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Efficient water vapor splitting opens a new strategy to develop scalable and

corrosion-free solar-energy-harvesting systems. This study demonstrates
highly efficient overall water splitting under vapor feeding using Al-doped

SrTiO3 (SrTiO3:Al)-based photocatalyst decorated homogeneously with nano-
membrane TiO, or TaO, thin layers (<3 nm). Here, we show the hygroscopic
nature of the metal (hydr)oxide layer provides liquid water reaction environ-
ment under vapor, thus achieving an AQY of 54 + 4%, which is comparable to a
liquid reaction. TiO, coated, CoOOH/Rh loaded SrTiO5:Al photocatalyst works
for over 100 h, under high pressure (0.3 MPa), and with no problems using
simulated seawater as the water vapor supply source. This vapor feeding
concept is innovative as a high-pressure-tolerant photoreactor and may have
value for large-scale applications. It allows uniform distribution of the water
reactant into the reactor system without the potential risk of removing pho-

tocatalyst powders and eluting some dissolved ions from the reactor.

Photocatalytic water splitting is one of the most important reactions in
a hydrogen-based society'. Water splitting from a particulate semi-
conductor photocatalyst in the absence of an external bias is poten-
tially scalable and technologically feasible®. A recent field test was
conducted on 100 m? of particulate Al-doped SrTiO5 (SrTiO5:Al) pho-
tocatalyst sheets where the maximum solar to hydrogen (STH) effi-
ciency reached 0.76%’. On the laboratory-scale, a STH efficiency of 1.1%
was recorded by the dual-photocatalyst sheets consisting of La and Rh
co-doped SrTiO; (SrTiOs:La, Rh) and Mo-doped BiVO, (BiVO4:Mo)
powders immobilized on a gold (Au) layer®. These photocatalyst
powders were immobilized on a sheet, and the liquid water was flown
over it. The resulting gases were collected in a sealed reactor. The STH
efficiency of 10% is often the benchmark target for green water split-
ting technology for commercial feasibility’; further material and

system developments are required to improve the efficiency of pho-
tocatalytic systems for practical use.

Particulate photocatalysts typically have an interface with liquid
water, which reduces their choice of materials due to photocorrosion
and dissolution of semiconductors®'® and cocatalysts". Flowing vis-
cous water into the reactor can continuously elute the photocatalyst
powder itself or the dissolved ions'?. Meter-scale photoreactors must
also be designed for uniform distribution with the correct angle of the
photocatalyst panels. These must be tolerant to volume changes in
liquid water upon temperature changes during day and night>'
Although water vapor splitting systems can mitigate the above-
mentioned issues of the conventional liquid phase system, the water
vapor splitting system has not been intensely investigated because of
lack of strategies to archive high efficiencies®.
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The first demonstrations of photocatalytic overall water splitting
were by Schrauzer et al. and Domen et al. and used water vapor
feeding'". In 2011, Dionigi et al. reported water vapor splitting on
RhCrO, loaded GaN:ZnO photocatalysts using a p-reactor to com-
prehensively analyze the reaction kinetics of water splitting reaction’.
They proposed that the proton conductivity in the adsorbed water
layers between oxidation and reduction reaction center is crucial for
efficient water splitting under vapor feeding. To date, the particulate
RhCrO,/SrTiO3:Al/CoOOH photocatalyst exhibits only 2% AQY at
365 nm-LED light (14.3 mW cm™) with a relative humidity of 0.58 at
303K in contrast to an AQY of >50% in liquid water".

The reason for the low efficiency under vapor feeding resides with
at least one of the following six elementary steps during photocatalytic
reaction: (1) photon absorption by a photocatalyst, (2) exciton
separation, (3) carrier diffusion, (4) carrier transport, (5) electro-
catalytic reactions, and (6) mass transfer of reactants and products'®.
The Rh/Cr,0; and CoOOH co-deposited SrTiO5:Al photocatalyst
exhibits an AQY of almost unity in liquid water under UV light
irradiation', thus indicating that there are no losses in initial 4 ele-
mentary steps. A lower AQY of SrTiO3:Al photocatalyst under vapor
feeding is thus due to the losses of efficiencies in steps (5) and (6)
associated with the reactants. To complete the electronic circuit on the
photocatalyst surface, the reduction and oxidation sites present on the
same surface must close the electric circuit as discussed in the
literature'®. Several attempts at physical mixing of particulate photo-
catalysts with hydrophilic reagents such as MoS,”, hydrogels®, and
NaOH* have been reported, but they all suffered from the low gas
diffusion through the layer or strong corrosion toward the photo-
catalyst materials.

Here, efficient water splitting under water vapor feeding with as
high of a AQY as that in liquid water was demonstrated using parti-
culate SrTiOs3:Al photocatalyst with an amorphous inorganic metal
hydroxides ultrathin layer (Fig. 1); the uniform coating of the hydro-
xides was achieved via the photodeposition method*. The high con-
ductivity of the metal hydroxides was comparable to a typical proton-
conductive material such as Nafion??*; thus, the coated thin-layer
hydroxides had a sufficient amount of adsorbed water and can close
the electric circuit with high conductivity between the H, evolution
reaction site and the O, evolution site. This vapor feeding allows very
different perspectives for large-scale photoreactor design: Versus
liquid feeding, a uniform distribution of the water reactant is easily
achievable via gas introduction, and the high-pressure photocatalytic
reactor is more easily established.

Results

Water splitting under water vapor feeding

A photograph and a schematic of the photocatalytic reactor with
continuous flow of water vapor are shown in Supplementary Fig. 1. The
photocatalytic test was performed using the flow reactor. The Ar inlet
gas was passed through a water bubbler and then supplied into the
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Fig. 1| Schematic illustration of amorphous metal oxide coated, COOOH/Rh
loaded SrTiO5:Al. Red: O atom, blue: H atom.

photocatalyst reactor made of stainless steel (SUS304). The photo-
catalyst sheet is where the particulate photocatalysts were immobi-
lized on a glass plate as shown in Fig. 2a. The sheet was placed in the
stainless reactor and irradiated with a light-emitting diode (LED) at
370 nm through a glass window at the top of the stainless reactor.
A detailed spectrum of the light source is shown in Supplementary
Fig. 2. The hygrometer was introduced between the water bubbler and
the stainless reactor to record the relative humidity (RH) in the feed
gas. The relative humidity was precisely controlled by mixing the wet
Ar gas (RH=1.0) with dry Ar gas (RH=0). The water bubbler, the
hygrometer, and the stainless reactor were placed in a heating oven to
maintain the temperature and the water partial pressure. The outlet
gas was analyzed by GC-TCD to quantify the generated H, and O, gas.

X-ray diffraction (XRD) patterns (Supplementary Fig. 3) show that
the SrTiO5:Al photocatalysts used here were single phase; crystalline
TiO, phase was not observed even after TiO, coating. The light
absorption edge of the SrTiOs:Al-based catalysts (Supplementary
Fig. 4) was located near 380 nm, which is consistent with the previous
reports'>>*, Figure 2b shows the H, and O, production rate as a
function of time on stream under various irradiated light intensities
using CoOOH and Rh co-loaded SrTiOs:Al photocatalyst coated with
TiO,. The feed gas was Ar with saturated water vapor at 24 °C. During
the demonstration, the ratio of H, and O, evolution was maintained at
nearly 1:2, thus showing that the electrons and holes were consumed
by the water splitting reaction; no other side reaction occurred. When
the light intensity was lower than 25 mW cm, the gas evolution rate
was stable with the time on stream. Importantly, the rate gradually
decreased under higher intensity light irradiation (>59 mW cm™). The
cause of decrease in AQY as the function of light intensity as well as
decrease in formation rate with time will be discussed in the char-
acterization of oxide thin-layer section. The experiments described
hereafter were performed under a light intensity of approximately
5 mW cm, which corresponds to the actual intensity of UV light in AM
1.5G solar light.

Figure 2b also shows that the H, evolution rate reached to
<150 umol h™ per 1 cm’ photocatalyst sheet, demonstrating the
applicability of the TiO, coating for improved photocatalysts where
solar-to-hydrogen (STH) efficiency of 10% (corresponding to a hydro-
gen production rate of 150 pmolh™ per 1cm?) is achievable. This
demonstration suggested that this H, production system is not limited
by water vapor supply even if the H, evolution rate is corresponding to
the rate of 10% STH. The partial pressure of H, in the outlet gas was
estimated to be 0.56 kPa.

The H, evolution rate of SrTiOs:Al-based catalysts loaded with
various cocatalysts and oxides is summarized in Fig. 2c where the
incident light intensity was fixed as 5.1 mW cm™ The temperature was
24 °C, and the relative humidity in the Ar feed gas was near unity. The
H, and O, gas evolution rates of each catalyst as a function of time on
stream are shown in Supplementary Figs. 5-10. The apparent quantum
yield of SrTiO5:Al loaded with RhCrO, via the impregnation method in
the current demonstration was higher than the AQY reported by
Shearer et al. (2%) due to a higher light intensity (14.27 mW cm™?) and
lower relative humidity (58%) than the previous reports”. Versus
CoOOH/Rh or CoOOH/Cr,05/Rh loaded SrTiOs:Al photocatalysts,
these photocatalysts with TiO, coating obviously enhanced the AQY.
The TiO, coated CoOOH/Cr,03/Rh loaded SrTiOs3:Al photocatalyst
exhibited a AQY as high as ~-60%, which is comparable to the reported
AQY value of the CoOOH/Cr,03/Rh loaded SrTiO3:Al photocatalyst in
liquid water under 370 nm light'®. Enhanced AQY was not observed in
the case of a physical mixture of COOOH/Rh loaded SrTiO3:Al and TiO,
nanoparticles (P25).

The TiO, coated CoOOH/Rh loaded SrTiOs:Al photocatalyst
exhibited an AQY comparable to that of TiO, coated CoOOH/Cr,05/Rh
loaded SrTiO5:Al photocatalyst. The Cr,03 co-loaded with Rh cocata-
lyst has been reported for improved overall apparent quantum yield of
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Fig. 2 | SrTiO5:Al-based photocatalysts for overall water splitting under vapor
feeding. a Photographic images of a photocatalyst sheet (1 x1cm?), which con-
sists of SrTiO:Al-based particulate photocatalysts immobilized on a frosted glass
substrate. b Time course measurement of H, and O, gas evolution rate using
CoOOH/Rh loaded SrTiO5:Al coated with TiO, under various light intensity. The
fed gas was Ar with saturated water vapor at 24 °C (10 mL min™, p,0 =2.9 kPa).

with TiO, (10 wt%)

¢ H, evolution rate of various cocatalysts loaded SrTiO5:Al irradiated with 370 nm
LED (5.1 mW cm™) under saturated water vapor balanced with Ar at 24 °C

(10 mL min, pyao =2.9 kPa). Error bars are standard error from other samples
(n=3-11). d Dependence of H, evolution rate of COOOH/Rh loaded SrTiO5:Al
coated with TiOy (blue circle) and without TiO, (green square) under various O,
partial pressure ranged from O to 33 kPa under 370 nm LED (5.1 mW cm™).

water splitting in liquid water by preventing the reverse reaction of
water generation from H, and 0,”%. However, because of the possi-
bility of harmful Cr leaching, detailed characteristics of Cr-free TiOy
coated CoOOH/Rh loaded SrTiO5:Al photocatalyst were investigated.
The AQY of water splitting under vapor feeding using the photo-
catalysts with or without Cr,0; was almost unchanged, as shown in
Fig. 2c. Indeed, it has been previously demonstrated that TiO, layer
acting as an H,-selective nano-membrane can prevent the reverse
water-forming reaction in liquid water®. To demonstrate the dynamics
of reverse water-forming reaction from H, and O,, photocatalytic
performance in the presence of O, was tested as shown in Fig. 2d. The
apparent H, evolution rate immediately reached zero in the presence
of 4% O, using CoOOH/Rh loaded SrTiO3:Al photocatalyst without
TiO, layer. On the other hand, in the case of CoOOH/Rh loaded
SrTiOs:Al photocatalyst with TiO, layer, the AQY was maintained above
40% even in the presence of 20% O,. Therefore, TiO, layer has the
role of preventing the reverse water-forming reaction even under O,
presence.

Characterization of oxide thin layer

Figure 3a shows a bright field scanning transmission electron micro-
scopy (STEM) image of TiO, coated CoOOH/Rh loaded SrTiO5:Al
photocatalyst. An amorphous uniform surface layer with a thickness of
about 3 nm was observed as a slightly brighter region than the crys-
talline core region. Overlayed energy dispersive X-ray spectroscopy
(EDS) map of the corresponding area (Fig. 3b) shows that the core
region consisted of Sr and Ti elements, while the surface layer only
contained Ti. Therefore, the core region and the uniform surface layer
can be attributed to SrTiOs:Al photocatalyst and TiO, coated layer,
respectively. The EDS line scan in Supplementary Fig. 11 shows the
existence of Rh nanoparticles with a Ti-rich surface. X-ray photoelec-
tron spectroscopy (XPS) results shows the drastic attenuation of the Sr

3d peak after TiO, coating while the Ti 2p peak was maintained also
demonstrating the uniform TiO, coating on the surface of SrTiO5:Al
photocatalyst (Supplementary Fig. 12). The particle size of the photo-
catalyst was approximately 500 nm as shown in Supplementary Fig. 13.

The water adsorption isotherm in Fig. 3c demonstrated that TiO,
coating on the CoOOH/Rh loaded SrTiO5:Al photocatalyst drastically
improved the water adsorption amount on the photocatalyst at the
specific relative humidity. The amount of water adsorbed significantly
increased after TiO, coating from 0.12mmol g™ to .39 mmol g™ at a
relative humidity of 0.8, i.e., the adsorbed water amount on CoOOH/
Rh loaded SrTiO5:Al was increased 10-fold by TiO, coating. On the
other hand, CoOOH or Cr,0; loading did not exhibit high water
adsorption ability (Supplementary Figs. 14 or 15, respectively) com-
pared to TiO, coating. The isotherm of TiO, coated CoOOH/Rh loaded
SrTiOs:Al showed type-ll isotherm, and the liquid-like water should
exist on the photocatalyst surface under relative humidity values
higher than 0.6. Hence, the photocatalyst can exhibit water splitting
performance under vapor feeding similar to when the photocatalyst is
immersed in liquid water. Therefore, the role of the coated TiO, is
mitigation of the loss in the elementary reaction step (6) as well as
mass transfer of reactants during the overall photocatalytic reaction.

The relative humidity in the feed gas influences the photocatalytic
gas production rate based on the water adsorption isotherm. The H,
evolution rate of TiO, coated CoOOH/Rh loaded SrTiOs:Al photo-
catalyst under various humidity and temperature values are summar-
ized in Fig. 3d. Supplementary Fig. 16 shows the time on stream H, and
0, evolution rate where the relative humidity in the feed gas varied:
1.0, 0.8, 0.6, 0.4, 0.2, 0.1 and finally back to 1.0 at temperatures of 24,
50, and 80 °C. At 24 and 50 °C, the apparent quantum yield did not
depend on the reaction temperature but rather decreased with
decreasing relative humidity. At a relative humidity above 0.6, the TiO,
coated CoOOH/Rh loaded SrTiO3:Al photocatalyst exhibited higher
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Fig. 3 | The role of the coated TiO, on CoOOOH/Rh loaded SrTiO5:Al. a Bright field
STEM image of CoOOH/Rh loaded SrTiO;:Al coated with TiO, and b its corre-
sponding overlayed EDS mapping of Ti and Sr. ¢ Water adsorption isotherm of
CoOOH/Rh loaded SrTiO5:Al coated with or without TiO,. d Dependence of H,
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evolution rate of COOOH/Rh loaded SrTiO3:Al coated with TiO, on relative humidity
at 24 °C (blue circle), 50 °C (green diamond), and 80 °C (red square). Error bars are
standard error from other samples (n = 3).

AQY (>50%), thus suggesting that the water on the photocatalyst sur-
face demonstrated by water adsorption isotherm is crucial for efficient
photocatalytic water splitting under vapor feeding. A relatively lower
apparent quantum efficiency was observed at 80 °C, and the H, and O,
evolution rate gradually decreased with reaction time (Supplementary
Fig. 16). Unlike the case at 24 and 50 °C, the reaction rate at 80 °C did
not recover even when the humidity returned from 0.1 to 1, thus
suggesting that the TiO, covering layer was irreversibly restructured.

TaO, can also be decorated as a thin layer on the CoOOH/Rh
loaded SrTiOs:Al, exhibiting the high water splitting performance
under water vapor feeding as well as TiO, coated CoOOH/Rh loaded
SrTiOs:Al photocatalyst. Figure 4a shows a dark field scanning trans-
mission electron microscope (STEM) image of TaO, coated CoOOOH/Rh
loaded SrTiO5:Al photocatalyst and Fig. 4b shows its corresponding
EDS mapping of Ta. An amorphous uniform surface layer with a
thickness of 2-3nm was also observed as with the photocatalyst
coated with TiO,. Figure 4c shows the relative humidity dependence of
the AQY of TaO,-coated photocatalyst. The dependence was similar to
the TiO, coated CoOOH/Rh loaded SrTiO5:Al photocatalyst. The TaOy
coated CoOOOH/Rh loaded SrTiO5:Al photocatalyst also exhibited a
high AQY (>50%) under water vapor feeding with a relative humidity of
1.0 (Fig. 4d), which was comparable to TiO, coated CoOOH/Rh loaded
SrTiO5:Al photocatalyst.

Hereinafter, the origin of the decrease of water splitting rate under
high-temperature condition, as shown in Fig. 3d will be discussed. To
investigate the structural change of the covered oxide layer after high-
temperature treatment, TaO, coated photocatalyst was used instead of
TiO, to avoid the overlapped signal from SrTiOs. Figure 4d shows a
drastic decrease of the apparent quantum efficiency after heat treat-
ment of the photocatalyst at 250 °C in a convection flow oven. Figure 4e
shows Fourier transformed Ta Ly; edge extended X-ray absorption fine
structure (EXAFS) profiles of as-synthesized (60 °C dried) TaO, coated
CoOOH/Rh loaded SrTiOs:Al photocatalyst and after 250 °C heat
treatment. EXAFS oscillations before Fourier transformation are shown
in Supplementary Fig. 17. The peaks at 1.4 A in the radial distribution
functions, attributed to the neighboring oxygen shell’®, were decon-
voluted into two peaks assigned as Ta-O; and Ta-O, based on the crystal
structure of orthorhombic Ta,Os (Supplementary Fig. 18). Table 1
summarizes the fitting results of Debye-Waller factor (¢?) and the
interatomic distance (R). Because these measurements were performed
at a constant temperature, the Debye-Waller factor (¢°) corresponds to
the statistical degree of disorder in atomic positions with respect to the
ideal crystal structure of Ta,0s. Accompanied by the decrease of ¢
of both Ta-O; and Ta-O, peaks after the treatment at 250 °C, the
interatomic distance (R) of Ta and O became slightly shorter. These
results suggested that, as a statistically significant difference, TaOy layer
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should become denser and comparatively ordered crystal structure
after the treatment at 250 °C. It is worth noting that there is no sig-
nificant change in the X-ray absorption near edge structure (XANES)
region before and after heat treatment (Fig. 4f).

TG-DTA measurement (Supplementary Figs. 19, 20) also shows
that the weight loss by dehydration occurs starting at 45 °C, con-
sistent with the structural change measured by EXAFS. These results
suggested that an irreversible structural change of the TiO, or TaO,
layer was induced by loss of water molecules from the layer, resulting
in reduced water adsorption and lower H, production rate. The
decrease in AQY as increasing light intensity and the reaction
time shown in Fig. 2d can be due to the loss of water molecules in
the TiO, or TaO, layer either by temperature rise or higher con-
sumption rate of water molecules than their supply by water splitting
reaction. Diffuse reflectance infrared spectroscopy measurement, as
shown in Supplementary Fig. 21 supports the loss of OH species from
the TiO, layer under the 370 nm LED irradiation with high light
intensity.

Water splitting under practical conditions

Figure 5a shows the results of the long-term stability test under AM
1.5G simulated sunlight (<100 mW cm?) using TiO, coated CoOOOH/Rh
loaded SrTiO5:Al photocatalyst sheet immobilized on 2 x 2 cm? glass
plate. Under vapor feeding, H, and O, were evolved in a stoichio-
metric ratio (1:2), and the average solar to hydrogen (STH) energy
conversion efficiency was at around 0.4%, which is comparable
to a field test result conducted on a 100 m? area of particulate
CoOOH/Cr,05/Rh loaded SrTiO5:Al photocatalyst sheets using liquid

water feeding®. To avoid heat accumulation on a photocatalyst
sheet under simulated sunlight irradiation, a cooling plate driven by a
Peltier element (ASONE, SCP-125; set temperature=25°C) was
installed under the stainless photocatalyst reactor in the current
demonstration. During the 100-hour durability test, the generated H,
was over 2 mmol while the TG-DTA shown in Supplementary Fig. 21
revealed that the amount of adsorbed water on as synthesized TiO,
coated CoOOH/Rh loaded SrTiO5:Al photocatalyst sheet (2 x2cm?)
was approximately 56 pumol. These results confirmed that adsorbed
water enriched by the TiO, coating improved the photocatalytic
efficiency.

The TiO, coated CoOOH/Rh loaded SrTiO5:Al photocatalyst
exhibited similar STH under vapor feeding from 3 wt% NaCl,, com-
pared to water vapor from pure water, thus demonstrating that sea-
water can be utilized as the vapor source (Fig. 5b). Previously, seawater
for liquid phase photocatalytic water splitting was demonstrated for a
composite particulate photocatalyst consisting of carbon-nanodots
and graphitic carbon nitride (C5N4) where the STH drastically dropped
from 2.0% to 0.46%”. In contrast, the STH remained near 6.0% within
50 h of long operation using a vapor feeding from seawater in an
integrated system of photovoltaic arrays with a water electrolyzer;
meanwhile, a drop of STH from 6.5% to 0.5% was seen when using
liquid seawater feeding™.

Finally, we demonstrated H, and O, evolution using TiO, coated
CoOOH/Rh loaded SrTiO5:Al photocatalyst sheets under pressurized
condition via a tailor-made acrylic reactor with an internal volume of
200 cm® (Fig. 5¢). The reactor was filled with ultrapure water, and a
photocatalyst sheet (4 x 4 cm?) immobilizing TiO, coated CoOOOH/Rh
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SrTiO5:Al was placed on a pedestal floated in the water. The water
vapor was supplied to the photocatalyst sheet by the nitrogen gas flow
through the water. Figure 5d shows H, evolution rate under various
total gas pressures controlled by the back pressure regulator installed
downstream. There was no significant decrease in the rate of water
splitting under vapor feeding at 0.3 MPa versus that at 0.1 MPa.

Discussion

An apparent quantum yield of 54 +4% with 370 nm LED light for
water splitting reaction under vapor feeding was achieved using
Cr-free CoOOH and Rh co-deposited SrTiO3:Al with uniformly coated
metal (Ti or Ta) (hydr)oxide thin layers. This surface nano-membrane
coating captures sufficient amount of water vapor, thus generating
the liquid environment at the surface of SrTiOs:Al. The relative
humidity pins the photocatalytic performance at each reaction
temperature. Consequently, a comparable AQY in water can be
achieved under vapor feeding. The solar-to-hydrogen efficiency was
maintained at around 0.4% for 100 h of long operation, and seawater
as the water vapor source did not affect the performance. These
data suggest a new design for efficient, durable, and scalable solar
H, production systems using the ambient humidity in a seawater
feedstock.

Table 1| Debye-Waller factor (62) and interatomic distance (R)
from FEFF fitting of EXAFS shown in Supplementary Fig. 18,
where Ta-O, represents scattering concerning the nearest
oxygen and Ta-O, concerning the second nearest oxygen

o R
Under vapor, after drying at 60 °C Ta-O4 0.01 1.91
Ta-O, 0.0059 212
Under vapor, after drying at 250 °C Ta-O; 0.0087 1.87
Ta-O, 0.0036 2.1

Orthorhombic Ta,Os crystal structure (Pmmm) was used as a reference structure.

©

Methods

Synthesis of Al-doped SrTiO;

The SrTiO5; doped with Al (SrTiO5:Al) was synthesized via a previously
reported method®. SrTiO; (FUJIFILM Wako Pure Chemical Corpora-
tion) was mixed with SrCl, (Kanto Chemical Co., Inc.) and Al,O5 (Mil-
liporeSigma) by grinding in an agate mortar at a molar ratio of
10:0.02:1. The resulting mixture was moved into an alumina crucible,
heated at 1150 °C for 10 h, and then allowed to cool to room tem-
perature. The product was separated from unreacted SrCl,, Al,03, and
other impurities, and the resulting powder was then washed with
massive amounts of distilled water using ultrasonication until the CI”
ions were not detected in the supernatant. The powder was obtained
by suction filtration and dried in an oven at 60 °C overnight to obtain a
white powder (SrTiO5:Al).

Cocatalyst loading

The rhodium and chromium mixed oxide (RhCrO,) was loaded on
SrTiOs:Al via an impregnation method following the literature®. The
SrTiOs:Al (0.3 g) was dispersed in ultrapure water (3.34 mL) and then
0.1 M NazRhClg (Mitsuwa Chemicals Co., Ltd.) aqueous solution (50 pL)
and 0.05 M Cr(NOs); (MilliporeSigma) aqueous solution (22.5 L) were
added to the suspension. After mixing with ultrasonication for 5 min,
the suspension was stirred at elevated temperature (-100 °C) using a
glass rod until the solution was completely evaporated. RhCrO, (imp)
loaded SrTiO3:Al was obtained after calcining at 350 °C for 1h with a
ramping rate of 10 °C min™.

SrTiOs:Al loaded with Rh, Cr,05, and CoOOH was also prepared by
photodeposition according to a reported method”. The SrTiO5:Al
(100 mg) was dispersed in ultrapure water (75 mL), and a 0.01 M RhCl;
aqueous solution (100 pL) prepared from RhCl; 6H,0 (FUJIFILM Wako
Pure Chemical Corporation) was dropped into the suspension. The
suspension was then irradiated with 370-nm LED light (Asahi Spectra
Co., Ltd.; CL-1501; details are shown in Supplementary Fig. 2) for 10 min
with stirring. Subsequently, 0.01 M K,CrO,4 (Kanto Chemical Co. Ltd.)
aqueous solution (50 pL) was added and then irradiated with LED light
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Fig. 5| Practical feasibility study of photocatalytic overall water splitting under
vapor feeding. a Durability test of CoOOH/Rh loaded SrTiO5:Al coated with TiO,
under saturated water vapor feeding balanced with Ar at 24 °C (10 mL min™,

Pr2o = 2.9 kPa). The light source was a simulated sunlight (AM 1.5G). b The overall
water splitting rate of CoOOH/Rh loaded SrTiO5:Al coated with TiO, under water

vapor feeding supplied from ultrapure water or brine (3 wt% NaCl,q) balanced with

Ar at 24 °C. ¢ Photographic images of a vaper feeding photocatalytic overall water
splitting system under pressurized condition. d H, evolution rate of CoOOOH/Rh
loaded SrTiO5:Al coated with TiO, under pressurized condition at total pressure
(P of 0.1 or 0.3 MPa using the system shown in panel c. The light source was
simulated sunlight (AM 1.5G).
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as above for 5 min followed by the addition of 85 mM Co(NO3), aqu-
eous solution (10 puL) and another 5-min irradiation. The solvent was
not exchanged during this multistep photodeposition.

TiO, or TaO, coating on SrTiO5:Al photocatalysts

TiO, or TaO, was coated on the SrTiO5:Al loaded with Rh, Cr,03, and
CoOOH via photodeposition in the same solvent used for Rh, Cr,03,
and CoOOH deposition before the filtration*. For TiO, coating, tita-
nium tetraisopropoxide (FUJIFILM Wako Pure Chemical Corporation,
11.1pL, 37 pmol) with 30 vol% H,0, (FUJIFILM Wako Pure Chemical
Corporation, 200 pL, 3.2 mmol) was added into the suspension con-
taining SrTiO5:Al loaded with Rh, Cr,05, and CoOOH. This was then
mixed via ultrasonication for 5 min. Subsequently, 1M NaOH aqueous
solution (74.6 pL) was added to the solution where the ratio between
the added Na* versus Ti contained in titanium tetraisopropoxide was
2:1. For TaO, coating, tantalum(V) chloride (MilliporeSigma, 8.0 mg,
22 umol) with 30 vol% H,0, (FUJIFILM Wako Pure Chemical Corpora-
tion, 500 pL, 8.0 umol) was added to the suspension containing the
SrTiOs:Al loaded with Rh, Cr,03, and CoOOH. This was then mixed with
ultrasonication for 5 min. Subsequently, 1M NaOH aqueous solution
(113 pL) was added to the solution where the ratio between the added
Na* versus Ta contained in tantalum(V) chloride was 5:1. The resulting
suspension was irradiated with 370 nm LED (730 mW) for 12 h, and
then the precipitates were separated by filtration and washed with
ethanol three times. The collected slurry was not dried further.

Characterization
X-ray diffraction (XRD) patterns were collected using RINT-Ultimalll
(Rigaku Corporation) with a Cu Ko X-ray radiation source
(A= 0.154056 nm) at a scan rate of 30° min. The X-ray photoelectron
spectroscopy (XPS) measurements were performed on PHIS000 Ver-
saProbe (ULVAC Inc.) with an Al-Ka source operating at 5kV. STEM
images were collected using JEM-2800 transmission electron micro-
scopes (JEOL Ltd.) or Talos 200kV-FE-(S)TEM with super X XDS
(Thermo Fisher Scientific Inc.) operating at 200 kV in conjunction with
EDS using an X-MAX 100TLE SDD detector (Oxford Instruments).
Water adsorption tests and N, adsorption tests were performed on a
3Flex gas adsorption measurement device (Micromeritics Instrument
Corp.). The samples were pretreated at 60 °C for 12 h under vacuum.
The adsorbed gas amount was measured at the equilibrium point
where the pressure change becomes less than 0.01% within 30's.
Diffuse reflectance infrared Fourier transform spectra (DRIFTS)
were recorded on an FT/IR-6600 (JASCO Corporation) equipped with a
heat-vacuum diffuse reflection cell (S.T. Japan Inc., Heat Chamber
Type-1000 °C). Pelletized powder samples were placed at the focal
point of an integrating sphere. After drying at 60 °C for 1h under
vacuum conditions, the samples were cooled to room temperature
under dry Ar (20 mLmin™), and baseline collection was then per-
formed. Subsequently, Ar with saturated H,O or D,0 vapor
(20 mL min™) was fed into the cell for 30 min, and the spectrum was
then recorded. UV-Vis diffuse reflectance spectrum of samples was
recorded using a V-770 UV-Vis spectrometer (JASCO Corporation)
equipped with an integrating sphere (JASCO Corporation, ISN-923)
and a spectralon block as a reference to adjust the 100% reflectance
level and set the reflectance of the sample holder to 0%.

Photocatalytic reactions

Photocatalytic reactions were carried out in the continuous gas flow
reactor (Supplementary Fig. 1a). Each synthesized catalyst powder
was dispersed in a tiny amount of ultrapure water, dropped onto a
frosted glass plate (SCHOTT Corp. Tempax), and then dried at 60 °C
for 10 min using a hotplate. The loaded amount of the photocatalyst
was 5mg per 1cm? of the glass plate. The prepared photocatalyst
sheet was placed at the bottom of a cylindrical reactor made of
stainless steel with an internal volume of 38 cm®. Water vapor was

supplied to the reactor with Ar gas through a water bubbler, which
was filled with ultrapure water or brine (3 wt% NaCl aqueous solu-
tion). In the pipeline between the water bubbler and the reactor, a
hygrothermograph (Bosch BME280) was inserted.

For the activity test under controlled temperature and relative
humidity, the photocatalyst reactor, the hygrothermograph, and the
water bubbler were placed in a heating oven, and the relative humidity
of the supplied water vapor was controlled by changing the ratio of the
flow rate of the dry Ar and the wet Ar, which contained saturated water
vapor. To estimate the effect of O, addition in inlet gas, a O,/Ar mix-
ture with a defined ratio was introduced into the water bubbler and
then supplied to the reactor. The total flow rate was 10 to 50 mL min’.

The photocatalyst sheet was irradiated with a 370-nm LED (Asahi
Spectra Co., Ltd.; CL-1501) equipped with rod lens (RLQL80-05) to
provide a square-shaped light with uniform intensity or simulated
sunlight (Asahi Spectra Co.; AML.5 G, solar simulator HAL-320) through
a window on top of the reactor. The amount of generated H, and O,
gases were measured using gas chromatography (GC-8A; Shimadzu
Co.) equipped with a 5 A molecular sieve column and a thermal con-
ductivity detector.

The apparent quantum yield (AQY) for overall water splitting
under LED excitation with a center wavelength of 370 nm was calcu-
lated according to the following equation:

2xr(H,)

AQY(%)= r(photons)

%100 @

Here, r(H,) and r(photons) represent the H, evolution rat9e and
the number of the photons reaching the surface of the photocatalyst
sheet per unit time, respectively. The photons in the incident light with
wavelengths longer than the absorption edge of SrTiOs:Al—as deter-
mined by the UV-Vis diffuse reflectance spectrum (Supplementary
Fig. 4)—were excluded from the AQY calculation.

The solar to hydrogen (STH) efficiency for overall water splitting
under simulated sunlight was determined according to the following
equation.

r(H,) x AG(H,0)

xS x100 2

STH(%) =

Here, AG(H,0), /, and S denote the reaction Gibbs energy of the
water splitting reaction H,O(l)> H,(g) +1/20,(g) (237 k) mol™ at 288 K),
the energy intensity of AM 1.5G solar irradiation (100 mW cm™), and
the photocatalyst sheet area (4 cm?), respectively.

in situ X-ray absorption measurement

X-ray absorption fine structure (XAFS) of Ta L;; edge in TaO, coated
SrTiO5:Al loaded with CoOOH/Rh was measured at BLO1B1 beamline
at SPring-8 synchrotron facility (Hyogo, Japan) using a ring energy of
8 GeV (proposal No. 2021B1610). The incident X-ray was mono-
chromated using Si(111) double crystal, and the energy was calibrated
using a Ta foil. A pelletized sample (p7mm) of TaO coated SrTiO3:Al
loaded with CoOOH/Rh was placed in a quartz cell with polyimide
windows connected to a N, gas cylinder. After pretreating under dry
N, flow (100 mL min™) for 30 min, the sample was cooled to room
temperature, and the spectrum was then collected. N, containing
saturated water vapor was then introduced. Spectral measurements
were then performed after 30 min. The sample was then further
treated at 250 °C under dry N, flow followed by spectral measure-
ments under dry and wet N, flow at room temperature. For EXAFS
analysis, a Fourier transformation of the EXAFS oscillation was per-
formed between 3 and 14 A with k-weight of 2. Peak fittings of the
EXAFS results were performed using FEFF code. Debye-Waller factor
(0% and the interatomic distance of Ta and O (R) were calculated
from the fitting.
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Photocatalytic reactions at pressurized condition

A Taylor-made acrylic reactor with an internal volume of 200 cm?
(Fig. 5c) was used to demonstrate the overall water splitting under
water vapor feeding at pressurized conditions. The reactor was filled
with ultrapure water, and the glass pedestal floated in the water. The
photocatalyst sheet (4 x 4 cm?) immobilized a TiO, coating on the
SrTiOs:Al loaded with Rh and CoOOH; this was placed on the ped-
estal, i.e., the photocatalyst sheet was placed above the water level.
The inlet N, gas flow (50 mL min') was introduced into the gas phase
inside the acrylic(reactor through the filled liquid water. Therefore,
the relative humidity in the gas phase inside the acrylic reactor was
almost unity. The total pressure in the gas phase inside the acrylic
reactor was controlled from 0.1 to 0.3 MPa using a back pressure
regulator placed downstream of the reactor. The photocatalyst sheet
was irradiated with simulated sunlight (AM 1.5G) from the top. The
amount of generated H, was measured by gas chromatography
(Agilent 490 Micro GC).

Data availability

All data supporting the findings of this study are available within this
article and its Supplementary Information. Source data that support
the findings of this study are available from the corresponding author
upon reasonable request. Correspondence and requests for materials
should be addressed to Takanabe, K.
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