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Abstract

TiO, nanorod arrays (TiO, NRAs) sensitized with CdS nanoparticles were fabricated via
successive ion layer adsorption and reaction (SILAR), and TiO, NRAs were obtained by
oxidizing Ti NRAs obtained through oblique angle deposition. The TiO, NRAs decorated with
CdS nanoparticles exhibited excellent photoelectrochemical and photocatalytic properties under
visible light, and the one decorated with 20 SILAR cycles CdS nanoparticles shows the best
performance. This can be attributed to the enhanced separation of electrons and holes by forming

heterojunctions of CdS nanoparticles and TiO, NRAs. This provides a promising way to
fabricate the material for solar energy conversion and wastewater degradation.

Online supplementary data available from stacks.iop.org/STAM/15/055006/mmedia
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1. Introduction

Since the first report of photocatalytic splitting of water using
titanium dioxide (TiO,) photoanode by Fujisima and Honda in
1972 [1], TiO, has been extensively studied and has been
considered a superior candidate for solving environmental
concerns owing to its low cost, photostability, chemical inert-
ness, nontoxicity, and strong photocatalytic activity [2].
However, the widespread applications of TiO, are limited due
to its large band gap (~3.2 eV and 3.0 eV for anatase and rutile,
respectively), which makes it active only under ultraviolet
(UV), i.e. it uses less than ~5% solar energy) [3]. To enhance
the solar energy conversion efficiency of TiO,, one strategy is
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to extend its photoresponse to visible light, which comprises a
greater portion (~45%) of the solar spectrum [4, 5]. This can be
achieved by several strategies such as doping with impurities
[6-11], coupling with dyes [12-14] and sensitizing with
semiconductors [15, 16] that have proper conduction band
levels. Recently, narrow band gap semiconductors such PbS
[17], CdSe [18], ZnS [19] and CdS [20, 21] have been suc-
cessfully studied as sensitizer for TiO, nanostructures that
exhibit obviously enhanced response under visible light. For
instance, CdS has a low band gap (~2.4eV) and a relatively
high absorption coefficient in the visible light region, and its
conduction band is more negative than that of TiO, [22]. The
electrons generated in the CdS by the visible light radiation
transfer to TiO, thus separating the photon-induced electrons
and holes in the CdS and TiO,, respectively. These properties
make CdS highly desirable for use in photoelectrochemisty and
photocatalysis in comparion with other semiconductors [23].
CdS nanoparticles (NPs) have several advantages, namely a
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high extinction coefficient, spectral tunability by size, and good
stability. They can be grown directly on TiO, by electro-
deposition [24], chemical bath deposition (CBD) [25], and
successive ion layer adsorption and reaction (SILAR) [26, 27].
For the SILAR method, the amount of the CdS NPs can be
easily controlled by altering the number of deposition cycles.
To obtain good electron-hole separation efficiency is crucial
for enhancing the photocatalytic [28]. For example, reducing
the thickness of the TiO, could decrease the diffusion pathway
of the photo-generated holes to the electrode/electrolyte inter-
face to avoid recombining with photo-generated electrons as
TiO, has a short hole diffusion length (~10nm) [29]. Fabri-
cating nanostructures such as nanoparticles, porous nano-
spheres, nanotubes, nanowires, nanobelts, nanoneedles, and
nanorods is a promising way to enhance solar energy conver-
sion efficiency of TiO,, as nanostructures exhibit many desir-
able characteristics for effective photocatalysis such as efficient
and tunable optical absorption, large surface areas, short charge
carrier diffusion lengths and low reflectivity [30]. One-
dimension (1D) nanostructures such as nanorods can be
obtained by organometallic chemical vapor deposition
(OMCVD) [31], hydrothermal processes [32], glancing angle
deposition (GLAD) [33] and oblique angle deposition (OAD)
[34]. The OAD technique is a unique physical vapor deposition
process used to fabricate large area, uniform, aligned nanorod
arrays with controlled porosity, where the vapor flux is incident
onto a substrate at a large angle 6 (6>70°) with respect to the
substrate normal. Due to a geometric shadowing effect, well-
aligned and separated nanorod arrays can be produced [35].
The film resulting from the OAD technique presents very open
and porous microstructure where nanometer-size columns with
a high internal porosity are separated by wide pores that extend
from the substrate up to the film surface [36], which is very
advantageous in increasing the interface between nanorod and
solution. Moreover, the porosity can be readily tuned by
varying the oblique angle and various substrates such as glass,
F-doped SnO, (FTO), Si, etc, can be used.

To the aim of improving the TiO, properties under
visible light, fabricating large area uniform TiO, nanorod
arrays (TiO, NRAs) decorated with CdS NPs is a promising
way to harvest solar energy and enhance solar energy con-
version efficiency by coupling the traits of TiO, nanorods and
CdS nanoparticles.

In this paper, we obtain TiO, NRAs by annealing Ti
NRAs that are fabricated using the OAD technique, and CdS
particles are deposited on TiO, NRAs by successive ion layer
adsorption and reaction (SILAR). The photocatalytic and
photoelectrochemical properties of the TiO, NRAs/CdS film
under visible light improve noticeably compared to the bare
TiO, NRAs and CdS films, respectively.

2. Materials and methods

2.1. TiO> NRAs fabrication

The Ti NRAs were deposited on planar Si substrates and
transparent FTO substrates (20 £2 per square) by the oblique

angle deposition technique (OAD) described elsewhere [37],
and the films deposited on the Si substrates were used for
scanning electron microscopy (SEM) and Raman measure-
ments. The substrates were sequentially cleaned in acetone
and alcohol by ultrasonic, and then rinsed in deionized water
for S5min each. The system was pumped down to a base
pressure of 4 x 1078 Torr, and then the Ti film was deposited
on the substrate at a deposition rate of 0.5 nms™', which was
monitored by a quartz crystal microbalance. To produce the
films of aligned Ti NRAs, the incident beam of the Ti flux
was set at ~85° with respect to the substrate normal at room
temperature. In order to obtain TiO, NRAs, the Ti NRAs
were oxidized in a tube furnace, the furnace was heated up to
450 °C for 2 h at a rate of 5°C min~' in ambient atmosphere,
resulting in crystalline TiO, NRAs with good photocatalytic
activity.

2.2. CdS NPs deposition on TiO, NRAs

CdS NPs were deposited on TiO, NRAs via a successive
ionic layer adsorption and reaction (SILAR) method with
slight modification, as previously reported [21]. Briefly, the
TiO, NRAs substrates were successively exposed to Cd(Ac),
and Na,S solutions, respectively, to deposit CdS nanocrys-
tallites. The TiO, NRAs were immersed in a Cd(Ac),
(0.05M) solution for 30s, and were then rinsed with deio-
nized water and immersed in a solution of Na,S (0.05 M) for
another 30s followed by another rinsing with deionized
water. This SILAR process was repeated until the desired
deposition of CdS nanocrystallites was achieved.

2.3. Measurements

2.3.1. Experimental setup. The surface morphology was
observed by field emission scanning electron microscopy
(SEM, JEOL-7001F). A Rigaku 2500 x-ray diffractometer
was employed to investigate the crystallographic
characteristics of the TiO, NRAs/CdS NPs. The TiO,
NRAs/CdS NPs were also characterized by transmission
electron microscope (TEM, JEOL-2010F). Absorption spectra
were recorded wusing a UV-vis spectrophotometer
(PerkinElmer  Lambda  950). The Raman  and
photoluminescence (PL) spectra were recorded using Raman
spectrometer (LabRAM ARMIS) under 488 nm and 325 nm
excitation, respectively.

2.3.2. Photocatalytic discoloration of methyl orange. Methyl
orange (MO) was considered as a model contaminant in the
purification of dye wastewater. The prepared samples
(15mmx 15mm) were placed in a quartz cell containing
10mL of MO (5 uM) aqueous solution. The photocatalyst
was Scm away from the quartz window. The relative
concentration of MO in the solution was determined by
comparing its UV—vis absorption intensity with that of the
initial MO solution at 462 nm.

The photocurrent intensity versus potential (/-V curve)
measurements were carried out in a 250 mL quartz cell
connected to an electrochemistry workstation (CHI 660,
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Shanghai Chenhua Instrument). A three-electrode assembly
was adopted for the test, which included a prepared TiO,
NRASs/CdS NPs as a working electrode, a Pt foil as a counter
electrode, a KCl1 saturated Ag/AgCl as a reference electrode
and 0.1 M Na,S as an electrolyte. The working electrode was
illuminated with a 300 W Xe lamp. An ultraviolet cutoff filter
was inserted between the light source and the quartz cell to
exclude UV light with the wavelength shorter than 420 nm.
Photocurrent densities were measured in the light on—off
process with a pulse of 30 s using the potentiostatic technique
[38] under visible light illumination of 130 mW cm2and OV
bias versus Ag/AgCl electrode.

3. Results and discussion

Figure 1(a) shows a typical top-view SEM image of Ti NRAs
prepared by the OAD technique by electron beam evapora-
tion, and the inset shows a typical tilted angle-view SEM
image of the NRAs. One sees that the Ti nanorods are
50-90 nm in diameter, ~220 nm in length, and well separated.
Figure 1(b) shows a typical top-view SEM image of the TiO,
NRAs obtained by oxidizing the Ti NRAs at 450 °C for 2 h in
air, and the inset shows a SEM image of the TiO, NRAs at a
tilted angle of 45°. It is seen that the TiO, nanorods kept the
shape and dimensions of Ti nanorods. Figures 1(c)—(f) show
typical top-view SEM images of the TiO, NRAs after the
depositing of CdS NPs by 5, 10, 15, and 20 SILAR cycles
deposition, respectively. The SILAR method is an effective
way to deposit CdS nanocrystallites on TiO, nanorods
[39, 40]. With an increase in the deposition cycle, there are
two different types of CdS nanocrystal growth: one is the
formation of new crystallites and the other is the growth of
smaller crystallites into larger ones [21]. It is seen in
figure 1(e) that after 15 cycles, large CdS crystallites
(~40-50nm) consisting of several nanocrystallites were
deposited on the TiO, nanorods. After 20 cycles, as shown in
figure 1(f), the CdS nanocrystallites aggregated and formed
larger crystallites (~60-70 nm). It is observed that after CdS
deposition by 20 cycles, the decorated TiO, nanorods are still
separated. However, as shown in figure S1, the entire surface
of the TiO, NRAs were covered by a film consisting of larger
CdS crystallites, after 25 cycles of deposition.

Figure 2(a) displays the XRD patterns of the TiO, NRAs
deposited with CdS NPs for different SILAR cycles. The
diffraction peak at 260=27.3° corresponding to the (110)
crystal planes of the rutile phase (JPCDS No. 21-1276) is
observed. The presence of a broad XRD peak is an indication
of small crystallite size in the nanoscale range, affirming the
nanocrystalline nature of the nanorods. To clarify the struc-
ture of as-prepared TiO, NRAs, we measured the as-prepared
samples using XRD with the step scanning method. The XRD
measurement was performed with a scanning step of 0.01°
and with a dwell time of 2s in the scanning range of
23.5°-28.5°. The corresponding XRD pattern of the as-pre-
pared sample was shown in the inset of figure 2(a), which
displays two distinctive peaks at 25.3° and 27.3°, corre-
sponding to anatase (101) and rutile (110), respectively. In the

original XRD patterns measured with the glancing angle x-ray
diffraction (GXRD) method, only one broad peak centered at
~27.3°Can be observed, with which the diffraction peak
related to the anatase (101) plane is superimposed.

It is noticed that the peak at 20=27.3° shifts to a lower
angle gradually with increasing SILAR cycles. After 25
SILAR cycles deposition, a peak at 20=26.5° is formed,
indicating a preferred orientation along the (111) plane of the
cubic phase CdS (JCPDS No. 89-0440). These result confirm
the successful deposition of CdS on TiO, NRAs.

The Raman spectrum of TiO, NRAs is shown in
figure 2(b). The anatase and rutile structure belongs to 141/
amd space group and P42/mnm tetragonal space group,
respectively. The first peak at 144 cm™ as a characteristic of
anatase is formed in the as-prepared TiO, NRAs. The peak at
613 cm™" can be assigned to the Raman active modes of the
rutile [41, 42]. One sees that the TiO, NRAs consist of a
mixture of anatase and rutile nanocrystallites, which will be
further verified by TEM.

The growth of CdS NPs on TiO, NRAs by SILAR was
investigated by high-resolution transmission electron micro-
scopy (HRTEM) analysis. Figures 3(a), (b) show HRTEM
images of TiO, nanorods obtained by oxidizing Ti nanorods.
The TiO, nanorods are polycrystalline, and consist of both the
anatase and the rutile phases. The presence of the anatase—r-
utile heterojunction in the nanorods may help the rutile par-
ticles to efficiently collect photon-induced electrons from the
anatase particles to reduce the charge recombination [43].
Figures 3(c), (d) show HRTEM images of TiO, nanorods
decorated with CdS NPs after 15 cycles of SILAR. It is seen
clearly that ultrafine CdS particles with a diameter of ~5 nm
were on the nanorod, forming heterojunctions of CdS and
TiO,. After 25 SILAR cycles, as shown in figures 3(e), (f),
the TiO, nanorods are covered by a CdS film consisting of
large CdS NPs (~50 nm). Energy dispersive x-ray spectrum
analysis was also carried out for the CdS NPs decorated TiO,
nanorods. The results are shown in figure S2. It shows that the
Ti/Cd ratio was ~1.50 and ~0.77 in areas marked by the red
rectangles in figures 3(c) and (e), respectively, confirming that
more CdS NPs were grown on TiO, NRAs at a higher number
of deposition cycles.

Figure 4(a) shows the Raman spectra of TiO, NRAs
coated with CdS particles using different numbers of SILAR
cycles. One sees that the TiO, NRAs consist of a mixture of
anatase and rutile nanocrystallites, which is in agreement with
the HRTEM observation; see figure 3(b). The three strong
Raman peaks located around 303, 606, and 909 cm™! are
assigned, respectively, to the first-, second-, and third-order
longitudinal optical (LO) phonon modes of CdS [44, 45]. The
peaks located at ~521 and 979 cm™ are from the silicon
substrates [46, 47]. The increase in the intensity of the Raman
peaks for CdS suggests that more CdS NPs were grown on
the TiO, NRAs, by increasing the SILAR cycles. The optical
absorption property of TiO, NRAs decorated by CdS NPs
was measured and is shown in figure 4(b). The inset of
figure 4(b) is an optical image of the TiO, NRAs decorated by
CdS NPs, showing clearly the color change. The undecorated
TiO, NRAs exhibited absorption in the UV region



Sci. Technol. Adv. Mater. 15 (2014) 055006

Z Xie et al

Figure 1. SEM images of the samples: (a) Ti NRAs; (b) TiO, NRAs obtained from oxidation of Ti NRAs. The insets in (a) and (b) are the
images recorded at a tilt angle of 45°; after (c) 5, (d) 10, (e) 15, and (f) 20 SILAR cycles of CdS deposition.

(at<380nm), and a weak absorption in the visible light
region which was attributed to the scattering of light caused
by pores in the NRAs [38]. Because of the deposition of CdS
NPs, all decorated TiO, NRAs exhibited strong light
absorption in a wide region, from 380nm to 600 nm. In
agreement with the color change of the samples (see inset of
figure 4(b)) and Raman analysis (see figure 4(a)), the
absorption capability in the visible light of the CdS-decorated
TiO, NRAs was enhanced monotonically by increasing the
SILAR cycles. This may suggest an enhancement in the
photocatalytic activity of the decorated TiO, NRAs in the
visible light.

The photocatalytic activity of CdS-decorated TiO, NRAs
was examined by the discoloration of methyl orange upon
irradiation with visible light. According to Beer’s law, the
intensity of the 1=462 nm absorbance peak of methyl orange
is proportional to the solution concentration, if it is below 0.8
[48]. The discoloration rate # can be calculated by

n=1- %:), where A, and A(?) are the absorbance at 462 nm,
at the irradiation time of 0 and ¢, respectively. Figure 5 plots
the discoloration rate of methyl orange as a function of time,
using the CdS-decorated TiO, NRAs as a photocatalyst. One
sees that using the undecorated TiO, NRAs as a photo-
catalyst, the discoloration rate was only 3.2% even after
150 min of irradiation; this is attributed to the photobleaching
process [49]. Enhancement was observed using CdS-deco-
rated TiO, NRAs as photocatalyst; for example, the dis-
coloration rate was 12.6% when using CdS-decorated TiO,
NRAs by 5 SILAR cycles, and it was 42.0% if using TiO,
NRAs decorated by 20 SILAR cycles. However it is also
observed when using the TiO, NRAs decorated by 25 SILAR
cycles as a catalyst, though more CdS NPs were grown (see
figures 1-3), and the discoloration rate decreased, i.e. it was
down to 39.0%.

We have performed photoelectrochemical /-V, photo-
current measurements, and PL measurements to better
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Figure 2. (a) X-ray diffraction (XRD) patterns of the TiO, NRAs/
CdS NPs. Inset is the XRD pattern of TiO, NRAs by step scanning
method in the scanning range of 23.5°-28.5°; (b) Raman spectrum of
TiO, NRAs. A: anatase, R: rutile, Si: Si substrate.

understand the photocatalytic performance of these TiO,
NRAs decorated by CdS NPs. Figure 6(a) shows the I-V
curves measured for CdS-decorated TiO, NRAs. It is seen
that the open circuit potential (V,.), which corresponds to the
difference in the apparent Fermi level between the TiO,
NRAs/CdS NPs and the reference electrode [21], is very
dependent on the CdS decoration. It was ~ —0.42 V for TiO,
NRAs without CdS decoration, and became more negative
after decorated with CdS NPs; for instance, it was ~ —1.14 V
when decorated by 5 SILAR cycles, and was ~ —1.21 V when
decorated by 20 SILAR cycles. One may also notice that
when decorated by 25 cycles, it became less negative than
—1.21 V. Following the literature, the shift of the Fermi level
towards the more negative potentials indicates a better charge
carrier separation and electron accumulation in semi-
conductor—semiconductor heterojunctions [21, 50-52].
Figure 6(b) plots the photocurrent of the CdS-decorated
TiO, NRAs versus the incident light irradiation time. It is
observed that all the samples exhibited a quick response to the
on/off of the incident light, and that the photocurrent was

larger for samples decorated by more SILAR cycles. The
exception is for the sample decorated by 25 SILAR cycles,
which had a smaller photocurrent in comparison with the
sample decorated by 20 SILAR cycles. It is well known that a
higher photocurrent suggests a higher efficiency in the
separation of electrons and holes [53], thus suggesting a better
photocatalytic activity. We also fabricated the CdS NPs on
bare FTO and Ti NRAs under the same conditions as the CdS
NPs deposition on TiO, NRAs. The photocurrent density
versus time coupling irradiation on/off is shown in figure S3.
Similar quick responses to the on/off of the incident light are
observed in Ti/CdS NPs NRAs due to the properties of CdS
NPs; however, the photocurrent density of these is much
lower than that of TiO, NRAs/CdS NPs, indicating the TiO,
NRAs play a role in enhancing the separation efficiency of
electrons and holes rather than a temperate.

The PL technique is an effective way to study the effi-
ciency of the charge carrier trapping, migration and transfer,
as PL signals result from the recombination of photo-induced
carriers. Figure 6(c) shows the PL spectra of the CdS-deco-
rated TiO, NRAs. The peaks at ~425, ~530 and ~630 nm can
be ascribed to the self-trapped excitons [54] and the oxygen
vacancies (V,) in TiO, [55, 56] and to the sulfur-deficient
defects in CdS nanocrystallites [57], respectively. One sees
that for samples decorated by more SILAR cycles, the PL
intensity was weaker. The exception is for the sample deco-
rated by 25 cycles, which exhibited a stronger PL intensity
than the one decorated by 20 cycles. It has been recognized
that a lower PL intensity suggests a lower recombination rate
of the photo-induced electron-hole pairs [58], and thus a
better photocatalytic performance. This is exactly the case we
observed here (see figure 4).

The optical property of TiO, NRAs/CdS NPs irradiated
with visible light irradiation for 150 min was measured and is
shown in figure S4(a). After irradiation, the absorbance of all
samples decreases compared to that of the unirradiated sample
due to the photo-corrosion in CdS, photo-corrosion occurs
when excited electrons and holes are trapped by surface states
under visible light irradiation under ambient conditions [59].
To clearly compare the photostability of the TiO, NRAs/CdS
NPs, we depicted the decreasing rate of optical absorbance
intensity at 430 nm before and after irradiation as the corro-
sion rate. It shows clearly that during an exposure time of
150 min, the corrosion rate is more than 30% for the TiO,
NRAs deposited with different SILAR cycles CdS NPs. The
photo-corrosion for CdS pollutes the water solution, so it is
very necessary to avoid photo-corrosion in future work.

For a semiconductor excited by photons with energies
higher than its band gap, electrons are excited from the
valence band into the unoccupied conduction band, generat-
ing excited electrons in the conduction band and positive
holes in the valence band. As shown in figure 7, when illu-
minated by visible light, CdS effectively excites electrons and
holes. The conduction band of CdS is more positive than that
of TiO, resulting in a local electric field. As a result, the
excited electrons can quickly transfer from the CdS to the
TiO, conduction band, whereas the generated holes accu-
mulate in the valence band of CdS to form the holes’ center.
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(a)

RS

Figure 3. TEM images and HRTEM images: (a), (b) TiO, NRAs; (c), (d) 15 SILAR cycles TiO, NRAs/CdS NPs; (e), (f) 25 SILAR cycles

TiO2 NRAs/CdS NPs.

Consequently, the excited electron/hole pairs could be sepa-
rated effectively, which contributed to the improvement of
photoelectrochemical properties of TiO, NRAs/CdS NPs.
During the irradiation process, the CdS coupled TiO, NRAs
prolong the lifetime of the photo-induced electrons and holes
due to their efficient separation, resulting in an efficient

oxidation-reduction reaction, so that the photoactivity can be
enhanced. The accumulated electrons in the conduction band
of TiO, can be transferred to oxygen to form active oxygen
species (e.g.-O3), which could be further reduced to highly
reactive hydroxyl radicals (OH) [60]. The formed hydroxyl
radicals (OH) could further decompose the organic dye MO to
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form intermediates or mineralized products [61]. In this study,
the discoloration of MO is due to a small part of the photo-
bleaching process, but efficiency depends on the density of
the electrons and holes, i.e. the more density, the higher
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efficiency. Therefore, the photoactivity of TiO, NRAs/CdS
NPs has a positive correlation with the density of the pho-
tocurrent, which agrees with the experimental results.

4. Conclusions

In summary, TiO, NRAs were fabricated by oxidizing Ti
NRAs obtained by oblique angle deposition, CdS NPs
deposited on TiO, NRAs via successive ion layer adsorption
and reaction forming heterojunctions of TiO2 NRAs/CdS
NPs. The TiO, NRAs/CdS NPs composites exhibit both
excellent visible light photoelectrochemical and photo-
catalytic properties due to excited electrons injected into TiO,
resulting from the efficient electron—hole separation, and the
TiO, NRAs decorated with 20 SILAR cycles CdS display the
best properties. However, aggregate CdS NPs exhibiting a
poorer performance were attributed to lower electron—hole
separation with increasing the SILAR cycles. Forming het-
erojunctions of CdS NPs and TiO, NRAs provides a pro-
mising way to fabricate material applied in the solar energy
conversion and purification of wastewater.
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