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ABSTRACT: The effective separation and transport of photoinduced
electron−hole pairs in photoanodes is of great significance to photo-
electrochemical and catalytic performance. Here, a facile and effective two-
step strategy is developed to fabricate double-shelled ZnO/CdS/CdSe
porous nanotube photoanodes from ZnO nanorod arrays (NRAs).
Surprisingly, after the process of the deposition of CdS and CdSe, the
ZnO nanorod arrays are partially dissolved, resulting in the formation of
ZnO/CdS/CdSe porous nanotube arrays (NTAs). By virtue of their
unique porous nanotube structure and cosensitization effect, the ZnO/
CdS/CdSe porous NTAs show superior photoelectrochemical water-
splitting performance and organic-pollutant-degradation ability under
visible light irradiation, as well as excellent long-term photostability.
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■ INTRODUCTION

Solar-energy-driven photoelectrochemical water-splitting has
been considered as an ideal route to cope with the global
energy crisis and environmental problems due to its endless
supply of light and water resources. Research on water-splitting
has gained increasing attention since Fujishima and Honda first
reported the electrochemical photolysis of H2O on a TiO2
photoanode.1 To date, numerous metal oxide semiconductors
such as ZnO, TiO2, and Fe2O3 have drawn more and more
attention in photoelectrochemistry.2−4 Among them, ZnO has
been extensively investigated for energy conversion devices5−7

due to its high carrier mobility,8 ease of synthesis,9 and
nontoxicity.10 However, several unfavorable drawbacks, such as
a wide band gap (Eg = 3.2 eV) and fast internal recombination
of charge carriers, lead to low quantum yields and poor solar
conversion efficiency.11,12 In this regard, it is highly desirable to
improve the photocatalytic efficiency of ZnO under visible light
irradiation.
In recent years, the chalcogenide compounds CdS,13,14

CdSe,15,16 and CdTe17,18 have been intensively employed as
sensitizers of wide band gap semiconductors such as ZnO and
TiO2 photoanodes. Generally, the staggered band gap structure
of the photoanode and sensitizers always follow the typical
type-II mode, where both the valence and the conduction
bands of the sensitizers are higher in energy than those of the
photoanodes,19,20 which causes the spatial separation and
facilitates the charge transfer, thus reducing the internal charge

recombination and promoting the photocatalytic activity.21

Consequently, due to the narrow band gaps (Eg,CdS = 2.4 eV;
Eg,CdSe = 1.7 eV) and suitable band gap structures,22 these
chalcogenide compound modifications could significantly
improve the visible light absorption and energy conversion
efficiency in quantum-dot-sensitized solar cells (QDSSCs) and
photoelectrochemical and photovoltaic devices.23 Moreover,
the CdS/CdSe-cosensitized system exhibits further enhanced
performance to those sensitized only by CdS or CdSe because
of the combination of advantages of the two sensitizers and the
stepwise band-edge structure.24 For example, Wang25 fabricated
a double-sized cosensitized photoanode system that obtains a
photocurrent density of 12 mA cm−2 at 0.4 V versus Ag/AgCl
in photoelectrochemical hydrogen generation. The power
conversion efficiency of 1.42% was achieved for CdS/CdSe-
cosensitized ZnO solar cells under the full spectrum
illumination.26 Inspiringly, Seol27 have assembled CdS and
CdSe onto the surface of ZnO nanowire arrays and obtained a
power conversion efficiency of 4.15%. Moreover, a high power
efficiency of 4.22% and a saturated photocurrent of 14.9 mA
cm−2 have been achieved in the TiO2/CdS/CdSe solar cells.

28

Despite the fact that most researchers are focused on CdS- and
CdSe-cosensitized ZnO and TiO2 nanorods or nanowires, there
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are few reports on the preparation of a ZnO/CdS/CdSe porous
nanotube structure and its visible-light photoelectrochemical
performance. Indeed, the porous nanotubes have stimulated
much interest due to their larger surface area29 and more
efficient charge carrier extraction.30

In this work, we develop a facile and effective strategy to
fabricate the double-shelled ZnO/CdS/CdSe porous nanotube
arrays (NTAs) from ZnO nanorod arrays (NRAs). The ZnO/
CdS/CdSe porous NTAs are composed of a CdS shell, CdSe
nanoparticles, and a thin, porous ZnO nanotube structure,
which could facilitate the mass transfer of reactants, provide a
large contact area, and expose more catalytic sites (especially
those located in the inner wall of ZnO/CdS/CdSe nanotube
and pores). Compared to the single-shelled ZnO/CdS and
ZnO/CdSe structures, the synergetic effect of CdS and CdSe
could be beneficial to the visible-light absorption and charge
separation abilities of ZnO/CdS/CdSe porous NTAs, resulting
in high photoelectrochemical performances.

■ EXPERIMENTAL SECTION
Chemicals and Materials. Zn(NO3)2·6H2O, NH4Ac,

C6H12N4 (HMT), Cd(NO3)2·4H2O, thiourea (CN2H4S),
Cd(Ac)2·2H2O, ethylenediamine tetraacetic acid disodium salt
(EDTA−2Na), Na2SeO3, and methylene blue (MB) were
purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China) and were used directly without further
treatment.
Synthesis of ZnO NRAs. According to the previous

report,31 ZnO NRAs were grown on fluorine tin oxide
(FTO) substrate through electrodeposition with a current
density of −2.0 mA cm−2 and a depositon time of 50 min. A
mixed aqueous solution containing 0.02 M Zn(NO3)2, 0.01 M
NH4Ac, and 0.01 M HMT served as the electrolyte, and the
reaction temperature was kept at 90 °C. In the process of
cathodic electrodepositon, a FTO substrate with a sheet
resistance of 14 Ω/□, and a graphite rod was used as the
working electrode and counter electrode, respectively. Finally,
the FTO substrate covered with ZnO NRAs was washed
thoroughly with distilled water and then dried at room
temperature.
Fabrication of ZnO/CdS/CdSe Porous NTAs. The ZnO/

CdS/CdSe porous NTAs were synthesized via the two-step
chemical bath deposition (CBD) and electrodeposition
processes. An aqueous solution composed of 0.01 M Cd(NO3)2
and 0.01 M thiourea, listed as solution A, served as the
electrolyte in the CBD for CdS shell. The FTO substrate
covered with ZnO NRAs was immersed into the above solution
A for 30 min, and the reaction temperature was kept at 90 °C.
Subsequently, an aqueous solution composed of 0.02 M
Cd(Ac)2, 0.02 M Na2SeO3, and 0.04 M EDTA−2Na, listed
as solution B, worked as the electrolyte for the electro-

deposition of CdSe; the FTO substrate covered with ZnO/CdS
nanorods and a platinum sheet served as the working electrode
and the counter electrode, respectively. The current density was
−1.5 mA cm−2, and the deposition time was 15 min. Similarly,
the ZnO/CdS and ZnO/CdSe NRAs can be obtained through
CBD and electrodeposition, respectively. The fabrication
process of ZnO/CdS/CdSe porous NTAs was presented in
Scheme 1.

Characterizations. Powder X-ray diffraction (XRD)
measurement was conducted on a PANalytical PW3040/60
diffractometer with monochromatized Cu Kα radiation (λ =
0.15418 nm). The surface morphology and crystal micro-
structure of samples were examined using field emission
scanning electron microscopy (FE-SEM, JEOL JSM-7001F)
equipped with an energy-dispersive spectroscopy (EDS) device
as well as transmission electron microscopy (TEM, JEM2010-
HR). The surface electronic states and the compositions of the
sample were analyzed by X-ray photoelectron spectroscopy
(XPS, ESCALab250). The UV−vis diffuse reflectance spectra
(UV−vis DRS) of samples were obtained over a UV−vis
spectrophotometer (Cary 300) using BaSO4 as the reference.

Photoelectrochemical Measurements. Conventionally,
a single-compartment quartz cell with three electrodes,
equipped with a CHI 760D model electrochemical workstation
(Shanghai Chenhua), was used for photoelectrochemical
measurements, where the as-prepared photoanode was used
as the working electrode (the available electrode area immersed
in the solution was fixed to 2.25 cm2), and the saturated
calomel electrode (SCE) and platinum sheet (1 cm × 1 cm)
served as the reference and counter electrode, respectively. In
the photoelectrochemical experiments, a 0.25 M Na2S and 0.35
M Na2SO3 aqueous solution served as the electrolyte, and a
regulable 300 W Xe lamp with an ultraviolet filter (λ > 420 nm)
was used as the light source; the distance positioned to the
quartz cell was about 10 cm, and the light intensity of light
source is about 100 mW/cm2.
The photoelectrocatalytic activities of the as-prepared

photoanodes were evaluated by degrading methylene blue
(MB) solution. In a typical process, 5 mL of 20 mg L−1 MB
solution was added into 50 mL of 0.1 M Na2SO4 solution to
form a homogeneous aqueous solution. Prior to irradiation, the
as-prepared electrode was immersed into the solution and then
magnetically stirred for 30 min in the dark to establish an
adsorption−desorption equilibrium of dyes on the catalysts.
Afterward, a 300 W Xe lamp with a 420 nm cutoff filter was
introduced to the system, and a bias voltage of 0.5 V was
employed to impel the photoinduced electron transfer from the
working electrode to the counter electrode. At regular time
intervals, about 3 mL of the solution was collected and analyzed
with a UV−vis absorption spectrometer to determine the
conversion rate of MB solution.

Scheme 1. Fabrication Process of the ZnO/CdS/CdSe Porous NTAs
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■ RESULTS AND DISCUSSION
Figure 1 shows the typical XRD patterns of the as-prepared
photoanodes. For the pristine ZnO NRAs, the strong

diffraction peaks can be indexed to the hexagonal wurtzite
phase of ZnO (JCPDS: 36−1451, a = b = 3.25 Å, c = 5.21 Å).
Meanwhile, apparent peaks of CdS and CdSe are observed after
the deposition process, which can be well-indexed to the
hexagonal phase of CdS (JCPDS: 41−1049, a = b = 4.14 Å, c =
6.72 Å) and hexagonal phase of CdSe (JCPDS: 65−3436, a = b
= 4.30 Å, c = 7.01 Å), respectively. Furthermore, no traces of
other peaks can be observed, confirming that ZnO, CdS, and
CdSe with high purity were obtained.
The scanning electron microscopy (SEM) and transmission

electron microscopy (TEM) images depict the morphology and
microstructure of the as-prepared photoanodes. Figure S2 in
the Supporting Information shows the top and enlarged view of
the preformed ZnO NRAs, which are hexagonally and
uniformly distributed on the FTO substrate with a diameter
of ca. 250−300 nm. The panoramic and magnified images after
the deposition of CdS and CdSe shells are displayed in Figure

2a,b; the hexagonal nanorod structures remained with almost
no change compared to the pure ZnO nanorod, and the average
diameter increases obviously. Surprisingly, the shells are
composed of numerous nanoparticles, and many pores are
formed between these nanoparticles. The corresponding TEM
images (Figure 2c,d) further confirm the construction of core
and shell porous nanotube structure for ZnO/CdS/CdSe. The
formation of such a porous nanotube hollow structure can be
mainly attributed to the partial dissolution of ZnO in the
central region during the deposition process of CdS and CdSe
(as shown in Scheme 1). Figure 2e exhibits the high-resolution
transmission electron microscope (HRTEM) image of the ZnO
core and CdS and CdSe shell; the lattice spacing of 0.260 nm
corresponds to the (002) plane of ZnO in the wurtzite phase,
and the lattice fringe spacing of 0.152 nm matches well with the
interplanar distances of the (104) plane of hexagonal CdS.
Meanwhile, the lattice fringe spacings of 0.255 and 0.372 nm
agree well with the interplanar distances of the (102) and (100)
planes of hexagonal CdSe, respectively. Furthermore, the
interface is very compact and continuous, which could favor
the vectorial transfer of charge carriers among the components
of the photoanode. Additionally, there are only O, Zn, S, Se,
and Cd elements in the EDX spectrum (Figure 2f), which
further demonstrates the high purity of ZnO, CdS, and CdSe.
Moreover, the intensities of O, Zn, and Se elements are quite
weak compared to the S and Cd elements, from which we can
deduce that ZnO was dissolved mostly after the deposition
process of CdS and CdSe. On the other hand, the weak
intensity of Se indicates the small quantity and random
distribution of CdSe on the CdS layer, which is also consistent
with the TEM image in Figure 2d. From the above discussion,
it can be inferred that the ZnO/CdS/CdSe porous NTAs have
been successfully synthesized. The morphology and micro-
structure of ZnO/CdS and ZnO/CdSe NRAs are also
presented in Figures S3 and S4 in the Supporting Information.
The surface electronic states and composition of the ZnO/

CdS/CdSe porous NTAs were analyzed by X-ray photoelectron
spectroscopy. Figure 3a shows the typical XPS survey spectra;
the presence of only Zn, Cd, O, S, and Se elements further
demonstrates the high purity of the products. The two
symmetric peaks at binding energies of 1021.5 and 1044.6 eV

Figure 1. XRD patterns of ZnO, ZnO/CdS, ZnO/CdSe, and ZnO/
CdS/CdSe.

Figure 2. (a,b) SEM images, (c,d) TEM images, (e) a high-resolution TEM image, and (f) the EDX spectrum of ZnO/CdS/CdSe porous NTAs.
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in the high-resolution spectrum are assigned to Zn 2p3/2 and Zn
2p1/2 (Figure 3b), which is in agreement with the previous
report for ZnO.32,33 The high-resolution spectrum of Cd 3d in
Figure 3c with featured peaks of 3d5/2 at 404.9 eV and 3d3/2 at
411.6 eV indicates the +2 oxidation state (Cd2+) in the as-
prepared ZnO/CdS/CdSe.34 Figure 3d exhibits the high-
resolution spectrum of S 2p extracted from the ZnO/CdS/
CdSe; the two peaks located at 161.2 and 162.3 eV are
associated with S 2p3/2 and S 2p1/2, which are ascribed to the
hybrid chemical bond species of S2− and Cd−S.35 Meanwhile,
the two peaks located at 53.6 and 54.3 eV in Figure 3e are
mainly attributed to Se 3d5/2 and Se 3d3/2, respectively,
revealing the value state of Se2− in ZnO/CdS/CdSe.36 As
presented in Figure 3f, the O 1s peak can be deconvoluted into
two peaks at around 530.9 and 531.8 eV, corresponding to the
Zn−O bonds of ZnO37 and the adsorbed O2 or surface
hydroxyl species,38 respectively. In addition, the XPS spectra of
ZnO/CdS and ZnO/CdSe NRAs in Figure S5 in the
Supporting Information are also consistent with the discussion
of ZnO/CdS/CdSe NTAs. The above XRD and XPS results
demonstrate the coexistence of ZnO, CdS, and CdSe in the as-
prepared photoanodes.
UV−vis diffuse reflectance spectra were measured to

investigate the optical properties of samples. As presented in
Figure 4a, the pristine ZnO exhibits almost no absorption in the
visible light region due to its wide band gap (ca. 3.2 eV). While
the absorption intensity of ZnO/CdS, ZnO/CdSe, and ZnO/
CdS/CdSe increase apparently in the visible-light range, red
shifts (in comparison to ZnO) occurred. After decoration by a
single CdS and CdSe shell, absorption edges of about 560 and
680 nm were observed, which are consistent with the band gap
of the bulk counterparts (Eg,CdS ≈ 2.4 eV and Eg,CdSe ≈ 1.7 eV,
respectively). The red shift of ZnO/CdSe is larger than that of
ZnO/CdS due to the lower band gap of CdSe. It is worth
noting that the ZnO/CdS/CdSe porous NTAs further extend
the absorption range and increase their absorbance compared

with the qualities of the single-shelled photoanodes. The
enhanced visible light absorption of ZnO/CdS/CdSe porous
NTAs may be attributed to the presence of both visible-light
responsive CdS and CdSe, which induced the cosensitization
effect.39

To evaluate the photoelectrochemical performance of the as-
prepared single and double-shelled photoanodes, we conducted
photoelectrochemical measurements in 0.25 M Na2S and 0.35
M Na2SO3 solution. Figure 5a shows the current density-
potential (J−V) characteristics of the photoanodes under

Figure 3. XPS spectra of ZnO/CdS/CdSe: (a) survey, (b) Zn 2p, (c) Cd 3d, (d) S 2p, (e) Se 3d, and (f) O 1s.

Figure 4. (a) UV−vis diffuse reflectance spectra and (b)
corresponding colors of bare ZnO, ZnO/CdS, ZnO/CdSe, ZnO/
CdS/CdSe, and ZnO/CdSe/CdS.
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visible-light illumination in a potential range of −1.4 to 1.2 V
versus SCE, and the scan rate is 10 mV/s. It can be clearly seen
that all sensitized photoanodes exhibit enhanced photoresponse
current density compared to that of the pristine ZnO, which
originates from the expanded absorption range of CdS and
CdSe over the visible light. At 1.2 V, the photocurrent of single-
shelled ZnO/CdS and ZnO/CdSe NRAs is 16.02 and 10.20
mA/cm2, respectively, which acquires an increase of 36.4 and
23.2 times compared to the value for ZnO NRAs (0.44 mA/
cm2). In comparison to the single-shelled photoanode, the
double-shelled ZnO/CdS/CdSe NTAs photoanode exhibits a
much higher current density at the same potential and shows
the maximum photocurrent density of 20.03 mA/cm2. The
corresponding photocurrent density responses to repeated light
on−off cycles are also presented in Figure 5b; the photocurrent
density appears instantly and increases sharply under visible-
light illumination but reduces to zero promptly as soon as the
illumination is stopped. As expected, the photocurrent density
responds following the order of ZnO/CdS/CdSe porous NTAs
> ZnO/CdS NRAs > ZnO/CdSe NRAs > ZnO NRAs, which
also demonstrates a remarkable improvement in the visible-
light absorption and suppression of charge recombination of
ZnO/CdS/CdSe porous NTAs. Moreover, the photocurrent
density stability test of the as-prepared samples was performed
under visible light illumination for 1 h with the applied bias of

0.5 V. As displayed in Figure S6 in the Supporting Information,
the photocurrent density with time is quite stable for ZnO/
CdS/CdSe porous NTAs, about 89.37% is remained at the end
of illumination, suggesting the high stability in the photo-
electrochemical application.
To further understand the underlying mechanism for

electrical conduction properties in the as-prepared photo-
anodes, we collected Mott−Schottky (M−S) plots. On the
basis of the Schottky barrier between the electrolytes and
semiconductor materials, M−S measurement was performed to
determine the carrier density.40 Figure 6 shows the M−S plots

generated from the capacitance values. It can be observed that
all the single and double-shelled photoanodes exhibit much
smaller positive slopes than did pristine ZnO, indicating that
more donor density appeared after the deposition of CdS and
CdSe. Furthermore, the carrier density of the samples can be
estimated according to the following equation:41

εε= −N C V(2/ e )[d(1/ )/d ]d 0 0
2 1

(1)

where ε is the material’s dielectric constant, ε0 is the
permittivity of the vacuum, e0 is the electron charge, V is the
potential applied at the electrode, and Nd is the dopant density.
With the ε value of 10 for ZnO, CdS, and CdSe and the ε0
value of 8.85 × 10−12 F m−1 for the permittivity of the vacuum,
the electron density values are calculated to be 7.87 × 1019, 3.48
× 1021, 1.38 × 1021, and 6.81 × 1021 of ZnO, ZnO/CdS, ZnO/
CdSe, and ZnO/CdS/CdSe, respectively. Apparently, the
carrier density of the photoanodes also complies with the
orders in photoelectrochemical measurement. The ZnO/CdS/
CdSe porous NTAs display the highest carrier density and
increase about 86.5 times compared to the values for pristine
ZnO NRAs; the change can be mainly attributed to the
cosensitization effect and porous nanotube, which provides
more efficient separation and a longer lifetime for the
photoinduced electron−hole pairs.
The photoelectrocatalytic (PEC), photocatalytic (PC), and

electrocatalytic (EC) degradation of MB solution were
conducted on the as-prepared photoanodes under visible light
illumination with an anodic bias of 0.5 V versus SCE. As shown
in Figure 7a, the MB molecule is stable under light illumination,
and the photolysis efficiency of MB solution can be ignored.

Figure 5. (a) Current density versus the applied potential character-
istics (10 mV/s) and (b) photocurrent response to light on−off of the
ZnO, ZnO/CdS, ZnO/CdSe, and ZnO/CdS/CdSe photoanodes
under visible light illumination (>420 nm) with the applied bias of
0.5 V versus SCE.

Figure 6. Mott−Schottky plots of the ZnO, ZnO/CdS, ZnO/CdSe,
and ZnO/CdS/CdSe measured at a frequency of 10 kHz with an AC
imposed bias of 5 mV in 0.25 M Na2S and 0.35 M Na2SO3 electrolyte
in the dark.
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Compared with pristine ZnO NRAs, the PEC, PC, and EC
efficiencies of the ZnO/CdS/CdSe porous NTAs are
significantly improved; 92.68% of the MB removal rate was
achieved after 70 min of the PEC process, while only 64.84%
and 23.58% were removed by PC and EC processes during the
same irradiation time. The results demonstrate that there may
be an apparent synergetic effect between the PC and EC
process. Figure 7b presents the kinetic behaviors of MB
degradation on the ZnO NRAs and ZnO/CdS/CdSe NTAs;
the degradation rates of the MB solution follow the pseudo-
first-order reaction according to the simplified Langmuir−
Hinshelwood model, −ln (Ct/C0) = kt, where C0 is the initial
concentration of MB solution, Ct is the concentration of that at
different intervals during the degradation process, and k is the
reaction rate constant (min−1). The rate constants of all ZnO/
CdS/CdSe porous NTAs are significantly higher than that of
pristine ZnO NRAs. Furthermore, the ZnO/CdS/CdSe porous
NTAs obtain the highest PEC rate constant (0.0359 min−1).
Additionally, the PEC, PC, and EC processes of ZnO/CdS and
ZnO/CdSe NRAs were also performed to make a comparison,
as shown in Figure S7 in the Supporting Information. Figure 8
exhibits the degradation rates of different photoanodes; it can
be observed that the degradation efficiency of each catalysis
type for ZnO/CdS and ZnO/CdSe NRAs lie between those of
the ZnO NRAs and ZnO/CdS/CdSe porous NTAs. Moreover,
the catalytic activity of the double-shelled photoanode is

superior to that of the single-shelled photoanode under the
same conditions, which highlights that the coexistence of CdS
and CdSe as well as porous nanotubes are of great importance
for facilitating the separation and transfer of photoinduced
electro−hole pairs.
The stability of the ZnO/CdS/CdSe porous NTAs photo-

anode was conducted by repeating the PEC degradation of MB
solution under visible-light illumination. As displayed in Figure
9, the degradation yield remains almost the same after four

recycled experiments and finally achieves a yield of 91.42%.
After deep consideration, the coexistence of CdS and CdSe as
well as the nanotube structure may contribute to the favorable
photostability, such that the former constructs the type-II mode
and separates the charge carries rapidly, and the latter provides
a fast transfer channel for electrons that makes the ZnO/CdS/
CdSe porous NTA photoanode suffers from few changes in
composition and structure. The result suggests that the as-
prepared ZnO/CdS/CdSe porous NTAs photoanode exhibits
superior photostability and may make a promising candidate for
the practical application for organic pollutant degradation
under visible light.
In the PEC process of ZnO/CdS/CdSe porous NTAs, the

combination of an additional bias voltage and illumination may

Figure 7. (a) EC, PC, and PEC degradation rates of MB solution on
bare ZnO NRAs and ZnO/CdS/CdSe porous NTAs photoanodes. (b)
The corresponding plots of −ln(Ct/C0) versus irradiation time.

Figure 8. Degradation rates for MB solution by different catalysis
types of the as-prepared photoanodes.

Figure 9. Recycling test of the ZnO/CdS/CdSe porous NTAs
photoanode for the PEC degradation of MB solution.
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facilitate the photoinduced electron transfer to the counter
electrode through the outer circuit and greatly enhance the
catalytic activity. As displayed in Figure 10, the cosensitization

effect and porous nanotube structure provide an efficient
pathway for the separation and transfer of the photoinduced
electron−hole pairs. After the combination of CdSe and ZnO/
CdS, these components are brought into direct and compact
contact, and the stepwise band-edge structure is successfully
constructed in the type-II mode for ZnO/CdS/CdSe. Under
visible-light irradiation, CdS and CdSe can be excited to
generate electrons and holes; given that the conduction bands
of both CdS and CdSe are more negative than that of ZnO, the
energy alignment promotes the photoinduced electrons quickly
transferring from CdSe and CdS to ZnO and along the pores in
the nanotube to further transport to the FTO substrate and
outer circuit. The photoinduced holes transfer and accumulate
in the valence band of CdSe to the redox solution, thus
exhibiting much higher photocurrent and degradation efficiency
than the single-shelled ZnO/CdS and ZnO/CdSe NRAs.

■ CONCLUSIONS
In summary, we have successfully synthesized a highly efficient
double-shelled ZnO/CdS/CdSe porous NTAs photoanode for
photoelectrochemical water-splitting and organic pollutant
degradation. The as-fabricated ZnO/CdS/CdSe porous NTAs
exhibit stronger visible light absorption and more effective
separation and transport of photoinduced electron−hole pairs
than did single-shelled ZnO/CdS and ZnO/CdSe NRAs, which
can be mainly attributed to the following aspects: stepwise
band-edge structure, cosensitization effect, and the porous
nanotube. The incorporation of merits makes a ZnO/CdS/
CdSe porous NTAs photoanode a promising candidate for
photoelectrochemical and organic-pollutant-degradation appli-
cations.
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