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Culiy3Tiz;30, (CLTO) is a visible-responsive photocatalyst, whose photo-response reaches up to 600 nm,
for H, evolution using sacrificial electron donors such as methanol and $2~. In this study, utilization of CLTO
in Z-scheme water splitting (Z-WS) was investigated. The photocatalytic performance of Cr,O3/M/CLTO as
a H,-evolving photocatalyst, which was prepared by sequential photodeposition of cocatalysts (M: Ru, Rh,
Pd and Pt) and Cr,Os, was evaluated for Z-WS using BiVO,, an O,-evolving photocatalyst, and a Co(bpy)s>*’
2* redox shuttle under visible light. Among the examined samples, Cr,O3/Ru/CLTO produced both H, and
O, with meaningful rates. Thus, CLTO was first utilized in a visible responsive Z-scheme system for water
splitting. The Cr,O3 layer played a significant role in the suppression of backward reactions, such as
reduction of Colbpy)s>*. The activity of Cr,Os/Ru/CLTO for Z-WS was remarkably affected by the
deposition conditions of the Ru cocatalyst. The activity for Z-WS was remarkably improved when the
photodeposition of the Ru cocatalyst was conducted in a methanol solution of RuCls. Unusually large
plate Ru species with 100-200 nm sizes and about 30 nm thickness were present in the highly active
sample. Characterization using X-ray photoelectron spectroscopy and X-ray absorption spectroscopy

indicated that the Ru cocatalyst was deposited as mainly the oxyhydroxide of Ru. Z-WS also proceeded
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scheme system using the Co(bpy)f”2+ electron shuttle showed 10 times higher activity than the
DOI: 10.1039/d35e01622¢f interparticle electron transfer system. The external quantum yield and efficiency of solar energy

rsc.li/sustainable-energy conversion to hydrogen were determined to be 0.5% at 430 nm and 0.029%, respectively.

the usable wavelength in the solar spectrum to very narrow
ranges. Construction of photocatalytic Z-scheme systems is
a beneficial approach to water splitting under visible light
because Z-scheme water splitting (Z-WS) can be achieved by
combining two kinds of photocatalysts incapable of water
splitting when used alone.” Thus, many Z-scheme systems
have been reported for photocatalytic water splitting under
visible light.”*® SrTiOz:Rh and BiVO,, which have been devel-
oped for sacrificial H, and O, evolution under visible light,***°
are frequently used in Z-scheme systems as a H,-evolving pho-
tocatalyst (HEP) and an O,-evolving photocatalyst (OEP),
respectively. The SrTiO;:Rh-BiVO, pair is one of the represen-
tative ones in the Z-scheme system and is available to systems
with various routes of electron transfer from the OEP to HEP:

Introduction

Solar water splitting is a promising reaction to convert solar
energy, the most abundant renewable energy, to H,, a storable
chemical fuel."® Photocatalytic water splitting has been
demonstrated to show high quantum yields exceeding 50%
using ultraviolet (UV) responsive photocatalysts such as
NaTaOj:La, Ga,03:Zn and SrTiO;:Al.*® However, they are not
eligible for practical use because their wide band gaps restrict
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redox electron mediators (Fe*"'**, Co(bpy);*"*" and 10,7 /17),
solid state electron mediators (reduced graphene oxide (RGO),
carbon and metallic layer) and without any electron mediators
(direct interparticle electron transfer).'®'>'$21=% In particular,
a photocatalyst sheet composed of SrTiO;:Rh, BiVO, and a Au
layer showed high performance in water splitting exceeding 1%
efficiency of solar energy conversion to hydrogen (STH) and

This journal is © The Royal Society of Chemistry 2024
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30% external quantum yield (EQY) at 420 nm.>* This demon-
strates the promising potential of the Z-scheme system for water
splitting. However, use of photocatalysts with response to
longer wavelengths is desired, because the absorption edges of
SrTiO;:Rh and BiVO,, which lie at 540 and 520 nm respectively,
are insufficient for utilization of sunlight.*

Utilization of photocatalysts with response to longer wave-
lengths compared with SrTiO;:Rh and BiVO, has been exten-
sively studied. It has enlarged the library of long-wavelength
responsive photocatalysts available for Z-scheme systems, for
example, metal oxides such as CuLi;/3Ti,;30, (CLTO), ZnRh,0,,
NaTaOs:Ir and BaTa,Og:lr, (oxy)nitrides such as BaTaO,N,
TazN5; and LaMg,,3Ta,30,N and (oxy)sulfides such as Sm,Ti,-
05S,, Ga-La;sTi,CuO,Ss and CuGa, gln,»S, as HEPs, as well as
metal oxides such as Bi,V,0;4, SITiO;:Ir and KNbO;:Ir,Sb, (oxy)
nitrides such as Ta;zN;, LaTiO,N and Lag 5SrysTag 5Tig.50,N,
oxychlorides such as BiyNbOgCl and natural photosystem II as
OEPs.”™ To improve the properties of Z-scheme systems,
expanding the combination of HEPs and OEPs as well as
enhancing the performance of photocatalysts is important.
Among the aforementioned photocatalysts, CLTO is an attrac-
tive HEP for the topic of expanding combination in the Z-
scheme system. CLTO, which is a delafossite-type Cu(i)-titanate
discovered in 2015,* produces H, in the presence of sacrificial
reagents such as methanol and a mixture of $>~ and SO, with
photo-response up to 600 nm. Kudo et al. have achieved Z-WS
employing Pt-deposited CLTO and RGO-modified TiO,,*
however excitation by UV light is indispensable for this system
to excite the TiO, component. Other Z-scheme systems utilizing
CLTO have not been reported so far, thus CLTO has not been
combined with visible-responsive OEPs nor redox electron
shuttles. Utilization of TiO, instead of the common visible
responsive OEPs such as BiVO, and WO; in the previous report
implies difficulties in the realization of Z-WS employing RGO-
modified BiVO, and WO; with CLTO. Therefore, Z-scheme
systems based on redox electron shuttles sound better than
those with RGO-modified OEPs to achieve Z-WS by combining
CLTO with a visible responsive OEP.

Use of redox electron shuttles in Z-WS, such as 10;7/I~, Fe**/
2 and Co(bpy);*"/**, often brings unfavourable backward reac-
tions involving the redox couple; that is, reduction of the
oxidant occurs on the HEP and oxidation of the reductant
occurs on the OEP."** It has been reported that adsorption of
redox species on a Pt cocatalyst effectively suppresses the
backward reactions on Pt in Z-WS using 10;7/I" and Fe*”
a1 et gl have reported that a photodeposited Cr,O; layer
also hinders reduction of I0;~ on the Pt cocatalyst.*> The
universal effects of the Cr,0; modification are expected in Z-WS
using other redox shuttles except under acidic conditions, for
which it is necessary to use Fe’>”’?" and vO,*/VO?*.

Based on the aforementioned background, we are attracted
to Z-WS employing CLTO, visible responsive OEPs and redox
shuttles. In particular, BiVO,, which functions as an OEP in
various kinds of Z-scheme systems, is a good candidate for the
OEP. A redox couple of Co(bpy);**/>", which works well with
BivO, around neutral pH, is a strong candidate for the redox
shuttle in this study. In this work, we examined Z-WS utilizing
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CLTO, BiVO, and Co(bpy);*"/>*, and especially the influences of
cocatalysts and Cr,O3 modification upon the performance of Z-
WS were investigated.

Experimental
Preparation of photocatalysts

Powders of CLTO were synthesized by a reaction between
Li,TisO1, and Cu,O with the help of a CuCl flux referring to the
literature.*” Li,TisO;, was prepared by a polymerizable complex
(PC) method from Li,CO; (Wako Pure Chemical, 99.0%) and
titanium tetrabutoxide (Kanto Chemical, 97.0%) as raw mate-
rials using citric acid (Wako Pure Chemical, 98%) and
propylene glycol (Kanto Chemical, 99.0%) as chelating and
esterification reagents. The obtained precursor was heated at
800 °C for 5 h in air to obtain a crystalline Li,TisO,, powder. The
Li,TisO,, powder was subjected to milling treatment using a pot
mill rotator (As One, PM-001S). Briefly, 1.5 g of Li; TisO;, was put
in a 250 mL plastic bottle with 30 mL of distilled water and 60 g
of stabilized zirconia balls (¢10 mm), then the bottle was
rotated at 250 rpm for 20 h. This milling treatment was effective
to reduce the size of secondary particles of Li,TisO;, obtained
by the PC method as shown in Fig. S1.1 Synthesis of CLTO from
milled Li Tis04, and Cu,O was performed at 600 and 700 °C for
10 h in a vacuumed silica tube. After the heat treatment, the
remaining Cu,O and CuCl were washed with 2 M NH; solution.
BiVO, was prepared from Bi,O; (Wako Pure Chemical, 99.9%)
and V,05 (Kanto Chemical, 99.0%) by a liquid solid reaction
method in 0.8 M HNO; at 80 °C according to the literature.*®
SrTiO;:Rh used as a reference photocatalyst was prepared by
a spray drying method as previously reported.*’

For a cocatalyst survey, M (0.05 wt%)/CLTO (M: Ru, Rh, Pd
and Pt) was prepared by a photodeposition method in an
aqueous 10 vol% methanol solution using RuCl;-nH,0 (Wako
Pure Chemical, 99.9%), Rh(NO3); (Wako Pure Chemical, 95%),
PdCl, (Wako Pure Chemical, 99.0%) and H,PtCls-6H,0 (Kanto
Chemical, 99.0%) as precursors. CLTO (0.3 g) was dispersed in
a 10 vol% methanol solution containing the cocatalyst source,
whose pH was adjusted to 10 by adding an aqueous NaOH
solution. The suspension was irradiated with visible light (A
>420 nm) using a 300 W Xe-arc lamp (Excelitas, Cermax
PE300BF) with a long pass filter. Cr,0; modification for M/
CLTO (0.2 g) was also performed by a photodeposition method
using K,CrO, (Kanto Chemical, 99.0%) in a 10 vol% methanol
solution,*® where the concentration of K,CrO, was 0.02 mM
corresponding to 1.2 wt% of Cr,0O; if the whole chromium was
deposited. For the Ru cocatalyst, the deposition conditions
including an impregnation method were investigated in more
detail. For photodeposition of the Ru cocatalyst, two kinds of
reactant solutions, 100% methanol and an aqueous solution
containing 0.1 M Na,S and 0.5 M Na,SO;, were examined in
addition to the 10 vol% methanol solution. These samples were
denoted as Ru(10% MeOH), Ru(100% MeOH) and Ru($>"). In
the impregnation method, CLTO was put in an aqueous RuCl;
solution, then water was evaporated by heating. The dried
powder was subjected to heat treatment at 200 °C in N,, 200 °C
under vacuum and 150 °C in H,, the samples thus obtained
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were denoted as Ru(N,), Ru(evac) and Ru(H,), respectively. It
should be noted that treatment in air was not conducted
because of easy oxidation of Cu” in CLTO.

Characterization of photocatalysts

The crystal phases of the samples were analyzed by X-ray
diffraction using Cu Ko radiation (XRD; Bruker AXS, D2 phaser).
The samples were observed using scanning electron micro-
scopes (SEM; Hitachi, SU1510 and S-4800) and a transmission
electron microscope (TEM; Jeol, JEM-2100F/HK) with 200 kv
acceleration voltage. The diffuse reflectance spectra of the
samples were obtained using an ultraviolet-visible-near infrared
spectrometer (Jasco, V-770) equipped with an integrating sphere
and were converted by the Kubelka-Munk method. The specific
surface areas (Sggr) of the samples were determined by N,
adsorption at 77 K and BET analysis (MicrotracBEL, BELSORP-
minill). X-ray photoelectron spectra (XPS) were obtained using
Kratos apparatus (ESCA-3400) with Mg Ko radiation as the
excitation source. Measurements of X-ray absorption fine
structure (XANES and EXAFS) at the Ru K-edge were carried out
in a fluorescence mode at the NW10A beamline of the Photon
Factory Advanced Ring in the High Energy Accelerator Research
Organization (Tsukuba, Japan). The incident X-ray was mono-
chromatized by a Si(311) double-crystal monochromator.

Photocatalytic reactions

Sacrificial H, evolution and Z-WS were conducted using a top-
window reaction vessel connected to a gas-closed circulation
system. Appropriate amounts of samples were dispersed in 160
mL of a reactant solution. Solutions of a 10 vol% methanol, 0.1
M Na,S and 0.5 M Na,SO; mixture and 0.5 mM Co(bpy);SO,
were used for H, evolution. For Z-WS, CLTO (50 mg) and BiVO,
(50 mg) were dispersed in a 0.1 mM Co(bpy);SO, solution. For
general experiments, 10 kPa of Ar was introduced into the
system after deaeration. The suspension was irradiated with
visible light (1 >420 nm) using a 300 W Xe-arc lamp with a long
pass filter. In addition, monochromatic lights at 430 and 560
nm emitted from light-emitting diodes (LED; Asahi Spectra, CL-
H1-430-9-1-B and CL-H1-568-9-1-B) attached with band pass
filters (Asahi Spectra, HMX0430 and MX0560), whose power was
68.5 mW for 430 nm and 11.2 mW for 560 nm, were also used to
evaluate EQY and photo-response. To evaluate the efficiency of
solar energy conversion to hydrogen (STH), a solar simulator
with 100 mW em ™2 incident density and 16 cm? irradiation area
(Asahi spectra, HAL-320) was also used. The evolved gas was
analyzed using an online gas chromatograph (Shimadzu, GC-8A
with MS-5A column, TCD detector and Ar carrier).

Electrochemical measurements

Cyclic voltammogram (CV) measurements were performed
using bare and Cr,O;-coated fluorine-doped tin oxide (FTO)
electrodes. Cr,O3/FTO was prepared by electrical reduction of
K,CrO, at —0.2 V vs. RHE for 3 min in 0.1 M K,SO, containing
0.1 mM K,CrO,4. Measurements were performed in an aqueous
solution containing 0.1 M K,SO, and 0.1 mM Co(bpy);SO,
under an Ar atmosphere. A platinum wire and Ag/AgCl in
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saturated KCl were used as counter and reference electrodes,

respectively. Electric potential was swept at a rate of 20 mV s~ .

Results and discussion
Synthesis of CLTO

There are two polymorphs of CLTO belonging to trigonal and
hexagonal systems which are regarded as low- and high-
temperature phases, respectively. The CLTO sample prepared at
600 °C was a mixture of trigonal and hexagonal phases whereas
that at 700 °C was obtained as a hexagonal phase as reported
previously (Fig. S2at).** LiyTisO,,, the precursor used in the
synthesis of CLTO, remained in both samples. Both samples
showed the same absorption onset at 600 nm wavelength, being
consistent with previous reports (Fig. S2b¥).>** As shown in
Fig. S3,T the particle sizes of the CLTO samples synthesized at
600 and 700 °C were 2-5 and 3-10 pm, respectively, thus higher
synthesis temperature remarkably promoted crystal growth.
Accordingly, Sggr of CLTO decreased from 0.6 to 0.2 m”> g™ "
upon increasing the synthesis temperature from 600 to 700 °C.
The photocatalytic performance of the CLTO samples was
evaluated for sacrificial H, evolution from an aqueous solution
containing 0.1 M Na,S and 0.5 M Na,SO; with an in situ pho-
todeposited Ru cocatalyst (Fig. S41). Both samples produced H,
by visible light excitation, and the 600 °C sample containing tri-
CLTO as the majority phase exhibited higher activity than the
700 °C sample containing hex-CLTO with a trace of Li Ti5O1,.
The Li,TisO;, phase, which remained in both samples, gave no
photocatalytic activity under visible light because of its wide
band gap (3.7 eV), indicating that CLTO phases were respon-
sible for the activity under visible light. Kudo et al. reported that
both trigonal and hexagonal phases were active and the activity
of the hexagonal phase (143 pmol h™"') was higher than that of
the trigonal one (103 pmol h™').** Interestingly, our CLTO
showed the opposite tendency where the activity of the tri-CLTO
rich sample (402 pmol h™') was much higher than that of the
hex-CLTO rich sample (117 pmol h™'). This indicates that not
only crystal phases but also other properties such as defects and
particle size, which are influenced by synthetic conditions,
strongly affect the photocatalytic performance of CLTO. The
EQY of the 600 °C sample for this sacrificial H, evolution was
determined to be 2.5% and 2.2% at 430 and 560 nm, respec-
tively. Thus, the successful synthesis of CLTO exhibiting
moderate photocatalytic activity at long wavelength was
confirmed. The 600 °C sample was used for further
experiments.

Cocatalyst survey for Z-WS

Surveying effective cocatalysts was conducted for construction
of Z-scheme systems utilizing CLTO as an HEP. Fig. 1a shows H,
evolution from a 10 vol% methanol solution over in situ pho-
todeposited M/CLTO. It should be noted that the Ru/CLTO
sample in this section corresponded to Ru(10% MeOH)/CLTO
in the following sections. The bare CLTO was not active for H,
evolution, therefore cocatalyst modification was indispensable
for H, evolution by CLTO. The highest activity was obtained

This journal is © The Royal Society of Chemistry 2024
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Fig.1 Sacrificial H, evolution from a 10% methanol solution over (a) M
(0.05 wt%)/CLTO and (b) Cr,0O3(1.2 wt%)/M(0.05 wt%)/CLTO. Photo-
catalyst: 0.3 g for (a) and 0.2 g for (b); reactant solution: 10% methanol
solution, 160 mL; light source: 300 W Xe lamp (1 >420 nm).

with a Pt cocatalyst. A Ru cocatalyst also exhibited relatively
high activity while Rh and Pd cocatalysts were less effective. H,
evolution rates were remarkably decreased upon deposition of
Cr,0; irrespective of the kinds of cocatalysts (Fig. 1b). The order
of effectiveness of cocatalysts in sacrificial H, evolution using
methanol was not changed by deposition of Cr,0;. The Cr,05/
M/CLTO samples were examined for Z-WS combined with
BivO, and Co(bpy);SO,4. Both H, and O, were evolved in all
cases as shown in Fig. 2. This fact indicates that cocatalyst-
modified CLTO functions as an HEP using Co(bpy);>* because
BivVO, is incapable of H, evolution. The reactions started with
Co(bpy)s>*, which worked as an electron donor, therefore the
occurrence of O, evolution proved the achievement of the Z-
scheme mechanism between CLTO and BivV0,.”**° BiVO,
oxidized water accompanied with the reduction of Co(bpy);**
which was the representative of holes generated in CLTO.
Among those examined, Cr,O;/Pt and Cr,O;/Ru exhibited
similar activity in the early stage of reaction although Cr,O;/Pt
showed higher activity than Cr,0;/Ru in sacrificial H, evolution
using methanol. The lower activity of Cr,O5/Pt in Z-WS would be
due to water formation from H, and O,. Water formation in the

15
oH, Cr,04/Ru
00,
3 o
510 °
2 197 ]
i ° Cr,04/Pt
'8 ® PY © 2V3
5 o o
S ©
g 57 $ .o e s ® Cr,04/Pd
2 ; § 8 o O 0 0O
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0 T | T 1 1
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Time/h

Fig. 2 Z-WS by the Cr,O3/M/CLTO-BiVO4-Colbpy)sSO,4 system.
Photocatalyst: 0.05 g each; reactant solution: 0.1 mM Co(bpy)sSOy,
160 mL; light source: 300 W Xe lamp (A >420 nm).
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dark was examined for Ru/CLTO and Cr,03/M/CLTO (M: Rh, Pd
and Pt) to see the effects of Cr,O; deposition (Fig. S5T). Only
Cr,0;/Pt/CLTO showed the decrease of H, and O, with a 2:1
ratio attributed to water formation. It has been reported that
deposition of Cr,0; suppresses water formation on noble metal
cocatalysts due to covering the noble metal cores with a thin
Cr,0; layer.**® However, the result indicated that a part of the Pt
surface was still exposed after Cr,O; deposition. Thus, the
cocatalyst survey revealed that the Ru cocatalyst was the most
effective cocatalyst among those examined. Gradual decreases
in gas evolution rates during Z-WS were observed for all cocat-
alysts. Although water formation would be one reason for the
deactivation in the reaction using Cr,0;/Pt/CLTO as described
above, reduction of O, over the surface of CLTO and/or exposed
cocatalysts mainly caused the deactivation as discussed later.
Modification with Cr,0; seemed to be not important for the Ru
cocatalyst in consideration of the inactivity for water formation.
However, remarkable effects of Cr,0; deposition were observed
in Z-WS (Fig. S6t1). Although Z-WS took place even with Ru/
CLTO, Cr,03/Ru/CLTO exhibited 8.5 times higher activity than
Ru/CLTO. Cr,03/Ru/CLTO also showed higher activity in H,
evolution from the Co(bpy);SO, solution (Fig. S71), which was
a half reaction of Z-WS. Thus, the modification with Cr,O; was
crucial in the present Z-scheme system using the Co(bpy);*"**
redox shuttle. CV measurements using bare FTO and Cr,0;/FTO
clearly proved the significant role of Cr,0; (Fig. S8%). The bare
FTO showed a pair of reversible currents ascribed to the
oxidation and reduction of the Co complex. The current due to
the redox of the Co complex was suppressed over the Cr,O;/FTO
electrode. Thus, Cr,0; suppressed the reduction of Co(bpy);*",
which is an undesired backward reaction in Z-WS. It should be
noted that the H, evolution rate in Z-WS was much higher than
that in the half reaction. This suggested that the competitive
reduction reaction strongly suppressed H, production. In the
half reaction, Co(bpy);*" is simultaneously formed by oxidation
of Co(bpy)s>* by holes when electrons are consumed by H,
production. If the electrons preferably reduce Co(bpy);*" rather
than H', H, evolution should be remarkably suppressed. The
reduction of Co(bpy);*" was possible on the surface of CLTO
even after the Cr,0; modification. In the Z-scheme system, the
coexistent OEP pushes Co(bpy);*" back to Co(bpy);>* in addition
to O, production and keeps the low quantity of Co(bpy);*" if the
OEP functions well. Thus, Z-WS with H, evolution rates higher
than those in the half reaction is possible. Indeed, Abe and
coworkers have reported similar phenomena in the I0; /I"-
based Z-scheme system.””

Deposition of Ru cocatalysts under different conditions

Deposition conditions were examined for Ru/CLTO because
they frequently affect photocatalytic performance.*** In the
aforementioned experiments, Ru(10% MeOH)/CLTO prepared
by photodeposition in a 10% methanol solution was used.
However, the activity of Ru/CLTO for sacrificial H, evolution in
10% methanol was negligible in comparison with that in the
reaction using Na,SO; and Na,S (Fig. 1 and S4+1). This indicated

the poor ability of diluted methanol in scavenging
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photogenerated holes in CLTO. The state of photodeposited Ru
cocatalysts would be influenced by conditions with different
abilities in scavenging holes. Thus, Ru(100% MeOH) and
Ru(S*7), which were prepared by photodeposition in 100%
methanol and a mixed solution of Na,S and Na,SOj;, were
examined for H, evolution from the 10% methanol solution
with in situ deposition of Cr,0; and for Z-WS. In H, evolution
(Fig. 3a), Cr,05/Ru(S>7)/CLTO showed very low activity (1.8 pumol
h™") although its parent Ru(S*~)/CLTO produced H, with a 402
pmol h™? rate from the solution containing Na,S and Na,SO; as
shown in Fig. S4.1 Cr,03/Ru(10% MeOH) and Cr,03/Ru(100%
MeOH) deposited CLTO showed higher activity than Cr,O;/
Ru(S*>7)/CLTO by 3.6 and 17.3 times, respectively. In Z-WS
(Fig. 3b), CryO3/Ru(10% MeOH) and Cr,O;/Ru(100% MeOH)
produced H, and O,, and the latter exhibited higher activity. In
contrast, Cr,03/Ru(S>")/CLTO was inactive. The order of activity
in Z-WS showed the same trend as that in H, evolution using
10% methanol. Thus, the photodeposition conditions of the Ru
cocatalyst gave remarkable differences in photocatalytic activity.

Characterization of Ru/CLTO prepared under different pho-
todeposition conditions was conducted to clarify the differ-
ences. Fig. 4a-c show the results of XAFS analysis carried out at
the Ru K-edge. The XANES spectra of Ru(10% MeOH) and
Ru(100% MeOH) were similar to that of RuO,(OH),, whereas the
spectrum of Ru(S*~)/CLTO was slightly shifted to the low energy
side in comparison with that of Ru(10% MeOH). The EXAFS
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=
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£ 40+
k]
€
3
o
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0 1 2 3 4
Time/h
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Fig. 3 Photocatalytic (a) H, evolution and (b) Z-WS using Cr,Os (1.2
wt%)/Ru (0.5 wt%)/CLTO prepared under different photodeposition
conditions. Photocatalyst: 0.2 g for (a) and 0.05 g each for (b); reactant
solution: 10 vol% methanol for (a) and 0.1 mM Co(bpy)3SO4 for (b), 160
mL; light source: 300 W Xe lamp (A >420 nm).
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Fig. 4 (a) XANES spectra, (b) EXAFS oscillations, (c) their Fourier
transforms and XPS at (d) Ru 3d, (e) S 2p and (f) Cl 2p of Ru/CLTO
prepared under different photodeposition conditions.

oscillations of Ru(10% MeOH) and Ru(100% MeOH) appeared
to be similar to that of RuO,(OH),. On the other hand, Ru(s>")
showed different features from RuO,(OH), in both XANES and
EXAFS. The oscillation period in EXAFS of Ru(S>~) was shorter
than that of RuO,(OH),, resulting in a longer bonding distance
than that of RuO,(OH), in the Fourier transforms of EXAFS. This
EXAFS feature of Ru(S*7) was similar to that of RuS,. The
samples were also analyzed by XPS (Fig. 4d-f). At Ru 3d, Ru(10%
MeOH) and Ru(100% MeOH) showed a similar peak at 281.8 eV
attributed to RuO,(OH),.* Ru(S>") showed a peak at 280.6 eV
which was remarkably low binding energy in comparison with
Ru(10% MeOH) and Ru(100% MeOH). In S 2p, Ru(S>") gave two
obvious peaks at 162.0 and 167.6 eV attributed to $>~ and SO5>~
species, respectively. The bare CLTO was treated in solutions of
Na,S and Na,SO; in the dark to evaluate the influences of S>~
and SO;>~ upon the CLTO surface. No sulfur signals were
observed in the Na,SO;-treated sample, whereas a weak peak
attributed to S>~ was observed in the Na,S-treated sample.
Thus, the CLTO surface suffered from partial sulfurization due
to its strong affinity to S>. The signal intensity of $*~ in the
Ru(S>7) sample was stronger than that in the Na,S-treated
sample, indicating that the S>~ signal in Ru(S*~) was not due to
the sulfurized CLTO surface but the sulfide-like Ru species. In
Cl 2p, Ru(100% MeOH) showed a very weak peak whereas
Ru(10% MeOH) and Ru(S*7) showed no peaks. The results of
XAFS and XPS revealed the changes in chemical states of the Ru
cocatalyst with the photodeposition conditions; RuO,(OH), in
Ru(10% MeOH), RuO,(OH),Cl, in Ru(100% MeOH) and sulfide-
like Ru species adsorbing SO;>~ in Ru(S®"). However, the state
of Ru(10% MeOH) and Ru(100% MeOH) could be considered to
be almost the same because the Cl content in Ru(100% MeOH)
was very low. Ru(100% MeOH) and Ru(S>") as well as Ru(10%
MeOH) were also inactive for water formation as depicted in

This journal is © The Royal Society of Chemistry 2024
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Fig. S9.7 None of the Ru cocatalysts were in the metallic state
but oxyhydroxide or sulfide-like states, giving the inactivity for
water formation. Thus, the different photocatalytic activities of
Ru/CLTO in Z-WS shown in Fig. 3 were not influenced by water
formation over the Ru cocatalysts. As described above, XPS
analysis revealed that the CLTO surface was partly sulfurized in
the S~ solution. The partly sulfurized surface would be inactive
for oxidation of methanol and Co(bpy);>", resulting in the very
low activity of the Ru(S*~) sample as depicted in Fig. 3.

SEM observation was conducted to examine the particle
morphology of the photodeposited Ru cocatalysts (Fig. 5). In
Ru(10% MeOH) and Ru(S®>7), several tens of nm of particles
were deposited on the smooth CLTO surface, and aggregation
occurred. In contrast, Ru(100% MeOH) showed a greatly
different feature. Large plate objects with 100-200 nm sizes and
about 30 nm thickness were deposited in addition to fine
particles with 10 nm size. It was suspected that the large plates
were caused by damage from photoexcitation in 100% meth-
anol. However, STEM-EDS analysis proved that the plate object
did not contain Cu and Ti but Ru (Fig. 6). Thus, the character-
ization revealed that the Ru species in Ru(10% MeOH) and
Ru(100% MeOH) was in a similar chemical state, but Ru(100%
MeOH) had the characteristic morphology. The unusually large
Ru(100% MeOH) provides two positive factors compared with
aggregated fine Ru(10% MeOH). One is difference in contact
between the Ru particle and CLTO. The fine Ru particles loosely
deposited on CLTO while the large Ru plates were in close
contact on CLTO. Another is the difference in electron migra-
tion in the Ru cocatalyst particle. Electrons moved to the Ru
cocatalyst poorly migrate in the aggregated fine particles due to
the grain boundary, while smooth migration occurs in Ru(100%
MeOH) despite the large sizes. The close contact on CLTO and
poor grain boundary in Ru(100% MeOH) improved electron
extraction from CLTO and electron migration in the Ru cocat-
alyst, resulting in the highest activity of Cr,03/Ru(100% MeOH)/
CLTO in H, evolution and Z-WS.

The optimal amount of the Ru(100% MeOH) cocatalyst was
investigated for Z-WS (Fig. S10%). Activity was remarkably
enhanced as the amount of the Ru cocatalyst increased up to 0.3
wt%. The evolution rate of the 0.5 wt% sample was similar to
that of the 0.3 wt% sample in the early stage of the reaction,

Fig. 5 SEM images of Ru/CLTO prepared under different photo-
deposition conditions.

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (a) TEM image and (b—d) STEM-EDS images of Ru(100%
MeOH)/CLTO.

however the evolution rate decreased after 3 h of reaction time.
Further deposition of Ru (1 wt%) gave lower activity.

Deposition of the Ru cocatalyst was also performed by an
impregnation method under three heat-treatment conditions as
described in the experimental section. No remarkable changes
were seen in XRD for samples treated at 200 °C in N, (Ru(N,))
and under vacuum (Ru(evac)), while diffraction peaks attributed
to metallic Cu obviously appeared after treatment in H, at 150 ©
C (Ru(H,)) despite the relatively low treatment temperature
(Fig. S117). Accordingly, numerous particles with 50-100 nm
diameters were observed on the surface of CLTO (Fig. S12t), and
these particles seemed to be metallic Cu as proved in XRD
analysis. Thus, CLTO underwent the reductive decomposition
by H, treatment at 150 °C. XAFS analysis revealed that the state
of Ru cocatalysts was also changed by the heat treatment
conditions (Fig. 7). XANES and EXAFS clarified that metallic Ru
was present in the Ru(H,) sample while the samples of Ru(N,)
and Ru(evac) seemed to be RuO,(OH), in consideration of the
similarity in spectra between the samples and RuO,(OH),. No
remarkable differences were observed in the morphology of the
Ru catalyst except for Ru(H,) as shown in Fig. S12.}

(@) s () © y
\ AAA A e Ru(H,)
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Ru(N;)

L\ _reo0m)
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Fig. 7 (a) XANES spectra, (b) EXAFS oscillation and (c) its Fourier
transforms analyzed at the Ru K-edge for Ru/CLTO prepared by the
impregnation method under different heat treatment conditions.
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The photocatalytic performance of Cr,O3/Ru/CLTO prepared
via the impregnation method was evaluated for Z-WS after the
Cr,0; modification (Fig. S13t). The Ru(H,) sample which
suffered from the reductive decomposition was excluded for
this evaluation. The Ru(evac) and Ru(N,) samples were also
active for Z-WS. Their activities were only comparable with that
of the Ru(10% MeOH) sample prepared by the photodeposition
method shown in Fig. 3b. Thus, it has been concluded that the
photodeposition in 100% methanol is the best condition for Ru/
CLTO to obtain high activity in Z-WS. The STH value of the
present Z-WS was determined to be 0.029% using the optimized
sample. The Ru(100% MeOH) samples were used for further
experiments.

Characteristics of the Cr,03/Ru/CLTO-BiVO, Z-scheme system

As described above, water splitting was achieved by the
combination of Cr,03/Ru/CLTO and BiVO, in the presence of
the Co(bpy);*"'?* redox shuttle. In the absence of Co(bpy);*"'*",
water splitting with significant activity was not achieved by the
Cr,0;/Ru/CLTO-BiVO, combination (Fig. 8). It has been re-
ported that RGO-modification facilitates electron transfer from
an OEP to HEP in Z-WS without redox couples.?” Water splitting,
indeed, took place with higher gas evolution rates when RGO-
modified BiVO, was employed. Nevertheless, its activity was
much lower than that of the system using Co(bpy);*"/?*. The
results clearly prove the effectiveness of the Co(bpy);*"'** redox
shuttle in the present Z-scheme system in spite of the redox
couple causing unfavourable backward reactions.

The vital role of the Cr,0; modification in the suppression of
reduction of Co(bpy);*" was confirmed for Ru(10% MeOH)/
CLTO as shown in Fig. S6 and S7.1 The activity for Z-WS was
remarkably improved when the Ru cocatalyst was changed from
Ru(10% MeOH) to Ru(100% MeOH). We investigated the
necessity of the Cr,O; modification for the highly efficient
Ru(100% MeOH) cocatalyst (Fig. 9a). H, and O, were evolved in
the early stage of the reaction even without the Cr,O; modifi-
cation, however the gas evolution stopped soon. In contrast, the
sample modified with Cr,O; evolved H, and O, with a rate
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Fig. 8 Time courses of gas evolution by Z-scheme systems without
the Colbpy)s>*/?* electron shuttle; (a) Cr,Os/Ru/CLTO-BiVO, and (b)
Cr,O3/Ru/CLTO-RGO/BiVO,. Photocatalyst: 0.05 g each; reactant
solution: water, 160 mL; light source: 300 W Xe lamp (4 >420 nm).
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Fig. 9 (a) Influences of Cr,Osz modification on Z-WS employing
Ru(100% MeOH)/CLTO. (b) TEM and element mapping images of
Cr,03/Ru(100% MeOH)/CLTO.

higher than that for without Cr,0; modification and continued
for a long time. It was confirmed that Cr,0O; was deposited
around the Ru particles as shown in Fig. 9b. In the case of Ru/
CLTO, reduction of Co(bpy);*" easily occurred on the Ru
cocatalyst. As proved in electrochemical measurements
(Fig. $81), the Cr,05 layer hindered Co(bpy);** from accessing
the Ru cocatalyst as reported for the I0; /I" system,* resulting
in higher and stable water splitting. On the other hand, the
activity of Cr,03/Ru/CLTO gradually decreased with the reaction
time and recovered in the second run performed after removal
of gaseous products. This behaviour indicated that the perfor-
mance of Cr,03/Ru/CLTO did not collapse during the reaction.
To check the stability of CLTO, XPS and XRD measurements
were performed for the samples after photoirradiation (Fig. S14
and S157). A new weak peak at 935.1 eV ascribed to Cu®*
appeared after deposition of Ru(100% MeOH). After deposition
of Cr,0; in 10% methanol, the Cu** peak increased while the
Cu' peak at 933.3 eV decreased significantly. The changes in
XPS were due to oxidation of Cu" during photoirradiation in
10% methanol. On the other hand, no changes in XRD patterns
were seen after deposition of Ru and Cr,0;. Moreover, no
changes except the presence of BiVO, were observed in XPS and
XRD after Z-WS. Thus, sufficient stability of the CLTO crystal
was confirmed despite partial oxidation of Cu" at the surface of
CLTO. The Z-scheme system consisting of Ru/SrTiO3:Rh, BiVO,
and Co(bpy);**** did not show such deactivation during the

This journal is © The Royal Society of Chemistry 2024
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reaction although the same OEP was employed as shown in
Fig. S16.1 In addition, water formation from H, and O, did not
take place on Ru/CLTO as described before (Fig. S91). We sus-
pected from these results that the gradual decrease in the
activity was due to the reduction of O, over Cr,O3/Ru/CLTO.
When 10 kPa of O, was introduced into the reaction system
instead of Ar, H, evolution caused by water splitting was
significantly suppressed (Fig. S177). This indicated that some of
the electrons photogenerated in CLTO reacted with O, on the
exposed Ru cocatalyst and/or the surface of CLTO.

The UV-vis spectra of CLTO, BiVO, and SrTiOz;:Rh are
compared in Fig. 10a, where the spectra of monochromatic
lights are also shown. CLTO absorbs photons with wavelengths
up to 600 nm, which is longer than the absorption edge of
SrTiO;:Rh (540 nm). To confirm the utilization of long-wave-
length photons by CLTO, Z-WS was also examined under irra-
diation using monochromatic lights with 430 and 560 nm
wavelengths (Fig. 10b). Water splitting proceeded under the 430
nm light, and the EQY of the Z-scheme system employing Cr,05/
Ru/CLTO was determined to be 0.5%. No water splitting was
induced in the CLTO system when the 560 nm light was solely
used. This is because the Z-scheme mechanism cannot be
completed without excitation of BiVO,. However, the gas
evolution rate was increased when the 560 nm light was added
to the basic incident light (430 nm). The additional 560 nm light
did not enhance the gas evolution when Ru/SrTiO;:Rh was used
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Fig. 10 (a) UV-vis spectra of CLTO, BiVO,4 and SrTiOs:Rh reduced by
H,, and spectra of monochromatic light at 430 and 560 nm. Z-WS in
0.1 mM Colbpy)sSO4 by (b) Cr,O3/Ru/CLTO-BiVO,4 and (c) Ru/
SrTiOs:Rh-BiVO, systems under different irradiation conditions.
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as the HEP instead of Cr,O3/Ru/CLTO (Fig. 10c). The difference
in the influence of the additional 560 nm light between CLTO
and SrTiO;:Rh systems is reasonably explained by the photo
absorption properties. The 560 nm light was sufficient to excite
CLTO, but insufficient for excitation of SrTiO;:Rh. Thus, it was
clearly confirmed that excitation of CLTO by long-wavelength
photons contributes to Z-WS.

Conclusions

Utilization of CLTO in the totally visible responsive Z-scheme
system based on the Co(bpy);*"'*" redox shuttle was demon-
strated. Modifying CLTO with the Ru cocatalyst and Cr,0; was
effective to achieve Z-WS. The unusually large Ru cocatalyst was
discovered to be an efficient cocatalyst more than general fine
particles for CLTO. The advantage of CLTO over SrTiOz:Rh in
the response to longer wavelength light was experimentally
confirmed, although the EQY of the present Z-scheme system
was limited to 0.5% at 430 nm. The Cr,0; deposition was crucial
to suppressing the reduction of Co(bpy);*" on Ru/CLTO.
However, unfavorable backward reactions and reduction of
Co(bpy);*" and 0,, still took place. Therefore, the efficiency of
the CLTO-BiVO, system will be improved by establishing
advanced surface modification methods to suppress the back-
ward reactions as well as preparation of fine CLTO particles.
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