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Type-II CdS nanoparticle-ZnO nanowire heterostructure arrays
fabricated by a solution process: enhanced photocatalytic activityf
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We report a two-step, solution-based synthetic method to fabri-
cate CdS nanoparticles-sensitized ZnO nanowire heterostruc-
ture arrays which showed enhanced photocatalytic activities in
comparison with bare ZnO nanowire arrays.

Numerous research efforts have been concentrated on the
environmental use of semiconductor photocatalysts in pro-
cesses such as the decomposition of toxic organic compounds
and hydrogen production via water splitting.! Among the
various photocatalytic semiconductor materials, metal-oxide
semiconductors such as ZnO (3.2 eV), TiO, (3.2 V), a-Fe,03
(3.1 eV) and WOs; (2.8 eV) have been researched intensively as
practically applicable photocatalysts because they show high
photocatalytic activities and synthetic routes to them are
economical.> However, these single metal-oxide photocata-
lysts have wide band-gap energies, which are disadvantageous
to absorption and use of the visible light region of solar
energy. To improve photocatalytic activities, composite semi-
conductor photocatalyst systems have received a great deal of
attention because of two important reasons. First, in the
composite semiconductor systems with different energy levels,
wide band-gap semiconductors can utilize visible light by
coupling narrow band-gap semiconductor photosensitizers.’
Second, charge injection from one semiconductor into another
can lead to efficient and longer charge separation by reducing
the electron—hole pair recombinations.*

Various types of ZnO micro/nanomaterials have been stu-
died for photocatalyst applications.” However, there are diffi-
culties in collecting and recycling powder-type photocatalysts
after use. Recently, 1-D ZnO nanostructure arrays, such as
nanowires® and nanobelts,” have been tested as immobilized
photocatalysts due to their expected high photocatalytic ac-
tivity resulting from large surface-to-volume ratio, and recycl-
able characteristics. However, there are few reports of
composite ZnO nanowire arrays to enhance the photocatalytic
efficiency. In this communication, we report a facile two-step
solution-based method to fabricate a novel CdS nanoparticle
(NP)/ZnO nanowire (NW) heterostructure array. This inter-
esting heterostructure array showed enhancement of the visi-
ble light absorption and also photocatalytic activity due to
efficient charge separation by their type-II band alignments.

Surface Chemistry Laboratory of Electronic Materials, Department of
Chemical Engineering, Pohang University of Science and Technology
(POSTECH ), Pohang 790-784, Korea. E-mail: kyong@postech.ac.kr;
Fax: +82-54-279-8298; Tel: + 82-54-279-2278

1 Electronic supplementary information (ESI) available: AM 1.5G
spectrum. See DOI: 10.1039/b810388g

We grew ZnO nanowire arrays on silicon substrates using
the ammonia solution hydrothermal method reported else-
where.® Prepared samples were post-annealed in air ambient at
400 °C for 1 h to enhance the crystallinity and chemical
stability for the following CdS chemical bath deposition
(CBD) process. For the nucleation and growth of CdS nano-
particles on the ZnO nanowire surface, the ZnO nanowire
array substrate was immersed in an aqueous solution contain-
ing CdSOy : thiourea : NH4OH = 1 mM : 50 mM : 0.5 M at
the solution temperature of 60 °C. The reaction time was
100-200 min.

To examine the photocatalytic activity, orange-II (4-(2-
hydroxy-1-naphthylazo)benzenesulfonic acid, Aldrich) dye
was chosen for the photodecomposition study. Bare ZnO
NW, as-prepared CdS NP/ZnO NW and post-annealed CdS
NP/ZnO NW array samples, cut into the same size of 1 cm X
2 cm, were horizontally immersed in 2-2.5mL of 1.0 x 107> M
orange-II solution and irradiated by a UV-lamp (15 W
centered at 365 nm, 2 mW cm 2 Uvitec-LF215LM).
The remaining amounts of dye in the solution were deter-
mined by measuring the absorption intensity at 486 nm, a
main peak position of the orange-1I dye, using a UV2501PC
(SHIMADZU) spectrometer.

Fig. 1(a) is a schematic diagram showing the fabrication
process of the CdS NP/ZnO NW heterostructure array, and
Fig. 1(b) and (c) show the morphology of the bare ZnO
nanowire and the CdS NP/ZnO NW heterostructure array,
respectively, observed by field-emission scanning electron
microscopy (FE-SEM). Bare ZnO nanowires were grown

ZnO NW array grown by
ammonia solution method

Fig. 1 (a) Schematic diagram of the two-step solution process to
fabricate a CdS NP/ZnO NW heterostructure array. FE-SEM images
of (b) bare ZnO NW and (c) CdS NPs coated ZnO NW array.
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vertically on a large area of the substrate with a diameter of
50-100 nm and a length of 4-5 pm. After the CBD process, we
could observe that CdS nanoparticles, which have diameters in
the range 50-100 nm, uniformly nucleated on the ZnO nano-
wire surfaces from the tip to the bottom.

The detailed microscopic structure and chemical composi-
tion of the CdS NP/ZnO NW heterostructure were analyzed
using a high-resolution scanning transmission electron micro-
scope (HR-STEM). Fig. 2(a) and (b) are low-magnification
bright field (BF) and high angle annular dark field (HAADF)
images of the sample. They show uniformly attached CdS
nanoparticles with bright contrast on the ZnO nanowires. A
high-resolution image of the CdS/ZnO heterojunction region
(Fig. 2(c)) and corresponding fast Fourier transform (FFT)
(Fig. 2(d)) reveal that polycrystalline CdS nanoparticles were
grown on a single crystalline ZnO nanowire and both materi-
als have hexagonal crystal phases with atomic plane spacings
corresponding to the JCPDS No. 79-2205 (ZnO) and 80-0006
(CdS). Fig. 2(e) is a scanning TEM (STEM) image of a CdS
NP/ZnO NW heterostructure and (f-i) show corresponding
EDX elemental mapping of Zn, O, Cd and S, respectively. It is
noticeable that Cd and S elements are localized at the nano-
particle region in the image.

The crystallinity and optical absorption properties of the
CdS NP/ZnO NW heterostructure array depending on the
annealing treatments were investigated by XRD and UV-
visible spectroscopy. Fig. 3(a) shows digital camera images
of the bare ZnO NW, as-prepared CdS NP/ZnO NW and
post-annealed CdS NP/ZnO NW samples. From the XRD
data (Fig. 3(b)), we could observe that both as-prepared and
400 °C Ar-annealed samples had a hexagonal ZnO(002) peak

100 nm

Fig. 2 (a) Bright field (BF) and (b) high angle annular dark field
(HAADF) STEM images of CdS NP/ZnO NW heterostructures. (c)
High-resolution TEM image of the CdS/ZnO heterojunction region
and (d) corresponding FFT. (¢) STEM image and corresponding EDX
elemental mapping of (f) Zn, (g) O, (h) Cd and (i) S, respectively.
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Fig. 3 (a) Digital camera image of the samples. (b) XRD data of the
as-prepared and annealed CdS NP/ZnO NW. The inset shows diffused
reflectance spectra (DRS) of the ZnO NW, as-prepared CdS NP/ZnO
NW and post-annealed CdS/ZnO NW heterostructure arrays.

and CdS(100), (002), (101), (110), (112) peaks. These XRD
peak positions are consistent with the atomic plane spacings in
the HR-TEM image.

The intensities of the CdS related peaks increased slightly
after the 400 °C Ar-annealing process. In contrast to the bare
ZnO NW sample, CdS sensitized ZnO NW samples could
absorb visible light and the absorption range increased up to
~ 580 nm after the annealing process (inset of Fig. 3(b)).

The photocatalytic activity of the CdS NP/ZnO NW hetero-
structures was evaluated by the degradation of an orange-II
organic dye and compared with the bare ZnO NW.

Fig. 4 is a plot of the remaining dye concentration percen-
tage of the initial dye concentration (C,: 1.0 x 107> M) versus
the UV irradiation time. Without any catalyst, it showed a
slight increase in the orange-II concentration due to the slow
evaporation of the solvent during the irradiation. This
confirms the photostability of the organic dye. The CdS NP/
ZnO NW heterostructure samples, both as-prepared and
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Fig. 4 Time dependent dye contents remaining in the solution after
UV irradiation and schematic diagram showing the energy band
structure and electron—hole pair separation in the CdS NP/ZnO NW
heterostructure.
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Fig. 5 Dye contents remaining in the solutions after 2 h solar-
simulated light irradiation. Inset: absorption spectra of the photo-
degraded dye solutions.

post-annealed ones, showed enhanced photocatalytic activities
in comparison with the bare ZnO NW sample.

Possible reasons for the enhancement of the photocatalytic
activity of the heterostructure photocatalysts are the increase
in the specific photocatalyst area of the heterostructure and
the coupling effects of ZnO NWs and CdS NPs. As shown in
the schematic diagram, the band position of CdS and ZnO has
a type-1I structure. This type-II band alignment can efficiently
separate electron—hole pairs which are photo-generated in
each semiconductor material (i.e. ZnO and CdS) and reduce
their recombination.” The photo-generated electrons transfer
to the conduction band of ZnO NW and reduce the molecular
oxygen O, to the superoxide radical anion O,°", producing
hydroxyl radical OH®, which is a strong oxidizing agent to
decompose the organic dye. The proposed mechanism for the
photocatalytic decomposition of organic dye by CdS NP/ZnO

NW heterostructures can be described as follows: '

CdS/ZnO + hv — CdS(h*)/ZnO(e")
ZnO(e™) + 0y - 0,°~
0,*" + H,0 - HO,* + OH™
HO,* + H,0 —» H,0, + OH*
H,0, — 20H*

OH* + organic dye (orange-1I) - CO, + H,O

To demonstrate the effects of the visible light absorption
ability of the heterostructures on the photocatalytic activity,
we tested dye decomposition rates of the samples under
conditions similar to natural solar-light irradiation. The nat-
ural solar-light was generated by a solar-simulator (300 W
xenon arc lamp with AM 1.5G filter, 100 mW cm 2, Oriel-
91160). The inset of Fig. 5 shows absorption spectra of organic
dye solution photo-degraded by bare ZnO NW, as-prepared
CdS NP/ZnO NW and post-annealed CdS NP/ZnO NW
samples after 2 h of solar-simulated light irradiation. It shows
that 85% and 66% of organic dye was degraded by post-
annealed CdS NP/ZnO NW and as-prepared CdS NP/ZnO

NW arrays, respectively. In contrast, bare ZnO NW sample
degraded only 31% of organic dye (Fig. 5). This result may
originate from solar light absorption efficiency. As shown in
the inset of Fig. 3, the bare ZnO nanowire array absorbs only
in the UV region (300-400 nm) of the AM 1.5G spectrum
which is a minor portion of the full spectrum intensity.
However, the CdS/ZnO heterostructure array can absorb in
the maximum intensity region (around 500 nm). Comparing
the results for as-prepared CdS/ZnO and post-annealed CdS/
ZnO samples, which have similar specific area, we suggest that
the higher photocatalytic activities of the post-annealed CdS
NP/ZnO NW sample in comparison with the as-prepared one
result from increased visible light absorption and charge
injection efficiency due to enhanced crystallinity as verified
by XRD and DRS data (Fig. 3).

Another important point is that we did not use any sacri-
ficial agents (hole-scavengers), such as alcohols or sulfide/
sulfite ions, in the current study. Generally, the addition of
hole-scavengers is known to remarkably increase the photo-
catalytic efficiency and the photo-corrosion stability of sulfide
catalysts.!! Therefore, there is plenty of scope for improve-
ment of the photocatalytic properties of our heterostructures
in future studies.

In summary, we prepared CdS NP/ZnO NW heterostructure
arrays using a facile two-step solution method. It was found that
the CdS NP/ZnO NW heterostructure arrays have improved
photocatalytic activities compared with the bare ZnO nanowire
array. We expect that the CdS NP/ZnO NW heterostructure
arrays will offer promising applications as photocatalysts,
photoelectrodes and also solar-energy conversion materials.
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