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Overall water splitting by Ta;N; nanorod single
crystals grown on the edges of KTaO, particles

Zheng Wang'®, Yasunobu Inoue'?, Takashi Hisatomi®©'5, Ryo Ishikawa®3, Qian Wang],

Tsuyoshi Takata'®, Shanshan Chen'®, Naoya Shibata?3, Yuichi lkuhara® and Kazunari Domen ®4*

Although one-step-excitation overall water splitting on a particulate photocatalyst is a simple means of performing scalable
solar-to-hydrogen energy conversion, there is a lack of photocatalysts with significant activity under visible light. Despite its
superior visible-light absorption, the Ta;N; photocatalyst has not accomplished overall water splitting due to strong charge
recombination at defects. Here, we show rapid growth of Ta;N; nanorods on lattice-matched cubic KTaO, particles through the
volatilization of potassium species during a brief nitridation process. The Ta;N; nanorods generated selectively on the edge of
KTaO, are spatially separated and well-defined single crystals free from grain boundaries. When combined with the Rh/Cr,0,
co-catalyst, the single-crystal Ta;N. nanorods split water into hydrogen and oxygen very efficiently under visible light and simu-
lated sunlight. Our findings demonstrate the importance of nanostructured single-crystal photocatalysts free from structural

defects in solar water splitting.

n view of constantly increasing global energy demands and related
environmental issues, the pursuit of renewable and ecofriendly
energy sources has become extremely important™. As such, the
utilization of inexhaustible solar energy to generate clean, storable
hydrogen from water using photocatalytic and/or photoelectro-
chemical processes has been intensively investigated’~”. Extremely
high solar-to-hydrogen (STH) conversion efficiencies have been
demonstrated at the laboratory scale based on customized tandem
photoelectrodes®’. However, techno-economical analyses have
pointed out that prohibitively high capital cost prevents photoelec-
trochemical devices from being implemented for solar hydrogen
production process at the commercial scale®”. In this scenario, the
direct decomposition of water into H, and O, on particulate photo-
catalysts via one-step excitation is believed to be a simple and cost-
effective alternative towards applicable hydrogen production on a
large scale®'?. A particulate photocatalyst-based panel reactor has
been shown to maintain the intrinsic water-splitting activity of pho-
tocatalysts regardless of size, and to be readily extensible to the level
of square metres or larger'?. Moreover, very recent drastic improve-
ment in the apparent quantum efficiency (AQE) for one-step-exci-
tation overall water splitting in the near-ultraviolet region (to 69%
at 365 nm) demonstrates substantial potential for particulate photo-
catalysis'’. Thus, the development of efficient overall-water-splitting
particulate photocatalysts is a core issue. Powdered photocatalysts
that function under ultraviolet irradiation have been found among
metal oxides', and visible-light-responsive photocatalysts, which
are essential for the efficient utilization of the solar spectrum, have
been identified within the (oxy)nitrides family'*'"", cation-doped
oxides'® and plasmonic photocatalysts'’. However, there are still
only a small number of visible-light-driven photocatalysts capable
of decomposing water into hydrogen and oxygen via one-step exci-
tation with an acceptable STH energy conversion efficiency.
Owing to its simple chemical composition and narrow band gap
energy of 2.1 eV, Ta,N; has been regarded as a promising candidate

for solar hydrogen production. This material was first reported to
have a band position suitable for H* reduction and H,O oxidation
in 2002, and was found to photocatalytically evolve H, and O, indi-
vidually from aqueous solutions containing sacrificial reagents'®.
Since then, various approaches have been suggested for the activa-
tion of Ta,N; to allow one-step-excitation overall water splitting,
including detailed examinations of NH, nitridation conditions,
morphological control and surface modifications. In addition, there
have been considerable improvements with regard to H, or O, evo-
lution from half reactions'”-*!, Z-scheme water splitting”? and pho-
toelectrochemical water oxidation®*-*® (see Supplementary Table 1).
However, despite the tremendous effort over the past one and a half
decades, overall water splitting has not yet been realized on Ta,N;
particulate photocatalysts owing to the strong recombination and
trapping of photogenerated charges in the absence of sacrificial
agents and applied voltage. Thus, the activation of Ta;N; for overall
water splitting remains an important challenge related to the suc-
cessful utilization of long-wavelength visible light in photocatalytic
water splitting.

Ta,N; prepared by prolonged nitridation (10 h nitridation or lon-
ger) under an NH, flow at high temperatures generally consists of
aggregated polycrystalline particulates incorporating grain bound-
aries and defects”, which operate as recombination and trapping
centres for photogenerated electron-hole pairs*”’. As a result, the
separation of photoexcited charges and the migration of electrons
and holes to surface sites for photocatalytic reactions become inef-
ficient, and so it is desirable to obtain good-quality Ta;N; single
crystals”’. KTaO, is a unique starting metal oxide for the synthe-
sis of Ta;N; because it has a lattice spacing close to that of Ta,N;
and contains an element (potassium) that readily vaporizes at high
temperatures. Herein, we demonstrate the spontaneous growth of
Ta,N; nanorod single crystals on the edge sites of KTaO, cubes
following a relatively short NH, nitridation process, without the
requirement for an additional template or any special techniques.
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Fig. 1| Morphology and UV-Vis DRS analysis of Ta;N;/KTaO,. a, SEM images of KTaO,, and Ta;N./KTaO, synthesized with nitridation times of 0.05, 0.25,
0.5,1and 4 h. b,c, UV-Vis DRS acquired from KTaO,, Ta;Ns/KTaO, synthesized with nitridation times of 0.05, 0.25, 0.5, 1and 4 h, and Ta;N.

The volatilization of potassium species from the lattice-matched
KTaO, surface promotes the fast evolution of Ta;N; nanorod single
crystals free from grain boundaries and prevents the Ta;N; phase
from long exposure to the reducing NH, atmosphere, which gen-
erates defects. These Ta,N; nanorod single crystals exhibit activity
for one-step-excitation overall water splitting under visible light
(4 > 420 nm) or simulated sunlight.

Results

Characterization of Ta;N; nanorod single crystals. The prepara-
tion of KTaO,, its subsequent nitridation under NH, and the pho-
tocatalytic decomposition of water are all described in detail in the
Methods. Briefly, KTaO, was synthesized by a conventional solid-
state reaction in air at 1,423 K for 10 h. The prepared KTaO, was
then subjected to a brief nitridation process (0.05 to 4 h) at 1,173 K
under a flow of gaseous NH, (100 ml min™"), yielding a Ta;N; phase
grown on the KTaO; (denoted hereafter as Ta,N,/KTaO,).

Figure la presents scanning electron microscopy (SEM) images
of the KTaO, and nitrided samples. Pristine KTaO, particles exhib-
ited cuboid shapes with broad edges at the ridges. Nitridation at
1,173 K for 0.05 h resulted in only minimal changes to the flat faces
of the KTaO, cubes, retaining the rectangular shape, but produced
rod-like crystals at the edges of the cubes. The X-ray diffraction
(XRD) pattern for this sample contains small peaks attributable to
a Ta;N; phase in addition to large peaks attributable to the origi-
nal KTaO;. No other crystal phases (such as TaON) were observed
(Supplementary Fig. 1). On this basis, the nanorods generated on
the KTaO, are believed to have been Ta;N; crystals. These nanorods
gradually increased in size as the nitridation time was increased
from 0.25 to 4 h (Fig. 1a), while retaining the KTaO, phase. During
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this process, the spatially separated Ta,N; nanorods were selectively
generated on the edges of KTaO, cubes, growing predominantly
along these edges. The growth of Ta,N; nanorod crystals was also
confirmed by the increased intensity of the XRD peaks assigned to
this phase (Supplementary Fig. 1). The mass fraction of Ta,Nj, as
estimated from the relative XRD peak intensities (Supplementary
Fig. 2 and Supplementary Table 2), increased from 0.7 to 5.6 wt%
when the nitridation time was extended from 0.05 to 4 h.

Ultraviolet-visible diffuse reflectance spectroscopy (UV-Vis
DRS) (Fig. 1b) demonstrated that the onset of light absorption
for this material occurs at approximately 600 nm, which is char-
acteristic of the photoabsorption of Ta;N;. At shorter wavelengths,
the absorption became gradually stronger, with a small bump at
approximately 540 nm similar to that produced by pure Ta;N; and
a very sharp peak at 350 nm due to absorption by the KTaO,. With
increasing nitridation time, the absorption by Ta,N; increased. It
is notable that the background absorption at longer wavelengths
beyond 600 nm was much weaker in the case of Ta,N,/KTaO,
than is normally observed for Ta,N; powder prepared from Ta,O;
(Fig. 1b). This is indicative of a lower density of defects caused by
the reduced Ta®* species or nitrogen vacancies in the Ta;N; nano-
crystals prepared by the nitridation of KTaO,***".

To further characterize the Ta,N; nanocrystals on the KTaO,,
the Ta,N,/KTaO, samples nitrided at 1,173 K for 0.25 and 4 h were
examined by scanning transmission electron microscopy (STEM).
As shown in Fig. 2a-d, each Ta;N; nanorod is a single crystal in
which a regular arrangement of atoms can be observed from the sur-
face to the interior, without any evident dislocations or grain bound-
aries. Annular dark field STEM (ADF-STEM) images with atomic
resolution are presented in Fig. 2f and Supplementary Fig. 3b-d,
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together with structural models of Ta,N, and KTaO, (Fig. 2e and
Supplementary Fig. 3a) that correlate the image spots with atom
positions. As mentioned in Supplementary Fig. 3 and the accom-
panying discussion, the rapid volatilization of potassium species
from the lattice-matched KTaO, (110) planes allows the Ta,N,
crystal phase to be initially generated on the KTaO, (110) surface,
grown along the KTaO, [110] direction and elongated along the
[100] orientation of the Ta,;N.. This process forms Ta;N, nanorods
parallel to the edges of the KTaO, cubes (that is, the (110) planes)
and explains the morphology of the Ta,N; crystals in the SEM
images. Notably, the characteristic Ta;N, nanorods were not pro-
duced when KTaO, was nitrided in the presence of K,CO, or when
Ta,Os, LiTaO; or NaTaO, was nitrided under the same nitridation
conditions (see Supplementary Figs. 4 and 5 and the accompany-
ing discussion). Therefore, we conclude that both the close match
of the lattice spacings for KTaO, and the volatilization of potas-
sium compounds from the KTaO, are important factors promoting
the spontaneous formation of Ta,N; nanorod single crystals free
from grain boundaries and defect states during the brief nitridation
process. With the increased nitridation time to 4 h, Ta;N; nanorod
single crystals became larger (Fig. 2g,h) and a distorted surface
atomic arrangement was clearly observed on the large-sized Ta;N;
nanorod single crystal (as indicated in Fig. 2i), in contrast with the
smooth and regular surface of small Ta;N; single crystals in Ta,N/
KTaO, nitrided for 0.25 h (Fig. 2a,f). This indicates that the struc-
tural defects are generated in Ta,N; nanorod single crystals suffer-
ing the prolonged nitridation process, which is in agreement with
the increased background absorption in the UV-Vis DRS of Ta,N./
KTaO, (Fig. 1¢).

Overall water splitting by Ta;N, nanorod single crystals. Our
group has previously demonstrated that metal particles capped with
Cr,0; shells act as highly efficient co-catalysts that promote H, gen-
eration while suppressing the reverse reaction during overall water
splitting®®. In the present work, the photocatalytic activity for overall
water splitting over Ta,N,/KTaO, was examined under visible light
(A > 420 nm) after the deposition of core-shell-structured M/Cr,0,
(M = Rh, Pt, Ir or Ru) co-catalysts. As shown in Supplementary
Fig. 6, both H, and O, were produced simultaneously, along with
small amounts of N,. The little evolution of N, is attributed to the
oxidation of unstable surface nitride species by photoexcited holes''.
The photocatalytic activity decreased in the order of Rh > Pt >
Ir > Ru. Since rhodium provided the highest activity in the
present photocatalytic system, this metal was used in the
subsequent investigations.

Figure 3 shows ADF-STEM and bright-field STEM images of
Rh-deposited Ta,N,/KTaO,, in which rhodium metal was photo-
deposited on Ta;N,/KTaO,; nitrided for 0.25 h from RhCl, using
methanol as a hole scavenger. Small rhodium metal clusters were
predominantly formed on the surfaces of the Ta,N; nanorods
rather than on the KTaO, crystals. SEM images (Supplementary
Fig. 7a,b) also confirm the selective photodeposition of rhodium
metal clusters on the Ta,N,/KTaO, following a 4 h nitridation
process. Because Rh** jons are reduced by photoexcited electrons
during the photodeposition process”, the location of the rhodium
clusters is evidently associated with reduction sites for hydrogen
evolution during water splitting. Similarly, the oxidative photo-
deposition of MnO, from Mn** ions using NalOj; as an electron
acceptor has been examined in an attempt to determine the loca-
tion of oxidation sites on the photocatalyst™. As shown in the SEM
images (Supplementary Fig. 7c,d), flocculent MnO, was selec-
tively deposited on the Ta;N; nanorods, with little deposition on
the KTaO, cubes. These observations clearly demonstrate that the
rod-like Ta,N; single crystals possessed active sites capable of pro-
moting the photocatalytic evolution of both H, and O, from water
under visible light.
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Fig. 3 | Selective photodeposition of rhodium metal particles on Ta;N,
nanorods. a-d, ADF-STEM (a and b) and bright-field STEM (c and d)
images of 0.02 wt% Rh-modified Ta;Ns/KTaO, synthesized with a
nitridation time of 0.25 h.

Because the mass fraction of Ta;N; in the Ta,N,/KTaO, varied with
nitridation time (Fig. 1, Supplementary Fig. 2 and Supplementary
Table 2), the effects of the nitridation time and the Rh/Cr,O, co-cat-
alyst loading were investigated in detail. Figure 4a plots the photo-
catalytic activity of the Ta,N;/KTaO; as a function of the nitridation
time, while the gas evolution rates over the respective photocata-
lysts as functions of time are presented in Supplementary Fig. 8.
The activity evidently increased sharply with increasing nitridation
time, reaching a maximum at 0.25 h and then dramatically decreas-
ing with further nitridation. The ratios of the amounts of H, and
0, evolved were close to the stoichiometric ratio expected from the
decomposition of H,O into H, and O,. Figure 4b and Supplementary
Fig. 9 show the correlation between the photocatalytic activity and
the amount of rhodium loaded on Ta,N;/KTaO, specimens prepared
using 0.25, 0.5 and 4 h nitridation processes. As the nitridation time
decreased, the maximum photocatalytic activity appeared at lower
rhodium loadings, indicating that the optimum rhodium content is
correlated with the mass fraction of Ta,N; in the Ta,N./KTaO,. The
maximum H, and O, evolution rates were obtained for the Ta,N./
KTaO, prepared using a 0.25 h nitridation process, which had a
low density of Ta,N; nanorods (1.4 wt% of the total Ta;N,/KTaO,
mass) and a relatively low rhodium co-catalyst loading (0.02 wt%
of the total Ta,N,/KTaO, mass). These results provide further evi-
dence that the Ta,N; nanorods represent the active sites for overall
water splitting on Ta,N;/KTaO,. The evident increase in the activity
with increasing nitridation time from 0.05 to 0.25 h is attributed to
the increase in the density of the Ta,N; nanorod crystals. However,
the Ta,N,/KTaO, samples that were nitrided for longer durations
beyond 0.25 h benefited to a greater extent from heavier loading
of the Rh/Cr,0, co-catalyst, while exhibiting lower activities. These
effects are believed to be due to deterioration of the quality of the
Ta,N; nanorods during prolonged exposure to NH, at high tem-
perature. As described, the disordered surface atoms (Fig. 2i) and
increased background absorption in the UV-Vis DRS (Fig. 1¢) sug-
gest the formation of structural defects in Ta,N; nanorod crystals
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Fig. 4 | Effect of the nitridation time and co-catalyst loading amount on the overall-water-splitting activity of Rh/Cr,0;-modified Ta;N;/KTaO.. a, Gas
evolution rates during overall water splitting as functions of the Ta;N;/KTaOj; nitridation time, with 0.05 wt% rhodium loading on Ta;Ns/KTaOs. b, H,
evolution rates as functions of the rhodium loading during overall water splitting over Rh/Cr,0;-modified Ta;N./KTaO, synthesized with nitridation times
of 0.25, 0.5 and 4 h. The error bars show s.d. Conditions: 0.15 g catalyst; 150 ml ultrapure water; 300 W xenon lamp (4 > 420 nm) light source.

during thelong-time nitridation. Such surface defect states generated
by the prolonged exposure to NH, at high temperature can act as
recombination and trapping centres for photoexcited charges*>”,
which is detrimental to the photocatalytic performance of Ta,N
nanorods. Moreover, the increase in the size of Ta,N, nanorods
with nitridation time leads to a long migration pathway for the
excited charge carriers and thus raises the charges recombina-
tion probability®*. It is worth noting that the oxygen contents of
Ta,N; nanorods in the Ta,N./KTaO; nitrided for 0.25 and 4 h were
similar (see Supplementary Fig. 10 and the accompanying discus-
sion). This indicates that the oxygen impurity is not responsible
for the difference in photocatalytic activity. Thus, the absence of
defect states in the Ta;N; nanorod single crystals through a brief
nitridation process allows the efficient migration of photogenerated
charges towards the surface sites, which in turn enables the one-
step-excitation overall-water-splitting reaction. In comparison,
Ta,N./LiTaO, and Ta,N;/NaTaO;, in which the Ta;N, components
were polycrystalline aggregates, exhibited negligible photocata-
Iytic activities (Supplementary Fig. 11). In addition, Ta,N;, having
a high defect density and polycrystalline particles prepared from
Ta,O; by the conventional severe nitridation process, failed to split
water photocatalytically (Supplementary Fig. 11). Therefore, the
single-crystal nanorod is an ideal architecture capable of enhanc-
ing the transfer and collection of photoexcited charges in the
Ta,N; semiconductor®**,

The stability of the photocatalytic activity was examined using
a Ta;N,/KTaO, photocatalyst prepared using the optimal nitrida-
tion time, Rh/Cr,0, loading and photocatalyst amount dispersed
in water (Supplementary Fig. 12). Figure 5a presents H, and O, evo-
lutions acquired during a typical overall-water-splitting trial under
visible light (4 > 420 nm). Both H, and O, were evolved simulta-
neously, at a near-stoichiometric molar ratio of 2:1, while the evo-
lution of N, was negligible. The repetition of this reaction using
the same sample after evacuating the gas phase resulted in essen-
tially the same evolution of H, and O,, demonstrating the stabil-
ity of Rh/Cr,0;-loaded Ta,N,/KTaO, during the decomposition of
water under visible-light irradiation. The photocatalyst also exhib-
ited stability under simulated sunlight (Fig. 5b). The STH energy
conversion efficiency of this material was estimated to be 0.014%.
The apparent quantum efficiency (AQE) values for the photocata-
lyst during overall water splitting as a function of the irradiation

760

wavelength are presented in Fig. 5c. The AQE values were 2.2% at
320 nm (+25nm), 0.22% at 420 nm (+25 nm) and 0.024% at 500 nm
(25 nm). The large increase in the AQE at wavelengths shorter
than 350 nm is attributed to the excitation of the KTaO, by ultra-
violet irradiation. Interestingly, the AQE became markedly lower
compared with the absorption profile at wavelengths longer than
440 nm even though the photocatalyst was observed to split water
under visible light up to 560 nm. This effect is probably associated
with the low absorption coefficient for Ta,N; in the visible-light
region beyond 500 nm*>**%.

We have previously reported a number of visible-light-driven
particulate tantalum-based oxynitride photocatalysts that are
active in one-step-excitation water splitting, such as TaON (band
gap energy, E, = 2.5 eV)*, CaTaO,N (E, = 2.4 eV)* and LaMg,T
2,,0,,5.N, s, (E, = 2.1 V)", all of which have d° electronic con-
figurations. The rod-like single-crystal Ta,N; prepared by the brief
nitridation of KTaO, in the present work shows higher visible-light
activity than the above photocatalysts because structural defects,
such as surface defect states and grain boundaries, are absent.
However, the total efficiency of Ta;N,/KTaO, for overall water split-
ting is still lower than that of (Ga,_,Zn,)(N,_,0,) (E,=2.6eV)"°and
(Zn,,,Ge)(N,0,) (E, = 2.7 eV)™, both of which have d'° electronic
configurations, despite its longer absorption edge wavelength. This
might be due to the sparse distribution of nanorod Ta,N; single
crystals in the Ta;N;/KTaO,, in which each Ta;N; nanorod is located
at one edge of cubic KTaO,, such that much of the incident light
can pass through and is scattered without being absorbed by the
Ta,N. Thus, it is possible that the photocatalyst performance could
be considerably improved by increasing the relative proportion
of such high-quality Ta,N; nanorod single crystals in the Ta,N/
KTaO,. Efforts to improve the surface area of KTaO, by reduc-
ing the particle size and selectively exposing more KTaO, (110)
faces that are the growth sites for Ta;N; nanorods are ongoing to
increase the density of highly crystalline Ta;N; nanorods. Another
aspect worthy of consideration is the high oxygen density in Ta,N;
nanorods on KTaO, (Supplementary Fig. 10). It has been suggested
that certain kinds of oxygen impurities do not deteriorate the qual-
ity of Ta,N;, but enhance the structural stability and photocatalytic/
photoelectrochemical performance of Ta;N; material’”**. However,
it is still an open question whether this is applicable to Ta,N;
photocatalysts used for the overall-water-splitting reaction. Doping
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Fig. 5 | Overall-water-splitting performance and AQE of Rh/Cr,0;-modified Ta;N;/KTa0.. a,b, Time courses of gas evolution during overall water
splitting over Rh/Cr,05-modified Ta;Ns/KTaO; synthesized with a nitridation time of 0.25 h under visible light (4 > 420 nm) (a) and simulated sunlight
(b). The dashed lines represent the points when the overall-water-splitting reaction restarts after the removal of gas products by evacuation (evac.).

¢, AQE as a function of the incident light wavelength in overall water splitting over Rh/Cr,0;-modified Ta;Ns/KTaO, synthesized with a nitridation time
of 0.25 h. Conditions: 0.3 g catalyst; 0.02 wt% rhodium loading; 150 ml ultrapure water; 300 W xenon lamp (1 > 420 nm) light source or solar simulator
(AM 1.5 G). For the measurement of AQE, the 300 W xenon lamp was equipped with various band-pass filters.

of lower-valent cations will be worthy of investigation because it
allows Ta;N; to accommodate oxygen anions to maintain the
charge neutrality and potentially enhance the efficiency of Ta;N;
nanorod single crystals.

Conclusions

In summary, the formation of well-defined Ta,N; nanorod single
crystals on KTaO, by brief NH, nitridation, without grain boundar-
ies and surface defect states, afforded a photocatalyst that was active
for overall water splitting under visible-light irradiation when mod-
ified with a core-shell-structured Rh/Cr,O; co-catalyst. The vola-
tilization of potassium species from the lattice-matched surface of
KTaO; during the nitridation controls the substitution of nitrogen
for oxygen and facilitates the evolution of discrete Ta,N; nanorod
single crystals free from grain boundaries. Moreover, the brief expo-
sure of Ta;N; to the reducing NH, atmosphere effectively minimizes
the formation of defects in the Ta,N; single crystals. Accordingly,
such Ta,;N; nanorod single crystals enable the photoexcited charges
to transfer expeditiously from the interior of the nanoscaled struc-
ture to the surface. Although the present efficiency is still low, the
findings clearly demonstrate the achievement of one-step-excitation
overall water splitting after refinement of the photocatalyst to sup-
press the undesirable defects in the structure. The strategy of choos-
ing appropriate precursors with matching lattice parameters and
volatile components is expected to enable the fabrication of more
efficient nanoscale single-crystal photocatalysts and contribute to
the development of solar energy conversion.
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Methods

Synthesis of Ta;N; nanorod single crystals on KTaO; particles. KTaO, particles
were fabricated by a conventional solid-state reaction method*. Ta,O5 (99.9%;
Kojundo Chemical Laboratory) and K,CO, (99.5%; Kanto Chemical) were mixed
at a Ta:K molar ratio of 1:1.05. Excess potassium was added to compensate for
losses by volatilization at high temperatures. The mixture was thoroughly ground
in an agate mortar for 90 min in the presence of a small amount of ethanol as a
dispersant. After drying, the resulting mixture was transferred into an alumina
crucible and calcined at 1,173 K for 1 h and then at 1,423 K for 10 h in static air.
The KTaO, obtained in this manner was washed with ultrapure water at 343 K for
2 h and centrifuged twice to remove any residual K,CO,. The powder was then
completely dried by heating at 343 K overnight. Subsequently, the as-prepared
KTaO, was subjected to a nitridation process to obtain Ta,N; grown on KTaO,.
KTaO, (0.5 g) was transferred into an alumina tube and nitrided at 1,173 K for
time spans ranging from 0.05 to 4 h under a flow of gaseous NH, at 100 ml min~'.
Samples of Ta,N; on LiTaO, or NaTaO, were synthesized using the same procedure,
but with Li,CO; (99.95%; Kanto Chemical) or Na,CO; (99.8%; Wako Pure
Chemical Industries) in place of the K,CO,, respectively. For comparison, KTaO,
was also nitrided under the same conditions, but with an additional

5 mol% K,CO,.

Photodeposition of a metal-Cr,0, core-shell co-catalyst or MnO, on Ta,N,/
KTaO, photocatalysts. A metal-Cr,O, core-shell co-catalyst for H, evolution
was loaded on Ta,N;/KTaO; photocatalysts by a previously reported two-step
photodeposition process™. A metal core was first photodeposited on the Ta;N./
KTaO, photocatalyst, using RhCl;-3H,0 (Kanto Chemical), H,PtCl-6H,0 (>
98.5%; Kanto Chemical), Na,IrCl-6H,0 (>97.0%; Kanto Chemical) or RuCl,-3H,0
(>98.0%; Kanto Chemical) as the metal precursor. This was accomplished by
dispersing Ta,N,/KTaO, powder in 150 ml of an aqueous methanol solution
(10 vol%) containing the required amount of the metal precursor. The pH of
this solution was not adjusted, but the temperature was maintained at 288 K by
circulating cooling water. The suspension was evacuated to completely remove
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dissolved air and then exposed to visible light (4 > 420 nm) with continuous
stirring. The photodeposition time was varied from 3 to 12 h depending on the
metal precursor and loading amount. Typically, the photodeposition of rhodium
was conducted over 3 h. In the second step, a Cr,O; shell was formed on the surface
of the metal core, using the photoreduction of Cr®* to suppress backward reactions.
The mass ratio between the Cr,O; shell and the metal core was held constant at
3:1. K,CrO, (99.0%; Kanto Chemical) was added to the above solution as a Cr®*
precursor without pH adjustment. After complete degassing, the suspension

was irradiated with ultraviolet light (1 > 300 nm) because the reduction of Cr®*
progressed very slowly under visible light (4 > 420 nm). After 12 h of irradiation,
the photocatalyst was removed by filtering, washed three times with ultrapure
water and dried at 313 K under vacuum.

MnO, was photodeposited on the Ta;N;/KTaO, photocatalyst by mixing Ta;N/
KTaO, powder and Mn(NO,),-6H,0 (98.0%; Sigma-Aldrich) as the precursor in
an aqueous solution (150 ml) containing 0.2 M NalO, as an electron acceptor. After
irradiation with visible light (4 > 420 nm) for 12 h, the powder was removed by
filtering, washed and dried before characterization.

Characterizations of material. SEM images were obtained using a Hitachi SU8020
system. Angle ADF-STEM and energy-dispersive X-ray spectroscopy (EDS)

were conducted with ARM200F microscopes and a JED-2300T EDS system.

XRD patterns were acquired using a Rigaku Ultima III with Cu Ka radiation,
operating at 40 kV and 40 mA. UV-Vis DRS was conducted using a spectrometer
(V-570; Jasco).

Overall-water-splitting reaction. Photocatalytic reactions were carried out in a
Pyrex top-illuminated reaction vessel connected to a closed gas-circulation system.
A photocatalyst loaded with a metal/Cr,O, core-shell co-catalyst was dispersed

in ultrapure water (150 ml) to give a pH of approximately 7. After completely
removing air from the reaction slurry by evacuation, the suspension was irradiated
with a 300 W xenon lamp equipped with a cold mirror and a cut-off filter

(L42, A > 420 nm) or a solar simulator (SAN-EI electronic, XES40S1, AM 1.5 G,
100 mW cm™). The reactant solution was maintained at 288 K by a cooling water
system during the reaction. The evolved gas products were analysed using an
online thermal-conductivity-detector gas chromatography system consisting of a
GC-8A chromatograph (Shimadzu) equipped with a molecular sieve 5 A column,
with argon as the carrier gas.

STH conversion efficiency measurements. The water-splitting reaction was
performed under simulated solar irradiation. The STH conversion efficiency is
given by

STH (%) = (R(H,) XAG,) / (PX S) X 100

where R(H,), AG,, P and S denote the rate of hydrogen evolution during the
overall-water-splitting reaction, the Gibbs energy for the reaction H,0(1)—H,(g)
+ 1/20,(g), the energy intensity of the AM 1.5 G solar irradiation (100 mW cm™)
and the irradiated sample area (38.2 cm?), respectively. The value of AG, used for
the calculations was 237 k] mol~! at 288 K.

AQE measurement. The AQE for overall water splitting based on one-step
photoexcitation is given by

AQE (%) = [2x n(H,)]/n(photons) x 100,

where n(H,) and n(photons) represent the number of H, molecules generated and
the number of incident photons, respectively. The overall-water-splitting reaction
and measurement of the number of incident photons were carried out using the
same light source equipped with various band-pass filters.

Data availability. The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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