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Titanium dioxide (TiQ) is one of the most important wide gap
semiconductors and is widely investigated for use in water
photoelectrolysis, photocatalysis, heterojunction solar cells, envi-
ronmental purification and gas sensiy/ery recently highly
ordered TiQ nanotube arrays were synthesized by anodic oxidation
of titanium and had generated considerable scientific intéfest.
Various methods have been developed to reduce the band gap of
TiO, via, for example, substitutional doping (C, N, etcgnd
combing TiQ with organic dyes or narrow-gap semiconductors
guantum dots (QD$)® such as CdS, CdSe, InP, and PbS QDs.
Niitsoo et alh fabricated a CdS/CdSe/Ti@lectrode showing an
efficiency of 2.8%. Grimes and co-worké¥sreported the use of
highly ordered transparent Ti@anotube arrays in dye-sensitized
solar cells (DSCs). However, little work has been done on the TiO
nanotube-arrays and semiconductor QDs-based composite struc-
tures®

In this paper we report an investigation on the CdS QDs
sensitized TiQ nanotube array photoelectrodes and their perfor-
mance in photoelectrochemical (PEC) solar cells. These materials
resulted in a significant PEC cell efficiency of 4.15% under AM
1.5 G illuminations, a large open-circuit photovoltage of 1.27 V, a
generated photocurrent of 7.82 mA&rand a fill factor of 0.578. | :
These results clearly demonstrate that significant improvement on : : 0:336nm
the PEC cell efficiency can be obtained via incorporating inorganic ' 12
semiconductor QDs into the Tihanotube array films.

The highly ordered Ti@nanotube films were synthesized by
anodic oxidation in a NiF organic electrolyte, similarly to that ~ Figure 1. Morphologies of TiQ nanotube-array film: (a) a typical top

. : : view SEM image of the Ti@ nanotube array film; (b) a cross-sectional
described by Paulose et #lCdS QDs were deposited into the view of the well aligned Ti@ nanotubes film. SEM images showing CdS-

crystallized TiQ nanotubes by sequential chemical bath deposition geposited Ti@nanotube-array film at (c) low and (d) high magnifications;
(S-CBD) method. The morphologies of the TiOnanotube films (e, f) TEM images of the Ti@nanotube film after CdS QDs were deposited
were examined using a field-emission gun scanning electron into the film; (g) a HRTEM image of a CdS deposited nanotube.
microscope (SEM). Figure la is a typical SEM image of the as-

synthesized Ti@nanotube film, which reveals a regularly arranged that many QDs have been deposited into the pore of the TiO
pore structure of the film. These pores have a uniform size nanotube. The size of the QDs ranges from 2 to 10 nm. Figure 1g
distribution around 120 nm. Shown in Figure 1b is a cross-sectional js a high-resolution TEM (HRTEM) image of the sample. The
view of the film showing that the film is composed of well-aligned  observed lattice spacing of 0.267 nm in the left part of the image
nanotubes of about 12/8n in length which grow vertically from  corresponds to the (110) plane of anatase (JPCDS 21-1272),
a Ti substrate. Shown in Figure 1c is a low magnification SEM showing that the wall of the nanotubes is Fi®he observed 0.206
image of the CdS deposited nanotube film showing that well- and 0.336 nm fringes of the QDs in the nanotube correspond to
ordered pores structure still exists, suggesting that the CdSthe (111) and (220) planes, respectively, of the cubic phase of CdS
deposition process does not damage the ordereginéiotube array ~ (JPCDS 80-0019). The composition and structure of the, TiO
structure. Closer observation (Figure 1d) reveals that the surfacenanotube and deposited QDs were also characterized by energy
of the CdS deposited Tinanotube array film is very clean, and  dispersive X-ray spectroscopy (EDX) and X-ray diffraction (XRD)
some QDs (marked with arrows) have been deposited intg TiO (Supporting Information), which further confirms that the nanotube
nanotubes. Even at the cracks no visible particle aggregates arecomposites are composed of Bi@anotubes and CdS QDs.

found on the outside walls of Tihanotubes after CdS deposition. Shown in Figure 2 are experimental currembltage (—V)

CdS QDs deposited TiOnanotubes were further investigated characteristics measured from an as-synthesized nanotube array
using transmission electron microscope (TEM). Figure le is a low photoelectrode (with a tube length of about 18r2). For the plain
magpnification TEM image of the film sample, showing clearly that TiO, nanotube film electrode the open-circuit photovoltagg.)(
the sample has an ordered array tubular structure. Figure 1f is ais 0.94 V versus Ag/AgCI electrode, while for the as-prepared CdS-
higher-magnification TEM image of a single nanotube, showing deposited Ti@ nanotube film electrod®,. is about 1.27 V. The

. CdS(I)
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Figure 2. Photocurrent versus voltage L M N&S under AM 1.5 G at
138.4 mWi/cn illumination for (a) plain and (b) CdS-modified TiO

nanotube film electrode. (c, d) Corresponding currents in the dark for

curves a,b.

Figure 3. Sketch showing the nanostructure of CdS modified;Fiénotube
film electrode and charge-transfer processes between CdS and TiO

generated photocurrenikf) increased from 0.22 (for the plain TiO
nanotubes) to 7.82 mA/ch{CdS modified). Thels. response of
the CdS-modified electodes is 35 times higher than that of the plain

TiO, nanotube film electrode. The fill factor FF 0.578, and cell
efficiency is 4.15% for the as-modified CeSiO, nanotube film.

Although many other solar cell performance related factors have
not been optimized in this work, the photocurrent and cell efficiency
achieved here are already exciting. To the best of our knowledge,
the film electrodes considered here have the highest performance
among all CdS TiO, systems reported. To summarize the main
features of our cells, we depicted in Figure 3 the basic structure of
the CdS modified Ti@ nanotube-array electrode and the main
charge-transfer processes between ,T&hd CdS after being
activated by the light. The achieved high efficiency may be
attributed to two major improvements. First, the QDs afford multiple
excitons from the absorption of a single photon. Second, the
crystalline nature of the nanotubes and the film geometry allow a
fast and efficient transfer of the photogenerated electrons from CdS
QDs to the Ti substrate, which compares favorably with the
traditional mesoporous film electrodes leading to a much reduced
electror-hole recombination and much improved photocurrent and

efficiency.

Our results show that CdS QDs can be used to sensitize TiO
nanotube-array films making them more responsive to the visible
spectrum of the sunlight. The significant photocurrent and efficiency
achieved here confirm that the unique nanotube structures can
facilitate the propagation and kinetic separation of photogenerated

charges, suggesting important applications of the inorganic QDs
sensitized TiQ nanotube-array films in solar cell applications.
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