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A B S T R A C T

Vertically aligned TiO2/CdS and TiO2/CdS/CdSe nanocable arrays on fluorine-doped tin oxide (FTO) were
fabricated by electrochemical deposition of CdS and CdS/CdSe shells over TiO2 nanorod arrays. The
morphology, composition, structure and optical absorbance of CdS and CdS/CdSe shells sensitized TiO2

nanorod arrays were characterized by different analytical methods. The CdS shell with a hexagonal
structure and the CdSe shell with a face-centered structure were densely and uniformly coated on the
tetragonal TiO2 nanorod cores both radially and longitudinally. The photovoltaic measurement showed
that the photocurrent density obtained under AM1.5G illumination with a zero bias potential (Ag/AgCl
electrode) largely increased from 2.17 to 6.57 mA/cm2, when the TiO2/CdS nanocables were further
covered by the CdSe shell.
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1. Introduction

To meet the increasing demand of energy, it is important to
research into new resources. Quantum dot-sensitized solar cells
(QDSSCs) have been considered as one of the promising power
sources due to their simple fabrication procedure, low cost and
high conversion efficiency [1]. TiO2 nanocrystal films have been
widely applied in photovoltaic conversion techniques and photo-
catalysis applications [2]. Especially, one-dimensional single
crystalline TiO2 arrays provide direct electrical pathways to
improve the transportation of photogenerated electrons; TiO2

nanotubes [3], nanorods [4] and nanowires [5,6] have received
more attention than polycrystalline ones. However, it has been
widely known that TiO2 has a large band gap of 3.2 eV limiting its
absorption in the ultraviolet region which is only about 3–5% of all
the solar spectrum energy.

Recently, inorganic semiconductor quantum dots (QDs) of
narrow band gap, such as CdS, [4,7] CdSe, [8,9] CdTe, [10] PbS [11]
and PbSe, [12,13] have attractively been used for QDSSCs. Among
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them, CdS and CdSe are typical direct band gap semiconductors
with the band gap of 2.25 and 1.70 eV respectively, which means
that the sensitization with CdS or CdSe can broaden the light
absorption range compared to pure TiO2. Compared with CdS or
CdSe sensitized TiO2 separately, co-sensibilization of TiO2 films
with both CdS and CdSe QDs can hugely tune the response of the
photoanode in the visible light region, promote the charge
separation and the transportation of photo-generated electrons,
and finally improve the photoelectric performance [14,15].
Different kinds of methods have been proposed for the sensitiza-
tion of TiO2 nanostructures with QDs, such as direct growth by
chemical bath deposition (CBD) [16,17], successive ionic layer
adsorption and reaction (SILAR) [18,19], assembly of QDs by
immobilization via organic linkers, [20] and electrochemical
method [21]. Previously, Zhang and co-workers fabricated the
ZnO/CdS/CdSe electrode by the CBD; [22] Luo and co-workers
made CdTe QDs sensitized TiO2 nanorod array film photoanodes
via the route of electrochemical atomic layer deposition; [23] and
Li et al. prepared ZnO/CdTe core-shell nanocable arrays on indium-
tin-oxide (ITO) using electrochemical method [24]. However, few
works have demonstrated the CdS/CdSe co-sensitized nanocrystal-
line TiO2 nanorod arrays by electrodeposition.

We report here a facile and labor saving electrodeposition
method to deposit CdS and CdS/CdSe shells over the TiO2 nanorod
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arrays to prepare the TiO2/CdS and the TiO2/CdS/CdSe nanocable
arrays on fluorine-doped tin oxide (FTO) coated glass substrates.
The detailed synthesis process, characterization, and photoelec-
trochemical properties of these photoelectrodes were discussed,
while the performances of TiO2/CdS and TiO2/CdS/CdSe nanocable
arrays were compared and analyzed. Before deposited with the
CdSe shell, the CdS shell had already been coated perfectly over the
TiO2 surface without any blank areas, thus we got the structure
which promoted the photo-excited electron transfer following the
process as we designed: from CdSe to CdS, and then to TiO2. These
electrodes performed an obvious photocurrent density of 6.57 mA/
cm2 under AM1.5G illumination with an output potential
difference of 1.04 V.

2. Experimental

2.1. Preparation of TiO2 nanorod arrays

The TiO2 nanorod arrays were prepared by a hydrothermal
synthesis method which was similar to a previous report [25].
Firstly, 60 mL of deionized water was mixed with 60 mL of
concentrated hydrochloric acid (mass fraction 36.5–38%). With
continuously stirring at room temperature, 2 mL of titanium
butoxide was added. After it was stirred for 30 min, 30 ml of the
mixture was placed in a Teflon-liner stainless steel autoclave of
100 mL volume. Then, three pieces of FTO substrates (15 V/square),
ultrasonically cleaned for 60 min in a mixed solution of deionized
water, acetone, and 2-propanol with a volume ratio of 1:1:1, were
placed in the Teflon-liner with an angle against the wall and the
FTO sides faced down. The hydrothermal synthesis was conducted
at 140 �C for 14 h in an electric oven. After synthesis, the autoclave
was cooled to room temperature in ambient air. The samples were
Fig. 1. UV–vis absorption spectra of bare TiO2 nanorod arrays (black line), the TiO2/
CdS nanocable arrays with the depositing time of 10 (blue line), 20 (orange line) and
30 min (green line), and the TiO2/CdS/CdSe nanocable arrays with the depositing
time of 20 min of each shell successively (a); The pictures of the samples (b). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
taken out, rinsed extensively with deionized water, and then dried
at 150 �C in an oven.

2.2. Preparation of TiO2/CdS nanocable arrays

The electrodeposition of the CdS shell was then carried out
using an electrochemical workstation (Corrtest CS150) with a
three-electrode system. The TiO2 nanorod array-on-FTO, a
standard Ag/AgCl electrode, and Pt foil were used as the working
electrode, the reference electrode, and the counter electrode,
respectively. The electrolyte mixed with 0.2 M of Cd(NO)2 and
0.2 M of thiourea in a 1/1 (v/v) dimethyl sulphoxide (DMSO)/water
and was kept at 90 �C in a water bath [21]. After 10–30 min of
constant voltage electrodeposition at 0.66 V/cm2, the TiO2/CdS
nanocable array was taken out and washed by deionized water and
ethanol successively.

2.3. Preparation of TiO2/CdS/CdSe nanocable arrays

The electrolyte was mixed with 0.02 M of Cd(CH3COOH)2,
0.04 M of ethylene diamine tetraacetic acid disodium salt (EDTA),
and 0.02 M of Na2SeSO3 (prepared by refluxing 0.48 g of Se powder
and 2.0 g of Na2SO3 in water at 100 �C for 1 h) in deionized water,
with the solution pH of 7.5–8. The electrodeposition was
performed at 1 V/cm2 for 15 min on the prepared TiO2/CdS
nanocable to get TiO2/CdS/CdSe, followed by washing with water
and drying in the open air.

2.4. Characterization

The microstructures of the samples were examined by using
field emission scanning electron microscopy (FESEM, JEOL
JSM-6700). The images of transmission electron microscope
(TEM) and high resolution TEM (HRTEM) were taken by a JEM-
2100F high-resolution transmission microscope operated at
200 kV. The absorption characterizations of the films were
investigated by a UV-3600 double-beam spectrophotometer. A
Rigaku D/max-2500 X-ray diffractometer with Cu Ka radiation
(l = 0.15418 nm) was used at room temperature to detect the
crystal structure of the as-prepared samples. Photoelectrochemical
measurements measured by a electrochemical workstation
(Corrtest CS150) were performed in a polysulfide redox couple
(S2�/SO3

2�) electrolyte containing 0.25 M Na2S and 0.35 M Na2SO3

dissolved in deionized water, in which the TiO2/CdS and TiO2/CdS/
CdSe nanocable arrays on FTO, Pt foil, and Ag/AgCl electrode were
Fig. 2. XRD patterns of the FTO, TiO2 nanorod arrays, TiO2/CdS and TiO2/CdS/CdSe
nanocable arrays. (For interpretation of the references to color in the text, the reader
is referred to the web version of this article.)



Fig. 3. SEM images of TiO2 nanorod arrays (a), TiO2/CdS nanocable arrays (b), and TiO2/CdS/CdSe nanocable arrays (c, d); typical HRTEM images of the TiO2/CdS nanocables (e)
and the TiO2/CdS/CdSe nanocables (f), showing the interface and crystalline structure of the nanocables; low-magnification TEM images showing the uniform morphology of
the TiO2/CdS nanocables (g) and the TiO2/CdS/CdSe nanocables (h).
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used as the working electrode, the counter-electrode, and the
reference electrode, respectively. An AM1.5G light with a power of
100 mW/cm2 produced by a Zolix SS150 Solar Simulator was used
as the illumination source.

3. Results and Discussion

3.1. UV–vis absorption spectroscopy

The UV–vis absorption curves of the TiO2 nanorod arrays, the
TiO2/CdS nanocable arrays with the CdS shells of different
thicknesses and the TiO2/CdS/CdSe nanocable arrays are shown
in Fig. 1a. The absorption of the TiO2 nanorod arrays peaked at
380 nm (black line) had no obvious absorbance in the visible region
for its large band gap (3.2 eV). There was a significantly red-shift of
the peak. After the CdS shells were coated over the nanorod arrays,
the absorption peak shifted to 440 (blue line), 480 (orange line)
and 580 nm (green line) with longer CdS deposition time. As a
result, the absorption was broadened from 380 to 580 nm,
indicating the effective photoabsorption for the ordered structure.
Correspondingly, the color of TiO2/CdS was yellow, and turned dark
with the increase of deposition time. The absorption peak shifted
to red largely due to the large shell thickness, which demonstrated
the band gap becomes small. With the growth of CdS/CdSe shells
(dark-red color, Fig. 1b), a similar result was achieved which
exhibited broader absorption bands from 350 to 650 nm. These
variations indicated that the growth of CdS or CdS/CdSe shells
significantly extended the spectra response of TiO2 electrode to the
visible light region. The improvement of absorbing visible light
makes this type of core-shell nanocable arrays promising
applications in photovoltaics.

3.2. Phase composition and phase structure

Fig. 2 shows the XRD patterns taken from the bare FTO substrate
(black line), pure TiO2 nanorod arrays (blue line), TiO2/CdS



Scheme 1. (a) Schematic diagram of the TiO2/CdS nanocable arrays and the TiO2/
CdS/CdSe nanocable arrays, (b) electrode and charge-transfer processes in the two
types nanocable array.

Fig. 4. Photocurrent density-output potential difference (j–V) curves of TiO2

nanorod array photoanodes covered with CdS shells deposited 10, 20 and 30 min,
and CdS/CdSe shells deposited 20 min of each shell successively (a); Photocurrent
density response of TiO2/CdS and TiO2/CdS/CdSe nanocable arrays (b).
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nanocable arrays (orange line) and TiO2/CdS/CdSe nanocable
arrays (red line). For pure TiO2 nanorod arrays, 4 different peaks
were indexed to the (10 1), (211), (0 0 2) and (11 2) planes of
tetragonal phase TiO2 (JCPDS 88-1175). The predominant (10 1)
and (0 0 2) peaks suggested that the TiO2 nanorod arrays grew with
their c-axis orientation normal to the FTO surface. After
electrodeposition of CdS, two new peaks at 24.84� and 43.74�

were indexed respectively to the (10 0) and (110) planes of the
hexagonal CdS (JCPDS 77-2306), which were added to the
diffraction peaks from the tetragonal TiO2 nanorod arrays. Another
peak around 36� could be indexed to both the (10 2) plane of the
hexagonal CdS and the (10 1) plane of the tetragonal TiO2, was
enhanced. With the electrodeposition of CdSe, there were three
new peaks appeared at 25.38�, 42.04� and 67.14� which were
assigned to the (111), (2 2 0) and (311) planes of cubic phase CdSe
(JCPSD 19-191).

3.3. SEM images

The FESEM images of the TiO2 nanorod arrays, the TiO2/CdS
nanocable arrays and the TiO2/CdS/CdSe nanocable arrays are
shown in Fig. 3. Fig. 3a gives the tilted cross view of the pure TiO2

nanorod arrays. In the image, the TiO2 nanorod arrays, which
covered uniformly and densely on the FTO substrate, are nearly
vertical with the morphology of quadrangular prism that reveals
the tetragonal crystal structure. Besides, the sides of the TiO2

nanorod arrays are relatively smooth. Our nanorods had a length of
2 mm and diameters between 80 and 120 nm, respectively, and a
planar density of 8–12 wire/m m2. The TiO2/CdS nanocable arrays
with the electrodeposition of CdS shells for 20 min are shown in
the Fig. 3b. There was an obvious change between the pure TiO2

nanorod arrays and the TiO2/CdS nanocable arrays that their
surfaces were no longer smooth. Meanwhile, after coated with the
CdS shells, the appearance of the arrays were cylinders and the
diameters became larger. Then, we can see the tilted cross view of
the TiO2/CdS/CdSe nanocable arrays with the coated of the CdS
shells and the CdSe shells for 20 min successively in the Fig. 3c and
d. In the Fig. 3d, it clearly shows the top of the TiO2/CdS/CdSe
nanocable arrays became even rougher which were compactly
covered with the CdS and CdSe shells.

3.4. .TEM and HRTEM observations

Further microscopic characterizations of the TiO2/CdS and the
TiO2/CdS/CdSe nanocable arrays were displayed by using TEM and
high-resolution TEM (HRTEM). The TEM image in Fig. 3g shows a
representative single TiO2/CdS nanocable, and we can see the CdS
shell about 15–20 nm thick coated all over the TiO2 nanorods. The
shells are visible as the dark bands on the surface of the nanorods.
Fig. 3e shows an HRTEM image in which the interface of the TiO2

core and the CdS shell can be clearly distinguished for a high
crystallinity of the nanocables. The lattice fringes of rutile TiO2

(0 0 1) and CdS (10 0) with d spacings of 0.29 nm and 0.36 nm are
denoted in the figure. Fig. 3h shows several representative TiO2/
CdS/CdSe nanocables; the shells coated perfectly on the TiO2

surface with a thickness of 25–30 nm. Fig. 3f shows the edge of a
nanocable, and indicates that the nanocables are highly crystal-
lized. The measured lattice spacings in Fig. 3f are consistent with
the d-spacings of TiO2, CdS, and CdSe. Definitely speaking, the
lattice fringes with interplanar spacing d (0 0 1) = 0.29 nm in the
upper right of Fig. 3f are consistent with the rutile phase of TiO2

(JCPDS 88-1175), while d (10 0) = 0.36 nm corresponds to the
hexagonal phase of CdS (JCPDS 77-2306), and d (111) = 0.35 nm



Table 1
Photovoltage characteristics of TiO2 nanorod arrays photoanodes covered with CdS shells deposited 10, 20 and 30 min, and CdS/CdSe shells deposited 20 min successively.

Sample Photocurrent density/mA cm�2 Output potential difference V vs (Ag/AgCl)/V Fill factor

CdS 10 min 1.93 0.92 0.45
CdS 20 min 2.17 1.04 0.62
CdS 30 min 1.87 0.92 0.29
CdS 20 min + CdSe 20 min 6.57 1.04 0.63
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corresponds to the face-centered form of CdSe (JCPDS 19-191).
Compared with the TiO2/CdS/CdSe samples which have three
different interfaces (TiO2/CdS, CdS/CdSe, and TiO2/CdSe) fabricated
by SILAR [3], in our prepared nanocables, the CdS shells which
were further deposited with CdSe shells had been perfectly coated
all over the TiO2 surface without any blank areas, indicating that
the photo-excited electrons completely transfer following the
process shown in Scheme 1.

3.5. Photovoltaic performance of the electrodes

Fig. 4a shows the photocurrent density-output potential differ-
ence (j–V) curves of the TiO2/CdS nanocable arrays covered with
different thicknesses of the CdS shells and the TiO2/CdS/CdSe
nanocable arrays under AM1.5G simulated sunlight produced by a
Zolix SS150 Solar Simulator with an illumination intensity of
100 mW/cm2. The photovoltage characteristics of all the nanocables
including photocurrent density (jpc), output potential difference
(V vs (Ag/AgCl)V), and fill factor (FF), are summarized in Table 1. It is
shown that, with the increase of the deposition time, photocurrent
density, output potential difference, and fill factor of the TiO2/CdS
nanocables arrays increase slightly at first and then decrease. It is
because the thin CdS shells can broaden the absorbed spectrum
region of TiO2 and promote the transfer of photo-excited electrons
through both the TiO2/CdS interface and the CdS/electrolyte by
minimizing electron-hole recombination. However, thicker CdS
shells will induce longer transportation path which acts as a
potential barrier, causing the recombination of photogenerated
electron-hole pairs before they are separated and collected.
Therefore, the photocurrent density decreased after the deposition
of thicker CdS layers. The optimal photocurrent density of 2.17 mA/
cm2, output potential difference of 1.04 V and fill factor of 62%, were
obtained for the photoanode of the TiO2/CdS core–shell nanocable
array with 20 min CdS deposition. After covered with the CdSe shell
over the TiO2/CdS nanocable arrays, the photocurrent density
increased obviously from 2.17 to 6.57 mA/cm2, while the output
potential difference and fill factor remain the same.

The photocurrent responses under illumination of 100 mW/cm2

are shown in the Fig. 4b, tested in the polysulfide electrolyte
consisting of 0.25 M Na2S and 0.35 M Na2SO3 solution in deionized
water, and respectively got by the TiO2/CdS (orange line) and TiO2/
CdS/CdSe nanocable arrays (red line). Meanwhile, it is clearly
observed that the currents are alternated rapidly for the quick
transfer of photogenerated electrons from the nanocable arrays to
FTO, and there are promising uses of these nanostructures, such as
photoelectrochemical, photovoltaic and photocatalysis cells.

Our device configuration is depicted in Scheme 1. The
conduction band position of CdS is higher than that of TiO2 but
is lower than that of CdSe for the realigned Fermi level. The Fermi
levels of the semiconductors normally will be identical after
electrostatic equilibrium and thus cause downward or upward
shifts of the band edges, when a semiconductor is brought into the
contact with another one. In the TiO2/CdS nanocable arrays, when
incident photons are absorbed by the CdS shells, the photo-excited
electrons on the conduction band of CdS will quickly inject into the
conduction band of the TiO2, and the energy of the photo-excited
electrons decreases. In this mode, photo-excited electron-hole
pairs have been separated and transported respectively to the
opposite electrodes. With the stepwise band-edge structure, the
TiO2/CdS/CdSe nanocable arrays show a similar mode as before.
Furthermore, compared with CdS shells, CdSe shells have
broadened the spectral response region, and the stepwise band-
edge structure has a higher performance of the co-sensitized
electrode by creating an efficient charge transfer channel.

4. Conclusions

In summary, high-quality TiO2/CdS and TiO2/CdS/CdSe nano-
cable arrays were fabricated by electrochemical deposition
method. This method is facile and labor-saving, and it can improve
the coverage of CdS shell and CdS/CdSe shell on the surface of TiO2

nanorod arrays effectively. Perfect TiO2/CdS/CdSe nanocable arrays
with the CdS shell and CdSe shell deposited all over TiO2

successively without any blank areas were obtained, and this
nanostructure formed stepwise band-edge electronic structure as
we designed that promoted the quick transfer of the photo-excited
electrons. As the result, the TiO2/CdS/CdSe nanocable arrays
reached the photocurrent density of 6.57 mA/cm2 and an output
potential difference of 1.04 V. This method can be used to fabricate
other nanocable arrays.
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