
Fabrication of an Efficient BaTaO2N Photoanode Harvesting a Wide
Range of Visible Light for Water Splitting
Masanobu Higashi,† Kazunari Domen,‡ and Ryu Abe*,†,§

†Graduate School of Engineering, Kyoto University, Katsura, Nishikyo-ku, Kyoto 615-8510, Japan
‡Department of Chemical System Engineering, The University of Tokyo, 7-3-1 Hongo, Tokyo 113-8565, Japan
§JSPS-NEXT Program, 5-3-1 Koujimachi, Chiyoda-ku, Tokyo 102-0083, Japan

*S Supporting Information

ABSTRACT: Photoanodes made from BaTaO2N that can
harvest visible light up to 660 nm wavelength were
fabricated on Ti substrates for achieving efficient water
splitting. Both pre-treatment of BaTaO2N particles with an
H2 stream and post-necking treatment with TaCl5
effectively increased the photocurrent due to the decreased
electrical resistance in the porous BaTaO2N photoanode.
A combination of pre-loading of CoOx on the BaTaO2N
particles and post-loading of RhOx significantly improved
both the photocurrent and stability under visible light
irradiation, along with an obvious negative shift (ca. 300
mV) of the onset potential for water oxidation, while sole
loading resulted in a lower photocurrent or insufficient
stability. The IPCE value was estimated to be ca. 10% at
1.2 V vs RHE under 600 nm, which is the highest among
photoanode materials that can harvest light beyond 600
nm for water oxidation. Photoelectrochemical water
splitting into H2 and O2 under visible light was
demonstrated using RhOx/CoOx/BaTaO2N/Ti photo-
anodes under an externally applied bias larger than 0.7 V
to a Pt counter electrode.

Photoelectrochemical (PEC) water splitting using semi-
conductor photoelectrodes has attracted considerable

attention due to the potential to produce H2 from water by
utilizing solar energy, as well as to achieve photocatalytic water
splitting using semiconductor particles.1−4 Since nearly half of
the solar energy incident on the Earth’s surface lies in the visible
region (400 nm < λ < 800 nm), it is essential to harness visible
light, especially its long-wavelength region as long as possible, to
realize efficient and practical H2 production on a large scale by
PEC water splitting. However, this is still hindered by the major
challenge of developing photoelectrode materials that simulta-
neously have appropriate band energies, exhibit visible light
absorption, and are sufficiently stable under reaction conditions.
Since oxide semiconductors generally possess high stability
against photocorrosion (photo-oxidative decomposition or
dissolution), visible-light-responsive oxides (e.g., WO3,

5

Fe2O3,
6 and BiVO4

7) have been extensively studied as photo-
anodes in PEC water splitting systems. However, it is
indispensable to apply a large external bias between these
oxide-based photoanodes and a counter electrode (e.g., Pt)
because the bottoms of the conduction band of these visible-
light-responsive oxides are more positive than the water

reduction potential. Since applying a large external bias using a
power supply is undesirable in terms of the energy consumption
of the whole system, it is highly desirable to develop visible-light-
driven PEC systems that can function even under much lower
applied bias, simultaneously harvesting a wide range of visible
light. It has been demonstrated that some metal oxynitrides (e.g.,
TaON,8 LaTiO2N

9) possess appropriate band levels for water
reduction and oxidation as well as a narrow bandgap, allowing
visible light absorption due to the contribution of the N 2p
orbital to the valence band with O 2p. Although the introduction
of the N 2p orbital generates a new problem in stability due to
oxidative deactivation by photogenerated holes releasing N2
(2N3− + 6h+ → N2),

8 the above-mentioned features of
oxynitrides make them promising semiconductor materials for
achieving efficient PEC water splitting under visible light with
low applied bias.
We recently demonstrated stable water splitting on a CoOx-

modified TaON porous photoanode, wherein the CoOx
nanoparticles as a catalyst for water oxidation10−12 effectively
scavenge the holes in TaON, suppressing oxidative deactivation
of the TaON surface.13 However, the maximum solar energy
conversion efficiency of a TaONphotoanode system is limited by
the relatively wide band gap of TaON (ca. 2.5 eV, light
absorption up to 500 nm). These facts motivated us to apply a
mixed tantalum oxynitride BaTaO2N as a photoanode material,
since it can harvest visible light up to 660 nm14,15 and it possesses
a sufficiently high conduction band bottom for H2 production.

16

Although a photoanode of a solid solution of BaZrO3−BaTaO2N
fabricated on fluorine-doped tin oxide (FTO) exhibited the
capability of water oxidation after loading of the IrOx cocatalyst,
it showed low IPCE values (e.g., 1%, at 1.2 V vs RHE under 500
nm) and required relatively large applied bias (1 V) between the
Pt counter electrode to observe appreciable amounts of H2 and
O2.

17 In the present study, we attempted to fabricate an efficient
BaTaO2N photoanode for water splitting by applying two new
strategies: (1) pre-treatment of BaTaO2N particles with an H2
stream to decrease the electrical resistance, and (2) surface
modification of the porous BaTaO2N electrode by the RhOx
species along with pre-loading of CoOx to facilitate hole transfer
from the BaTaO2N bulk.
BaTaO2N powder was prepared by heating an amorphous

Ba2Ta2O7 precursor powder in an NH3 stream (100 mL min−1)

Received: April 23, 2013
Published: June 28, 2013

Communication

pubs.acs.org/JACS

© 2013 American Chemical Society 10238 dx.doi.org/10.1021/ja404030x | J. Am. Chem. Soc. 2013, 135, 10238−10241

pubs.acs.org/JACS


at 1223 K for 20 h, as reported previously.18 As shown in Figure
S1, the main phase of the product were identified to BaTaO2N
(ICDD No. 01-084-1748), while weak peaks assignable to the
Ta3N5 phase were also observed. The obtained powder was
heated in a H2 flow at 1073 K for 3 h (referred to as
BaTaO2N(H2)), washed with distilled water, and then dried at
room temperature. CoOx cocatalyst (0.5 or 3 wt%, calculated as a
metal) was loaded on BaTaO2N(H2) (or untreated BaTaO2N)
particles by impregnation from an aqueous Co(NO3)2 solution,
followed by heating at 673 K for 30 min in air (referred to as
CoOx/BaTaO2N(H2)). As-prepared CoOx/BaTaO2N(H2) par-
ticles were deposited on a Ti substrate by electrophoretic
deposition.13 The representative amount and thickness of the
BaTaO2N layer on Ti were ca. 2.6 mg and ca. 2 μm, respectively.
The coated area was ca. 1.5 × 4 cm2. Next, 50 μL of TaCl5
methanol solution (10 mM) was dropped on the as-prepared
electrodes, and then the electrode was dried in air at room
temperature. After this process was performed five times, the
electrode was heated in an NH3 flow (10 mLmin−1) at 723 K for
30 min.13 The resulting CoOx/BaTaO2N(H2) electrode was
heated in a H2 flow at 723 K for 30 min. These processes are
referred to as the necking treatment. Post-loading of the MOx
cocatalyst on the BaTaO2N photoanode was performed as
follows. Co(NO3)2, Na2[IrCl6], or Na3[RhCl6] methanol
solution (Co, Ir, and Rh: 3 wt%) was dropped on the
CoOx(0.5 wt%)/BaTaO2N(H2) electrode after the calcination
in the NH3 flow. The electrode was then dried and heated in a H2
flow at 723 K for 30 min. CoOx/BaTaO2N(H2) and BaTaO2N-
(H2) samples post-loaded with the cocatalyst were referred to as
post-MOx/CoOx/BaTaO2N(H2) and post-MOx/BaTaO2N-
(H2), respectively. The electrochemical cell used for the
photocurrent measurements consisted of a prepared BaTaO2N
electrode, a counter electrode (Pt wire), a Ag/AgCl reference
electrode, and a phosphate buffer solution (pH 8). The
phosphate buffer solution was prepared by mixing 0.1 M
Na2HPO4(aq) and 0.1 M NaH2PO4(aq). The potential of the
working electrode was controlled using a potentiostat. The
solution was purged with Ar for over 20 min prior to the
measurement. The electrodes were irradiated by a 300 W Xe
lamp (LX-300F, Cermax) fitted with a cutoff filter (L-42, Hoya)
to block light in the ultraviolet (UV) region. The detailed
experimental conditions are given in Supporting Information.
Figure 1 shows the current−potential curves for the BaTaO2N

electrodes in a phosphate buffer solution (pH 8) under chopped
visible light irradiation (λ > 400 nm). Although no photo-
response was observed for the BaTaO2N/Ti electrode just after
electrophoretic deposition, the necking treatment, which
effectively forms conductive necking between BaTaO2N
particles, afforded an obvious photoresponse to visible light, as
shown in Figure 1a, in the same manner as in the TaON/Ti and
TaON/FTO electrode systems.13,19,20 In the present BaTaO2N/
Ti electrode system, it was newly found that H2 reduction of the
BaTaO2N particles before their deposition on Ti significantly
increased the photocurrent density, as shown in Figure 1b, in
which approximately 4 times higher photocurrent density (ca.
0.46 mA cm−2 at 1.2 V vs RHE) was obtained compared to the
untreated one (ca. 0.12mA cm−2 at 1.2 V vs RHE). The optimum
temperature of the H2 treatment was found to be 1073 K, as
shown in Figure S2. Figure S3 shows the UV−visible diffuse
reflectance spectra of the BaTaO2N powder before and after the
H2 reduction at various temperatures. As-prepared BaTaO2N
powder exhibited strong absorption shorter than 680 nm due to
the bandgap excitation, along with broad absorption longer than

680 nm, which generally reflect the presence of reduced species
of Ta5+ or anion defects, O2− or N3− vacancies, in the n-type
semiconductors.
The H2 treatment above 1073 K significantly increased the

absorption intensity longer than 680 nm, indicating the increased
amount of anion defects in the BaTaO2N particle. It is well
recognized that the increased amount of anion defects in an n-
type semiconductor increases the n-type nature; in other words,
it decreases the electro resistance in the bulk. Indeed, impedance
measurements revealed that the electro resistance in the
BaTaO2N bulk was significantly decreased by the H2 reduction
treatment at 1073 K. It can therefore be concluded that the H2
treatment decreased the electro resistance in the BaTaO2N bulk
along with the necking process, and increased the photocurrent
density in the BaTaO2N/Ti electrodes consequently. The
decrease in photocurrent density by the H2 treatment above
1173 K is certainly due to superfluous anion defects, which work
as electron-trapping sites and increase the possibility of
electron−hole recombination within the BaTaO2N bulk. Similar
to the TaON electrode system reported previously,13 the loading
of the CoOx cocatalyst was found to be effective to improve the
stability of the photoelectrode during the photoirradiation, as
well as increasing photocurrent density. The CoOx-loaded
BaTaO2N electrodes (Figure 1c) showed appreciably higher
photocurrent density than the unloaded one (Figure 1a). The
optimum amount of CoOx loaded on BaTaO2N was found to be
3 wt% Co, as shown in Figure S4. The combination of CoOx
loading with H2 treatment was effective to increase the
photocurrent density (Figure 1d), undoubtedly due to the

Figure 1. Current−potential curves in a phosphate buffer solution (pH
8) under visible light irradiation (λ > 400 nm) for (a) BaTaO2N, (b)
BaTaO2N(H2), (c) CoOx(3 wt%)/BaTaO2N, (d) CoOx(3 wt
%)/BaTaO2N(H2), (e) post-RhOx(3 wt%)/CoOx(0.5 wt
%)/BaTaO2N(H2), (f) post-IrOx(3 wt%)/CoOx(0.5 wt%)/BaTaO2N-
(H2), (g) post-RhOx(3 wt%)/BaTaO2N(H2), and (h) post-IrOx(3 wt
%)/BaTaO2N(H2) electrodes.
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decreased electro resistance in the BaTaO2N bulk. Although the
loading of CoOx significantly increased the photocurrent density
at applied potentials higher than 0.6 V (vs RHE), on the contrary
this decreased the photocurrents at potentials lower than 0.6 V,
which were clearly observed for the unloaded BaTaO2N(H2)
(Figure 1b). We found that post-loading of RhOx (or IrOx) with
the pre-loaded CoOx was effective to increase the photocurrent
densities at the whole potential range above 0.2 V (vs RHE), as
shown in Figure 1e,f. The post-RhOx (or IrOx)/CoOx/
BaTaO2N electrode showed an obvious negative shift (ca. 300
mV) of the onset potential. Post-loading of RhOx (or IrOx) alone
was found to be effective to improve the photocurrent densities
at lower applied potential (0.2−0.6 V vs RHE, see Figure 1g,h),
while their co-loadings with pre-loaded CoOx additionally
increased the photocurrent at higher potential than 0.6 V.
The loading of co-catalysts significantly affected the stability of

the photocurrent generated on BaTaO2N electrodes. As seen in
the time courses of the photocurrent under potentiostatic
condition (1.07 V vs RHE, see Figure 2), the photocurrent over

the unloaded BaTaO2N(H2) electrode immediately decreased
and became negligibly low within 5 min (Figure 2a),
undoubtedly due to the deactivation of the BaTaO2N surface
during the photoirradiation, in which holes generated in the
BaTaO2N bulk oxidize the nitrogen anion (N3−) to N2 (2N

3− +
6h+ → N2) just the same as in the previous TaON electrode
system.13,19,20 The loading of CoOx (0.5 or 3 wt%) on BaTaO2N
particles prior to the electrode fabrication drastically improved
the stability of the photocurrent as seen in Figure 2b,c, indicating
that the CoOx loaded on BaTaO2N efficiently scavenged the
holes generated in the BaTaO2N bulk and also efficiently
catalyzed water oxidation, suppressing the self-oxidative
deactivation of the surface by the holes.13 Among the
CoOx(0.5 wt%)/BaTaO2N(H2) electrodes post-loaded with
various cocatalysts, the RhOx (3 wt%)-loaded one exhibited the
highest photocurrent as well as surpassingly high stability (see
Figure 2d). On the other hand, the BaTaO2N(H2) electrode
post-loaded with RhOx alone showed poor stability (see Figure
2e), while the photocurrent in the initial period was much higher
than that on the unmodified BaTaO2N(H2) or CoOx/
BaTaO2N(H2) electrodes. XPS analysis on RhOx/CoOx/
BaTaO2N(H2) electrode (see Figure S5) indicated that it
dominantly contained metallic Rh species along with minor

components of oxidized ones just after the H2 treatment, while
most of them were oxidized into Rh3+ species, most likely Rh2O3,
after the PEC measurement. Although the post-loading of IrOx
significantly increased the photocurrent in the initial period, the
photocurrent gradually decreased, as seen in Figure 2f. The post-
CoOx(3 wt%)/CoOx(0.5 wt%)/BaTaO2N(H2) electrode (Fig-
ure 2g) showed almost the same trend as the CoOx(3 wt
%)/BaTaO2N(H2) electrode (Figure 2c). These results
suggested that the combination of pre-loaded CoOx with post-
loaded RhOx exhibits a kind of synergistic effect for achieving
efficient and stable water oxidation on the BaTaO2N photo-
anode. Although the catalytic ability of the CoOx species for
water oxidation has been proven in extensive studies,21−23 that of
RhOx has not yet been clarified. Thus, one possible explanation
for the synergistic effect observed would be that the RhOx species
acted as a facilitator of hole transfer between the BaTaO2N
surface and CoOx, whereas water oxidation dominantly
proceeded on the CoOx. For example, the loaded Rh3+ species
captured the holes generated in the BaTaO2N bulk, yielding
highly oxidized species such as Rh4+, which then transfer the
holes to the dispersed CoOx particles (0.5 wt%). The highly
dispersed RhOx containing Rh

3+ species might efficiently capture
holes from the BaTaO2N, improving the efficiency in charge
separation (e− and h+), especially under a low applied potential,
resulting in a significant increase in photocurrent densities as an
applied potential lower than 0.6 V (vs RHE) as seen in Figure
1e,g. Figure S6 shows the STEM image of particles peeled from
the post-RhOx(3 wt%)/CoOx(0.5 wt%)/BaTaO2N(H2) elec-
trode, along with the results on elemental mappings of Co and
Rh. Fine particles with diameters of 2−5 nm were highly
dispersed on the whole surface of BaTaO2N, while it was difficult
for us to distinguish RhOx from CoOx. However, the elemental
mappings indicate that both the Co and Rh species are
homogeneously dispersed, except for the partially observed
segregations. These results will support the speculated effect of
co-loading of CoOx and RhOx, in which charge transfer efficiency
occurs between them. Of course, one cannot exclude the
possibility that the RhOx species work as a cocatalyst facilitating
water oxidation, along with CoOx. However, BaTaO2N loaded
with RhOx alone showed rather poor stability (see Figure 2e).
This strongly suggested that the catalytic activity of RhOx was
insufficient for complete consumption of holes, inducing
backward hole transfer from RhOx to BaTaO2N, which caused
oxidative deactivation of the BaTaO2N surface. Pre-loaded
RhOx/BaTaO2N particles could not be deposited by the
electrophoretic method. The detailed reaction mechanism is
under investigation.
Figure 3 shows the IPCE action spectra of the BaTaO2N

photoanodes in a phosphate buffer solution (pH 8). The post-
loading of RhOx on CoOx/BaTaO2N afforded a clear increase in
IPCE values at lower potential (0.6−0.8 V vs RHE). The
improvement in IPCE was observed not only in the phosphate
buffer solution but also in Na2SO4(aq), as shown in Figure S7.
These results again indicated the significant effect of combining
pre-loaded CoOx with post-loaded RhOx on improving the
efficiency in charge separation in the low applied potential
regions. Although the thresholds of the IPCE spectra were in
good agreement with that of the absorption of BaTaO2N (at
around 680 nm), the shapes were slightly different from the
absorption. The impurity Ta3N5 (absorption edge: 600 nm)
component in BaTaO2N particles or TaON-like phase formed by
a necking treatment20 might contribute to the photocurrent. The
obtained IPCE value (e.g., 10% at 1.2 V vs RHE at 600 nm) of the

Figure 2. Time courses of photocurrent at 1.07 V (vs RHE) in a
phosphate buffer solution (pH 8) under visible light irradiation for (a)
BaTaO2N(H2), (b) CoOx(0.5 wt%)/BaTaO2N(H2), (c) CoOx(3.0 wt
%)/BaTaO2N(H2), (d) post-RhOx(3 wt%)/CoOx(0.5 wt
%)/BaTaO2N(H2), (e) post-RhOx(3 wt%)/BaTaO2N(H2), (f) post-
IrOx(3 wt%)/CoOx(0.5 wt%)/BaTaO2N(H2), and (g) post-CoOx(3 wt
%)/CoOx(0.5 wt%)/BaTaO2N(H2) electrodes.
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RhOx/CoOx/BaTaO2N(H2) photoanode was the highest
among photoanode materials with band gap smaller than 2.0
eV (corresponding to light absorption at 600 nm), which can
oxidize water as shown below.
Figure 4 shows the time course of H2 and O2 evolution over

the RhOx/CoOx/BaTaO2N(H2) photoanode under visible light

irradiation with an applied bias of 0.8 V vs counter electrode. A Pt
wire coated with Cr2O3 was employed as a counter electrode due
to suppression of water formation from H2 and O2, that is, an
undesirable backward reaction, on the Pt surface.24 H2 and O2
evolved close to the stoichiometric ratio. The amounts of gases
evolved in 150 min (H2, 41.0 μmol; O2, 20.9 μmol) exceeded the
molar amounts of BaTaO2N (ca. 7.1 μmol), CoOx cocatalyst (ca.
1.0 μmol, calculated as CoO), and RhOx (ca. 0.75 μmol,
calculated as Rh) in the electrode. The amount of H2 evolved was
in agreement with half of the electrons passing through the outer
circuit (e−/2, indicated by the broken line), indicating that the
obtained photocurrent was derived from water splitting. As
shown in Figure S8, it was confirmed that PEC water splitting
using the RhOx/CoOx/BaTaO2N(H2) photoanode proceeded
at more than 0.7 V vs counter electrode.
Efficient BaTaO2N photoanodes that can harvest a wide range

of visible light for water splitting were thus successfully fabricated
on Ti substrates through a combination of electrophoretic
deposition and post-necking methods. Both the treatment of
BaTaO2N particles by H2 and co-loading of CoOx and RhOx
cocatalysts significantly increased the photocurrent efficiency, as
well as caused a negative shift in the onset potential for water
splitting. PEC water splitting under visible light was thus
demonstrated using the RhOx/CoOx/BaTaO2N(H2) photo-
anode under an externally applied bias of 0.7 V (vs Pt).
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Figure 3. IPCE spectra of (a) CoOx(3 wt%)/BaTaO2N(H2) and (b)
post-RhOx(3 wt%)/CoOx(0.5 wt%)/BaTaO2N(H2) electrodes with
various applied potentials (phosphate buffer solution, pH 8), and
absorption spectrum of BaTaO2N.

Figure 4. Time course of gas evolution in a two-electrode system
composed of post-RhOx(3 wt%)/CoOx(0.5 wt%)/BaTaO2N(H2)
electrode and Pt-wire coated with Cr2O3 in a phosphate buffer solution
(pH 8) under visible light irradiation. The inset indicates the change in
the photocurrent.
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