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D
esign and development of nano-
structure semiconductor assem-
blies has drawn significant interest

in recent years because of their application

in the development of economically viable

solar cells and photocatalytic systems.1�5

Of particular interest are one-dimensional

(1-D) architectures, such as TiO2 nanotube

arrays, which serve as a scaffold to anchor

light-harvesting assemblies. For example,

TiO2 nanotube arrays have been success-

fully employed in dye- and quantum-dot-

sensitized solar cells.6�12 In addition, they

have been found to be useful as a photo-

anode in water-splitting reaction.13�16 Such

one-dimensional architectures facilitate

transport of charge carriers with greater effi-

ciency than mesoscopic or particulate semi-

conductor films and thus minimize the loss of

charge carriers at grain boundaries.7�9,17 Sig-

nificant improvement in the photoconver-

sion efficiencies has been reported using

such 1-D TiO2 nanotube and carbon nano-

tube arrays in solar cells.4,8�10,18�25

TiO2 responds only in the UV region be-

cause of its large band gap.26 The TiO2

nanotube arrays when employed as a

photoanode in a photoelectrochemical cell

exhibit relatively low photoconversion effi-

ciency; for example, TiO2 nanotubes pre-

pared by electrochemical etching can split

water only under external bias.16,27 To im-

prove the photoconversion efficiency, TiO2

was coupled with semiconductors such as

SnO2, CdS, and CdSe to facilitate charge

separation.28�38 In other strategies to boost

up the efficiency, TiO2 was often doped with

light elements (e.g., C or N) to harvest vis-

ible light.39�43 Another approach is to de-

velop ternary oxides (ABO3) such

as perovskites on TiO2 surfaces through

exchange of cations by wet-chemical

synthesis.44�47 These ternary metal oxides
have been found to be catalytically active,
and their application in storage batteries
and photocatalysis has been explored by
several researchers.48�51 SrTiO3 offers favor-
able energetics for photocatalysis since its
conduction band edge is 200 mV more
negative than TiO2.52 This makes SrTiO3 a
good candidate for coupling TiO2 and im-
proving photoelectrochemical performance
by shifting the Fermi level of the compos-
ite to more negative potentials.

Recently, n-Si/n-TiO2 core/shell nano-
wire arrays and TiO2/TiSi2 heterostructures
have been reported for highly efficient
photoelectrochemical cells.53,54 Both these
newly developed systems, however, suffer
from poor photostability in water and posi-
tive shifts of their apparent Fermi level.
Given the stability of TiO2 and SrTiO3, it is
of interest to see whether one can develop
a TiO2�SrTiO3 heterostructure in a con-
trolled way. Coupling SrTiO3 to TiO2 can pro-
vide synergies for achieving better charge
separation and thus producing improved
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ABSTRACT TiO2 nanotube arrays formed on Ti substrate by electrochemical anodization have been converted

into TiO2�SrTiO3 heterostructures by controlled substitution of Sr under hydrothermal conditions. The growth of

SrTiO3 crystallites on the nanotube array electrode was probed by electron microscopy and X-ray diffraction. As the

degree of Sr substitution increases with the duration of hydrothermal treatment, an increase in the size of SrTiO3

crystallites was observed. Consequently, with increasing SrTiO3 fraction in the TiO2�SrTiO3 nanotube arrays, we

observed a shift in the flat band potential to more negative potentials, thus confirming the influence of SrTiO3 in

the modification of the photoelectrochemical properties. The TiO2�SrTiO3 composite heterostructures obtained

with 1 h or less hydrothermal treatment exhibit the best photoelectrochemical performance with nearly 100%

increase in external quantum efficiency at 360 nm. The results presented here provide a convenient way to tailor

the photoelectrochemical properties of TiO2�SrTiO3 nanotube array electrodes and employ them for dye- or

quantum-dot-sensitized solar cells and/or photocatalytic hydrogen production.

KEYWORDS: TiO2�SrTiO3 nanotube arrays · nanocomposites ·
photoelectrochemistry · heterostructure · hydrothermal reaction
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photocurrent and photovoltage in a photoelectro-

chemical cell. Controlled substitution of Sr into TiO2

nanotube arrays has provided us with a means to exam-

ine the influence of SrTiO3 in improving the photoelec-

trochemical performance of a heterostructured photo-

catalyst (Scheme 1). The synthesis and characterization

of TiO2�SrTiO3 nanotube arrays and their photo-

current response to UV excitation are discussed.

RESULTS AND DISCUSSION
Formation of SrTiO3 Nanocrystallites on TiO2 Nanotube

Scaffolds. Electrochemical anodization of Ti foil in a

fluoride medium produces an ordered array of TiO2

nanotubes.55�60 Upon annealing at 450 °C in air, these

arrays form anatase crystallites while maintaining the

tubular morphology. The SEM image in Figure 1a shows

the TiO2 nanotube arrays prepared by this procedure.

The resulting TiO2 nanotube arrays consist of uniform

size tubes of an average length of 1.5 �m and a diam-

eter of 70 nm. The bundling of these tubes at the tips is

caused by capillary stress during the evaporation of sol-

vent during drying. Solvent surface tension plays an im-

portant role in minimizing the bending of these nano-

tubes during the annealing process.61 The inset in

Figure 1a shows a TEM image of a single TiO2 nano-

tube obtained after sonication of the TiO2 film in wa-

ter. The nanotube, which has a wall thickness of 15 nm,

consists of aggregated particles. This aggregation seen

in the TiO2 nanotubes has been systematically investi-

Scheme 1. Synthetic approach for designing TiO2�SrTiO3

heterostructure.

Figure 1. SEM images of four different electrodes: (a) TiO2 nanotube array after annealing at 450 °C and TEM image of a
single nanotube (inset); (b) TiO2�SrTiO3 nanocomposite obtained after 1 h hydrothermal treatment and TEM image of the
corresponding nanotubes (inset); (c) TiO2�SrTiO3 nanocomposites obtained after 2 h and (d) 40 h hydrothermal reaction.
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gated in a previous work.62 Tubular structure, with
nearly uniform pore diameter of 70 nm throughout
the length of the tube, is consistent with our SEM obser-
vation. XRD pattern of the annealed TiO2 (bottom trace
in Figure 2) confirms the formation of anatase phase
during the heat treatment of TiO2 nanotube array. (Note
that the Ti peaks stem from the titanium substrate and
are also detected in all other samples.)

SrTiO3 nanoparticle-coated TiO2 nanotube arrays
were prepared by utilizing the preformed anatase
nanotube arrays as a TiO2 source as well as a structure-
directing scaffold. In our synthesis, the amount of Sr-
TiO3 coating was readily tuned by varying hydrother-
mal reaction times and, as will be discussed in a
later section, it turned out that the degree of cover-
age of SrTiO3 over TiO2 is a key parameter governing
the photoelectrochemical properties of the hetero-
structure nanocomposites.

We systematically examined the composition of
TiO2 nanotube arrays obtained after hydrothermal
treatment in water containing Sr2� at different time
intervals. The sample drawn after 0.5 h hydrothermal
treatment mainly exhibited XRD peaks corresponding
to anatase TiO2 and Ti substrate. No peaks correspond-
ing to SrTiO3 could be detected. TEM images did not
show any significant change in the morphology. At re-
action time equal to 1 h, changes in the TiO2 nanotube
arrays were apparent. An SEM image of the sample after
hydrothermal reaction time of 1 h is shown in Figure
1b. Nanoparticles with a diameter of �50 nm are
formed on the surface of TiO2 nanotubes. Appearance
of these small crystallites shows the morphological
changes associated with Sr substitution during hydro-
thermal treatment. The formation of SrTiO3 in basic so-
lution is known to proceed through a titanate interme-
diate, which facilitates substitution of a cation with
Sr2�.63 Although such a substitution process is likely to
start from the beginning, we first start noticing these
changes at 1 h. The distribution of the nanoparticles
over the nanotubes indicates preferential nucleation
and growth of the nanoparticles on defect sites on the
TiO2 surfaces. Additional confirmation for the exchange
of Sr2� ions was also obtained from XPS analysis. The
XPS spectra of 0.5 and 1 h treated samples are shown
in the Supporting Information (Figure S1).

The particle growth process continues as we ex-
tend the hydrothermal treatment up to 40 h. Panels c
and d of Figure 1 show the TEM images of samples af-
ter 2 and 40 h, respectively. It is evident from the TEM
observation that the nanoparticles are mostly formed
on the outer surface of TiO2 nanotubes. Such a morpho-
logical feature implies that the formation of the nano-
particles is governed by the diffusion of Sr2� ions from
solution to the outer surface of nanotubes. The evolu-
tion of the TiO2�SrTiO3 composite structure can be
seen from the XRD pattern recorded with samples
drawn at different hydrothermal treatment times (Fig-

ure 2). The peaks corresponding to both SrTiO3 and
TiO2 are seen in samples with 1 h or greater duration
of hydrothermal treatment. The increase in peak inten-
sity relative to TiO2 with increasing time shows that the
formation of SrTiO3 continues to maximize the Sr2� ex-
change and form SrTiO3 nanocrystallites on the TiO2

nanotemplate. Even after 40 h of hydrothermal treat-
ment, we are able to maintain a robust heterostructure
consisting of SrTiO3 nanocrystallites with TiO2 nano-
tube scaffold. Such vertically aligned heterostructure
nanotube arrays are likely to have a wide range of ap-
plications in the development of semiconductor-based
photocatalysts.

Further evidence for the formation of SrTiO3 nano-
crystallites on the outer surface of TiO2 nanotubes was
confirmed by STEM-EDS (Figure 3). The line analysis
over the span of 796 nm of nanocomposite reveals a
distinct signal corresponding to the Sr element in the
region of the small nanocrystallites. The space between
the nanocrystallites is dominated by the Ti elemental
signal corresponding to the presence of TiO2. The broad
signal arising from O represents both SrTiO3 and TiO2.
The XRD and TEM analyses thus confirm the decoration
of TiO2 nanotube arrays with SrTiO3 nanocrystallites.

Importance of TiO2 Crystallinity in Controlling Morphology of
the Heterostructures. It is interesting to note that the
TiO2�SrTiO3 heterostructure films discussed above
were obtained from annealed nanocrystalline TiO2

nanotube arrays. The existence of TiO2 crystal phase

Figure 2. XRD patterns of TiO2 nanotube array after annealing
and TiO2�SrTiO3 nanocomposites obtained after hydrothermal
treatment for different durations. Ti peaks originate from Ti
metal substrate.

Figure 3. (a) STEM image of the TiO2�SrTiO3 nanocomposite obtained
after 1 h hydrothermal treatment and (b) corresponding EDS line
analysis.
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even at long-time-treated samples supports our claim

that the SrTiO3 is formed as separate nanocrystallites on

the TiO2 nanotubes, and their formation is controlled

by the penetration rate of Sr2� ions. As SrTiO3 crystal-

lites grow with the duration of hydrothermal treatment,

the outer layer retards the penetration of Sr2� ions

into the TiO2 nanotubes and thus slows down the ex-

change process. In contrast, if we employ unannealed

TiO2 nanotubes, their amorphous character provides

facile substitution of Sr. Figure 4a shows the SEM im-

age of the sample obtained after 2 h hydrothermal

treatment of unannealed TiO2 nanotube arrays. The

samples were transferred to the autoclave after electro-

chemical etching of Ti film. The morphology of these

tubes remains undisturbed, while the XRD pattern (Fig-

ure 4b) confirms the formation of SrTiO3. Although the

TiO2 nanotubes were amorphous, we were able to ob-

tain SrTiO3 nanotubes in the crystalline form while

maintaining the vertical alignment of the nanotube ar-

ray. Our observation in the reaction of Sr(OH)2 with

amorphous TiO2 nanotubes is consistent with the previ-

ous reports.64�67 However, the pure SrTiO3 nanotube ar-

rays obtained from amorphous TiO2 films were inferior

for the generation of photocurrent during the evalua-

tion of photoelectrochemical behavior (see Supporting

Information Figure S2). Hence, the following discus-

sion on the photoelectrochemical properties will in-

volve films shown in Figures 1 and 2.

Photoelectrochemistry. The semiconducting nature of

the TiO2�SrTiO3 heterostructure makes it suitable for

the development of photoelectrochemical cells and

photocatalysts. As shown earlier,7�11 TiO2 nanotube

arrays act as an excellent support to anchor light-

harvesting assemblies, such as dyes and semiconduc-

tor nanocrystals. Similarly, TiO2 nanotube arrays have

also been employed in photocatalytic water-splitting

process.4 In order to evaluate the properties of the

TiO2�SrTiO3 heterostructure arrays (samples shown in

Figures 1 and 2), we employed them as photoanodes in

a 3-arm photoelectrochemical cell. A Pt counter elec-

trode and 0.1 M NaOH as electrolyte were employed,

and the TiO2�SrTiO3 electrodes were illuminated with

UV�visible light (� � 300 nm).

The photocurrent responses of TiO2 and TiO2�

SrTiO3 electrodes prepared with different hydrother-

mal reaction times are shown in Figure 5. The photo-

current response to illumination was prompt in all

cases, but the magnitude of photocurrent varied de-

pending upon the extent of hydrothermal treatment.

The TiO2 nanotube electrodes subjected to 1 h or less

hydrothermal treatment exhibited greater photocur-

rent than the untreated TiO2 nanotube electrode. As a

control experiment, TiO2 nanotubes were hydrother-

mally treated under the same condition without

Sr(OH)2, and it was revealed that no structural change

occurred even after the treatment, and moreover, the

photoelectrochemical response was identical, confirm-

ing that the improvement in photocurrent solely stems

from coupling TiO2 with SrTiO3.

With longer treatment times, the photocurrent de-

creased. Note, while the electrode obtained after 0.5 h

treatment initially yielded higher photocurrent, it was

unable to be sustained during short-term continuous il-

lumination. The reason for the gradual decrease in ac-

tivity is still unknown and under investigation, but the

instability of photocurrent in the 0.5 h treated electrode

is likely to arise from the weaker stability and crystallin-

ity of SrTiO3 nuclei, as recognized from XRD and XPS

analysis. However, the TiO2�SrTiO3 heterostructure ob-

tained after 1 h hydrothermal treatment provides a

stable photocurrent and hence is considered to be su-

perior to other electrodes.

Figure 4. (a) SEM and (b) XRD of SrTiO3 nanotubes obtained following 2 h hydrothermal treatment of amorphous TiO2

nanotube arrays.

Figure 5. Current versus time measurements of TiO2 nano-
tube and TiO2�SrTiO3 nanocomposite electrodes.
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We further evaluated the photoelectrochemical be-

havior of TiO2 and TiO2�SrTiO3 electrodes by record-

ing I�V characteristics (Figure 6). Untreated TiO2 array

electrode exhibits a zero current potential or flat band

potential at �0.780 V vs SCE. A negative shift of �50 mV

is seen with TiO2 nanotube array electrodes obtained

during the initial times (�1 h) of hydrothermal treat-

ment. The shift is more significant for samples sub-

jected to hydrothermal treatment greater than 1 h. For

samples with 3�15 h treatment, this shift is as high as

200 mV. As discussed earlier,32,68�70 the flat band poten-

tial represents the apparent Fermi level of a semicon-

ductor in equilibrium with a redox couple. Since the

Fermi level lies close to the conduction band of the

n-type semiconductor, we expect the zero current

potential to represent the effect of SrTiO3 on the

Fermi level of the TiO2�SrTiO3 heterostructure. While

TiO2 dominates the semiconductor properties of

TiO2�SrTiO3 during early times (�1 h), the small shift

of 50 mV in the zero current potential shows that the

Fermi level renders the composite more reductive. The

shift in the Fermi level to negative potential is indicative

of larger accumulation of electrons in the coupled het-

erostructure and reflects decreased recombination of

charge carriers. These observations are consistent with

our previous result of a TiO2/Au nanocomposite in

which deposition of Au nanoparticles achieves the

Fermi level equilibration and suppresses charge recom-

bination.70 SrTiO3 layer has also been proposed to in-

duce dipole effects arising from the difference in elec-

tron affinity of two different semiconductors. For

example, such dipole effect has been discussed by

Zaban and co-workers to explain higher photovolt-

age seen in the sensitization of the TiO2�SrTiO3

composite.44,71 We consider such dipole-induced ef-

fects to be minimal since we excite both semiconduc-

tors with UV light. The proposed shift in Fermi level in

our experiments is mainly governed by charge separa-

tion within the heterostructure.

With longer hydrothermal treatment, the SrTiO3

nanocrystallites grow to attain independent identity

within the heterostructure. Since most of the excited

light is adsorbed by SrTiO3 nanocrystallites, we see a

major shift of �200 mV in the flat band potential. This

shift in the flat band potential correlates well with the

difference seen in the conduction band energies of TiO2

and SrTiO3 (ECB (TiO2) � �1.2 V vs SCE and ECB (SrTiO3)

� �1.4 V vs SCE).72,73

The photoelectrochemical response of these elec-

trodes to monochromatic light irradiation was evalu-

ated in terms of incident photon to charge carrier effi-

ciency (IPCE). The IPCE was determined from short

circuit photocurrents monitored at different excitation

wavelengths using the equation

IPCE (%) ) [1240/λ (nm)][(Isc (A/cm2)/Pi (W/cm2)] × 100

(1)

where Pi is the power of monochromatic light of wave-

length � (nm) incident on the electrode, and Isc is short

circuit current. The IPCE spectra of the TiO2 nanotube

array electrode, as well as 0.5, 1, and 3 h treated

TiO2�SrTiO3 heterostructure electrodes (Figure 7), show

an onset wavelength around 400 nm, suggesting that

the band gap energy of these heterostructures remains

unaltered. It may be noted that the band gaps of TiO2

and SrTiO3 are similar (Eg � 3.2 eV).72 The absorption

spectra recorded for these electrodes (see Supporting

Information Figure S3) show similar absorption onset

matching the IPCE characteristics. The maximum effi-

ciencies of the 0.5 and 1 h treated nanocomposites ob-

tained under no applied external bias were 6.7 and 4.8%

as compared to 3.6% IPCE of the TiO2 nanotube array

electrode. Under applied external bias, the IPCE values

increase significantly. Hence, caution should be exer-

cised when comparing the efficiency values in the

literature. The higher efficiency observed for the

TiO2�SrTiO3 heterostructure array electrode shows im-

Figure 6. I�V characteristics of TiO2 nanotube array elec-
trode before and after hydrothermal treatment for varying
times. The duration of treatment times varies the composi-
tion and structural aspects of TiO2�SrTiO3 heterostructure
electrodes (electrolyte � 0.1 M NaOH, Pt counter electrode,
and excitation � � � 300 nm).

Figure 7. IPCE spectra of TiO2 nanotube and TiO2�SrTiO3 nano-
composite electrodes recorded under no applied external bias.
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proved charge separation and agrees with the results
presented in Figures 6 and 7.

The results presented in Figures 5�7 show the im-
portance of attaining a desired composition in the
TiO2�SrTiO3 heterostructure so that the photoconver-
sion efficiency can be maximized. The stable and effi-
cient heterostructure arrays can be obtained with 1 h
hydrothermal treatment of TiO2 nanotube arrays
in Sr2� solution. The photocurrent responses of the
TiO2�SrTiO3 heterostructure array electrode obtained
from 2 h and longer hydrothermal treatment were
lower than the untreated TiO2 array electrode.

Scheme 2 illustrates two different types of morphol-
ogies that strongly influence the photoelectrochemical
behavior of the TiO2�SrTiO3 heterostructure. The re-
sults shown in Figures 1 and 2 indicate that initial Sr
substitution produces small, well-dispersed nuclei of Sr-
TiO3 on TiO2 nanotubes during short duration hydro-
thermal treatment. Direct coupling of TiO2 and SrTiO3

nanostructures causes the Fermi level to equilibrate and
reduce the recombination of charge carriers at the sur-
face of the heterostructure. The vectorial electron trans-
fer through aligned TiO2 nanotubes promotes charge
transport and thus improves the photoconversion effi-
ciency. At longer hydrothermal times with the continu-

ous substitution of Sr, the SrTiO3 nuclei grow
to become larger nanocrystallites. These
closely packed SrTiO3 nanocrystallites act
more like an independent system with elec-
tron transport limited by their grain bound-
aries. The inner TiO2 nanotube, being lost in its
conversion to SrTiO3, has little influence in
transporting electrons. Although the perfor-
mance of the SrTiO3 nanocrystal array is rather
poor, one can introduce additional measures
to promote charge transport. For example,
when 2 h hydrothermal-treated samples were
annealed at 400 °C in air, they exhibited higher
short circuit photocurrent (see Supporting In-

formation Figure S4). Although the short circuit photo-
current nearly doubled after annealing, the overall
photocurrent remained less than that of the untreated
TiO2 nanotube array electrode. In case of the 0.5 and 1 h
treated nanocomposites, however, no significant im-
provement in photocurrent was observed even after
the post-annealing.

CONCLUSIONS
The synthetic approach discussed here provides a

facile way to achieve controlled growth of SrTiO3 par-
ticles over TiO2 nanotube arrays. The hydrothermal
treatment promotes substitution of strontium in the
TiO2 nanotube array to yield a TiO2�SrTiO3 heterostruc-
ture with controlled morphology. The photoelectro-
chemical performance of such a vertically aligned
heterostructure array is strongly dependent on its com-
position and morphology. Only well-dispersed SrTiO3

nanocrystallites on TiO2 nanotube arrays improved the
overall photoelectrochemical performance. Currently,
efforts are underway to utilize these heterostruc-
tured nanocomposites in the application of
quantum-dot-sensitized solar cells, and our prelimi-
nary investigation shows further usefulness of the
nanocomposites for better solar cell performance.

EXPERIMENTAL METHODS
Synthesis of TiO2 Nanotube Arrays on Ti Substrate. Titanium foil (0.25

mm in thickness, �98% from Aldrich) was cut into 0.8 cm � 2.5
cm strips. These strips were degreased by sonication in isopro-
panol for 1 h after which they were stored in acetone. The tita-
nium foil was placed in an electrochemical cell equipped with a
platinum mesh counter electrode and a power supply. Ammo-
nium fluoride (0.3 wt %) in ethylene glycol (2 v/v % in water) was
used as an electrolyte. A constant potential of 55 V was applied
at a rate of 1 V/s between the two electrodes for 1.5 h. After the
reaction, the strip was removed from the cell and washed with
deionized water. A 1�5 s sonication was performed to remove
any surface deposits. The films were then annealed at 450 °C in
dry air for 3 h with a temperature ramp rate of 1 °C min�1 at both
the processes of warm up and cool down.

Synthesis of TiO2�SrTiO3 Heterostructure Nanotube Arrays. The an-
nealed TiO2 nanotube array films produced by the above proce-
dure were utilized as a TiO2 source for the fabrication of SrTiO3.
The TiO2 nanotube arrays also acted as a structure-directed tem-

plate for the formation of the TiO2�SrTiO3 heterostructure. In a
typical experiment, 0.565 g of strontium hydroxide octahydrate,
Sr(OH)2 · 8H2O, was added to 85 mL of deionized water while stir-
ring at room temperature. Once fully dissolved, the resulting so-
lution was transferred to a Teflon-lined stainless steel autoclave,
filling 80% of the total volume. A piece of a TiO2 nanotube array
stripe was then immersed in the solution. The autoclave was
sealed and placed in an oven at 180 °C for different reaction
times. After the hydrothermal reaction, the autoclave was taken
out and cooled down by flowing tap water. The strip was washed
with deionized water and ethanol several times and then dried
under air flow for characterization and photoelectrochemical
measurements.

Characterization. The composition and crystal structure of the ob-
tained films were examined by an X-ray diffractometer (Scintag
X1 advanced diffraction system). The sample morphology was ob-
served using a field-emission scanning electron microscope (Hita-
chi S-4800 FESEM). Transmission electron microscopy (TEM) and
scanning transmission electron microscopy (STEM) were carried
out using a JEOL 2010F equipped with EDS (energy-dispersive

Scheme 2. Depiction of TiO2�SrTiO3 heterostructure (a) during
early and (b) longer times of hydrothermal treatment of TiO2

nanotube arrays.
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X-ray spectroscopy) detector at an acceleration voltage of 200 kV.
X-ray photoelectron spectroscopy (XPS) measurements were con-
ducted by a Kratos axis ultra imaging X-ray photoelectron spec-
trometer. Diffuse reflectance UV�vis adsorption spectra were re-
corded using a Shimadzu UV-3101 PC spectrophotometer; Ti foil
preheated at 450 °C under air was used as a reference.

Photoelectrochemical Measurements. The TiO2 nanotube arrays
and TiO2�SrTiO3 heterostructured nanotubes were employed
as photoanodes in a 3-arm cell. The top of the electrodes were
mechanically polished for electrical contact. Current�voltage
(I�V) characteristics were recorded using a Princeton Applied
Research potentiostat PARSTAT 2263 in a three-electrode config-
uration using Pt gauze as a counter electrode, a saturated
calomel electrode (SCE) as a reference, and 0.1 M NaOH solu-
tion as an electrolyte. Photocurrent measurements were carried
out in a two-electrode configuration using a Keithley 617 pro-
grammable electrometer along with collimated, filtered light
(CuSO4 filter, � � 300 nm) from an Oriel 450 W xenon arc lamp.
A Bausch and Lomb high-intensity grating monochromator was
introduced into the path of the excitation beam for selecting a
wavelength during incident photon to charge carrier efficiency
(IPCE) measurement. All experiments were carried out under am-
bient conditions.
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