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Substrate

Particulate photocatalyst sheet is one of the approaches to realize solar hydrogen
production with high efficiency on a large scale via water splitting. However, the
solar-to-hydrogen energy conversion efficiency (STH) of sheets made of narrow
band-gap oxysulfide photocatalysts decreases with increasing reaction pressure
due to backward reactions. This study addresses this issue through surface
modification. An amorphous silica coating can effectively suppress the oxygen
reduction reaction (ORR), allowing the sheet to maintain its STH value at elevated
pressures and temperatures.
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water splitting at atmospheric pressure
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SUMMARY

A photocatalyst sheet consisting of doped LasTi,Cug.9Ago.1O7Ss as
a hydrogen evolution photocatalyst (HEP), BiVO, as an oxygen evo-
lution photocatalyst (OEP), and Au as a conductor layer exhibits a
solar-to-hydrogen energy conversion efficiency (STH) of 0.67% at
4 kPa in Z-scheme overall water splitting (ZOWS). However, the pho-
tocatalyst sheet loses its activity at elevated pressure due to back-
ward reactions. Here, we show that this loss of activity can be sup-
pressed by coating the sheet with amorphous SiO, layer. In
addition, the SiO, coating maintained its performance at elevated
temperatures, unlike the widely used amorphous TiO, coating,
and exhibited an STH of 0.41% at 90 kPa and 333 K. The results of
the present study demonstrate the ability to functionalize photoca-
talyst sheets of narrow-band-gap materials prone to backward reac-
tions, allowing their use in outdoor environments, and paves the
way for practical solar hydrogen production.

INTRODUCTION

Photocatalytic water splitting using particulate semiconductors has been studied as
a means to produce renewable H, using sunlight."™* One of the primary challenges
in making photocatalytic solar H; production economically viable is to develop water
splitting systems capable of delivering a solar-to-hydrogen energy conversion effi-
ciency (STH) of 5% or higher. Al-doped SrTiO3 (STO:Al) photocatalysts exhibit an
excellent apparent quantum yield (AQY) exceeding 90% in the overall water splitting
(OWS) reaction under ultraviolet light.* Moreover, a 100-m? scale photocatalyst
panel reactor operating under ambient conditions was demonstrated using
STO:Al.> However, STO:Al cannot utilize visible light, which accounts for the majority
of solar energy, and its maximum STH value is inevitably insufficient to accomplish
the target STH value. In this context, it is vital to utilize visible light (with wavelengths
of 400-800 nm). Although some doped oxide and non-oxide semiconductor photo-
catalysts show OWS activity under visible light, their AQY and STH are several times
lower than those for STO:Al in the ultraviolet region, due in part to their inherently

lower reactivity stemming from their narrower band gaps.®*¢~’

To compensate for this low reactivity, narrow-band-gap photocatalysts are often
used in Z-scheme OWS (ZOWS) systems that utilize two-step excitation of hydrogen
and oxygen evolution photocatalysts (HEPs and OEPs, respectively).'®"? Electron
transfer from an OEP to a HEP can occur simply via physical contact, but most often
ionic or solid electron mediators are used to facilitate this transfer. Efficient ZOWS
was reported for photocatalyst sheets composed of Rh, La co-doped SrTiO3, and

CONTEXT & SCALE
Renewable hydrogen production
by sunlight-driven photocatalytic
water splitting is studied to
address energy and
environmental problems. A solar-
to-hydrogen energy conversion
efficiency (STH) exceeding 5% and
inherent scalability beyond the
kilometer scale are essential for
practical solar hydrogen
production. Particulate
photocatalyst sheets can
potentially meet these
requirements. However, the STH
of sheets made of narrow band-
gap oxysulfide photocatalysts
decreases with increasing reaction
pressure due to backward
reactions. This study addresses
this issue through surface
modification. We show that an
amorphous silica coating is
durable in hot water and can
effectively suppress the oxygen
reduction reaction (ORR), a major
backward reaction, allowing the
sheet to maintain its STH value at
elevated pressures and
temperatures, making the
resulting sheets suitable for
practical outdoor applications.
This finding will contribute to the
development of practical solar
hydrogen production.
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Mo-doped BiVO, (BVO:Mo) as the HEP and OEP, respectively, embedded rigidly
onto a conductive layer of gold, carbon, or indium tin oxide to minimize the contact
resistance.'*”'® A photocatalyst sheet based on a carbon conductor exhibited an
STH of 1.0% at near-ambient pressure. These oxide-based photocatalysts can utilize
visible light up to wavelengths of only approximately 500-520 nm. This eventually
limits the STH efficiency the sheet can reach.

To utilize visible light with longer wavelengths, photocatalyst sheets composed of
narrower band-gap non-oxide HEPs have been studied. Our group has reported
that LasTi>Cug.9Ago.1O7Ss (LTCA)'® and LaMg1/3Ta2/3OzN17 are applicable as
HEPs. These materials absorb visible light with wavelengths of up to 690 and
600 nm, respectively, and have the potential to go beyond the earlier sheet systems,
including Rh and La co-doped SrTiOj3 as the HEP, owing to the broader visible light
response. Of these, LTCA, a solid solution of LasTi,CuO7Ss (LTC) and LasTi,AgO;Ss
(LTA), is a unique and promising material because its semiconducting and photo-
electrochemical properties can be tuned by the composition and the dopants
used.”®"” Doping at the Ti*" sites of LTCA with lower-valent cations (e.g., Ga®",
Mg?*, AI**, and Sc®*) promotes the performance as a photocathode, realizing a pos-
itive photocathodic current onset potential of +0.85 V vs. reversible hydrogen elec-
trode (RHE).?° These characteristics of LTCA offer advantages for construction of
photocatalyst sheets for ZOWS, because the charge transfer mechanism in solid ma-
terials is similar for photocatalyst sheets and photoelectrode systems. In contrast,
LaMgy,3Taz/302N is an n-type semiconductor, and its performance as a HEP for
photocatalyst sheets was limited. A photocatalyst sheet comprising Ga-doped
LTCA (LTCA:Ga), BVO:Mo and Au (denoted as LTCA:Ga/Au/BVO:Mo) modified
with Cr,O3 shell/Rh core and CoO, cocatalysts exhibited an STH of 0.4% under
reduced pressure.”’ However, the LTCA:Ga/Au/BVO:Mo sheet was less active
than a sheet employing Rh and La co-doped SrTiO3 as the HEP. Moreover, it suffered
from a strong pressure dependence of ZOWS activity, which decreased to less than
half as the background pressure was increased from 2 to 20 kPa due to backward re-
actions involving water formation from hydrogen and oxygen and the oxygen reduc-
tion reaction (ORR). Other groups also study ZOWS systems operable under long-
wavelength visible light. For example, Zhao et al. reported an STH value of 1.16%
by using a ZOWS system based on doped C3N4 photocatalysts containing a Pt
cocatalyst without any surface modification.”” However, the activity of the
Z-scheme system at elevated pressure has been rarely examined. This is a critical
problem for practical renewable hydrogen production via photocatalytic OWS, in
which operation at atmospheric pressure is anticipated.”? This study addresses
this issue through surface modification of the photocatalyst sheet. We show that sur-
face modification of a photocatalyst sheet composed of Mg- and Al-co-doped LTCA
(LTCA:Mg,Al), Mo-doped BVO (BVO:Mo), and Au as the HEP, OEP, and conductive
layer, respectively, modified with Cr,O3/Rh and CoO, as reduction and oxidation co-
catalysts, respectively, with an amorphous SiO; layer effectively suppresses the ORR
while preserving the HEP and OEP activity, allowing the photocatalyst sheet to main-
tain an STH of 0.41% at near-ambient pressure, whereas it drops to 0.01% without
the modification.

RESULTS AND DISCUSSION

Physical properties of synthesized photocatalysts

As shown in Figure S2A, the X-ray diffraction (XRD) patterns for LTCA:Mg,Al and
LTCA:Ga exhibit characteristic peaks attributable to the LTCA phase."%?" Figure S2B
shows UV-vis diffuse-reflectance spectra (DRS), which indicate an absorption onset
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Figure 1. ZOWS activity of CoO,/Cr,03/Rh-loaded LTCA:Mg,Al/Au/BVO:Mo(h) sheets

(A) Time course of gas evolution during ZOWS at 2 kPa and 283 K with (circles) and without
(triangles) the cocatalyst loading.

(B) AQY as a function of light wavelength at 283 K (orange squares) and at 301 K (red square),
together with Kubelka-Munk functions for photocatalysts.

(C) Temperature (T) dependence of ZOWS activity and STH at initial background pressure of 2 kPa.
(D) Time course of gas evolution during ZOWS at 4 kPa and 301 K under simulated sunlight (AM
1.5G); irradiation area: 6.25 cm?.

ataround 690 nm irrespective of doping. LTCA:Mg,Al consisted of rod-like particles
with average lengths of 5-8 um, similar to the previously studied LTCA:Ga, as shown
in the scanning electron microscopy (SEM) images in Figure S2C. BVO:Mo(h) and
BVO:Mo(s-l) consisted of a well-crystallized monoclinic scheelite phase, as was
confirmed from XRD patterns (Figure S3A).'%?* A similar absorption onset was
observed for both kinds of BVO:Mo (Figure S3B). BVO:Mo(h) and BVO:Mo(s-I)
were composed of spherical particles 1 pm in size and plate-like particles 3 pm in
size, respectively (Figure S3C).

Evaluation of ZOWS activity at reduced background pressure

Before the investigation of the reaction properties of the photocatalyst sheet for
ZOWS under elevated pressure, screening of the HEP and OEP materials applied
to the sheet was conducted. As shown in Table S1, after loading Cr,O3/Rh and
CoOy cocatalysts, LTCA/Au/BVO:Mo photocatalyst sheets using LTCA:Mg,Al as
the HEP exhibited 35% higher ZOWS activity than those using LTCA:Ga under visible
light irradiation at 2 kPa and 283 K, regardless of the type of BVO:Mo, although
the structural features of the LTCA materials were similar. This is likely due to
the improved controllability of cationic doping by applying the impregnation-
calcination process before the synthesis of the LTCA phase. In addition, the
photocatalyst sheets made from BVO:Mo(h) were 20% more active than those
made from BVO:Mo(s-1), regardless of the dopants in LTCA, suggesting the benefit
of using small BVO:Mo particles. Consequently, photocatalyst sheets consisting of
LTCA:Mg,Al as the HEP and BVO:Mo(h) as the OEP achieved the highest activity
(Figure 1A). The gas evolution rate of this photocatalyst sheet gradually decreased
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Figure 2. Background pressure dependence of ZOWS activity of LTCA:Mg,Al/Au/BVO:Mo(h)
sheets

H; (closed symbols) and O, (open symbols) gas evolution rates for CoO,/Cr,O3/Rh-loaded
LTCA:Mg,Al/Au/BVO:Mo(h) sheets (9 cm?) under visible light irradiation at 283 K and different
background pressures before (circles) and after TiO; (triangles) or SiO, modification (squares)

as the reaction proceeded but was largely recovered after evacuation of the system,
as shown in Figure S4, suggesting that the decrease of the gas evolution rates was
due to backward reactions. Therefore, the sheet was regarded as stable for at least
20 h and was employed in subsequent experiments. Note that the bare photocata-
lyst sheet without cocatalysts loading evolved very small amounts of H, and O, un-
dervisible light (3.5 and 1.6 umol in 3 h, respectively) due to the lack of surface-active
sites for H, evolution. It is also noteworthy that the activity drastically decreased in
the absence of Au conductor layer, indicating that the ZOWS reaction proceeded
by charge transfer through the thin Au layer.?’

Figure 1B presents action spectra of an LTCA:Mg,Al/Au/BVO:Mo(h) sheet modified
with CoO,/Cr,O3/Rh cocatalysts. The sample exhibited an AQY of 14.4% at
420 + 10 nm in the ZOWS reaction at 283 K and 2 kPa. The AQY values decrease
with increasing wavelengths of the incident light, and the sample utilizes visible light
up to 520 nm, which is consistent with the absorption onset for BVO:Mo(h). Notably,
upon increasing the temperature to 301 K at 4 kPa, the AQY at 420 £ 10 nm in-
creases to 16.3%. Correspondingly, as shown in Figure 1C, the STH value measured
under illumination by simulated sunlight increases from 0.52% at 2 kPa and 283 K to
0.67% at 4 kPa and 301 K. These AQY and STH values are among the highest ever
reported for systems involving non-oxide particulate photocatalysts. Moreover, as
shown in Figure 1D, the photocatalyst sheet maintains high ZOWS activity at 4 kPa
and 301 K with intermittent cooling and evacuation of the reaction system for
sampling.

The ZOWS activity for CoO,/Cr,O3/Rh/LTCA:Mg,Al/Au/BVO:Mo(h) sheets was
examined as a function of background pressure and temperature to monitor the in-
fluence of backward reactions on the photocatalytic performance of the sheets. As
seen in Figure 2, the gas evolution rate decreases monotonically with increasing
background Ar pressure at 283 K and drops by 90% by increasing the pressure
from 2 to 90 kPa. This is considered to be due to backward reactions on the cocat-
alyst and the Au conductor layer. In a previous study on SrTiO3:Rh,La-BVO:Mo
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Figure 3. Photoelectrochemical properties of LTCA:Mg,Al/Au photoelectrodes

(A) Oxygen reduction current density for (a) bare Au/Ti, (b) unmodified LTCA:Mg,Al/Au, (c) Rh/
LTCA:Mg,Al/Au, (d) Cr,O3/Rh/LTCA:Mg,Al/Au, (e) TiO,/CryO3/Rh/LTCA:Mg,Al/Au, and (f) SiO,/
Cr,03/Rh/LTCA:Mg,Al/Au photoelectrodes.

(B) Photocathodic HER and ORR current densities at +0.48 V vs. RHE for LTCA:Mg,Al/Au
photocathodes after various surface modifications. Reaction conditions: 0.1 M Na,SOy4 (pH 6.7)
electrolyte solution saturated with O, (for ORR) or Ar (for HER) under visible light irradiation
(2> 420 nm) from a 300 W Xe lamp.

sheets, replacement of Au with C, which does not promote the ORR, mitigated this
pressure dependence.'® However, the activity of LTCA:Mg,Al-BVO:Mo sheets was
still highly sensitive to the background pressure, even when a C conductor layer
was used in our preliminary investigations. Therefore, the ORR on the LTCA:Mg,Al
photocatalyst is likely a primary cause for the negative pressure dependence of
ZOWS activity of the photocatalyst sheet.

Origin of backward reactions and effect of oxide layer coating onto ZOWS
activity

To determine the impact of the ORR on the CoO,/Cr,O3/Rh/LTCA:Mg,Al/Au/BVO:
Mo(h) photocatalyst sheet, the (photo)electrochemical properties of LTCA:Mg,Al/
Au with various surface modifications were studied. A Au layer deposited onto Ti
foil was also examined as a reference. As seen in Figure 3, the Au/Ti electrode starts
to generate an ORR current at +0.55 V vs. RHE, which is consistent with our earlier
work."” The ORR onset potential for the LTCA:Mg,Al/Au photocathode under illu-
mination is more positive (+0.85 V vs. RHE), indicating that photoexcited electrons
in LTCA:Mg,Al certainly induced the ORR. The Rh/LTCA:Mg,Al/Au photocathode
generates a higher current density because the Rh species catalyze the photoin-
duced ORR. Deposition of a Cr,Oj3 layer lowers the ORR current to a similar level
to that for LTCA:Mg,Al/Au, suggesting that Cr,O3 forms a shell on the Rh cocatalyst
and suppresses the ORR. However, Cr,O3 shell is not likely deposited sufficiently on
the surface of LTCA:Mg,Al particles, and thus the ORR occurred persistently. There-
fore, additional coating materials are necessary for the surface of LTCA:Mg,Al
particles.

It is known that amorphous TiO; can be uniformly deposited by photodecomposi-
tion on photocatalyst particles using a titanium peroxide complex, and it can effec-
tively suppress side reactions, including the ORR.?® In fact, amorphous TiO; has
been applied to Z-scheme photocatalyst sheets to mitigate backward reactions.'*
Therefore, the CoO,/Cr,O3/Rh-modified LTCA:Mg,Al/Au/BVO:Mo(h) sheet was
modified with an amorphous TiO; layer. The TiO,-modified photocatalyst sheet ex-
hibits the highest ZOWS activity at 90 kPa when the TiO; loading amount is 0.8 mg
per 9 cm? (Figure S5). The resulting photocatalyst sheet maintains 70% ZOWS activ-
ity when the background pressure is increased from 2 to 90 kPa (Figure 2). In
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accordance with this, deposition of amorphous TiO; in addition to Cr,O3 onto the
Rh/LTCA:Mg,Al/Au photocathode suppressed the ORR current more effectively,
shifting the onset potential to +0.45 V vs. RHE (Figure 3A). However, the ZOWS ac-
tivity at 2 kPa decreased by 50% compared with the original activity before TiO,
coating, and the TiO,-coated photocatalyst sheet achieved an STH of 0.19% at
301 K. In fact, the photocathodic hydrogen evolution reaction (HER) current for
the Cr,O3/Rh/LTCA:Mg,Al photocathode at 0.48 V vs. RHE, in which the CoO,/
Cr,03/Rh-modified LTCA:Mg,Al/Au/BVO:Mo(h) sheet was considered to operate
during the ZOWS reaction (Figure S6), was reduced by 2.2 times by depositing amor-
phous TiO, (Figures 3B and S7). Using a lower amount of TiO; preserved the ZOWS
activity at reduced pressure better, but the pressure dependence became larger.
Moreover, the TiO,-modified photocatalyst sheet lost almost all ZOWS activity
when the reaction temperature was raised to 318 K, and the activity was not recov-
ered even after cooling to 283 K (Figure S8). The HER current was also decreased
when a TiO,-coated Cr,O3/Rh/LTCA:Mg,Al/Au photocathode underwent a heat
treatment at 318 K (Figure S9). This is because amorphous TiO, was condensed,
and the permeability to reactants (H* and H,O) was reduced irreversibly, as was re-
ported for OWS systems based on TiO,/RhCrO,/LaMg;,3Taz,30,N and TiO,/Al-
doped SrTiO3.74?” The temperature of the water reactant is expected to exceed
313 K under realistic outdoor operating conditions for solar energy harvesting sys-
tems,” TiO, is not a practical option for mitigating the pressure dependence of
ZOWS activity.

Based on a survey of hydrothermally stable amorphous oxide materials, amor-
phous SiO, hydrolyzed from tetraethylorthosilicate (TEOS) was found to be dura-
ble in hot water and suppress the ORR while preserving the HER activity. The
ZOWS activity as a function of the background Ar pressure for CoO,/Cr,O3/Rh/
LTCA:Mg,Al/Au/BVO:Mo(h) modified with SiO; is presented in Figure 2. The activ-
ity is reduced by 27% by raising the pressure from 2 to 90 kPa, but this reduction is
less than that without any surface modification or with TiO, modification. As seen
in Figure S10, the optimum amount of SiO; is 8.1 mg per 9 cm? in which the SiO5-
modified photocatalyst sheet exhibits the highest ZOWS activity at 90 kPa. Under
near-atmospheric pressure, the sheet stably evolved H; and O, gases in a stoichio-
metric ratio of 2:1 for several hours (Figure 4A). The ZOWS activity was also inves-
tigated at temperatures ranging from 283 to 333 K at 90 kPa under simulated sun-
light (Figure 4B). The ZOWS activity increases with increasing temperature,
reaching an AQY of 9.7% at 333 K at a wavelength of 420 nm, with an STH value
of 0.41%. The apparent activation energy was estimated to be 14 kJ mol™" from
the Arrhenius plot, which is comparable to the value observed for LTCA:Ga/Au/
BVO(s-l) sheets.'® Moreover, the photocatalyst sheet decomposed water stably
for at least 4 h under these conditions with intermittent cooling and evacuation
of the reaction system (Figure 4C). A scanning transmission electron microscopy-
energy dispersive X-ray spectroscopy (STEM-EDS) analysis of the photocatalyst
sheet sample subjected to the ZOWS reaction revealed the formation of an amor-
phous SiO, layer about 5-8 nm in thickness on both LTCA:Mg,Al and BVO(h)
(Figure 5). The results of an X-ray photoelectron spectroscopy (XPS) analysis also
indicated coating of both LTCA:Mg,Al and BVO(h) with SiO,, because the signals
from the elements in the photocatalysts became weaker and a Si 2p peak indica-
tive of the presence of SiO, appeared (Figure S11). However, prominent peaks
associated with LTCA:Mg,Al, BVO(h), and Au (e.g., Cu 2p, Bi 4f, and Au 4f peaks,
respectively) were still observed. Therefore, the photocatalyst sheet was not uni-
formly coated with SiO, which explains the mild pressure dependence of the
ZOWS activity after modification of the photocatalyst sheet with SiO».
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Figure 4. ZOWS Activity of SiO,-coated LTCA:Mg,Al/Au/BVO:Mo(h) sheets at elevated pressure
(A) Time course of gas evolution during ZOWS reaction using SiO;-coated CoO,/Cr,O3/Rh-
coloaded LTCA:Mg,Al/Au/BVO:Mo(h) photocatalyst sheet (9 cm?) atinitial background pressure of
90 kPa and temperature of 283 K under visible light (1 > 420 nm) irradiation from 300 W Xe lamp.
(B and C) (B) Temperature dependence (T) of ZOWS activity and STH for SiO,-modified
photocatalyst sheets and (C) time course of gas evolution during the ZOWS at 333 K at 90 kPa under
simulated sunlight (AM1.5G, 6.25 cm?).

The ZOWS activity of CoO,/Cr,O3/Rh-loaded LTCA:Mg,Al/Au/BVO:Mo(h) sheets
modified with SiO, and TiO; layers under simulated sunlight at 90 kPa as a function
of temperature is summarized in Table S2. The TiO; layer condensed and degraded
the ZOWS activity of the sheet irreversibly at a temperature higher than 303 K. How-
ever, this problem was overcome by using SiO; layer coating, which was durable un-
der hot water and elevated pressure.

Our group reported that SiO, coating could improve the water splitting activity of
TiO,/RhCrO,/LaMg1,3Taz302N by adjusting the density and permeability of the
coating layer. However, the reaction was investigated only under low pressure and
temperature, and the benefit of SiO, on the suppression of backward reaction and
pressure dependence of the water splitting activity was undiscovered. In the present
work, the SiO, coating was considered to suppress the ORR occurring on the
LTCA:Mg,Al surface while preserving the HEP and OEP activity. To verify the
functionality of SiO5, the Au/Ti electrode, Cr,O3/Rh/LTCA:Mg,Al/Au photocathode,
and BVO:Mo(h)/Au photoanode were modified with SiO, in the same manner
and subjected to photoelectrochemical measurements. Amorphous silica layer sup-
pressed the extent of ORR occurring on the Au layer (Figure S12). The SiO,/Cr,03/
Rh/LTCA:Mg,Al/Au photocathode generated an ORR current of 0.05 mA cm™2 at
0.48 V vs. RHE under irradiation (Figure 3). This is 77% lower than that for the
Cr,03/Rh/LTCA:Mg,Al/Au photoelectrode, but is still less effective than modifica-
tion with amorphous TiO,. However, the SiO, modification preserved 70% of the
HER activity of the Cr,O3/Rh/LTCA:Mg,Al/Au photoelectrode, whereas the TiO,
modification preserved only 45%. Moreover, SiO, deposition effectively suppressed
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Figure 5. ADF-STEM image and STEM-EDS elemental maps of SiO,-coated photocatalyst sheets
Cross-sectional sample of (A) LTCA:Mg,Al and (B) BVO:Mo(h) particles obtained from LTCA:Mg,Al/
Au/BVO:Mo(h) photocatalyst sheet loaded with cocatalysts, modified with amorphous SiO,, and
subjected to ZOWS reaction.

the ORR even after a heat treatment at 333 K in water (Figure S13). In addition, the
SiO; coating had no negative effect on the oxygen evolution activity of BVO:Mo(h)
judging from the similar photoanodic currents observed for BVO:Mo(h)/Au photoan-
odes before and after the SiO; coating (Figure S14). Owing to the balance between
suppressing the ORR and maintaining the HER and OER activity, in addition to ther-
mal stability, it can be concluded that the SiO,-modified photocatalyst sheet ex-
hibits excellent ZOWS activity at elevated pressure and temperature. Nevertheless,
the SiO, coating did lower the ZOWS activity. At a low pressure of 4 kPa and a
temperature of 301 K, the STH value of the cocatalyst-loaded LTCA:Mg,Al/Au/
BVO:Mo(h) photocatalyst sheet was decreased from 0.67% to 0.52% upon the
SiO, coating, probably due to partial blockage of the H; evolution sites at thicker
parts of the coating as a result of the inhomogeneous coating. Moreover, the
long-term durability of the SiO,-modified photocatalyst sheet under elevated pres-
sure and temperature is yet to be investigated. These aspects need to be addressed
in follow-up studies.

In conclusion, the LTCA:Mg,Al/Au/BVO:Mo(h) particulate photocatalyst sheet
loaded with Cr,O3/Rh and CoO, cocatalysts split water into H, and O, with
an AQY and STH of 16.3% (at 420 nm) and 0.67% (under AM 1.5G), respectively,
at 4 kPa and 301 K. However, the ZOWS activity for the sheet decreased sharply
with increasing background pressure because of the ORR occurring on Cr,O3/Rh/
LTCA:Mg,Al serving as the HEP. The Cr,O3 coating suppressed the ORR on the
Rh cocatalyst but not sufficiently on the exposed LTCA:Mg,Al photocatalyst. An
amorphous SiO; layer deposited by hydrolysis of TEOS was found to cover the
surface of the photocatalyst sheet to a thickness of 5-8 nm and suppressed the
ORR while largely preserving the activities of the LTCA:Mg,Al and BVO:Mo(h).
Moreover, the SiO, layer was durable in hot water. As a result, the cocatalyst-
loaded LTCA:Mg,Al/Au/BVO:Mo(h) sheet modified with amorphous SiO, layer
exhibited an STH of 0.41% at 90 kPa and 333 K, which approximated practical
operating conditions. This work demonstrates the activation of photocatalyst
sheets involving a narrow band-gap oxysulfide HEP prone to the ORR
under typical outdoor operating conditions and will contribute to the develop-
ment of highly efficient ZOWS systems for realizing large-scale solar fuel
production.
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EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to the lead con-
tact, Kazunari Domen (domen@chemsys.t.u-tokyo.ac.jp).

Materials availability

Materials generated in this study will be made available on request, but we may
require a payment and/or a completed materials transfer agreement if there is po-
tential for commercial application.

Data and code availability
All data will be made available upon reasonable request.

Preparation of photocatalysts

Doped LTCA was synthesized by a solid-state reaction (SSR)."” To control the dopant
concentration at the level of 1 mol % (with respect to Ti) Mg®* (Mg/Ti + Mg + Al =
1 mol %) and ARP* (Al/Ti + Mg + Al = 1 mol %) were co-doped into TiO, by impreg-
nation and calcination (1,073 K for 1 h) before mixing with other precursor chemicals.
After that, TiO,:Mg,Al, La,O3, La,S3, Cu,S, Ag,S, and S were blended in a molar ra-
tio of 8:12:16:3.6:0.4:1 in a nitrogen filled glovebox, sealed in evacuated quartz
tubes, and heated at 1,323 K for 96 h. The solid chunk obtained was ground into
powder. Ga-doped LTCA was also synthesized, where TiO, was replaced with
Ga,0O3 so that the Ti:Ga molar ratio became 99:1. BVO:Mo samples were prepared
by a solid-liquid reaction and a hydrothermal reaction following the literature and
are denoted as BVO:Mo(s-) and BVO:Mo(h), respectively.'®*

Preparation of photocatalyst sheets

Photocatalyst sheets were fabricated by a particle transfer method using Au as a
conductor material (Figure S1)."%"*"> Doped-LTCA/Au/BVO:Mo photocatalyst
sheets were loaded with Cr,O3/Rh and CoO, cocatalysts following our previous
study.”’ Subsequently, the photocatalyst sheets were coated with amorphous
SiO, or TiO, by hydrolysis or photodecomposition, respectively.”®

Photocatalytic water splitting reaction

The ZOWS activity of the modified LTCA:Mg,Al/Au/BVO:Mo sheets was measured
using a closed gas-circulation system. A representative structure of the system has
been reported elsewhere.”® A photocatalyst sheet sample with an effective area of
~9 cm? was placed at the bottom of a top-irradiation type reactor made of Pyrex
glass, and 40 mL of distilled water without pH adjustment was added to the reactor.
The reactor was evacuated thoroughly to remove air. Unless otherwise noted, the re-
action was carried out at an initial pressure of 2 kPa and a temperature of 283 K. In
some experiments, the initial background pressure and temperature were controlled
in the ranges of 2-90 kPa and 283-333 K by introducing Ar into the reaction system
and warming the solution using a water bath, respectively. The evolved gas amounts
were analyzed by a gas chromatograph equipped with a thermal conductivity detec-
tor and a molecular sieve with 5 A columns that was directly connected to the closed
gas-circulation system. One notable structural feature of the closed gas-circulation
system is that it has condensers between the illuminated reactor at the bottom
and the gas sampler to extract the product gas at the top. When the reaction solution
boils at a low pressure and elevated temperature, water vapor condenses at the con-
densers, enriching the upper part of the system where the gas sampler is installed
with hydrogen and oxygen and the lower part with water vapor. This results in
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overestimation of the gas amount in the system. To ensure the homogeneity of the
gas components in the closed system, the reaction solution was sufficiently cooled
for each sample when the temperature was intentionally raised.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.joule.
2023.05.018.
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