
Published: July 28, 2011

r 2011 American Chemical Society 13272 dx.doi.org/10.1021/ja2050315 | J. Am. Chem. Soc. 2011, 133, 13272–13275

COMMUNICATION

pubs.acs.org/JACS

Rh-Doped SrTiO3 Photocatalyst Electrode Showing Cathodic
Photocurrent for Water Splitting under Visible-Light Irradiation
Katsuya Iwashina† and Akihiko Kudo*,†,‡

†Department of Applied Chemistry, Faculty of Science, Tokyo University of Science, 1-3 Kagurazaka, Shinjuku-ku, Tokyo 162-8601,
Japan
‡Division of Photocatalyst for Energy and Environment, Research Institute for Science and Technology, Tokyo University of Science,
2641 Noda-shi, Yamazaki, Chiba-ken, Japan 278-8510

bS Supporting Information

ABSTRACT: A Rh-doped SrTiO3 (SrTiO3:Rh) photoca-
talyst electrode that was readily prepared by pasting SrTiO3:
Rh powder onto a transparent indium tin oxide electrode
gave a cathodic photocurrent under visible-light irradiation
(λ > 420 nm), indicating that the SrTiO3:Rh photocatalyst
electrode possessed p-type semiconductor character. The
cathodic photocurrent increased with an increase in the
amount of doped Rh up to 7 atom %. The incident-photon-
to-current efficiency at 420 nm was 0.18% under an applied
potential of �0.7 V vs Ag/AgCl for the SrTiO3:Rh(7 atom
%) photocatalyst electrode. The photocurrent was con-
firmed to be due to water splitting by analyzing the evolved
H2 and O2. The water splitting proceeded with the applica-
tion of an external bias smaller than 1.23 V versus a Pt
counter electrode under visible-light irradiation and also
using a solar simulator, suggesting that solar energy conver-
sion should be possible with the present photoelectrochem-
ical water splitting.

Solar water splitting for clean hydrogen production using
photoelectrodes and powdered photocatalysts has been paid

attention from the viewpoint of an energy issue. Several new
materials to serve as powdered photocatalysts for water splitting
have recently been developed,1,2 whereas materials for photo-
electrodes are still limited. The representative TiO2 photoelec-
trode possesses a band gap of 3.0 eV and an insufficient con-
duction band level for H2 production. Therefore, it requires UV
light and an external bias for water splitting.3 SrTiO3 and KTaO3

are semiconductor photoelectrodes that can split water with no
external bias under UV irradiation because their conduction band
levels are higher than the redox potential for H2 evolution.4

WO3,
5,6 Fe2O3,

7 and BiVO4
8�11 semiconductor photoelectrodes

have been extensively studied because of their visible-light
responses. TaON,12 Ta3N5,

13 and LaTiO2N
14 of (oxy)nitride

photoelectrodes have also been reported for water splitting
under visible-light irradiation. These semiconductor photoelec-
trodes possess n-type character. Stable oxide semiconductor
electrodes with p-type character for water splitting have not
been reported, except for CaFe2O4.

15 The development of stable
oxide semiconductor materials with p-type character is important
not only for water-splitting electrodes but also for electronics,
optelectronics, and solar cells.

Powdered SrTiO3 photocatalyst is active for water splitting
under UV irradiation.16,17 We have developed transition-metal-
doped SrTiO3 photocatalysts for H2 and O2 evolution in the
presence of reducing and oxidizing reagents, respectively, under
visible-light irradiation.1,18 Among them, Rh-doped SrTiO3

(SrTiO3:Rh) is a highly active oxide photocatalyst for sacrificial
H2 evolution under visible-light irradiation.

19 Moreover, it works
as an H2-evolving photocatalyst in Z-scheme systems combined
with O2-evolving photocatalysts such as BiVO4, WO3, and Bi2-
MoO6 for solar water splitting in the presence and absence of
electron mediators.20 Thus, SrTiO3:Rh is an attractive material for
solar energy conversion and is expected to function as a photo-
electrode material for water splitting under visible-light irradiation.

In the present study, we examined photoelectochemical
properties of powdered SrTiO3:Rh photocatalyst loaded on an
indium tin oxide (ITO) electrode to demonstrate water splitting
under visible-light irradiation.

SrTiO3 powder doped with x mol % Rh (0 e x e 10) at Ti
sites was prepared by a solid-state reaction. The starting materi-
als, SrCO3 (Kanto Chemical; 99.9%), TiO2 (Soekawa Chemical;
99.9%), and Rh2O3 (Wako Pure Chemical), were mixed in a Sr:
Ti:Rh ratio of 1.07:(1 � x):x. The mixture was calcined in air at
1173 K for 1 h and then at 1373 K for 10 h in an aluminum
crucible. The crystalline form of the obtained powder was
confirmed by X-ray diffraction (Rigaku; MiniFlex). SrTiO3:Rh
photocatalyst electrodes were prepared by a squeegee method
that coated a paste composed of 20 mg of SrTiO3:Rh photo-
catalyst powder, 20 μL of acetylacetone (Kanto Chemical;
99.5%), and 40 μL of distilled water onto a transparent ITO
electrode and then calcined at 573 K for 2 h in air. The apparent
area on the electrode coated with the SrTiO3:Rh photocatalyst
powder was 1�3 cm2. Scanning electron microscopy (SEM)
images of the electrode are shown in Figure S1 in the Supporting
Information. An ITO electrode was partially covered with
SrTiO3:Rh powder. The deposited SrTiO3:Rh did not form a
sintered thin film. Thus, the photoelectrochemical property
obtained was that of powdered samples, reflecting the properties
of powdered photocatalysts, so we call it photocatalyst electrode.
Diffuse reflection spectra were obtained using a UV�vis�NIR
spectrometer (JASCOW; UbestV-570) and were converted
from reflection to absorbance by the Kubelka�Munk method.
Photoelectrochemical properties were evaluated using a potentiostat
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(Hokuto Denko; HZ-3000 or HZ-5000) and an H-type cell
divided into working and counter electrode compartments by
Nafion 117 (Dupont). Platinum, a saturated Ag/AgCl electrode
(DKK-TOA), and 0.1 mol L�1 aqueous solution of K2SO4

(Kanto Chemical; 99.0%) were used as the counter electrode,
reference electrode, and electrolyte, respectively. The electrolyte
in both compartments was bubbled with N2 or Ar before measu-
rements. The light source was a Xe lamp (PerkinElmer; Cermax-
PE300BF). The wavelength of the incident light was controlled
by cutoff filters (HOYA), an NIR-absorbing filter (Sigma Koki;
CCF-50S-500C), and a plano-convex lens (Sigma Koki; SLSQ-
60�150P). A solar simulator with an air-mass 1.5 filter (Peccell
Technologies; PEC-L11, 100 mW cm�2) was also used for
photoelectrochemical measurements. The amounts of evolved
H2 and O2 were determined using an online gas chromatograph
(Shimadzu; GC-8A, MS-5A column, thermal conductity detec-
tor, Ar carrier) and an Ar-flow reaction cell (10 mL min�1).

Figure 1 shows the photoresponse in the current�potential
curves for SrTiO3 and SrTiO3:Rh(1 atom %) electrodes. SrTiO3

gave an anodic photocurrent under only UV irradiation, indicat-
ing n-type character as reported previously.4 This result indicated
that the easy preparation method of the electrode employed in
the present study was available. In contrast, the SrTiO3:Rh(1
atom%) electrode showed a cathodic photocurrent with an onset
potential at 0.6 V vs Ag/AgCl. This result suggested that the
SrTiO3:Rh(1 atom%) electrode possessed p-type character. The
ITO surface was considerably exposed to the electrolyte, as
suggested by SEM (Figure S1). Therefore, the photoresopnse of
a bare ITO electrode was measured as a control experiment. The
anodic photocurrent of ITO under UV irradiation was negligible in
comparison with that of nondoped SrTiO3. Moreover, a cathodic
photocurrent was not observed at all for the ITO electrode under
UV and visible-light irradiation. Therefore, the photoresponse
observed in Figure 1 was not due to the ITO electrode.

The stable oxidation states of a Rh dopant in oxides are
trivalent and tetravalent.19 These Rh species reversibly change
depending on the conditions:

Ti4þ a Rh3þ þ hþ ð1Þ

Rh4þ a Rh3þ þ hþ ð2Þ
Rh3+ and Rh4+ are doped at Ti4+ sites. When trivalent Rh is

doped without accompanying formation of oxygen vacancies,

it gives a hole due to charge compensation (eq 1), analogous to
Li+-doped NiIIO that is a typical p-type metal oxide semicon-
ductor. On the other hand, if tetravalent Rh is doped, it easily
releases a hole because of the easy reversibility of changes in the
oxidation number of Rh in oxides (eq 2). It is considered that the
p-type character appeared according to these schemes.

Figure 2 shows visible-light responses in the current�poten-
tial curves for SrTiO3 electrodes doped with different amounts of
Rh. X-ray diffraction measurements revealed that SrTiO3:Rh was
obtained as a single phase, although SrTiO3:Rh(7 atom %) and
SrTiO3:Rh(10 atom %) contained very small amounts of im-
purities (Figure S2). Reduction waves observed around �0.3 V
vs Ag/AgCl under dark conditions would be due to the reduction
of Rh4+ in SrTiO3:Rh and/or the impurities. The cathodic
photocurrent increased with an increase in the amount of doped
Rh. This is due to the increase in the absorption coefficient near
400 nm that contributes to the visible-light response (Figure S3).
The optimum amount of doped Rh was 7 atom % for the present
photoelectrode, whereas it was 1 atom % for a powdered photo-
catalyst. DopedRh contributes not only as a visible-light absorber
but also as a recombination center for photogenerated electrons
and holes. The efficiencies of the photoelectrodes and the
photocatalysts are determined by the balance of these factors
of light absorption and recombination. In the photoelectrochem-
ical system, applying an external bias and forming a band bending
assist the charge separation and suppress the recombination,
while such assistance is not expected for the powdered system. As
a result, the optimum amount of Rh dopant for the electro-
chemical system was larger than that for the powdered system.

Figure 3 shows diffuse reflectance spectra of SrTiO3 and
SrTiO3:Rh(7 atom %) powder and the wavelength dependence
of the cathodic photocurrent over the SrTiO3:Rh(7 atom %)
electrode using cutoff filters. In principle, the energy diagram of
the present electrode should be the same as that of the powdered
photocatalyst (except for band bending) because the photocata-
lyst electrode is employed as shown by the SEM image in Figure
S1. Therefore, the detailed energy diagram for the SrTiO3:Rh
photocatalyst shown in ref 19 can be applied to the present

Figure 1. Current vs potential curves for (a) SrTiO3 (λ > 300 nm), (b)
SrTiO3 (λ > 420 nm), and (c) SrTiO3:Rh(1 atom %) (λ > 420 nm)
electrodes. Electrolyte, 0.1 mol L�1 aqueous K2SO4 solution; sweep
rate, 20 mV s�1; light source, 300 W Xe lamp.

Figure 2. Current vs potential curves of SrTiO3:Rh(x atom%) for x =
(a) 1, (b) 4, (c) 7, and (d) 10. Electrolyte, 0.1 mol L�1 aqueous K2SO4

solution; sweep rate, 20 mV s�1; light source, 300 W Xe lamp with an
L42 cutoff filter.
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electrode system. SrTiO3:Rh(7 atom %) possessed visible-light
absorption bands that were not observed for nondoped SrTiO3.
The visible-light absorption band at∼400 nm is due to electronic
transitions from electron-donor levels consisting of Rh3+ to a
conduction band of SrTiO3, while that at∼600 nm is assigned to
transitions from a valence band of SrTiO3 to acceptor levels
consisting of Rh4+.19 The absorption band at ∼1000 nm is
assigned to d�d or charge transfer transitions between trivalent
and tetravalent Rh species. The cathodic photocurrent was
observed at wavelengths e540 nm. This photoresponse is due
to electronic transitions from electron donor levels consisting of
Rh3+ to a conduction band of SrTiO3, in agreement with that of
photocatalytic reactions for sacrificial H2 evolution

19 and water
splitting using a Z-scheme system.20 Other absorption bands in
the visible and NIR regions of SrTiO3:Rh and impurities did not
give any photoresponse.

It is indispensable to check the evolution of H2 and O2 for
photoelectrochemical water splitting12,15 because it is not always
guaranteed that the observed photocurrent is due to water
splitting. Therefore, water splitting was carried out using a
SrTiO3:Rh(7 atom %) photocatalyst electrode to check whether
the observed cathodic photocurrent seen in Figure 2 was due to
water reduction to form H2 or reduction of the electrode itself.
The cathodic photocurrent was observed at �0.5 V vs Ag/AgCl
for longer than 16 h under visible-light irradiation, as shown in
Figure 4. Faradaic efficiencies for H2 and O2 evolution were
100% within experimental error, indicating that the observed
photocurrent was due to water splitting. Although a significant
decrease in the photocurrent was observed at the beginning
stage, it became stable after several hours. No significant differ-
ence in the SEM images before and after the photoelectrolysis
was observed (Figure S1). This result excluded the possibility
that peeling of the powdered SrTiO3:Rh from the ITO was the
reason for the degradation. The degradation of the photocurrent
is thought to be due to the change in the surface state. The
incident-photon-to-current efficiency of the SrTiO3:Rh(7 atom%)
photocatalyst electrode was 0.18% at 420 nm under an applied
potential of �0.7 V vs Ag/AgCl. An external bias has to be
smaller than 1.23 V vs the counter electrode (the theoretical
voltage for electrolysis of water) if conversion of light energy is
taken into account. The water splitting proceeded even when an

external bias of�0.5 V vs the Pt counter electrode was applied, as
shown in Figure S4. Moreover, the cathodic photocurrent was
observed for a time longer than 30 h at�0.8 V vs the Pt counter
electrode using a solar simulator, as shown in Figure S5. These
results indicate that the SrTiO3:Rh photocatalyst electrode is
functional for solar energy conversion through water splitting.
The efficiency is expected to be improved by examination of the
preparation method of the electrode and loading of cocatalysts.

In conclusion, Rh-doped SrTiO3 (SrTiO3:Rh) photocatalyst
electrodes gave a visible-light response and exhibited p-type
semiconductor character, producing a cathodic photocurrent
under visible-light irradiation up to 540 nm. Water splitting
under visible-light irradiation was achieved by making an elec-
trode using a powdered SrTiO3:Rh photocatalyst, although the
water splitting did not proceed in the suspended form using the
powder. SrTiO3:Rh has arisen as a promising semiconductor
photoelectrode for solar water splitting.
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bS Supporting Information. SEM images of the SrTiO3:
Rh(7 atom %) electrode surface, X-ray diffraction patterns and
and diffuse reflectance spectra of SrTiO3:Rh powders, and
photoelectrochemical water splitting results using a 300 W Xe
lamp with an L42 cutoff filter or a solar simulator. This material is
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Figure 4. (A) H2 (O) and O2 (b) evolution and half of the number of
electrons passed through an outer circuit (dashed line) by photoelec-
trochemical water splitting using a SrTiO3:Rh(7 atom %) electrode
under visible-light irradiation with an applied potential of�0.5 V vs Ag/
AgCl. (B) Stability of the cathodic photocurrent (solid curve) and the
rate of H2 evolution (O) for the water splitting. Apparent electrode area,
1.2 cm2; electrolyte, 0.1 mol L�1 aqueous K2SO4 solution; light source,
300 W Xe lamp with an L42 cutoff filter.

Figure 3. Diffuse reflectance spectra of (a) SrTiO3 and (b) SrTiO3:
Rh(7 atom %) powders and (c) dependence of the cathodic photo-
current density over the SrTiO3:Rh(7 atom%) electrode upon the cutoff
wavelength of the incident light. Electrolyte, 0.1 mol L�1 aqueous
K2SO4 solution; applied potential, �0.8 V vs Ag/AgCl; light source,
300 W Xe lamp with cutoff filters.
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