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Controllable CdS nanoparticles (NPs) decorated on TiO2 nanotube arrays (NTAs) were prepared via electrodepo-
sition in DMSO solution at room temperature, aiming to improve the photoelectrochemical properties of TiO2

NTA electrode in visible-light region. By tuning the concentrations of sulfur and Cd2+ as well as the deposition
time, CdS NPs with different sizes can be controllably synthesized at room temperature. Excellent photocurrent
response and incident photo to current conversion efficiency were achieved with smaller CdS NPs with optimal
reactant concentrations and deposition time, which can be attributed to highly efficient charge separation and
high dispersion of CdS NPs on both inner and outer surfaces of TiO2 nanotubes.
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1. Introduction

Highly ordered TiO2 nanotube arrays (NTAs) prepared by anodization
are promisingmaterials in solar energy conversion, photoelectrochemical
water splitting andphotocatalysis [1–5]. Despite their excellent controlla-
bility in synthesis and superior stability in chemical media, pristine TiO2

NTAs always suffer from the poor photo-absorption in visible-light
range due to their wide band-gaps (e.g. 3.2 eV for anatase). Coupling
with narrowband-gap semiconductors has been proven to be an efficient
route to extend the light absorption of TiO2 based composite into visible-
light region [3,6,7]. Among various semiconductors, CdSwith a band-gap
of 2.42 eV has been widely studied for visible-light photosensitization of
TiO2. The photo-generated charge carriers are separated efficiently in
CdS/TiO2 composite due to a more positive conduction band of TiO2.
The common methods for synthesis of CdS nanoparticles (NPs) include
photochemical deposition [8,9], sequence chemical bath deposition [10]
and electrodeposition [11,12].

To date, room temperature synthesis of CdSNPswith a small particle
size (e.g. b30 nm) by electrodeposition remains a challenge. CdS NPs
synthesized in the aqueous solution are always large (e.g. ~100 nm)
and agglomerated on the opening of nanotubes due to thepoor penetra-
tion of reactant ions in aqueous solution [12,13]. Use of organic solution
(e.g. dimethyl sulfoxide (DMSO)) with a low surface tension can im-
prove the wettability [14], which is possible to reduce the CdS NP size

to around 50 nm [11]. However, high bath temperature (i.e. 110 °C),
ultrasonication or benzene additive [11,14,15] is typically required to
dissolve elemental sulfur in DMSO. Moreover, the evidence shows that
these approaches are insufficient to prevent the agglomeration of CdS
NPs, which always block the opening of nanotubes, leading to poor uti-
lization of the inner and outer surfaces of nanotubes. Therefore, it would
be of particular interest to obtain a better control of the CdS NP size and
distribution in nanotube arrays at room temperature.

Herein, we report a facile electrodeposition strategy to construct CdS
NP-decorated TiO2 NTA composites. By tuning the reactant concentra-
tions (i.e. Sdissolved and Cd2+) and deposition time, CdS NPs with con-
trolled size and improved distribution on the inner and outer surfaces
of TiO2 nanotubes can be fabricated at room temperature. To gain in-
sight into the relationship between synthesis parameter (i.e. S/Cd ratio
and deposition time) and photoelectrochemical activity, the photocur-
rent response and incident photo to current conversion efficiency
(IPCE) of the resulting composites were explored.

2. Experimental

Anatase TiO2 NTAswere synthesized by anodization of Ti foil follow-
ing our previous report [16]. The CdS–TiO2 NTAswere prepared by elec-
trodeposition using a two-electrode system, where TiO2 NTAs with a
working area of 1 cm × 1 cm served as working electrode and a Pt foil
served as counter electrode. A DMSO solution containing Cd(NO3)2
and dissolved element sulfur was used as electrolyte: (1) 0.034 M
Sdissolved (saturated) and 0.01 M Cd2+ (S/Cd = 3.4/1), (2) 0.01 M
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Sdissolved and 0.01MCd2+ (S/Cd=1/1), (3) 0.01MSdissolved and 0.005M
Cd2+ (S/Cd= 1/0.5), and (4) 0.01M Sdissolved and 0.01M Cd2+ (S/Cd=
1/0.25). Prior to electrodeposition, electrolyte 1 was irradiated by
ultrasonication at 50 °C with a frequency of 40 kHz for additional 2 h
to completely dissolve the element S. Electrolytes 2, 3 and 4were stirred
for 2 h at room temperature, yielding transparent solutions. The electro-
deposition was performed under a constant cathodic current density of
0.5 mA cm−2 for a certain time at room temperature. The as-prepared
CdS–TiO2 NT samples were immediately immersed in acetone solution
for 30 s, subsequently rinsedwith acetone andpurewater, and naturally
dried at room temperature.

The morphology of the samples was examined by a scanning elec-
tron microscope (SEM, Hitachi S4800) and a transmission electron mi-
croscope (TEM, JEM-2100). The crystalline structure of the samples
was identified by X-ray diffraction (XRD, Philips, Panalytical X'pert, Cu
Kα radiation). UV–vis diffuse reflection spectra (DRS) of the samples
were recorded using a Varian Cary-5000 spectrophotometer. The pho-
tocurrent measurements were carried out in 0.1 M Na2SO4 using a
LHX 150 Xe lamp, a SBP 300 grating spectrometer, and an electrochem-
ical cell with a quartz window. The wavelength-dependent spectral re-
sponse wasmeasured in a two-electrode configuration with a platinum
wire as counter electrode at zero bias in the range of 250–550 nm.

3. Results and discussion

Fig. 1a and b shows the typical SEM images of the TiO2 NTAs before
loadingwith CdS NPs. It is clear that the pristine TiO2 NTAs have smooth
inner surface and rough outer surface. The diameter and length of TiO2

nanotubes are in the ranges of 80–150 nmand 700–900 nm, respective-
ly. Fig. 1c–f compares the SEM images of CdS NP-decorated TiO2 NTAs
obtained from various electrolytes (different S/Cd ratios) after 3 min
electrodeposition. When utilizing electrolyte 1 with the S/Cd ratio of
3.4/1, CdS NPs aggregated to form CdS nanospheres with diameters of

80–120 nm on top-opening of the TiO2 nanotubes (Fig. 1c). The S/Cd
ratio was determined to be 1.30/1.00 by EDX, indicating that the
resulting CdS NPs was possibly coated with sulfur. Intriguingly, by
decreasing the sulfur concentration to obtain the S/Cd ratio of 1/1 (elec-
trolyte 2), no significant decrease in the dimension of CdS NPs can be
observed (Fig. 1d), implying that reducing the sulfur concentration
only has a slight impact on the formation rate of CdS NPs. Then the S
concentration was maintained at 0.01 M and the Cd2+ concentration
was reduced from 0.01 M to 0.0025 M (i.e. electrolytes 3 and 4 with S/
Cd ratio varied from 1/0.5 to 1/0.25). With the reducing concentration
of Cd2+, the diameters of CdS NPs became smaller, i.e. 7–25 nm, and
CdS NPs uniformly dispersed on the opening of the TiO2 nanotubes
(Fig. 1e and f). The S/Cd ratio was found to be near 1.00/1.00 by EDX.
It is known that during the electrodeposition process, adsorbed sulfur
on the electrode surface can be first reduced to S2−, which reacts with
Cd2+ to form CdS. Our results show that reducing Cd2+ concentration
can significantly depress the formation rate of CdS NPs, indicating that
the rate-determining step might be the diffusion of Cd2+ ion from
bulk solution to electrode surface. It is reported that large CdS NPs
were always obtained when the electrodeposition was performed
with high Cd2+ concentration at high bath temperature (e.g. 50 or
100 °C) or under ultrasound irradiation [11,14,15]. These approaches
can significantly accelerate the Cd2+ diffusion in film diffusion region
and therefore favor the rapid formation of large CdS NPs at the opening
of nanotubes, which in contrast, inhibits the diffusion of Cd2+ in pore
diffusion region, yielding poor distribution of CdS NPs on the nanotube
surface. Our results suggest that low temperature and lowCd2+ concen-
tration could be the keys for electrodeposition synthesis of small of CdS
NPs.

In another series, the electrodeposition time was modulated and the
electrolyte 4 with the S/Cd ratio of 1/0.25 was utilized. Fig. 2a–b shows
the SEM and TEM images of CdS–TiO2 NTAs electrodeposited for 1 min.
Uniform dispersion of CdS NPs can be achieved on the opening (Fig. 2a)
and inner/outer surface (Fig. 2b) of TiO2 nanotubes. Direct comparison

Fig. 1. SEM images of TiO2 NTAs (a, b) and CdS–TiO2 NTAs obtained by electrodeposition
for 3 min with different S/Cd ratios: 3.4/1 (c), 1/1 (d), 1/0.5 (e), and 1/0.25 (f).

Fig. 2. SEM images of CdS–TiO2 NTAs obtained by electrodeposition for 1min (a, b), 3 min
(c, d) and 5 min (e, f) with an S/Cd ratio of 1/0.25. The insets in (a) and (b) show the TEM
images of the corresponding samples.
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