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A novel electrodeposited CdS nanoparticle-modified highly-ordered TiO2 nanotube-array photoelectrode and its application to ph
lectrochemical cells is reported. Results show formation of a thin, nanoparticulate CdS layer, comprised of sphere-like 10–20 n
anoparticles, on the anodic synthesized TiO2 nanotube-array (inner diameter of 70 nm, wall thickness 25 nm and ca. 400 nm length) ele
he resulting CdS–TiO2 photoelectrode has an as-fabricated bandgap of 2.53, and 2.41 eV bandgap after sintering at 350◦C in N2 ambient
hotoelectrochemical properties are described in detail.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Nano-dimensional titanium oxide has received consid-
rable attention over the past two decades in photovoltaic
nd photocatalysis applications[1–7]. We have previously
eported the synthesis of unique, highly ordered TiO2
anotube-arrays and their application to hydrogen gas sens-

ng [8], as well as water splitting[9]. When TiO2 nanotube-
rrays are used as photoanodes, under 320–400 nm illumina-

ion, the efficiency of hydrogen generation by photolysis can
each a remarkable 12.8% with a normalized hydrogen gener-
tion rate of 80 mL/W h[10]. There are at least two obvious
easons for the excellent photoelectrolysis properties. The
rst is that the highly ordered thin-wall TiO2 nanotube-array
acilitates kinetic separation of photogenerated charge in pho-
oelectrochemical applications[10]. The other is that the

∗ Corresponding author. Tel.: +1 814 865 9142; fax: 1 814 865 6780.
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TiO2 nanotube-array is anodically synthesized from Ti
thus after annealing the TiO2 nanotube array has a dire
high quality Ohmic contact with the underlying electrica
conductive Ti substrate. Our early results[9,10] show tha
the highly-ordered nanotube array architecture is prom
for photoelectrochemical (PEC) applications. However,
well known the band gap of TiO2 (3.2 eV) limits the absorp
tion of sunlight to the ultraviolet region of the solar spectr
Considerable work by many investigators has focuse
improving the absorption of visible light of TiO2 nanocrys
talline for PEC cells by incorporation of substitutional ato
into the lattice, including both non-metal[11] and meta
atoms [12]. Although this incorporation of substitution
atoms improves the visible light absorption in TiO2 elec-
trodes, they have not yet proven suitable for efficient P
cell application.

Other efforts concerned with band-gap shifting of T2
have focused on the sensitization of TiO2 photoelectrodes b
combining them with narrow-bandgap semiconductor fi
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Fig. 1. Schematic diagram illustrating charge injection from excited CdS
into TiO2. CB and VB refer to the energy levels of the conduction and
valence bands, respectively, of CdS particle and TiO2 nanotube wall.

[13]. Such sandwich electrodes may be advantageous as elec-
tron injection may be optimized through confinement effects,
and a sensitizer, a 1.5 eV edge absorber, is well approxi-
mated by a narrow bandgap semiconductor material[14].
Since the conduction band of bulk CdS is ca. 0.5 V more
negative than that of TiO2, the coupling of the semicon-
ductors should have a beneficial role in improving charge
separation as shown inFig. 1; excited electrons from the CdS
nanoparticles can quickly transfer to the TiO2 nanotube-array,
seeFig. 2, arriving at the photocurrent collector through the
highly ordered nanotube-array structure. The self-assembled,
highly-ordered nanotube-array structure made by anodiza-
tion of titanium is evident inFig. 2. In cross section, the
nanotube-array rests upon a titania barrier layer[8], intrinsic
to the anodization process, that separates the nanotube-array
from the underlying titanium substrate, e.g. the portion of the
initial titanium foil that is not anodized.

Early studies on the combination of TiO2 with CdS include
that of Weller and co-workers[15], who reported excellent
visible-spectrum properties of a photocell made by the com-
bination of in situ prepared CdS particles (4–20 nm) with a
highly porous nanocrystalline TiO2 electrode. Kohtani et al.
[16] reported deposition of CdS microcrystals onto a TiO2
semiconductor; they found that the resulting PEC proper-
ties, such as flat band potential, were strongly influenced by
the CdS sensitizer. Kamat and co-workers[17] used reverse
m ,
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Fig. 2. Illustrative TiO2 nanotube array film made by anodization of a tita-
nium foil, (A) after intentional cracking for imaging of cross-section, and (B)
cross-sectional image showing nanotube-array atop barrier layer at bottom
of nanotubes. The nanotube-array rests upon a titania barrier layer[8] that
separates the nanotube-array from the underlying titanium substrate, from
which these samples have been removed for FE-SEM imaging.

[20–22], electrochemical synthesis in aqueous solution[23],
and chemical bath deposition[24].

We seek to combine the excellent photochemical prop-
erties of the crystalline TiO2 nanotube-arrays with the
excellent visible absorption properties of CdS nanoparti-
cles, thereby shifting the absorption characteristics of the
material architecture into the visible light spectrum. To
date there are no reports on modification of these highly-
ordered, self-assembled TiO2 nanotube-arrays using CdS,
or indeed any dopant, for application in photoelectro-
chemical cells. Consequently this work examines a novel
TiO2 nanotube-array photoelectrochemical cell photoanode
modified by coating with an electrochemically synthesized
icelle synthesized quantum-sized CdS and TiO2 particles
nding that electron transfer from photoexcited CdS to T2
trongly depended on the TiO2 particle size. Fitzmaurice an
o-workers[18] prepared CdS–TiO2 electrodes and studie
he conduction band of TiO2, CdS, and CdS–TiO2 sandwich
lectrodes, and their potential for use in regenerative p
lectrochemical cells, by potential dependent spectros
ore recently, Bai et al.[19] prepared TiO2–CdS compos

te nanotubes via a Layer-by-Layer assembly techniqu
ombination with a nanoporous alumina template, with
esulting nanotubes exhibiting a novel PL band in the b
avelength range. Other efforts to modify TiO2 nanopar

icle electrodes by CdS include self-assembly techni
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CdS-nanoparticle film, deposited by cathodic reduction of
Cd2+ from a non-aqueous solvent containing sulfur in ele-
mental form[17,25–27]. The photoelectrochemical proper-
ties of the TiO2 nanotube-array photoelectrodes before and
after CdS nanoparticle-modification are described in detail.

2. Experimental

2.1. Chemicals and instruments

High-purity titanium foil (99.7%) with 0.25 mm thick-
ness, 48–52% HF, 52% Acetic acid, CdCl2, a Cd rod 2 mm
in diameter, Sulfur, Na2S, were purchased from Aldrich
and used as delivered without further purification. A Kratos
Analytical Axis Ultra XPS, Philips X’pert MRD PRO X-
ray diffractometer (Almelo, The Netherlands), Universal
V3.0G TGA Instruments, HP 8452 UV–vis spectrophotome-
ter, and JEOL JSM6300 field emission SEM were used
to investigate the structure and properties of the prepared
electrodes.

2.2. Preparation of electrochemically synthesized
CdS-modified TiO2 nanotube-array electrode

TiO nanotube electrodes were prepared in a HF and acetic
a
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deposited on a planar F-doped transparent Tin Oxide (FTO)
glass substrate at−0.5 V for 30 min and annealed at 400◦C
for 60 min.

2.3. Photoelectrochemical measurements

A HCH Instruments electrochemical analyzer was used
to measure the photoelectrochemical response of the sam-
ples, with conventional three-electrode system comprising
an Ag/AgCl reference electrode and Pt foil counter electrode.
A1 M Na2S aqueous solution was used as the electrolyte. A
Spectra Physics Simulator with an illumination intensity of
1 sun (AM 1.5, 100 mW/cm2) with a filter to remove light
of wavelength below 400 nm was used as the light source. A
PHIR CE power meter was used to calibrate the input power
before and after the photoelectrochemical measurements.

3. Results and discussion

Fig. 3a shows an illustrative FE-SEM image, top sur-
face view, of a TiO2 nanotube-array upon which just a few
CdS nanoparticles,≈20 nm diameter, have been deposited
(−0.5 V for 5 min). The nanotubes have a length of≈400 nm,
and a barrier layer thickness of≈50 nm; the average pore
diameter as calculated from the FE-SEM images was 76 nm
w s of
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cid solution using anodic oxidation, as described in[28].
itanium foil samples, 2.5 cm× 1.0 cm, were immersed
mixed solution of 0.05% HF and 13% acetic acid,

pplied to a constant 20 V anodic potential for 45 min (23◦C).
fter anodic oxidation, the samples were immediately rin
ith D.I. water, and then dried in a N2 stream. The resultin
morphous titania nanotube arrays were annealed at 4◦C

or 6 h with heating and cooling rates of l◦C/min in an O2
tmosphere to crystallize the tube walls and improve the

chiometry.
A CdS film was then deposited upon the crystallized T2

anotube-array by cathodic reduction, using a convent
hree-electrode system comprising an Ag/AgCl refere
lectrode and Cd counter electrode. A mixed solutio
aturated elemental sulfur in benzene with 0.6 M CdC2 in
imethyl sulfoxide (DMSO) was used as the electrolyte.
olution was bubbled with flowing N2 for 30 min prior to
lectro-deposition in order to remove O2 and any moistur
ithin the solution. The cathodic potential was kept cons
t −0.5 V for different deposition times. After electrod
osition the samples were thoroughly rinsed with acet
ethanol and D.I. water. The prepared CdS–TiO2 electrode
ere annealed at 350 and 400◦C for 60 min in a N2 atmo-
phere to investigate the influence of annealing on their p
lectrochemical response. We suggest that when a ca
otential is applied to the TiO2 nanotube electrode, it w
educe sulfur to S2− on the electrode surface, while t
pplied electric field induces Cd2+ to migrate towards th
lectrode hence under proper conditions CdS will form a
lectrode surface[27]. For comparison, CdS was also elec
ith a standard deviation of 15 nm, and wall thicknes
7 nm with a standard deviation of 6 nm.Fig. 3b shows the

opology after a 30 min (−0.5 V) electrodeposition of th
dS nanoparticles; the TiO2 nanotubes have been extensiv
overed with a relatively uniform layer of CdS nanopart
clumps’ ranging in diameter from 40 to 100 nm.Fig. 3c is
n illustrative cross-sectional image of CdS electrodepo
ample,−0.5 V for 30 min, that has been freed from
nderlying titanium substrate. The barrier layer is to the r
een as a continuous seam at the edge of the sample. Alt
t is possible, and indeed likely that some CdS nanopart
eside within the nanotube arrays we have not been ab
etect any using FE-SEM imaging.

The general scan spectrum of XPS over a large en
ange at low resolution was used to quickly identify the
ents present in the CdS–TiO2 electrodes,Fig. 4a, with the

urvey showing sharp XPS peaks for Ti, O, Cd, S, and
. Fig. 4b and c are, respectively, Cd 3d and S 2p core
PS scans over smaller energy windows at higher re

ion. The Cd 3d core level XPS spectrum (Fig. 4b) has two
eaks at 405.3 eV (3d5/2) and 411.9 eV (3d3/2), in good agree
ent with published values for CdS[29]. The S 2p core leve

pectrum,Fig. 4c, indicates that there are two chemica
istinct species in the spectrum. The peak at 161.9 eV
ulfide, the structure occurs because of a split between3/2
nd 2p1/2; the split is near 1.18 eV and the area ratio is

n excellent agreement with published values of the S 2p
al for CdS[29]. Thus CdS is identified both from the sulfi
eak at 161.9 eV (Fig. 4c), but also from the peak at 411.9
f the Cd 3d3/2 and 405.3 eV of the Cd 3d5/2 (Fig. 4b) [29].
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Fig. 3. Top surface FE-SEM view of the prepared CdS–TiO2 nanotube-array
electrode: (a) after CdS electrodeposition at−0.5 V for 5 min, (b) after CdS
electrodeposition at−0.5V for 30 min, (c) illustrative cross-sectional image
of CdS electrodeposited sample,−0.5 V for 30 min. The barrier layer is to
the right, seen as a continuous seam at the edge of the sample.

Fig. 4. (a) XPS survey scan for CdS modified TiO2 nanotube-array electrode
over a large energy range at low resolution, the spectra showed Ti, Cd, O, S, C
present in the sample, (b) Cd 3d XPS core level spectra of CdS modified TiO2

nanotube-array electrode, (c) S 2p XPS core level spectra of CdS modified
TiO2 nanotube-array electrode.

The peak at 168.4 eV in S 2p is assigned to Sulfur in sul-
fate, for reaction with humid environments causes the outer
surface of a sulfide to oxidize and form sulfate[30]. Mea-
sured atomic concentrations, determined using XPS, of the
as-prepared samples are shown inTable 1, with the various
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Table 1
Concentration of various elements present in the CdS modified TiO2 nan-
otube electrode

Atom %

O 31.1
Ti 4.2
Cd 25.5
C 16.6
Sulfide 17.1
Sulfate 5.5
Sulfide/Cd 0.86
Sulfate/Cd 1
O/Ti 7.3

ratios of Sulfide/Cd, Sulfate/Cd and O/Ti also tabulated. As
observed fromTable 1, when the Sulfate/O ratio is 1, the
Sulfide/Cd ratio is 0.86; this means that the CdS nanoparti-
cles obtained are slightly Cd rich, which is expected for CdS
under normal synthesis conditions[31]. The XPS signal of
Ti indicated that not all of the TiO2 nanotubes are covered
by CdS, as was confirmed by the FE-SEM images. The O/Ti
ratio seen inTable 1indicates more oxygen than one would
like, however oxygen and carbon are common contaminants
found on the surface of many samples[31].

Fig. 5 shows the X-ray diffraction (XRD) pattern of an
illustrative CdS modified TiO2 nanotube array electrode after
annealing at 350◦C for 1 h. In addition to the observed promi-
nent TiO2 Bragg peak[32], there are weak Bragg reflections
at 2 theta values of 26.55, 30.75, 44.04, 52.16, 54.67, cor-
responding to the (1 1 1), (2 0 0), (2 2 0), (3 1 1), and (2 2 2)
Bragg reflections of Cubic CdS, respectively (see PCPDS
card No. 80-0019). The XRD results confirm formation of
CdS on the TiO2 nanotube-array electrode.

Earlier we reported annealing, as well as TGA and DSC
analyses of TiO2 nanotube-array electrodes in an O2 ambient;
the TiO2 nanotube-arrays, 480◦C annealed, are anatase[32].
The prepared CdS modified TiO2 nanotube-array electrode

F ec-
t

Fig. 6. TGA trace of CdS modified TiO2 nanotube-array electrode. The
sample was prepared at−0.5 V for 30 min, and rinsed under ethanol, acetone
and water, dried under N2 flow. The experiment was performed in N2, at a
heating rate of 1◦C/min to 350◦C and then kept at 350◦C for 60 min.

was heated at a rate of 1◦C/min in an ultra-high purity N2
atmosphere, from room temperature to 350◦C, dwelling at
350◦C for 1 h. The TGA plot inFig. 6 showed that total
mass loss of ca. 1.04% in the region from room temperature to
250◦C, which is most likely be due to the physical adsorption
of water on the sample[33]. From 300 to 350◦C, with a
350◦C dwell time of 60 min, there is no more measurable
weight loss. However, two small exothermic peaks are seen
in the DSC data at 350◦C (Fig. 7), most likely due to sintering
of the CdS nanoparticles[33]. As we will delineate below,
the annealing (sintering) of the CdS nanoparticle-layer has
a significant influence on the photoelectrochemical response
of the samples.

Fig. 8 shows the normalized visible reflectance spectra
of a plain TiO2-nanotube array electrode, as well as CdS
modified TiO2 nanotube-array electrodes. The reflectance
onset was determined by linear extrapolation from the inflec-
tion point of the curve toward the baseline. FromFig. 8,

F he
s one
a

ig. 5. XRD pattern of CdS on TiO2 nanotube array electrode; Bragg refl
ion peaks for cubic CdS are indicated by open squares.
ig. 7. DTA trace of CdS modified TiO2 nanotube-array electrode. T
ample was prepared at−0.5 V for 30 min, and rinsed under ethanol, acet
nd water, dried under N2 flow.
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Fig. 8. Normalized visible reflectance spectra of CdS–TiO2 nanotube-array
electrodes. (a): TiO2 nanotube-array electrode, (b) 20 min−0.5 V electro-
deposited CdS modified TiO2 nanotube-array electrode, as fabricated, (c)
electrode of (b) after annealing at 350◦C for 60 min in N2.

one can see that deposition of the CdS film atop the TiO2
nanotube-array electrode has red-shifted the absorption edge
into the visible region, with the absorption tail extending to
500 nm; the bandgap calculated from this reflectance edge is
about 2.53 eV. After annealing (N2, 350◦C, 1 h) its absorp-
tion behavior has further red-shifted, with the reflectance tail
extending to 515 nm, a calculated edge bandgap of 2.41 eV, a
typical bandgap value for bulk CdS. The absorption edge cor-
responds to a nanoparticle size of approximately 10–20 nm
[17,34]. With annealing the CdS particles aggregate, causing
the spectrum to red-shift, a behavior previously attributed to
the formation of valence-band tail states[35].

3.1. Photoelectrochemical properties

The photoelectrochemical properties of the resulting elec-
trodes were tested as prepared, and after annealing at 350
and 400◦C for 60 min in N2 atmosphere; for comparison,
the properties of CdS electro-deposited onto planar FTO was
also measured.

Current–voltage characteristics of the prepared CdS-
sensitized TiO2 nanotube electrodes are presented inFig. 9
for an illumination intensity of 1 sun (AM 1.5, 100 mW/cm2).
The photoelectrochemical measurements were obtained
using a 1 M Na2S electrolyte solution, an efficient hole
s able.
F of
t into
t
t
s he
p the
p film
i
I pho-
t at

Fig. 9. Photocurrent versus voltage in 1 M Na2S under AM 1.5 (1 sun),
100 mW/cm2 illumination: (a) bare TiO2 nanotube electrode, (b) as-prepared
electrodeposited CdS film (−0.5 V, 30 min) upon TiO2 nanotube-array elec-
trode, (c) CdS (−0.5 V, 30 min.)–TiO2 electrode after annealing at 350◦C
in N2 for 60 min, (d) CdS (−0.5 V, 30 min)–TiO2 electrode after annealing
at 400◦C in N2 for 60 min.

an electrochemically synthesized CdS thin film comprised
of nanoparticles can be used to sensitize the TiO2 nanotube-
array making it more responsive to the visible spectrum, with
obvious application to solar cells[15,17,20]. The photocur-
rent response is sensitive to the annealing temperature, as
discernable inFig. 9c–d. The sample annealed at 350◦C
reaches≈ 1.42 mA/cm2, and the 400◦C annealed sample
reaches≈ 2.51 mA/cm2, respectively 9 and 16 times higher
than that of bare TiO2 nanotube array electrode. TheI–V
curves of these samples gradually lose their well-defined pho-
tocurrent saturation as the annealing temperature increases.
Higher temperature annealing may result in pore blockage
due to sintering of the CdS nanoparticles, reducing the area
accessible to the hole scavenging electrolyte solution. With
respect to the photogenerated holes in the CdS nanoparticles,
this will result in a more efficient electron back-reaction in the

F S film
( 00
f

cavenger for CdS in which the electrodes are st
rom UV–vis spectra, one knows that a small portion

he CdS–TiO2 electrode absorption spectrum extends
he visible region. For the as-prepared CdS–TiO2 elec-
rode (Fig. 9b) photocurrent onset occurs at−1.30 V ver-
us Ag/AgCl, a−0.60 V negative shift compared to t
lain TiO2 nanotube-array electrode. In comparison to
lain TiO2 nanotube-array electrode addition of the CdS

ncreased the photocurrent from 0.16 to 0.55 mA/cm2 and the
–V plot of as-prepared sample showed a well-defined
ocurrent saturation region (Fig. 9b). Our results show th
ig. 10. Photocurrent vs. measured potential for electro-deposited Cd
−0.5 V, 30 min) a top planar FTO substrate glass after annealing at 4◦C
or 60 min.
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TiO2 conduction band leading to non-idealI–V behavior. This
premise is confirmed by ourI–V plot of an electro-deposited
CdS-nanoparticle film upon planar FTO, annealed at 400◦C
for 60 min, as shown inFig. 10.

4. Conclusions

A novel electrodeposited CdS nanoparticle modified TiO2
nanotube-array electrode is presented in this work. The
highly-ordered nanotube array is self-assembled by the
anodization process[28] without the use of any templates.
Investigations via XPS, XRD, TGA-DSC, UV–vis absorp-
tion spectra, and FE-SEM showed that sphere-like CdS-
nanoparticles, approximately 10–20 nm in diameter, were
synthesized by electro-deposition from a non-aqueous solu-
tion. Longer electrodeposition times resulted in formation of
larger CdS nanoparticle clumps, approximately 40–100 nm
in diameter. It was not possible to discern CdS nanoparticles
within the nanotubes. The CdS layer significantly extends
the response of the TiO2 nanotube-array electrodes into the
visible region. Compared to a plain TiO2 nanotube array
electrode, photoelectrochemical measurements show that the
visible light photocurrent increases by a factor of≈16 with
electro-deposition of the CdS layer. The absorption edge cor-
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