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2p and O 2p, the top of the valence band is negatively shifted,
resulting in a smaller band gap for the (oxy)nitrides than for the
corresponding metal oxides without aﬀecting the potential of the
conduction band.10 Some of these materials can function as
photoanodes for water oxidation, even without an externally
applied potential.
A number of such photoanode materials have been developed
to date. Some have achieved high IPCEs of several tens of percent
with an applied bias smaller than the thermodynamically required potential for water electrolysis (1.23 V). In terms of
available wavelength, photons with wavelengths up to 600 nm
are available for photoelectrochemical water oxidation with
R-Fe2O3,3 LaTiO2N,7 and Ta3N5.8 However, no photoanode
with a band gap smaller than 2.0 eV (corresponding to a 600 nm
absorption band) that can oxidize water without application of an
external potential (except through the use of a tandem cell
conﬁguration11) has been reported to date. As the band gap of
a given material is decreased, the driving forces for water
oxidation and reduction should inevitably decrease, making
water splitting more diﬃcult.
Here we report a rare example of photoelectrochemical water
oxidation using a porous SrNbO2N electrode. SrNbO2N is a
perovskite-type oxynitride consisting of relatively earth-abundant metals that has a band gap of ca. 1.8 eV.12 SrNbO2N powder
also functions as a photocatalyst capable of oxidizing water to
form O2 under visible light in the presence of silver nitrate as an
electron acceptor.13 When particulate SrNbO2N is employed as a
photoelectrode for visible-light-driven water splitting, it acts as an
active photoanode to oxidize water, even without an externally
applied potential. Nearly stoichiometric H2 and O2 evolution was
observed during photoelectrolysis in a neutral electrolyte of
Na2SO4 (pH ≈ 6) when a potential of +1.0 1.55 V vs RHE
was applied.
SrNbO2N particles were prepared by our previously reported
method.13 As-prepared SrNbO2N was deposited on a ﬂuorinedoped tin oxide (FTO) substrate by electrophoretic deposition14
followed by calcination in air at 673 K for 0.5 h. A postnecking
treatment to promote interparticle electron transfer6,8b,9 was
performed on the as-deposited SrNbO2N electrode using NbCl5,
and this was followed by heating under gaseous NH3 at 753 K for
0.5 h. As a water oxidation promoter, colloidal IrO2 prepared
by hydrolysis of Na2IrCl6 at 353 K15 was adsorbed on the

ABSTRACT: Strontium niobium oxynitride (SrNbO2N)
particles were coated on ﬂuorine-doped tin oxide (FTO)
glass and examined as a photoelectrode for water splitting
under visible light in a neutral aqueous solution (Na2SO4,
pH ≈ 6). SrNbO2N, which has a band gap of ca. 1.8 eV,
acted as an n-type semiconductor and generated an anodic
photocurrent assignable to water oxidation upon irradiation
with visible-light photons with wavelengths of up to 700 nm,
even without an externally applied potential. Under visible
light (λ > 420 nm) with an applied potential of +1.0 1.55 V
vs RHE, nearly stoichiometric H2 and O2 evolution was
achieved using a SrNbO2N/FTO electrode modiﬁed with
colloidal iridium oxide (IrO2) as a water oxidation promoter. This study presents the ﬁrst example of photoelectrochemical water splitting involving an n-type semiconductor
with a band gap smaller than 2.0 eV that does not require an
externally applied potential.

P

hotoelectrochemical water splitting has attracted considerable attention as a potential means of converting solar energy
into chemical energy in the form of H2, which is a clean,
renewable energy carrier. The research was inspired by a report
from Fujishima and Honda in 1972, who demonstrated water
splitting using a titanium dioxide single crystal as a photoanode
and a platinum counter electrode with an external bias under UV
irradiation.1 Since then, many n-type metal oxide semiconductors, such as WO3,2 R-Fe2O3,3 and BiVO4,4 have been employed
as photoanodes in attempts to utilize visible-light photons, which
are a major component of the solar spectrum. While these
photoanodes exhibit excellent incident photon-to-electron conversion eﬃciencies (IPCEs) for water oxidation under certain
conditions, they inherently require an externally applied potential. The tops of the valence bands of these metal oxides usually
consist of O 2p orbitals, which are located at ca. +3 V or higher vs
RHE. Therefore, if the bottom of the conduction band of a given
metal oxide is more negative than the water reduction potential,
the band gap inevitably is larger than 3 eV, rendering the material
inactive in the visible-light region.5 Certain (oxy)nitrides have
recently been developed as alternatives to metal oxides for use as
photoanode materials.6 9 Since the valence band of (oxy)nitrides is formed by N 2p orbitals or hybridized orbitals of N
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When colloidal IrO2 was adsorbed on the postnecked electrode, the anodic photoresponse was further improved. In
particular, the promotional eﬀect was more pronounced in the
lower-potential region than in the higher-potential region. IrO2 is
a well-known water oxidation catalyst,15,16 and the present result
clearly indicates that loading colloidal IrO2 catalyst onto
SrNbO2N promotes water oxidation. This idea was further
supported by the results of the X-ray photoelectron spectroscopy
(XPS) measurements, as will be shown later. The onset potential
of the anodic photocurrent generated from the IrO2/SrNbO2N/
FTO electrode ranged from approximately 0.3 to 0.1 V vs
RHE.17 This indicates that SrNbO2N functions as a water
oxidation photoanode under visible light, even without an
externally applied bias.18 Furthermore, the onset potential was
more negative than those of other n-type semiconductors such as
R-Fe2O3,3 Ta3N5,7 and LaTiO2N,8 even though all of these have
band gaps larger than that of SrNbO2N. The dark current
observed in the range +0.5 1.55 V can be attributed to the
oxidation of NbN and/or NbOxNy species,19 which were introduced by the postnecking treatment, and the water oxidation
current (especially in the higher-potential range) derived from
IrO2 colloids that were probably directly attached to the FTO
substrate. The IrO2/SrNbO2N/FTO electrode also generated
an anodic photocurrent upon visible-light irradiation in a twoelectrode conﬁguration with a Pt wire cathode, although
the performance was much lower than that in a three-electrode
conﬁguration (Figure S7). In addition, it was conﬁrmed that
the present electrode functions under simulated sunlight
(Figure S8).
The ability of SrNbO2N to produce O2 from H2O using only
light energy was also evidenced by the result of photocatalytic O2
evolution from an aqueous AgNO3 solution using SrNbO2N
powder under visible-light irradiation. As shown in Figure S9A, it
is clear that SrNbO2N is capable of producing O2 under visible
light (λ > 420 nm) even without any modiﬁcation. Although
AgNO3 was used as an electron acceptor, no external energy
other than visible light was supplied to the reaction system. It
should be also noted that N2 evolution, which has been sometimes observed in this reaction using (oxy)nitrides (e.g., LaTiO2N, Ta3N5, and TaON),10 could not be detected in the case
of SrNbO2N, indicating relatively good stability of this material
among (oxy)nitrides. These results strongly suggest that the
main contribution to the photocurrent generated at 0 V vs RHE
is from water oxidation rather than the decomposition of
SrNbO2N, and they are also consistent with the results of cyclic
voltammetry (CV) experiments using SrNbO2N-based electrodes (Figure S6), in which no oxidation peak was observed.
Moreover, when colloidal IrO2 was loaded on SrNbO2N powder,
the rate of O2 evolution was enhanced by an order of magnitude,
with no N2 evolution (Figure S9B). This clearly demonstrates
that IrO2 on SrNbO2N promotes visible-light-driven water
oxidation without promoting the decomposition of SrNbO2N,
which is in good qualitative agreement with the photoelectrochemical data at 0 V vs RHE (Figure 1B). The fact that the
improvement in the photocurrent achieved by IrO2 modiﬁcation
was more pronounced in the lower-potential region than in the
higher-potential region also suggests that the photocurrent
generated in the former contains a greater contribution from
water oxidation than from decomposition of the electrode,
because the photocurrent generated in the higher-potential
region tended to contain a contribution from oxidative selfdecomposition of the electrode, and that a upward band-bending

Figure 1. (A) Current voltage curves in aqueous 0.1 M Na2SO4
solution (pH ≈ 6) under intermittent visible-light irradiation
(λ > 420 nm) for modiﬁed SrNbO2N electrodes (2.5 cm2). Scan rate:
20 mV s 1. (B) Enlarged view of the lower-potential regions in (A).

NH3-treated SrNbO2N electrode. The detailed preparation
conditions are given in the Supporting Information (SI).
Figure 1A shows current voltage curves for modiﬁed
SrNbO2N electrodes under intermittent visible-light irradiation
(λ > 420 nm). As-deposited SrNbO2N on an FTO substrate
exhibited an anodic photoresponse (Figure 1A inset), indicating
that SrNbO2N is an n-type semiconductor, although the photocurrent was very small in the potential range examined (less than
1 μA cm 2). However, postnecking treatment of the as-deposited SrNbO2N/FTO electrode with NbCl5 followed by heating
under NH3 resulted in a drastic increase in the photocurrent as a
result of the promotion of interparticle electron transfer.6,8b,9
Scanning electron microscopy (SEM) observations revealed that
the untreated SrNbO2N electrode exhibited a featureless morphology with a rough surface structure (Figure S2A in the SI),
while postnecking treatment with NbCl5 resulted in the interconnection of the SrNbO2N particles, slightly smoothing the
surface structure (Figure S2B). The thickness of the coated
particles was typically 2 3 μm as determined by SEM (Figure
S2C). However, no noticeable change could be identiﬁed in the
X-ray diﬀraction pattern of SrNbO2N before and after the
postnecking treatment (Figure S3A). The color of the asdeposited SrNbO2N electrode turned darker after the postnecking treatment, suggesting that NbN and/or NbOxNy species
having the valence states lower than Nb5+ were formed on the
SrNbO2N particles. This was also supported by diﬀuse reﬂectance spectroscopy (DRS), which indicated that the absorption
band at longer wavelengths was enhanced by the postnecking
treatment (Figure S3B).
B
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Figure 3. Dependence of the photocurrent generated by the IrO2modiﬁed SrNbO2N electrode (6 cm2) at 0.95 V vs RHE in aqueous 0.1
M Na2O4 solution upon the cutoﬀ wavelength of the incident light. The
DRS spectrum of SrNbO2N is also shown. The spectral features of the
light sources are displayed in Figure S14.

photooxidative decomposition was not completely suppressed
even upon IrO2 loading, as the nitrogen concentration decreased
from N/Nb = 0.52 to 0.25.
In any photoelectrochemical water splitting experiment, it is
important to examine the evolution of H2 and O2, both of which
should be generated by the water splitting reaction. As shown in
Figure 2B, in the presence of an applied bias of +1.55 V vs RHE,
nearly stoichiometric evolution of H2 and O2 was observed upon
visible-light irradiation (λ > 420 nm), and the amounts increased
with increasing time (from 0 to 120 min). The steady rates of H2
and O2 evolution (9.8 μmol h 1 for H2 and 4.0 μmol h 1 for O2)
under irradiation were signiﬁcantly higher than those recorded
under dark conditions (5.3 and 2.4 μmol h 1, respectively, from
120 to 240 min).20,21 The dark current generated from the IrO2modiﬁed electrode (Figure S12) is attributed to oxidation of both
water and the necked niobium species, as mentioned earlier. On
the basis of the amounts of evolved H2 and O2, it was calculated
that 47% of the visible-light current could be attributed to
photoinduced water oxidation by IrO2/SrNbO2N. The amount
of H2 and O2 detected were slightly less than half of what would
be expected on the basis of the total electron ﬂow, most likely
because of the oxidation of NbN and/or NbOxNy species and
formation of water from H2 and O2 on the Pt counter electrode.6b
Nearly stoichiometric H2 and O2 evolution was detected in a
similar experiment using an applied bias of ca. +1.0 V vs RHE,
which is smaller than the thermodynamically required potential
for water electrolysis (1.23 V). At that potential, the contribution
from the dark current (Figure S6A) was relatively small, but the
rates of H2 and O2 evolution were much smaller than those
obtained at +1.55 V vs RHE (Figure S13). Below +1.0 V vs RHE,
the water splitting rate was too slow to be detected.
Figure 3 shows the dependence of the photocurrent generated
from a postnecked SrNbO2N electrode modiﬁed with colloidal
IrO2 at 0.95 V vs RHE on the cutoﬀ wavelength of the incident
light; the DRS spectrum of SrNbO2N is also shown. The
photocurrent decreased with increasing cutoﬀ wavelength, reaching almost zero at 700 nm, which corresponds to the absorption
edge of SrNbO2N. This result indicates that the photoelectrochemical water oxidation occurred through light absorption by
SrNbO2N and that an absorption band at longer wavelengths,
assignable to reduced Nb species (e.g., Nb4+) that are defects in
the material, did not contribute to the reaction.

Figure 2. (A) Current time curves in aqueous 0.5 M Na2SO4 solution
(pH ≈ 6) for postnecked SrNbO2N electrodes (6 cm2) with and
without modiﬁcation by colloidal IrO2 at +1.55 V vs RHE under
visible-light irradiation (λ > 420 nm). (B) Corresponding time courses
of gas evolution in photoelectrochemical water splitting using an IrO2modiﬁed electrode.

at the interface between SrNbO2N and the electrolyte solution to
drive water oxidation on SrNbO2N should become large. The
same tendency has been observed for other photoanode materials,
such as R-Fe2O3,3c TaON,6b Ta3N5,7b and LaTiO2N.8a
Current time curves recorded using postnecked SrNbO2N/
FTO electrodes with and without colloidal IrO2 modiﬁcation are
shown in Figure 2A. During this experiment, an external bias of
1.55 V vs RHE was applied under steady-state visible-light
irradiation (λ > 420 nm). The current generated from the
electrode without IrO2 decayed quickly during the initial stage
of photoelectrolysis. XPS measurements, which typically analyze
the surface of a solid material to a depth of several nanometers,
showed that the nitrogen content obviously decreased from N/
Nb = 0.52 to 0.12 upon photoelectrolysis (Table S1 and Figure
S10), indicating the occurrence of photooxidative self-decomposition of the electrode. The IrO2-modiﬁed electrode, however,
exhibited relatively stable performance, although it did degrade
slightly during the initial stage of the photoelectrolysis. These
results strongly suggest that the adsorbed IrO2 colloids on
SrNbO2N suppress the oxidative self-decomposition of the
material by improving the selectivity of photogenerated holes
toward water oxidation, as has been reported for other
(oxy)nitride-type photoanodes.6b,7a,8b,9 The IrO2-modiﬁed electrode was photoactive even after 120 min of photoelectrolysis,
although the generated photocurrent in the higher-potential
region was much lower than that observed for the fresh electrode
(Figure S11). This is most likely due to the fact that the
C
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The IPCE of the present IrO2/SrNbO2N/FTO electrode for
water oxidation was calculated to be ca. 0.2% at 1.23 V vs RHE
under irradiation with 400 nm monochromatic light.22 The
relatively low IPCE obtained here is at least in part due to the
insuﬃcient quality of the SrNbO2N powder used in this study. As
can be seen in the DRS spectrum (Figure 3), the absorption band
at longer wavelengths indicates the material contains a considerable number of defects, as mentioned above.
Nevertheless, it should be emphasized that no water-splitting
photoanode that operates under irradiation at λ > 600 nm
without an externally applied potential has been reported to
date. The present result therefore demonstrates clear evidence
that an n-type semiconductor with a band gap smaller than 2.0 eV
can function as a photoanode for water splitting into H2 and O2,
even without application of an external bias. It is expected that
the performance of the SrNbO2N photoanode can be further
improved by reﬁning the SrNbO2N particle preparation method
to reduce the density of defects in the material. Searching for
more active water oxidation catalysts other than the present IrO2
colloids would be another means of improving the electrode
performance. Our current work is proceeding along these lines.
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(17) The photocurrent onset potential of the IrO2/SrNbO2N/FTO
electrode was shifted to slightly more positive potential (ca. 0.13 V)
when polarization was made from positive to negative potential, with a
reduction in the photocurrent (Figure S4).
(18) Additional evidence to support the idea that SrNbO2N photoanode works even without application of an external bias is the fact that
SrNbO2N powder modiﬁed with Pt nanoparticles as water reduction
promoters functions as a photocatalyst for H2 evolution from an
aqueous methanol solution under >300 nm irradiation (Figure S5)
without any energy input other than light energy. It should be noted that
a semiconductor must have the bottom of the conduction band above
the water reduction potential in order for the semiconductor to achieve
photocatalytic H2 evolution from water.
(19) CV of the IrO2-modiﬁed postnecked SrNbO2N/FTO electrode in the dark indicated that the anodic dark current began to show up
at +0.5 V vs RHE and increased gradually with anodic polarization to ca.
+1.2 V and then sharply from +1.2 V (Figure S6). The CV behavior was
almost reversible except for the ﬁrst scan (Figure S6A). In view of both
the overpotential of IrO2 for water oxidation (typically as low as 0.25 V)
and the fact that the unmodiﬁed SrNbO2N/FTO electrode did not show
any anodic dark current in the +0.5 1.55 V potential range (Figure
S6B), the dark current observed in the +0.5 1.55 V range for the IrO2modiﬁed postnecked SrNbO2N/FTO electrode can be attributed to the
NbN and/or NbOxNy species introduced by the postnecking treatment
(Figure S3B).
(20) The rates of H2 and O2 evolution were a little persistent just
after light-oﬀ and then remained at a constant level. We believe this is not
a poor light response of the electrode but rather a time lag in detection
between current and gas evolution. In our photoelectrolysis system,
evolved gases are detected by a micro-GC after they escape from the
liquid-electrolyte phase into the gas phase (Figure S1).
(21) It was also noted that the amount of H2 and O2 produced by
visible-light-induced water splitting exceeded 12 μmol (the diﬀerence
between the amounts of evolved gases for the former 120 min and the
latter 120 min), which is greater than the amount of the deposited
niobium compounds (9.6 μmol) on FTO (SrNbO2N, 6.6 μmol;
NbOxNy and NbN, 3.0 μmol). This means that the photoelectrolysis
of water occurs catalytically and is not merely due to self-oxidative
decomposition of the SrNbO2N material itself.
(22) The current voltage curve recorded in the IPCE measurement
is shown in Figure S15, with spectral data for the light source.
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