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ABSTRACT: Highly stable photoelectrochemical water
splitting is demonstrated for the first time on a tantalum
oxynitride (TaON) photoanode under visible light
irradiation. Highly dispersed CoOx nanoparticles on the
TaON photoanode efficiently scavenge photogenerated
holes and effectively suppress self-oxidative deactivation of
the TaON surface, resulting in a stable photocurrent. The
use of highly dispersed CoOx cocatalyst on TaON together
with phosphate solutions significantly increased the
photocurrent due to the formation of a cobalt/phosphate
phase. This enabled us to stably split water into H2 and O2
under visible light irradiation at a relatively low applied
bias (0.6 V vs Pt counter electrode).

Photoelectrochemical and photocatalytic water splitting
using semiconductors has attracted considerable attention

due to the potential to produce H2 from water by utilizing solar
energy.1−4 The development of a stable semiconducting
material that functions efficiently under visible light is essential
to practically harness solar energy. Since oxide semiconductors
generally possess high resistances to photocorrosion, visible-
light-responsive oxides (e.g., WO3,

5 Fe2O3,
6 and BiVO4

7) have
mainly been employed as photoanodes for water oxidation.
However, it is essential to apply a relatively large external bias
between the photoanode and counter electrode in these
systems because the conduction band of these visible-light-
responsive oxides is generally too positive for H2 evolution.
Applying a large external bias, using a power supply, is
undesirable since it increases the overall energy consumption.
Thus, it is desirable to develop a semiconductor that has both a
sufficiently negative conduction band for H2 production and a
sufficiently narrow band gap (i.e., <3.0 eV) for visible light
absorption. We previously reported that some metal oxy-
nitrides, such as TaON,8,9 possess appropriate band levels for
both water oxidation and reduction, and a narrow band gap that
allows visible light absorption. The top of the valence band of
these oxynitrides is much more negative than those of the
corresponding oxides due to hybridization of the N 2p and O
2p orbitals. On the other hand, the bottom of the conduction
band in these tantalum oxynitrides consists predominantly of
empty tantalum orbitals. This results in energy levels similar to
those of the corresponding metal oxide (Ta2O5), which are
sufficiently negative for H2 production. Consequently, some
tantalum oxynitrides, such as TaON, are promising photo-

anodes, which have the potential to produce H2 and O2 from
water under visible light irradiation with a relatively low (or
even no) externally applied bias. However, the introduction of
N 2p orbitals in the valence band generates a new problem in
stability that needs to be solved. Most oxynitrides (e.g., TaON)
undergo self-oxidative deactivation to some degree. In this
reaction, photogenerated holes oxidize nitrogen anions (N3−)
to N2 (2N3− + 6h+ → N2).

8 Because this self-oxidative
deactivation proceeds competitively with water oxidation, the
photocurrent of oxynitride photoanodes decreases rapidly on
photoirradiation. We recently demonstrated that this problem
can be solved to a certain extent by loading an effective
cocatalyst for water oxidation, such as IrOx on TaON
photoanodes; the cocatalyst scavenges photogenerated holes
and catalyzes water oxidation.10,11 However, loading the IrOx
cocatalyst did not completely suppress the reduction in both
the photocurrent and the nitrogen content due to the poor
dispersion of the nanoparticulate IrOx cocatalyst on the TaON
surface. Since holes in the bulk of n-type semiconductors
generally have short diffusion lengths, it is essential to achieve a
good dispersion of the water oxidation cocatalyst in order to
efficiently scavenge holes and suppress self-oxidative decom-
position. The present study reports the fabrication of a highly
stable TaON photoanode that can efficiently generate O2 under
visible light irradiation at a relatively low applied potential. The
cobalt-based cocatalyst nanoparticles are dispersed homoge-
neously on the surfaces of TaON particles.
TaON powder was prepared by our previously reported

method.8 Co nanoparticles (5 wt%, calculated as metal) were
loaded on TaON 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/TaON). As-prepared CoOx/TaON
particles were deposited on Ti substrate by electrophoretic
deposition. The coated area was ca. 1.5 × 4 cm2. The as-
prepared electrodes were treated with 50 μL of TaCl5 methanol
solution (10 mM) and then dried in air at room temperature.
After this process was performed five times, the electrode was
heated in NH3 flow (10 mL min−1) at 723 K for 30 min (these
represent the optimal heating conditions for fabricating CoOx/
TaON electrodes). Unloaded TaON electrodes were fabricated
using almost the same procedure as above, except that the NH3

treatment temperature was 823 K; they were then post-loaded

Received: March 1, 2012
Published: April 10, 2012

Communication

pubs.acs.org/JACS

© 2012 American Chemical Society 6968 dx.doi.org/10.1021/ja302059g | J. Am. Chem. Soc. 2012, 134, 6968−6971

pubs.acs.org/JACS


with cocatalysts. The resulting unloaded TaON electrode was
treated with Co(NO3)2 or Na2[IrCl6] methanol solution (Co, 5
wt%; Ir, 5 wt%), dried, and heated in NH3 at 673 K for 30 min
(referred to as CoOx(post)/TaON and IrOx(post)/TaON,
respectively. The electrochemical cell used in the photocurrent
measurements consisted of a TaON electrode, a counter
electrode (Pt wire), a Ag/AgCl reference electrode, and an
electrolyte (0.1 M aqueous Na2SO4 or sodium phosphate buffer
solution). The potential of the working electrode was
controlled using a potentiostat. The electrodes were irradiated
with light from a 300 W Xe lamp (LX-300F, Cermax) fitted
with a cutoff filter (L-42, Hoya) to block light in the ultraviolet
region. The irradiated area was ca. 6 cm2 (1.5 × 4 cm2).
Detailed experimental conditions are given in the Supporting
Information (SI).
The electronic state of the Co species loaded on TaON

electrodes (CoOx/TaON) was investigated by XPS (see Figure
S1). Comparison of the main and satellite peaks of the Co
species with those of standard samples (Co metal, CoO, and
Co3O4) suggests that the prepared CoOx/TaON electrodes
predominantly contain Co2+ species. XRD analysis of CoOx
particles prepared directly from Co(NO3)2·6H2O powder by
heating in air at 673 K and subsequently in a NH3 stream at
723 K indicates the formation of Co metal as the main species
due to the reductive atmosphere of the NH3 stream. This
implies that CoOx particles on the TaON electrode also contain
Co metal species, which are readily oxidized on exposure to air.
Interestingly, a characteristic current was observed at ∼0.6 V vs
RHE during the anodic scan in an aqueous Na2SO4 solution
under visible light irradiation (see Figure S2), whereas no such
current was observed during the anodic scan in the dark. This
indicates that oxidation of Co species occurred photo-
electrochemically during the anodic scan. XPS spectra of
CoOx/TaON electrode before and after the anodic scan under
light irradiation suggest that some of the Co2+ species were
oxidized to Co3+. It can also be assumed that metallic Co
species were oxidized to Co2+. Since no such anodic current
was observed after the second anodic scan, the current−
potential curves obtained during the second anodic scan were
used to evaluate the performance of the CoOx/TaON
photoanode. Figure 1A shows the current−potential relation-
ship for CoOx/TaON electrodes in aqueous Na2SO4 solution
under chopped visible light irradiation (λ > 400 nm). Although
negligibly low photocurrent (below 10 μA cm−2 at 1.1 V vs

RHE) was observed for CoOx/TaON deposited on a Ti
substrate (Figure 1A-(i)), the CoOx/TaON electrode subjected
to post-necking treatment exhibited a clear photoresponse to
visible light irradiation, as shown in Figure 1A-(ii). This is
undoubtedly due to facilitated electron transfer between the
TaON particles through the bridges formed during the post-
necking treatment, as previously reported.10,11 The photo-
current on the CoOx/TaON electrode was higher than that on
the electrode prepared from unloaded TaON particles through
the post-necking process at 823 K in NH3 flow (see Figure 1A-
(iii)), while the increase of photocurrent by CoOx loading was
not so significant compared to the case of IrO2 loading.10,11

The onset potentials of unloaded and CoOx/TaON electrodes
were measured to be about −0.05 and −0.25 V vs RHE,
respectively.
Figure 1B shows the time courses for the photocurrents of

various TaON electrodes at a fixed potential of 0.95 V vs RHE
under continuous visible light irradiation. The immediate and
rapid decrease in the photocurrent generated by an unloaded
TaON electrode (Figure 1B-(i)) can be attributed to self-
oxidative deactivation of the TaON surface by photogenerated
holes, which reduced nitrogen content, as reported previ-
ously.10,11 Indeed, the N/Ta atomic ratio determined by XPS
analysis decreased significantly from 0.73 to 0.17 after
photoirradiation for 1 h. In contrast, the CoOx/TaON
electrode exhibited a stable photocurrent over 60 min
(although there is a current spike at the beginning of light
irradiation), as shown in Figure 1B-(ii).
The number of electrons passing through the outer circuit in

1 h (16.3 C, corresponding to 169 μmol of electrons) exceeded
the molar amounts of both TaON (ca. 14.2 μmol) and CoOx
cocatalyst (ca. 2.5 μmol, calculated as CoO) in the electrode. As
the STEM image of CoOx/TaON particles peeled from the
electrode (Figure 2a) clearly shows, preloading produced highly

dispersed fine CoOx particles with diameters of 2−5 nm on the
TaON surface, even after the post-necking treatment. The
highly dispersed CoOx nanoparticles efficiently scavenge
photogenerated holes and effectively suppress self-oxidation
of TaON surfaces, resulting in the stable photocurrent. Indeed,
the N/Ta atomic ratio of CoOx/TaON electrode was almost
unchanged after photoirradiation for 1 h. In contrast, the
photocurrent of the CoOx(post)/TaON electrode, which was
prepared by dropping Co(NO3)2 methanol solution onto the
unloaded TaON electrode followed by heating in NH3 stream,
decreased gradually during photoirradiation (see Figure 1B-
(iii)). At the same time, the N/Ta ratio decreased appreciably
from 0.69 to 0.17 on photoirradiation. As shown in Figure 2b,
relatively large (∼20 nm) CoOx particles were poorly dispersed
on the TaON surface, so that a large portion of the TaON
surface was uncovered and able to be oxidized during

Figure 1. (A) Current−potential curves in aqueous 0.1 M Na2SO4
solution (pH 6) under chopped visible light irradiation (λ > 400 nm)
for (i) as-prepared CoOx/TaON electrode, (ii) CoOx/TaON
electrode treated with TaCl5 and NH3, and (iii) unloaded TaON
electrode treated with TaCl5 and NH3. (B) Time courses of the
photocurrent of (i) unloaded TaON, (ii) CoOx/TaON, (iii)
CoOx(post)/TaON, and (iv) IrOx(post)/TaON electrodes in aqueous
0.1 M Na2SO4 solution (pH 6) at 0.95 V vs RHE under visible light
irradiation (λ > 400 nm).

Figure 2. STEM images of (a) CoOx(pre) and (b) CoOx(post)/
TaON particles peeled from the electrode after the post-necking
treatment.
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photoirradiation, resulting in a reduction in the photocurrent
even with CoOx loading, just as for the colloidal IrOx/TaON
electrode reported previously.10,11 As shown above, the
preloading procedure is a remarkably effective way to
homogeneously disperse CoOx nanoparticles on a TaON
surface and to stabilize the photocurrent of the TaON electrode
by suppressing self-oxidative deactivation. Since n-type bulk
semiconductors generally have a short hole diffusion length,
realizing a high dispersion of the CoOx cocatalyst is essential for
efficient hole scavenging. It should be noted that the CoOx
cocatalysts function efficiently even after the post-necking
treatment in which TaCl5 methanol solution was used to treat
CoOx/TaON electrodes prior to testing. As a TEM image of
CoOx/TaON particles (Figure S3) peeled from the electrode
shows, most of the CoOx surface seems to be uncoated, even
after the post-necking process. That is, TaCl5 appears to be
preferentially deposited on the TaON surface, instead of the
loaded Co species, leaving the CoOx surface uncoated and
enabling it to function as an efficient cocatalyst for water
oxidation. We also attempted to prepare IrOx/TaON electrodes
by both pre- and post-loading methods, but the IrOx/TaON
particles could not be deposited by the electrophoretic method;
this is may be due to the electric charge of the particles being
too low in acetone solution. The post-loading of IrOx on TaON
electrode produced poor distributions of fine (2−5 nm) IrOx
particles (see Figure S4) and resulted in an unstable
photocurrent (see Figure 1B-(iv)).
Figure 3A shows the time courses of the photocurrent of the

CoOx/TaON electrode in aqueous solutions (pH 8) containing

Na2SO4 or phosphate (PO4
3−) electrolyte (0.1 M) at 1.07 V vs

RHE under visible light irradiation. The photocurrent of
CoOx/TaON was considerably higher when the phosphate
electrolyte solution was used. Kanan and Nocera have reported
that an amorphous cobalt/phosphate phase, prepared by in situ
anodic polarization of an inert electrode such as ITO in the
presence of Co2+ and phosphate ions, can function as a highly
efficient catalyst for water oxidation.12 XPS analysis indicates
that the CoOx/TaON electrode after the photoreaction in
phosphate aqueous solution contained an appreciable amount
of phosphorus even after careful washing. The P/Ta ratio
(0.28) after photoirradiation with an applied potential of 1.07 V
was much higher than after applying the same potential in the
dark (0.11) or after leaving the electrode in the solution in the
dark (0.11). These results indicate that composite phases of Co
and P (Co−P) were produced by a photoelectrochemical

process, involving the reaction with photogenerated holes in
TaON. Such photoelectrochemical deposition of Co−P
composite on α-Fe2O3 photoanode has also been reported by
Zhong et al.13 Although the role of phosphate in Co−P systems
is not fully understood as yet, the Co−P does indeed enhance
the efficiency of water photo-oxidation when coupled with
various metal oxide photoanodes, such as WO3

14 and α-
Fe2O3.

15 It has been generally considered that such Co−P
species loaded on photoanodes primarily function as an
efficient catalyst for water oxidation, like the well-known
IrO2,

16 RuO2,
17 Co3O4,

18 or MnOx.
19,20

Durrant et al. recently suggested another key role of Co−P
species loaded on α-Fe2O3 photoanode, based on the results of
transient absorption spectroscopy. It was proposed that the
enhanced photoelectrochemical activity of Co−P/α-Fe2O3, and
in general CoOx/α-Fe2O3 composite photoanode, for water
oxidation resulted from the reduced recombination between
electrons and holes due to the formation of a Schottky-type
heterojunction between them.21 In the present CoOx/TaON
photoanode system, the photocurrent densities in the negative
potential region (−0.2−0.4 V vs RHE) were appreciably
increased by the loading of CoOx species on bare TaON
(Figure 3B). The sharp anodic current spikes and cathodic
transient peaks were notably observed on CoOx/TaON when
the light irradiation was turned on and off, respectively, in an
aqueous Na2SO4 solution. These indicate that the photo-
generated holes in TaON bulk efficiently transfer to CoOx
through the heterojunction when the light reaches the sample,
but most of them accumulate without reacting with water
molecules due to the insufficient catalytic activity of CoOx
surface, which results in the enhanced recombination with
electrons. On the other hand, the use of CoOx/TaON in
phosphate (PO4

3−) electrolyte solution significantly suppressed
such a sharp current decay. Increased photocurrent densities
were observed throughout the potential region, as shown in
Figure 3B. Clearly, the Co−P species possess higher catalytic
activity for water oxidation than CoOx, but one cannot entirely
exclude the possibility that the heterojunctions between Co−P
and TaON retard the recombination more effectively than
those between CoOx and TaON. One possible explanation is
that the CoOx phase inside mainly functions to retard the
charge recombination in the TaON bulk, and the Co−P phase
formed outside of CoOx works as an efficient catalyst for water
oxidation. Although the fine structure of CoOx (and Co−P)
and their functions on TaON need further investigation, we
have demonstrated that the phosphorized Co cocatalyst is
effective in enhancing water oxidation on oxynitrides, such as
TaON. The incident photon-to-charge carrier efficiency
(IPCE) of the CoOx/TaON electrode was calculated to be
ca. 42% at 400 nm at 1.2 V vs RHE in sodium phosphate buffer
solution (pH 8), which is lower than that of colloidal IrOx/
TaON electrode (ca. 76% at 400 nm at 1.15 V vs RHE in
aqueous Na2SO4 solution) obtained in our previous studies.

10,11

However, the photocurrent of the IrOx/TaON electrode was
decreased remarkably after 60 min to one-third of its initial
value.10,11 It is therefore concluded that the CoOx/TaON
electrode fabricated in the present study is superior to the IrOx/
TaON system in terms of practical applications for which
electrodes with long stabilities are strongly desired.
H2 and O2 were evolved at close to the expected

stoichiometric ratio under the same conditions as those in
Figure 3A-(i) (see Figure 4). The amounts of gases evolved in
150 min (H2, 336 μmol; O2, 167 μmol) were considerably

Figure 3. (A) Time courses of the photocurrent of CoOx/TaON
electrode in aqueous (i) sodium phosphate buffer and (ii) Na2SO4
solutions (pH 8) at 1.07 V vs RHE under visible light irradiation (λ >
400 nm). (B) Current−potential curves under chopped visible light
irradiation (λ > 400 nm) for (i) unloaded TaON in aqueous Na2SO4
(pH 8), (ii) CoOx/TaON in aqueous Na2SO4 (pH 8), and (iii) CoOx/
TaON in aqueous sodium phosphate buffer solution (pH 8).
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higher those for TaON (ca. 14.2 μmol). The amount of H2
evolved was slightly less than half of the electrons passing
through the outer circuit (e−/2, indicated by the broken line)
due to water formation from H2 and O2 (i.e., the undesired
backward reaction) on the Pt electrode. We also found that H2
and O2 are simultaneously evolved in sodium phosphate buffer
solution (pH 8) with an applied bias of >0.6 V between the
CoOx/TaON working electrode and Pt counter electrode (with
no reference), as shown in Figure S5.
This is the first demonstration of stable photoelectrochemical

splitting of water into H2 and O2 on an oxynitride photoanode
under visible light with a high IPCE and a high current
efficiency. The preloading of CoOx cocatalyst on TaON
particles produced a hybrid material with highly dispersed
CoOx nanoparticles that are efficient hole scavengers and
effectively suppressed self-oxidative deactivation processes, even
after electrophoretic deposition and subsequent post-necking
treatment. The combination of highly dispersed CoOx
cocatalyst on TaON with phosphate solutions significantly
increased the photocurrent due to the formation of composite
phases of Co and P that remarkably enhance water oxidation.
Although further improvements of CoOx/TaON photoanodes
(especially reducing the resistance of the TaON photoanode)
are necessary to achieve highly efficient water splitting at a
lower applied bias, the present study demonstrates the potential
of oxynitride semiconductors as stable photoanodes when used
with an appropriate cocatalyst for water oxidation.
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Figure 4. Time courses of gas evolution for CoOx/TaON electrode in
aqueous sodium phosphate buffer solution (pH 8) at 1.07 V vs RHE
under visible light irradiation (λ > 400 nm).
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