnO (Eg = 3.37 eV). As a result, using a TiO2 shell onto
ZnO cannot form an intrinsic surface energy barrier and hence
facilitates transfer of photogenerated electrons in the composite
system.27−29 As a successful example, a composite ZnO/TiO2
1D structure has been reported for use in an ultraviolet
detection method28 and in photovoltaic devices,30 where a thin
TiO2 protective layer can passivate the surface trap states of the
ZnO material, and at the same time, the 1D nanoarchitecture
can facilitate the rapid transfer of the surface photogenerated
e−−h+ pairs. A combination of all these features will likely
produce enhanced photocatalytic and photostable activity for
ZnO-based 1D materials applicable in environmental purifica-
tion methods.
Given this background, we herein report a visible-light-

responsive TiO2-coated ZnO:I nanorod (ZnO:I/TiO2 NRs)
array film vertically aligned on indium tin oxide (ITO) via a
hydrothermal method and a subsequent wet-chemical process.
The fabricated I-doped photocatalytic 1D nanorod structure
densely coated with a layer of TiO2 was found to exhibit
enhanced light absorption intensity, effective separation of
photogenerated e−−h+, and excellent chemical stability. These
photochemical and photoelectrochemical characteristics dis-
tinctly enhance the performance of the ZnO-based photo-
catalyst, which is further evidenced by the degradation of
rhodamine B (RhB), a widely used model pollutant. More
importantly, the TiO2 coating promotes high stability and
photoactivity for the ZnO:I NRs films in both acidic and
alkaline solutions. Furthermore, the recycled degradation
results showed that TiO2-coated ZnO:I NRs could serve as
an efficient photocatalytic material to degrade organic
pollutants in aqueous eco-environments.

2. EXPERIMENTAL SECTION
2.1. Sample Preparation. All chemicals used were analytical

grade reagents without any further purification steps. The ZnO:I
nanorod (ZnO:I NR) array films were prepared by a two-step aqueous
process. A dense ZnO seed layer was first formed by coating a solution
of 0.5 M zinc acetate dehydrate (Zn(CH3COO)2·2H2O, Aldrich) in 2-
aminoethanol and 2-methoxyethanol on an indium tin oxide (ITO)
substrate, and then heated at 300 °C in air for 20 min. In the second
step, vertical ZnO:I NRs gradually grew by immersing the seeded
substrate in a mixed solution of 40 mM zinc nitrate hexahydrate and
40 mM hexamethylenetetramine in a neutral solution of iodic acid for
a certain period of time at 92 °C. Afterward, the ZnO:I/TiO2 NRs
films were obtained by directly soaking the ZnO:I NRs films in a
solution of 40 mM titanium(IV) isopropoxide dissolved in 2-propanol,
followed by heat-treating at 400 °C for 30 min. The formation of the
ZnO:I/TiO2 NRs films is schematically shown in Figure 1. Pure ZnO

NRs films were also obtained by the above process without the
addition of iodic acid in the growth solution.

2.2. Characterization. The crystalline structure of the as-
synthesized ZnO:I/TiO2 NRs films was identified by X-ray diffraction
analysis (XRD) (X’Pert PRO MPD, Panalytical) using Cu Kα
radiation. The surface morphology of the ZnO:I/TiO2 NRs films
were determined from scanning electron microscope (SEM) images
on a Hitachi S-4700 microscope and high-resolution transmission
electron microscopy (HRTEM) images characterized on a JEOL JEM-
3010 microscope. An energy-dispersive spectroscopy (EDS) measure-
ment was performed with an X-ray energy dispersive spectrometer
installed on a JEOL-6701F microscope. The absorption spectra were
measured using UV−vis spectrophotometry (Lambda 950, Perki-
nElmer). The chemical compositions of the I-doped ZnO NRs
samples were determined by X-ray photoelectron spectroscopy (XPS)
performed on a thermo ESCALAB250 XPS system using an Al Kα X-
ray source. The overall composition and spatial distribution of the I in
an individual nanorod fragment was further investigated by scanning
transmission electron microscopy elemental mapping with an X-ray
energy dispersive spectrometer installed on a JEOL JEM-3010
microscope. Electrochemical and photoelectrochemical measurements
were performed in a three-electrode quartz cell with a 0.1 M Na2SO4

electrolyte solution; a platinum wire was used as the counter electrode,
a saturated calomel electrode (SCE) was used as the reference
electrode, and the as-prepared photocatalyst film was used as the
working electrode. The photoelectrochemical experiment results were
recorded with an electrochemical system. Samples were irradiated in
the visible range using a 500 W Xe lamp (Institute for Electric Light
Sources, Beijing) with a 420 nm cutoff filter. Potentials are given with
reference to the SCE. The on−off light photoresponse of the
photocatalysts was measured at a 0.0 V bias. Electrochemical
impedance spectra (EIS) were measured at 0.0 V. A sinusoidal AC
perturbation of 5 mV was applied to the electrode over the frequency
range of 0.05−105 Hz.

2.3. Photocatalytic Activity Test. The photocatalytic activity was
evaluated by the decomposition of rhodamine B (RhB) dyes under
visible light irradiation (λ > 420 nm) using a 500 W Xe lamp with a
420 nm cutoff filter, and the average visible light intensity was 100
mW/cm2. The prepared films were immersed in a 40 mL aqueous
solution of RhB (initial concentration, 5 × 10−6 mol/L). Before
illumination, the RhB aqueous solution was stirred for 30 min in the
dark to ensure an adsorption/desorption equilibrium was established.
During degradation testing, the RhB solution with the photocatalyst
film was continuously stirred using a dynamoelectric stirrer, and the
concentration of RhB was monitored by colorimetry with a UV−vis
spectrophotometer.

Figure 1. Schematic diagram of the formation of the ZnO:I/TiO2 NRs
array Film.
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3. RESULTS AND DISCUSSION

3.1. Characterization of ZnO:I NRs Films. Top-view
SEM images of the as-prepared ZnO:I NRs arrays, as shown in
Figure 2a−b and Figure S1 (Supporting Information), show
well-defined hexagonal NRs vertically grown on the ITO

substrate plane. From high-magnification SEM images (Figure
1b), one can see that the diameter of ZnO:I NRs ranges from
50 to 250 nm. The length of ZnO:I NRs can be experimentally
altered by adjusting the hydrothermal reaction time. By
lengthening the hydrothermal growth time from 1.5 to 3.5 h,

Figure 2. (a) Top view, (b) high-magnification top view, and (c) cross-sectional SEM image of as-prepared ZnO:I NRs film; (d) HRTEM image of
the ZnO:I NRs.

Figure 3. (a) EDS, (b) bright-field STEM image of ZnO:I NRs, and corresponding elemental mapping of (c) Zn, (d) O, and (e) I.
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the rod length of ZnO:I NRs array films gradually increased,
ranging from 200 to 600 nm (Figure S1a−c, Supporting
Information). However, the length of the NRs remained
unchanged when the hydrothermal reaction was further
increased to 4.5 h (Figure S1d, Supporting Information). An
optimal growth time of 3.5 h was selected for the following
study. The cross-sectional SEM image in Figure 2c shows that
the average thickness of the ZnO:I NRs array film is 650 nm
(i.e., ZnO:I NRs plus the ZnO seed layer). The HRTEM image
of a selected area of a ZnO:I NRs shows a lattice fringe of d =
0.26 nm, corresponding to the (002) plane of hexagonal
wurtzite ZnO; this also implies that the ZnO:I NRs maintain
the architecture of pure ZnO along the [0001] growth
direction. The XRD patterns further indicated the hexagonal
wurtzite structure of the ZnO:I NRs (Figure S2, Supporting
Information). It is worth noting that the (002) diffraction peak
of the I-doped ZnO, along with the other four peaks assigned to
the (100), (101), (102), and (103) planes, clearly decreased.
Such changes are likely due to the suppression of the crystal
growth of the ZnO:I NRs along the c axis.31 As a result, the
length to diameter ratio of NRs decreases, which is also directly
evidenced by SEM observations (Figure 2a,c and Figure S3,
Supporting Information).
The presence of I and Zn in the hybrid nanostructures was

confirmed by EDS analysis (Figure 3a). By scanning the ZnO:I
NRs films in different areas, the average I concentration was
estimated to be 0.5 mol %. The overall composition and spatial
distribution of I in an individual nanorod fragment was further
investigated by STEM elemental mapping. (Figure 3b−e) The
elemental mappings for Zn, O, and I atoms, as shown in Figure
3c−e, indicate a homogeneous spatial distribution of the I
dopant within the sample. The composition and chemical
valence status of the ZnO:I NRs film was measured using XPS.
Figure 4a shows a typical XPS spectrum of the ZnO:I NRs films

containing the Zn, O, and I elements. Quartet peaks of the I 3d
region are observed at the approximate binding energies of
619.0, 624.0, 630.9, and 635.6 eV (Figure 4b) in accordance
with recently published papers showing that 619.0 and 630.9
eV are associated with I 3d3/2 and I 3d5/2 for I−, that 624.0
and 635.6 eV are more likely to be related to I 3d5/2 and I
3d3/2 for I7+.32−34 At approximately 623.1 eV (I5+), no peak is

observed, indicating that the initial species added, IO3
− may

undergo spontaneously disproportionation to the heptavalent
iodine (I7+) form and the negatively charged iodine (I−) species
during the hydrothermal process.33 The binding energy peak at
529.1 eV from the O 1s spectrum of the ZnO and ZnO:I is
attributed to the O2− ions on the wurtzite structure of ZnO
(Figure 4c). The Zn 2p peaks from ZnO and ZnO:I are
observed at 1021.5 and 1044.4 eV, corresponding to the
binding energy peaks of Zn 2p3/2 and Zn 2p1/2, respectively
(Figure 4d). Note that no significant diffraction peak shifts of O
1s and Zn 2p for ZnO and ZnO:I were observed, indicating
that the I7+/I¯ species do not obviously affect the inherent ZnO
matrix.35 All of the above results indicate that iodine exists in
the form of I7+/I− and was successfully incorporated into the
ZnO NRs framework.

3.2. Characterization of ZnO:I/TiO2−NRs Films. The
surface morphology and elemental composition of TiO2-coated
ZnO:I NRs films were investigated by SEM, EDS, and XPS.
The formation of the ZnO:I/TiO2 NRs grown on the ITO
glass substrate is schematically shown in Figure 5a. The top-
view SEM images of the ZnO:I/TiO2 NRs film (Figure S4,
Supporting Information) show an obvious TiO2 coating on the
ZnO:I NRs. Furthermore, high-magnification SEM images of
the ZnO:I NRs (Figure 5c) and ZnO:I/TiO2 NRs (Figure 5d)
films confirm that a dense layer of TiO2 particles is well-
attached to the surface of the ZnO NRs but does not change
the original structure of the ZnO:I NRs. A high-resolution
TEM image (Figure 5b) further provides a clear TiO2 outer
layer surrounding ZnO:I nanorods, and the thickness of TiO2
outer layer was determined to be 7.5−18.5 nm. Furthermore,
the EDS data of the ZnO:I/TiO2 NRs film shown in Figure 6a
present Ti atomic peaks, and this also indicates that the surface
of the ZnO NRs was successfully coated with TiO2. After
scanning the ZnO:I NRs films in different areas, the average Ti
concentration was estimated to be 5.0 mol %. XPS was used to
confirm the existence of TiO2 on the as-grown films. Figure 6b
shows the narrow range scans of the Ti 2p core level peaks of
the ZnO:I/TiO2 NRs film. The binding energies of 458.6 eV
for Ti 2p3/2 and 463.2 eV for Ti 2p1/2 provide further
evidence of the formation of a TiO2 layer on the surface of the
ZnO:I NRs. Moreover, the binding energy of the Ti 2p core
peak of the ZnO:I/TiO2 NRs films is assigned as a Ti−O bond
(the main peak in the XPS spectra); this suggests that the
chemical state of the Ti on the ZnO:I/TiO2 NRs is Ti

4+.36

3.3. Photocatalytic Activity and Stability. The photo-
catalytic activity of as-prepared films was evaluated by the
degradation of RhB solution under visible light irradiation (420
< λ < 800). Temporal changes in the concentrations of RhB
were monitored by examining the variations in the maximal
absorption peak at 554 nm in the UV−vis spectra. Figure 7a
shows the temporal evolution of the spectral changes of RhB
mediated by the ZnO:I/TiO2 NRs films; the absorption peak at
554 nm decreased gradually with irradiation time and
approaches zero after 6 h. Comparative experiments were
also carried out to investigate the photocatalytic activity of the
films with different composites under identical conditions
(Figure 7b). The final degradation efficiency of the ZnO:I
sample reached ∼97% after 6 h of irradiation and is superior to
that of the ZnO (only ∼60%). Obviously, the I-doping
significantly improved the photocatalytic activity of the ZnO
NRs. In addition, the ZnO:I/TiO2 NRs films not only present
almost the same degradation activity but also display greatly
improved photocatalytic stability in extreme environments (e.g.,

Figure 4. (a) XPS survey spectrum and (b) High resolution scan over
I 3d of ZnO:I film, (c) O 1s and (d) Zn 2p for ZnO and ZnO:I film.
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acidic or alkaline solution) in comparison with the ZnO:I NRs
films without the TiO2 coating (see below for the experimental
data and detailed discussion). A blank experiment of the
photodegradation of RhB in the absence of catalysts under
visible light irradiation indicates that direct photolysis and
adsorption effects in this system can be ignored.
In practical applications, the stability and recycling of the

photocatalyst are also critical evaluation criteria. Because pH is

an important operational variable in wastewater treatment, we
carried out the photocatalytic degradation of RhB catalyzed by
both ZnO:I NRs and ZnO:I/TiO2 NRs films at different pHs,
and the results are shown in Figure 8. The ZnO:I/TiO2 NRs
films showed excellent degradation efficiency of RhB in both
acidic (pH = 3) and alkaline (pH = 11) solutions, reaching up
to ∼97% after 6 h of irradiation. However, the degradation
efficiency for the ZnO:I NRs films was drastically less (i.e.,

Figure 5. (a) Schematic diagram and (b) TEM image of ZnO:I/TiO2 NRs film. High-magnification SEM images of (c) ZnO:I and (d) ZnO:I/TiO2
NRs films.

Figure 6. (a) EDS image of ZnO:I/TiO2 NRs film and (b) high-resolution XPS spectra for Ti 2p.

Figure 7. (a) Temporal spectrum changes of RhB taking place in the presence of ZnO:I/TiO2 NRs film and (b) comparison of the photocatalytic
degradation of RhB solution in the presence of pure ZnO, ZnO:I, ZnO:I/TiO2 NRs, and no photocatalyst (blank) under visible light irradiation. C0
and C are the initial concentration after adsorption equilibrium and temporal concentration of RhB at different time, respectively.
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∼15% in the acidic solution and ∼53% in the alkaline medium).
The decrease in the degradation efficiency may be ascribed to
chemical corrosion of the ZnO NRs in the acidic and alkaline
media.26 Clearly stated, the TiO2 layer efficiently protects the
ZnO:I NRs from damage in acidic and alkaline environments
and consequently improves the stability of the photocatalyst.
Further, we also observed the surface morphologies of the
ZnO:I NRs and the ZnO:I/TiO2 NRs films in both aqueous
photoreaction media after a period of visible irradiation (Figure
9). From Figure 9a,b, one can clearly see that the structure of
the ZnO:I NRs films was severely damaged, but the structure of
the ZnO:I/TiO2 NRs films remained mostly intact (Figure
9c,d). These results suggest that the TiO2 layer on the surface
of the ZnO:I NRs plays an important role in improving the
stability of the ZnO:I NRs films during photocatalysis.
To study the lifetime of the photocatalyst, we also carried out

repeated photodegradation experiments of the ZnO:I/TiO2
NRs films in this study (Figure 10). One can see that the high

photocatalytic efficiency of the ZnO:I/TiO2 NRs films during
RhB degradation was effectively maintained after the same
experiment was performed eight times, indicating that ZnO:I/
TiO2 NRs films have high stability and durability under visible
light irradiation.

3.4. Photoelectrochemical Performance. To reveal the
light-harvesting capability of the fabricated ZnO-based films in
the visible light range, we measured UV−vis absorption spectra
of the pure ZnO, ZnO:I, and ZnO:I/TiO2 NR films (Figure S5,
Supporting Information). An undeniable red shift following the
addition of iodine was observed. This enhanced absorption in
the visible region is more likely to be induced by a sub-band
gap transition corresponding to the excitation from the valence
band of ZnO (Evb(ZnO) = 2.89 eV, NHE) to the doped I7+/I−

species (E0(I7+/I−) = 1.24 V).31 As a result, such enhanced
absorption for the ZnO:I likely explains the increase in visible
light photocatalytic activity during RhB degradation as
evidenced in Figure 7b. It is noted that the TiO2-coated
ZnO:I also shows enhanced absorption in the visible light

Figure 8. Photocatalytic degradation of RhB solution with different
initial pHs in the presence of ZnO:I, or ZnO:I/TiO2 NRs under visible
light irradiation.

Figure 9. SEM images of ZnO:I and ZnO:I/TiO2 films after 6 h of RhB degradation in different pHs; (a and c) pH = 3.0 and (b and d) pH = 11.0.

Figure 10. Cycling runs for the photodegradation of RhB in the
presence of ZnO:I/TiO2 NRs film under visible light irradiation.
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region, indicating that the TiO2 layer does not hinder the
visible absorption of the ZnO:I NRs films.
The broadened absorption is not the most important

characteristic for improving the photocatalytic activity of the
as-prepared films; effective separation of the photogenerated
electron−hole pairs plays a more important role. The EIS
Nyquist plots of as-grown samples both with and without light
irradiation were carried out to investigate the interface charge
separation efficiency. The radius of the arc in the EIS spectra
reflects the interface layer resistance occurring at the electrode
surface, and a smaller arc radius implies a higher charge transfer
efficiency. As shown in Figure 11a, the impedance plots of the
pure ZnO NRs, ZnO:I NRs, and ZnO:I/TiO2 NRs electrodes
cycled in a 0.1 M Na2SO4 electrolyte solution all exhibit
semicycles within the measured frequencies. Clearly, the
introduction of I leads to a significantly faster charge transfer
rate indicated by a decrease in the radius of the plot compared
to the pure ZnO NRs, both with and without light irradiation.
The plot radius of the ZnO:I/TiO2 NRs is slightly larger than
that of the ZnO:I NRs but still much lower than the pure ZnO.
The slightly lower transfer rate is likely attributed to the
generation of a heterojunction between the ZnO:I NRs and the
TiO2 layer, which could hinder the electron transport process.

37

Moreover, the transient photocurrent responses of the
photocatalyst may directly correlate with the recombination
efficiency of the photogenerated carriers. Figure 11b presents
the results of the transient photocurrent response obtained
from the pure ZnO, ZnO:I, and ZnO:I/TiO2 NRs films. The
photocurrent intensity remains constant when the light is on
and rapidly decreases to zero once the light is turned off. It is
clear that the photocurrent of the ZnO:I NRs is greatly
improved and is approximately double that of the pure ZnO
NRs. The enhanced photocurrent activity of the ZnO:I NRs
films indicates more efficient separation of photoinduced
electron−hole pairs and longer photogenerated charge carrier
lifetimes than in the pure ZnO NRs, which could be attributed
to the addition of iodine acting as trapping site for the
electrons, thus inhibiting the unwanted charge recombination.32

Furthermore, the ZnO:I/TiO2 NRs films show enhanced
photocurrent intensity, which most likely, to some extent,
comes as a result of an increase in surface area with the addition
of the TiO2 layer.

38 Note that the photocurrent and absorption
of the ZnO:I/TiO2 NRs films is slight higher than that of the
ZnO:I films, while the inverse result is obtained by EIS offsets
its positive effect on photocatalytic activity to some degree.
Thus, the ZnO:I/TiO2 NR films show almost the same
photocatalytic activity as the ZnO:I NR films for degradation of
RhB. Furthermore, it is worth noting that the coating of TiO2
outlayer enhances the stability of the ZnO:I films. As such, the

excellent photocatalytic performance of the ZnO:I/TiO2 NRs
films is synergic result of enhanced light absorption with the
incorporation of iodine, relatively high electron transport
capability and excellent chemical stability arising from the
unique TiO2-coated 1D structure.

4. CONCLUSIONS
In summary, versatile ZnO:I/TiO2 NRs films for use as
photoelectrodes to study the photodegradation of RhB as a
model pollutant were fabricated by a hydrothermal method and
a subsequent wet-chemical process. The results demonstrated
that the degradation efficiency of the ZnO:I/TiO2 NRs films
was significantly enhanced (∼97% after 6 h of irradiation, a
62% increase over pure ZnO). The improved efficiency is
attributed to the increased light absorption in the visible range
and more efficient charge separation of photogenerated e−−h+
generated by iodine doping. The ZnO:I/TiO2 NRs films
exhibited excellent chemical stability in both acidic (pH = 3)
and alkaline (pH = 11) solutions, which was further verified by
repeated photodegradation experiments under visible light
irradiation. This work demonstrates the possibility of
fabricating high efficiency photocatalytic materials based on
structural and compositional manipulation of 1D semiconduct-
ing nanomaterials.
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