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The photocatalytic splitting of water into hydrogen and oxygen using solar light is a potentially
clean and renewable source for hydrogen fuel. Titanium oxide nanotubes coated with tungsten oxide
were prepared to harvest more solar light for the first time and characterized their water splitting
efficiency. The tungsten trioxide coatings significantly enhanced the visible spectrum absorption of
the titanium dioxide nanotube array, as well as their solar-spectrum induced photocurrents. For the
sample, upon white light illumination at 150 mW/cm2, hydrogen gas generated at the overall
conversion efficiency of 0.87%. © 2006 American Institute of Physics. �DOI: 10.1063/1.2357878�

The photocatalytic splitting of water using oxide semi-
conductors is initiated by the direct absorption of a photon,
which creates separated electrons and holes in the energy
band gap of the material.1–3 Titanium dioxide �TiO2� has
been considered one of the most promising photocatalytic
materials due to its relatively low cost, chemical stability,
and photostability.4,5 However, the catalytic property of TiO2
is limited with ultraviolet �UV� regions, which accounts for
only 4% of the incoming solar energy and thus renders the
overall process impractical.6

Tungsten trioxide �WO3� has been recently considered
as a new photoanode material or mixture material with TiO2
for water splitting because the WO3 can offer relatively
small band gap ��2.5 eV� and corrosion stability in aqueous
solution.7,8 Although WO3 has shown great potential such as
photooxidation of water with visible light and high photocur-
rent with nanocrystals, the quantum yield is still low.9,10 The
large band gap oxide semiconductors, such as n-type TiO2 or
WO3 employed in photoelectrochemical devices, often have
short exciton diffusion lengths, so it is mainly the carriers
generated within the space charge layer that contribute to the
photocurrent.11,12

Several efforts have been made to employ mixed
WO3/TiO2 system for enhancing the efficiency of electro-
chromic effects and the photocurrent in aqueous
solution.13–15 We demonstrated previously the carbon doped
TiO2 nanotube arrays with high aspect ratio to improve the
photocurrent densities.16 In this study, we employ TiO2
nanotubes coated with WO3 as a photoanode for the first
time. Here, we present photoelectrochemical data obtained
using TiO2 nanotubes coated with WO3 in order, expecting
the increase in solar harvesting efficiency. This nanocompos-
ite material can be used as efficient and stable solar-driven
photoanode for oxidation of water.

TiO2 nanotube array with �2 �m length was fabricated
by the methods which were reported elsewhere.16 Figure 1�a�
shows scanning electron microscope �SEM� images of the
TiO2 nanotubes with �2 �m length. The pore diameter was
about 80 nm and the wall thickness was about 20 nm. To

increase light harvesting, WO3 coated TiO2 nanotube array
was prepared by electrochemical deposition of WO3 sol to
TiO2 nanotube array. Peroxotungstic acid sol �WO3−x ·nH2O�
was synthesized by dissolving the tungsten powder �Aldrich�
�1 g� in an ice-cooled beaker containing a 30% H2O2 aque-
ous solution �Aldrich� �5 ml� and then diluting the solution
using a water and 2-propanol mixture �100 ml, volume ratio
of 5:2�. WO3 was deposited on the prepared Ti nanotube by
electrophoresis �−400 mV versus Ag/AgCl reference elec-
trode, Pt mesh counter electrode� from the solution for 5 min
and then annealed at 450 °C for 30 min in air. A SEM image
of the WO3/TiO2 nanotube array nanocomposite is shown in
Fig. 1�b�. After electrophoretic deposition of WO3 on TiO2
nanotubes array, the nanocomposite still has nanotubular
structure �inset of Fig. 1�b��. However, the nanocomposite
materials are fully filled with WO3 when the deposition time
is longer than 20 min. X-ray photoelectron spectroscopy
confirmed the coverage of WO3 on the TiO2 nanotubes. In
addition, the color change of the nanotube array upon WO3
from gray to bright green demonstrates an effect on their
optical response in the visible wavelength range. Typical cy-
clic voltammetry scan for WO3/TiO2 nanotube composite
electrode in acid solution �1M H2SO4� was studied. The blue
color was observed from the samples at potentials below
0 V. Also, the over-reduction current was observed around
−250 mV. The blue color is related to the intercalation of
protons in the solution and it is one of the strong evidences
for successful electrophoretic deposition of WO3 on TiO2
nanotubes. Normalized UV-visible diffuse reflectance spectra
of the TiO2 nanotubes and the WO3/TiO2 nanotube nano-
composite were shown in the inset of Fig. 2. The absorption
of visible light of the WO3/TiO2 nanotube nanocomposite
was enhanced compared with that of the TiO2 nanotube
array.

The photoelectrochemical measurements were carried
out in a three electrode system by illuminating the xenon
lamp �150 mW/cm2�. The photoelectrochemical measure-
ments were performed in a glass cell with a flat Pyrex glass
window to facilitate the transmittance of light to the photo-
electrode surface. The working electrode had a surface area
of 1 cm2, and a platinum �Pt� plate and an Ag/AgCl elec-a�Electronic mail: ookpark@kaist.ac.kr
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trode were used as counter and reference electrodes, respec-
tively. The electrolyte solution used for the water splitting
reaction was 1M HClO4. A scanning potentiostat was used
for the measurement of photocurrent under an applied
potential. Figure 2 shows photocurrent-potential plot for
the WO3/TiO2 nanotube nanocomposite compared to that
of the TiO2 nanotubes without WO3 illuminated with
150 mW/cm2 white light. The maximum photocurrent of the
WO3/TiO2 nanotube nanocomposite was increased com-
pared with that of the TiO2 nanotubes due to additional light
absorption as shown in the UV-visible absorption spectra.
The saturation photocurrent was attained after only about
0.4 V difference from open circuit potential �Fig. 2�. A tan-
dem cell incorporating an aqueous cell based on a WO3 thin
film photoanode biased with a separated dye-sensitized solar
cell has been focused on new hydrogen evolution system.17

So, it is important that the WO3 photoanode should have its
maximum photocurrent within 0.7 V �open circuit potential
of dye-sensitized solar cell� difference from its open circuit
potential.

To compare photoelectrochemical behaviors of the
WO3/TiO2 nanotube nanocomposite with a WO3/Ti planar

foil, we prepared electrophoretically deposited 5-�m-thick
WO3 nanocrystalline film on Ti foil. At 1.0 V versus
Ag/AgCl the photocurrent density of the WO3/TiO2 nano-
tube nanocomposite was more than 30% greater than the
value for the WO3/Ti planar foil photoanode with a similar
thickness. This suggests that the TiO2 nanotube structure can
harvest solar light more effectively than photoanodes with a
nanocrystalline structure under the same illumination. In ad-
dition, the TiO2 nanotubular structure also shows a steeper
increase in the photocurrent with applied potential. In semi-
conductors, the orbitals are merged into a nearly filled va-
lence band separated by the energy gap. When semiconduc-
tor is immersed in a solution under irradiation, charge
transfer occurs at the interface because of the difference in
the tendency of the two phases to gain or lose electrons �that
is, difference in electron affinity or electrochemical potential
of the two phases�.3 The net result is the formation of an
electrical field at the surface of the semiconductor, inducing
electron and hole separation. For the applications of TiO2
and WO3 as a photoanode in a photoelectrolysis cell under
solar light illumination, it is particularly important to intro-
duce a large interface area where photoinduced charge trans-
fer by excitons into separated electrons and holes can effi-
ciently occur. In this case, excitons are always generated
within a diffusion length of a semiconductor/electrolyte in-
terface, potentially leading to higher cell efficiency than a
planar thick structure. However, even though two electrodes
with different morphologies have the same surface area, the
disordered structure has higher series resistance than an or-
dered structure. For example, some excitons formed in deep
position will become extinct by recombination process, re-
sulting to low quantum efficiency.

The photoconversion efficiency ��� of light to hydrogen
energy in the presence of an external applied potential is
calculated as18

��%� = ��total power output

− electrical power output�/light power input�

� 100 = ��jp�1.23 − Eapp� � 100�/Io� . �1�

The photocurrent density jp is in mA/cm2 and the elec-
trical power input is jpEapp. Eapp=Emea−Eaoc, where Emea is
the electrode potential �versus Ag/AgCl� of the working
electrode at which the photocurrent was measured under
illumination and Eaoc is the electrode potential �versus

FIG. 1. �a� SEM images �lateral view and top view� of TiO2 nanotubes. �b� SEM images �lateral view and top view� of WO3/TiO2 nanotube nanocomposite
electrodeposited for 5 min.

FIG. 2. Photocurrent density vs applied potential for the WO3/Ti foil, the
TiO2 nanotube arrays, and the WO3/TiO2 nanotube nanocomposite illumi-
nated by 150 mW/cm2 xenon lamp. Open circuit potential of the WO3/TiO2

nanotube nanocomposite: 0.31 V. Inset: Normalized UV-visible diffuse re-
flectance spectra of the TiO2 nanotube arrays and the WO3/TiO2 nanotube
nanocomposite.
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Ag/AgCl� of the same working electrode at open circuit
condition under same illumination and in the same electro-
lyte. Using Io=150 mW/cm2, photoconversion efficiency as
a function of potential for the WO3/TiO2 nanotube nano-
composite photoanode is shown in Fig. 3. A maximum con-
version efficiency of 0.87% is obtained for WO3/TiO2 nano-
tube nanocomposite. By collecting the gases at the
WO3/TiO2 nanotube nanocomposite photoanode and the Pt
counter electrode during the photoreaction, we observed a
2.2:1 volume ratio of hydrogen and oxygen �inset of Fig. 3�.
Argon was used as purge gas to remove dissolved gases and
2-nm-thin Pt layer was deposited on the WO3/TiO2 nano-
tube nanocomposite before this experiment. Evolved gases
collected in sealed glass tubes were confirmed by using gas
chromatograph.

In conclusion, we have introduced water splitting char-
acteristics of WO3/TiO2 nanotube nanocomposite by using
high-aspect-ratio TiO2 nanotube arrays as a starting material.
The unique structures of the TiO2 nanotube arrays can be
used as template for enhancement of photocurrent by using
relatively lower band gap material compared with TiO2. Re-
ported data strongly demonstrated such structures and mate-
rials could be used in WO3/dye-sensitized solar cell tandem
structures for unassisted water splitting system.

The authors thank C. R. Luman �Department of Chem-
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FIG. 3. Photoconversion efficiency of WO3/TiO2 nanotube nanocomposite
with �2 �m length as a function of measured potential �vs Ag/AgCl�.
Inset: H2 and O2 evolution from the WO3/TiO2 nanotube nanocomposite
�photoanode� and Pt electrode.
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