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ABSTRACT: Sensitization of a wide-gap oxide semiconductor with a visible-light-
absorbing dye has been studied for decades as a means of producing H, from water.
However, efficient overall water splitting using a dye-sensitized oxide photocatalyst
has remained an unmet challenge. Here we demonstrate visible-light-driven overall
water splitting into H, and O, using HCa,Nb;O,, nanosheets sensitized by a
Ru(II) tris-diimine type photosensitizer, in combination with a WO5-based water
oxidation photocatalyst and a triiodide/iodide redox couple. With the use of Pt-
intercalated HCa,Nb;O,, nanosheets further modified with amorphous Al,O;
clusters as the H, evolution component, the dye-based turnover number and
frequency for H, evolution reached 4580 and 1960 h™', respectively. The apparent
quantum vyield for overall water splitting using 420 nm light was 2.4%, by far the
highest among dye-sensitized overall water splitting systems reported to date. The
present work clearly shows that a carefully designed dye/oxide hybrid has great
potential for photocatalytic H, production, and represents a significant leap forward in the development of solar-driven water
splitting systems.

B INTRODUCTION dye-sensitized systems require a sacrificial electron donor such
as ethylenediaminetetraacetic acid or triethanolamine for H,
evolution to proceed at a measurable rate, and systems that can
utilize a reversible electron donor (ideally water) are
limited.*”'”** To realize a nonsacrificial system (ie., an
artificial photosynthetic scheme in which the standard Gibbs
free energy change is positive) through dye-sensitized H,
evolution, suppressing back reaction(s) that can occur at the
H, evolution site is a key because the oxidized form of a
reversible electron donor can be easily reduced, hindering H,
evolution.” Visible-light photolysis of hydrogen iodide (HI)
into H, and I;™ has been demonstrated using photolysis of dye-
sensitized, layered bulk H,K,NbsO,,, in which a H,-evolution
Pt cocatalyst was selectively deposited in the interlayer
galleries.g’g’17 In that study, reduction of I;~, which was
produced as the result of oxidation of I", was prevented by
confining the H, evolution catalyst (i.e, Pt nanoparticles) to
interlayer sites that were inaccessible to anions. Later on, Abe
et al. reported overall water splitting using organic dye-

Growing energy demands and rising environmental concerns
drive humanity to replace within the next few decades the use
of CO,-emitting fossil fuels with sustainable and clean energy
sources. Dye-sensitized H, evolution from wide band gap
semiconductors has been studied for decades as a potential
way to generate renewable H, from water with visible light, and
was proposed by Gerischer at the dawn of research in
photoelectrochemistry.' In a dye-sensitized system, water
splitting can be initiated by electron injection from an
excited-state dye molecule into the conduction band of a
semiconductor (Figure 1A). The injected electron then
migrates to a catalytically active site such as a Pt nanoparticle
to evolve H,, while the oxidized dye is reduced by an electron
donor to regenerate its ground state, completing the catalytic
half-cycle. In parallel with these forward processes, backward
electron transfer reactions, such as reduction of oxidized dye
and/or electron donor by electrons in the conduction band,
can also take place. Therefore, promoting the forward reaction,
as well as retarding the back reaction, is important to
improving the overall efficiency.

So far, many studies have been done, focusing on the
development of efficient dye sensitizers,”” wide-gap semi-
conductor supports,®”'* and H,-evolving catalysts.">'® Spec-
troscopic studies have also provided mechanistic insight into
dye-sensitized systems.'’~>" However, most of the reported
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Figure 1. (A) Electron transfer mechanism of a hydrogen-evolving dye-sensitized photocatalyst. C.B.: conduction band, V.B.: valence band,
HOMO: highest occupied molecular orbital, LUMO: lowest unoccupied molecular orbital, D: electron donor, D*: oxidized electron donor, A:
electron acceptor, A™: reduced electron acceptor. Solid and broken arrows represent forward and back electron transfers, respectively. (B)
Schematic picture of Z-scheme water splitting using Ru dye-sensitized Al,O;/Pt/HCa,Nb;0,, nanosheets and PtO,/H—Cs—WO,.

sensitized H,K,NbsO,, together with a water oxidation
photocatalyst.”” However, the efficiencies attained in these
nonsacrificial systems remain low, and thus new strategies for
controlling forward and back reaction rates are needed.

Metal oxide nanosheets are two-dimensional (1—2 nm
thick) single crystals with lateral dimensions that are typically
in the range of several hundreds of nm to a few um.”> The
anisotropic structure, single-crystalline texture, and high
surface area of these nanosheets have been shown to be
beneficial for dye-sensitized H, evolution in terms of rapid
electron transport through the semiconductor to H, evolution
sites and the adsorption of photosensitizers.24 Here, we report
efficient dye-sensitized overall water splitting using modified
HCa,Nb;0,, nanosheets sensitized by a Ru(II) tris-diimine
complex in a Z-scheme system with a WO;-based O, evolution
photocatalyst and an I;7/I” redox mediator (Figure 1B). We
found that deposition of aluminum species on HCa,Nb;0,,
nanosheets was essential to boosting visible light-driven overall
water splitting, and the working mechanism was elucidated by
transient absorption spectroscopy.

B RESULTS AND DISCUSSION

Preparation of Al,0;-Deposited, Pt-Intercalated
HCa,;Nb;0,, Nanosheets. Pt nanoclusters were first
deposited as H,-evolution sites on restacked HCa,Nb;O,
nanosheets by a method developed earlier in our group,
with some modifications (the detailed preparation procedure is
described in the Experimental Section). At this stage, Pt was
deposited both in the interlayer galleries and on the external
surface of restacked HCa,Nb;O,, [referred to as Pt(in—out)/
HCa,Nb;0,,, see Scheme 1]. The Pt(in—out)/HCa,Nb;0,,
was then stirred in a boiling aqua regia (a mixed solution of
concentrated HNO; and HCI 1:3 v/v) to dissolve Pt on the
external surface [referred to as Pt(in)/HCa,Nb;O,,]. The
removal of the externally deposited Pt was confirmed by a H,—
O, recombination experiment (see Figure S1 for detail).
Results of the physicochemical characterization of the as-
prepared Pt(in)/HCa,Nb;0,, nanosheets are included in the
SI (Figure S2—S6).

Pt(in)/HCa,Nb;O,, was then further modified with
aluminum species by a sol—gel method. Note that this

Scheme 1. Synthetic Scheme for Pt Intercalated
HCa,Nb;0,, Restacked Nanosheets
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modification did not change the morphological features of
Pt(in)/HCa,Nb;0,, (Figure S6). The Al-2s XPS spectrum
confirmed the deposition of aluminum species on the surface
of Pt(in)/HCa,Nb;O,, (Figure S7), with a peak binding
energy of 118.8 eV. The value is close to that of AL O, The
surface atomic ratio of Al/Nb calculated from the XPS peak
areas was 0.1. However, we could not eliminate the possible
presence of hydrated phases (e.g., AIOOH) and/or Al(OH)s,
since it is difficult to differentiate AL,O; and AI(OH), by
XPS.”” Nevertheless, FT-IR spectroscopy indicated the
absence of AIOOH and AI(OH); on the surface of the
Pt(in)/HCa,Nb;0,, nanosheets (Figure S8). Therefore, it is
likely that the deposited aluminum species was Al,O;, rather
than AIOOH or Al(OH),.

Energy dispersive X-ray spectroscopy (EDS) analysis in
scanning transmission electron microscopy (STEM) measure-
ments also confirmed the existence of aluminum species after
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Figure 2. Results of STEM observations. (A) EDS analyses for Pt(in)/HCa,Nb;O,, nanosheets with and without Al,O; modification. (B) ADF
image and line profiles for Al,0;/Pt(in)/HCa,Nb;O;, nanosheets. Crystal structure of HCa,Nb;0,:0.5H,0 (ICSD code: 246002) projected
along [110] is also shown. Panels (C) and (D) show ADF images of Pt(in)/HCa,Nb;O,, nanosheets with and without Al,0; modification,
respectively. Fourier transforms of the ADF images indicate that there is no crystalline component in the sample except for the HCa,Nb;0,

nanosheets.

AL O, deposition (ca. 0.2 wt %), whereas no aluminum was
detected before Al,O; deposition (Figure 2A). STEM
observations also suggested the presence of Pt species between
nanosheets (Figure 2B), which is in line with the concept of
catalyst preparation shown in Scheme 1. The amount of Pt
deposited was estimated from EDS analysis to be approx-
imately 0.3—0.4 wt %. On the other hand, no noticeable
morphological changes were observed in STEM images
regardless of Al,O; deposition (Figures 2C and D). Moreover,
Fourier transforms of high resolution STEM images of Al,O;/
Pt(in)/HCa,Nb;0,, exhibited only reciprocal lattice spots
corresponding to HCa,Nb;O,, nanosheets (Figure 2C),
indicating that the deposited Al,0; was amorphous.

Adsorption, Light-Absorption, and Emission Proper-
ties of Ru(ll) Dye Sensitizers on HCa,Nb;O,, Nano-
sheets. It is known that emission from excited Ru(II) tris-
diimine complexes is efficiently quenched by molecular O,,**
which is produced together with H, in photocatalytic overall
water splitting. Quenching of the excited state by O, can
compromise the efficiency of electron injection, and therefore
the Ru(II) dye should be designed to minimize its reactivity
with O,.

Here we employed [Ru(4,4'-(CH;),-bpy),(4,4’-(PO;H,),-
bpy)]** (bpy = 2,2'-bipryridine), abbreviated as RuP (see
Figure 1B) as a visible-light photosensitizer. The introduction
of phosphonic acid groups to the bpy ligands enables strong
anchoring to the metal oxide surface,” " while the electron
withdrawing effect of the phosphonic acid, as well as the
electron donating character of the methyl groups on the two
4,4'-dimethyl-2,2'-bipyridine ligands, localizes the lowest
unoccupied molecular orbitals (LUMO) of the complex,
which reside on the phosphonated ligand,14 close to the metal
oxide surface. This arrangement can promote rapid electron

injection and thus minimize the potentially parasitic effects of
0,. Note that the oxidation potential of excited RuP” is
sufficiently negative to inject an electron into the conduction
band of HCa,Nb;0,,’" suggesting that the oxidative
quenching process can occur upon photoexcitation (Figure
S9). The resulting one-electron-oxidized RuP can also
potentially receive an electron from an electron donor such
as I” to regenerate its ground state.

The amount of RuP adsorbed was determined from the
difference in the MLCT absorption in UV—visible absorption
spectra before and after the adsorption procedure. Almost
quantitative adsorption of RuP was observed up to a loading of
15 pumol g~', regardless of whether Al,O; had been deposited
on the nanosheets (Figure S10). This loading corresponds to
approximately 30% coverage of the Pt(in)/HCa,Nb;O,,
surface, as calculated from the specific surface area of
Pt(in)/HCa,Nb;0,, (37 m*> g™') and the diameter of the
RuP molecule (12.3 A). The maximum amount of RuP
adsorbed on HCa,Nb;O,, nanosheets was ca. S times higher
than that on layered bulk HCa,Nb;O,, that had not been
exfoliated and restacked (Figure S10), demonstrating the
advantage of using a nanosheet material that has higher surface
area for dye adsorption.

Figure 3A shows UV-—visible diffuse reflectance spectra of
AL 0,/Pt(in) /HCa,Nb;0;, before and after RuP adsorption.
A new absorption band, which is characteristic of the MLCT
absorption of RuP, appeared in the visible region after dye
adsorption. The peak position was close to that of the molecule
in aqueous solution, suggesting that there is almost no ground
state electronic interaction between RuP and Al,O5/Pt(in)/
HCa,Nb;0,.

As mentioned above, electron injection from RuP to
HCa,Nb;0,, is the primary step in driving the dye-sensitized
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Figure 3. Spectroscopic characterization. (A) UV—visible DRS of
AL O3/Pt(in)/HCa,NbyO ¢ and RuP (15 pmol g~')/ALO;/Pt(in)/
HCa,Nb;0,,. Absorption spectrum of RuP in H,O is also shown. (B)
Steady-state emission spectra of RuP/ALO,; RuP/ALO,/Pt(in)/
HCa,Nb;0,;, and RuP/Pt(in)/HCa,Nb;O,, suspended in H,O
saturated with Ar. Excitation wavelength was 460 nm.

photocatalytic water splitting system. The excited-state dye-to-
semiconductor electron injection process can be monitored by
means of emission spectroscopy. ~ % ALLO; powder was
also used as a reference; in this case, the electron injection
event should not occur between RuP and Al,O; because Al,O;
is an wide band gap insulator. As shown in Figure 3B, RuP on
Al,O; exhibited an emission peak at around 670 nm, giving a
4.1% emission quantum yield. In contrast, the emission was
almost completely quenched on Al,O,/Pt(in)/HCa,Nb;0,,
due to excited state electron transfer from RuP to the
HCa,Nb;0, nanosheet. The emission quantum yield for RuP
on AlO,/Pt(in)/HCa,Nb;O,, was 0.2%, meaning that more
than 90% of the photoexcited RuP molecules were oxidatively
quenched by ALO;/Pt(in)/HCa,Nb;O o One might antici-
pate that the deposition of insulating Al,O; would have a
negative impact on the electron injection process. However,
the emission quantum yield of RuP on Pt(in)/HCa,Nb;0,
without Al,O; was almost identical (0.2%) to that with Al,O,
deposition.

Z-Scheme Water Splitting Using RuP/Al,O;/Pt(in)/
HCa,Nb;0,4. RuP/Al,0,/Pt(in)/HCa,Nb;O,, nanosheets
were examined as the H, evolution photocatalyst in Z-scheme
water splitting, in combination with PtO,/H—Cs—WQO;, which
works as an O, evolution photocatalyst under visible light in
the presence of an I;”/I” redox mediator.>® As listed in Table 1
(also in Figure S11), nearly stoichiometric H, and O,
evolution was observed under visible light irradiation. The
turnover number for H, evolution (TONy,) after S h

irradiation based on the amount of RuP initially adsorbed
exceeded 1200, confirming the catalytic production of H, in
the reaction. No reaction took place without RuP or visible
light irradiation. Moreover, simultaneous production of H, and

O, was not achieved in the absence of either RuP/AlL,O,/
Pt(in)/HCa,Nb;0,,, PtO,/H—Cs—WO;, or the I,;7/1" redox
mediator. These results indicate that overall water splitting in a
Z-scheme was realized by combining RuP/Al,O;/Pt(in)/
HCa,Nb;0,, and PtO,/H—Cs—WO; as H, and O, evolution
photocatalysts, respectively, where electron transfer between
the two photocatalysts was mediated by the I;7/I" redox
couple. It should be noted that the presence of Al,O; in the H,
evolution photocatalyst was essential to obtaining high activity;
the Al,O;-containing material showed 20 times higher initial
activity than the same material without Al,O5 (Table 1, entry
2). The effect of Al,O; will be discussed in a later section.

The performance of the Z-scheme water splitting system
containing RuP/Al,O5/Pt(in)/HCa,Nb;0,, nanosheets was
compared with analogous systems based on unexfoliated, bulk
HCa,Nb;0,, and H,K;NbsO,,, the latter of which has been
previously studied in nonsacrificial dye-sensitized systems.””
Here the same Al,O; deposition, PtO,/H—Cs—WO; photo-
catalyst, and an I;7/I" redox mediator were employed. As
listed in Table 1, the nanosheet-based system (entry 1)
exhibited approximately 4 and 2 times higher activity than
those of bulk HCa,Nb;0,, (entry 4) and H,K,Nb,O;, (entry
S), respectively. One of the reasons for the higher activity
could be the higher loading of RuP on HCa,Nb;O,
nanosheets. Interestingly, the photocatalytic performance of
the HCa,Nb;0,, nanosheet system was still higher than that of
the bulk analogues even if the same amount of RuP was
employed (entry 3), demonstrating the unique behavior of the
nanosheet material as a component of a dye-sensitized Z-
scheme for overall water splitting.

Abe et al. have reported that a similar Z-scheme system can
be constructed with Pt-intercalated layered bulk H,K,NbsO,,
sensitized by coumarin dyes that have an oligothiophene
moiety in their structure, in combination with an O, evolution
photocatalyst (IrO, and Pt co-loaded WO;) and an I;7/I”
redox couple.”” According to that study, the best performing
system gave a TONy, of 513 (64 h), which corresponds to a

turnover frequency (TOFy,) of 8 h™". Therefore, the present

nanosheet-based system showed more than a 9-fold increase in
durability and 245 times higher efficiency for H, production
than the previously reported system. The estimated apparent
quantum yield of the optimized system for overall water
splitting was ca. 2.4% at 420 nm, which was higher than the
value recorded under identical conditions in a similar Z-
scheme system constructed from another visible-light-respon-
sive photocatalyst, Pt-loaded, Cr/Ta-codoped SrTiO,
(1.5%).** The solar-to-hydrogen energy conversion efficiency

Table 1. Photocatalytic Activities of RuP-Sensitized HCa,Nb;0,, Nanosheets, Bulk HCa,Nb;0,,, and H,K,NbsO,, in Z-

Scheme Water Splitting®

evolved gases” (umol)

entry H, evolution photocatalyst adsorbed RuP (umol g™') H, 0, TONy, TOFy, (1)
1 RuP/ALO,/Pt(in)/HCa,Nb;0,, (nanosheet) 189.9 82.6 1260 440
2 RuP/Pt(in)/HCa,Nb;0,, (nanosheet) 12.9 7.1 43 12
3 RuP/AlL,0,/Pt(in) /HCa,Nb;0,o(nanosheet) 137.3 729 4580 1960
4 RuP/ALO,/Pt(in)/HCa,Nb,0,, (bulk) 46.6 132 1550 570
5 RuP/ALO,/Pt(in)/HyK,NbsO, (bulk) 1082 519 3600 1530

“Reaction conditions: catalyst, RuP-sensitized semiconductor, 20 mg; PtO,/H—Cs—WOj;, 50 mg; reactant solution, S mM aqueous Nal (100 mL,
pH 4); light source, xenon lamp (300 W) with a cold mirror (CM-1) and a cutoff filter (L42). Total amount after $ h irradiation.
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of this Z-scheme system was approximately 0.03% (see Figure
S12 for detail).

Note that the degradation of activity occurred in the system
after a long irradiation time. The deactivation can be attributed
to partial desorption of RuP from AL, O,/Pt(in)/HCa,Nb,0,,
and/or decomposition (see Figure S13 for detail). Ru(1l) tris-
diimine complexes have been reported to undergo ligand
exchange to produce Ru(II) bis-diimine complexes during
homogeneous photocatalytic reactions in aqgueous solutions,
resulting in the termination of photocatalysis.”* The character-
istic absorption of the decomposed Ru(Il) photosensitizer at
Amax = 495 nm, which is at a longer wavelength than the
original RuP photosensitizer (4,,,, = 460 nm), was observed in
the solution after photocatalysis. This decomposition process
would possibly be suppressed by using a more stable
photosensitizer such as an Ir(IlI) complex or a metal-
loporphyrin.

Role of Al,O; Loading on Pt(in)/HCa,Nb;0,, Nano-
sheets in the Z-Scheme Overall Water Splitting. The
results described above highlight the utility of a suitably
modified nanosheet material in a Z-scheme for water splitting,
and also indicate a large effect of the Al,O; modifier in
increasing the efficiency. Emission spectroscopy measurements
showed that introducing Al,O; did not produce a noticeable
change in the electron injection efficiency from the excited
state of RuP to the HCa,Nb;O,, nanosheets (Figure 3B),
suggesting that the beneficial effect of the Al,O; modifier
derives from reaction steps following electron injection. Given
the reaction scheme shown in Figure 1, there are two main
possibilities for the role of ALO;: (1) it promotes the
reduction of oxidized RuP by I” and/or (2) it suppresses back
electron transfer from the conduction band of HCa,Nb;O,
nanosheets to oxidized RuP and/or I3~ (or L,*7).

To obtain a deeper insight on the role of Al,O;, transient
diffuse reflectance spectra were measured in aqueous
suspensions containing RuP/Pt(in)/HCa,Nb;O,, with and
without AL, O;. Following a laser flash at 532 nm to selectively
photoexcite the RuP sensitizer, bleaching of the MLCT
absorption of ground-state RuP was observed. It has been
reported that ground state bleaching of [Ru(bpy);]** occurs
within 1 ps after photoexcitation.”> The bleaching monitored
at 460 nm gradually recovered over a few ms in H,O (ie, in
the absence of Nal) because of back electron transfer from the
conduction band of HCa,Nb;O,, to oxidized RuP (Figure
S14), and almost no change was seen in the recovery profiles
upon Al,O; deposition. It should be noted that the recovery of
the RuP bleaching was not completed even after a few ms of
laser excitation, which was 1 order of magnitude slower than
those reported in previous dye-sensitized oxide systems
constructed with layered oxides (several hundreds of us).”' "

On the other hand, the recovery process became 2 orders of
magnitude faster in the presence of Nal due to the forward
electron transfer from I~ to oxidized RuP (Figure 4). The
profiles could be fitted by a double-exponential function,
showing that the lifetimes were shortened by Al,O; deposition
(see the inset of Figure 4). Furthermore, decay profiles of
oxidized 1" species could also be traced by monitoring
transient absorbance signal at 380 nm.”"” In this experiment,
no noticeable change was identified regardless of Al,O;
deposition (Figure S15), indicating that Al,O; had no impact
on the suppression of I;~ reduction. This conclusion is also
supported by the results of the H, evolution reaction in the
presence of I, (Figure S16).

0.0

With AlLO,
#°" Without Al,O,

Sample 71/ ps (%) 1,1 us (%)
wALO,  0.40+0.04(32) 3.1+0.1(68)
W0 AL,O, 0.64%0.04 (39) 4.1%0.2 (61)

Normalized AAbsorbance
.
o
)
1

2 4 68 2 4 68 2
1 10
Time / s

Figure 4. Time-dependent absorbance change in transient absorption
spectra of RuP-sensitized HCa,Nb;O,, nanosheets with and without
ALO; recorded in an aqueous Nal suspension (S mM, pH 4) and
monitored at 475 nm. The inset summarizes lifetimes for recovery
processes monitored at 475 nm.

These results indicate that Al,Oj facilitates forward electron
transfer from I” to oxidized RuP, but does not prevent
undesirable back electron transfer events. Choi et al. have
reported that modification of TiO, by an ALO; overlayer
retards the charge recombination between injected electrons in
the conduction band of TiO, and the oxidized dye in a dye-
sensitized H, evolution system.”’ Obviously, the effect of
AlL,O; modification on the HCa,Nb;O,, nanosheets was
different from that of TiO,, as Al,O; on the nanosheets did
not suppress the back electron transfer events but promoted
forward electron transfer (ie., the regeneration of oxidized
RuP). The origin of the enhanced rate of reduction of oxidized
RuP by I” can be reasonably explained in terms of a change in
the surface charge of Pt(in)/HCa,Nb;O,, after the Al,O,
deposition. {-potential measurements revealed that the surface
of the Pt(in) /HCa,Nb;0,, nanosheets was negatively charged
over the entire pH range examined (Figure S17), consistent
with the result obtained with HCa,Nb,O,, nanosheets.'”
However, the Al,O;-containing material was more positively
charged at pH < 4. It is therefore likely that the more positively
charged Al,0;/Pt(in)/HCa,Nb;0,, surface attracted I” ions
to its surface, thereby promoting the regeneration of RuP.

B CONCLUSIONS

In this study, we have demonstrated the enhanced activity of
restacked calcium niobate nanosheets as the hydrogen-evolving
component of a dye-sensitized photocatalytic system for
overall water splitting. Al,0; modified, Pt intercalated, and
dye-sensitized HCa,Nb;O,, nanosheets were highly active for
visible light water splitting in a combination with PtO,/H—
Cs—WO; as the O, evolving photocatalyst. The dye-based
turnover number and turnover frequency for H, evolution
reached 4580 and 1960 h7}, respectively, which were 9 and
24S times higher than a previous report by Abe and co-workers
using Pt-intercalated layered bulk H,K,NbsO,, and a coumarin
dye. These values are the highest yet among dye-sensitized
overall water splitting systems. Electron transfer processes
between the dye, nanosheet, and electron donor were
investigated in detail by transient absorption spectroscopy,
which showed that Al,O; promoted the reduction of oxidized
RuP by I". Although surface modification techniques have
been used in dye-sensitized photocatalysis to prevent back
electron transfer, the effect of Al,O; observed here is
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unprecedented and may offer new insight into the design of
more efficient dye-sensitized photocatalysts.

B EXPERIMENTAL SECTION

Preparation of Al,0;/Pt(in)/HCa,Nb;0,, Nanosheet. A
TBA"-stabilized Ca,Nb;O,,” nanosheet suspension was prepared
according to previous reports.*®?” First, layered bulk KCa,Nb,O,,
was synthesized by solid state reaction. K,CO; (>99.5%, Kanto
Chemical Co.), CaCO; (>99.5%, Kanto Chemical Co.), and Nb,Oq
(>99.95%, Kanto Chemical Co.) were mixed in an agate mortar and
pestle in the presence of a small amount of methanol. The mixture
was preheated at 1123 K for 1 h in an Al,O; crucible, followed by final
calcination at 1423 K for 10 h. The ratio of K, Ca, and Nb in the
starting mixture was 1.1:2:3, where 10% excess K was added to
compensate for loss during calcination. The obtained KCa,Nb;O,
was then stirred in an aqueous HNO; solution (1 M, 69—70%, Kanto
Chemical Co.) for 3 days to exchange K' into H', followed by
washing with H,O thoroughly and drying at 343 K in an oven. Finally,
the HCa,Nb;O,, was stirred in an aqueous TBA*OH™ solution
(Aldrich Chemical Co., 40 wt % in H,0O) for 1 week, in which a
stoichiometric amount of TBA*OH™ to HCa,Nb;0,, was used, to
obtain a colloidal nanosheet suspension. Unreacted HCa,Nb;0,, was
removed by decantation.

Pt was deposited on HCa,Nb;0, restacked nanosheets according
to our previous 1'ep0rt.25 An aqueous solution containing [Pt-
(NH;),]CL (1 mM, Pt 1 wt % with respect to Ca,Nb;O,,”, Wako
Pure Chemicals) was added dropwise into the TBA*/Ca,Nb;O,,~
nanosheet suspension (5 g L") and the suspension was stirred for 1
day to adsorb the Pt precursor onto Ca,Nb;O,,~ based on their
electrostatic interaction. The resulting nanosheet was restacked by
adding an aqueous HCl solution (2 M, 35.0—37.0%, Kanto Chemical
Co.). The precipitate was washed with H,O repeatedly, and dried at
343 K in an oven, followed by H, reduction at 473 K for 1 h under H,
flow of 20 mL min~". The Pt(in—out)/HCa,Nb;0,, obtained in this
way was stirred in a mixture of aqueous concentrated HNO; and HCl
solutions (1:3 v/v) at the boiling temperature for 1S min to dissolve
Pt on the external surface of HCa,Nb;Oy,.

Al O; was deposited by a sol—gel method on Pt(in)/HCa,Nb;0,,
as follows. Typically, 100 mg of Pt(in)/HCa,Nb;0,, was suspended
in 20 mL of ethanol (>99.5%, Kanto Chemical Co.) containing 100
uL of aqueous H,SO, (>96.0%, Kanto Chemical Co.) solution (0.1
M) and an appropriate amount of aluminum isopropoxide (>98.0%,
TCI). The suspension was subjected to sonication for 30 min,
followed by stirring for 1 day. The resulting powder was washed with
water and dried at room temperature under a vacuum. The
preparation scheme is depicted in Scheme 1.

Preparation of Al,O;/Pt(in)/Bulk HCa,Nb;0,, and Al,O;/
Pt(in)/H,K;NbgO;;. Layered bulk HCa,Nb;0,, was dispersed in an
aqueous [Pt(NH;),]Cl, solution (Pt 1 wt % with respect to
HCa,Nb;0,,) and stirred for 3 days at room temperature. The
resulting powder was washed with H,O, dried at 343 K in an oven,
and heated at 473 K for 1 h under a flow of H, (20 mL min™").

Pt(in)/H,K,Nb,O,, was prepared according to a previous report
with some modifications.”> K,NbsO,, was synthesized by solid state
reaction from a mixture of K,COj; and Nb,Oj at 1473 K for 15 min in
an Al O; crucible. 10% excess K was added to compensate for loss
during calcination. The as-synthesized K,NbsO,, was ground into a
powder, dispersed in an aqueous [Pt(NHj;),]Cl, solution (Pt 1 wt %
with respect to K,NbsO,,), and stirred for 3 days at room
temperature. The resulting powder was washed with H,O, dried at
343 K in an oven, and heated at 473 K for 1 h under a H, flow (20
mL min™"). The resulting Pt-deposited K,NbsO,, was stirred in an
aqueous HCl solution (0.5 M) for 3 days to promote the H-exchange
reaction, washed with H,O, and dried at 343 K in an oven.

Removal of Pt on the external surface and deposition of Al,O; were
conducted in the same manner as for the Al,O5/Pt(in)/HCa,Nb;0,,
nanosheet samples.

Synthesis and Adsorption of Ru(ll) Photosensitizer. [Ru-
(4,4'-(CH;),-bpy),(4,4’-(PO3H,),-bpy) ]CL,, referred to as RuP, was

synthesized according to a previous report with some modifications.*

Adsorption of RuP onto the metal oxide surface was carried out as
follows. 50 mg of solid material was suspended in an appropriate
volume of aqueous RuP solution (50 #M). The pH was adjusted to 2
by addition of an aqueous HCI solution. The suspension was stirred
for 15 h at room temperature in the dark, followed by filtration,
washing with H,O, and drying at room temperature under a vacuum.
The adsorbed amount of RuP was estimated from a difference in the
MLCT absorption in the UV—vis absorption spectrum before and
after adsorption using a molar absorption coeflicient & =
10200 M~ ecm™".

Preparation of PtO,/H—Cs—WO;. PtO,/H—Cs—WO; was
prepared according to previous reports with some modifications.”>**
Large particles of WO; (>99.99%, Kojundo Chemical Co.) heated at
973 K were collected by sonication and decantation. Then, 0.5 wt %
Pt was deposited on the WO; by an impregnation method using
H,PtCl; (>98.5%, Kanto Chemical Co.) as a precursor, followed by
heating at 823 K for 30 min in a muffle furnace. Then, Cs,CO; (Cs 1
wt %, > 98.0%, Kanto Chemical Co.) was impregnated into the PtO,/
WO; and heated at 773 K for 10 min in air. The resulting powder was
stirred in 1 M aqueous H,SO, solution for 30 min, filtered, washed
with H,O, and dried at 343 K in an oven.

Characterization. XRD patterns were recorded on a Rigaku
MiniFlex600 powder diffractometer employing Cu Ka radiation and
operating at 15 mA and 40 kV. UV—visible absorption and diffuse
reflectance spectra were obtained using a spectrophotometer (V-565,
JASCO). For diffuse reflectance measurements, an integrating sphere
and Spectralon reference sample were used. SEM images were
obtained using a Hitachi SU-9000 field emission scanning electron
microscope. XPS spectra were acquired using an ESCA-3400 X-ray
photoelectron spectrometer (Shimadzu). The binding energies were
calibrated by referencing the C 1s peak (284.6 eV) for each sample.
FT-IR spectra were recorded using a FT/IR-6600 spectrometer
(JASCO) with a KBr pellet. The Brunauer—Emmett—Teller (BET)
surface area was determined from N, adsorption isotherms using a
BELSORP-mini instrument (MicrotracBEL) at liquid nitrogen
temperature. Samples were heated at 423 K for 1 h under a vacuum
prior to the measurements. {-potentials of Pt(in)/HCa,Nb;0,,
nanosheets with and without Al,O; were measured using a Zeta-
potential & Particle size Analyzer (OTSUKA ELECTRONICS,
ELSZ-1PL). Aqueous HCl or NaOH solutions were used to adjust
pH.
For the STEM observations, a Titan Cubed microscope (Thermo
Fisher Scientific) equipped with spherical aberration correctors
(CEOS) and an EDS detector (Oxford Instruments, X-Max™
100TLE) was used at an acceleration voltage of 300 kV. The
convergence semiangle of the incident probe was 18 mrad. The inner
and outer detection semiangles of the ADF detector were 46 and 200
mrad, respectively. The incident probe current was set to 17 pA.

Emission Quantum Yield Measurement. Emission quantum
yields of RuP on solid samples were measured using a Quantaurus-
QY Plus (Hamamatsu, C13534—11). The RuP-adsorbed powder
suspension was placed in a measurement cell made of Pyrex glass and
bubbled with Ar for 30 min prior to the measurements. The excitation
wavelength was 460 nm. AL,O; (40—S0 nm, Wako Pure Chemicals),
heated at 773 K for 1 h in a furnace prior to RuP adsorption, was used
as a reference.

Transient Absorption Spectroscopy. Transient absorption
spectroscopy measurements were performed using an enVISion
transient absorption system (Magnitude Instruments, State College,
PA), which consisted of a pulsed, frequency doubled (532 nm)
Nd:YAG laser as the excitation source and a xenon lamp as the probe
light source. The probe light source was dispersed through a
monochromator and detected with a photovoltaic detector.
Approximately 5 mg of RuP sensitized HCa,Nb;O,, nanosheet
sample was dispersed in an aqueous Nal solution (5 mM, 4 mlL,
>99.9%, Fisher Science Education) or pure water in a quartz cuvette
and spectra were recorded in diffuse reflectance mode. The
suspension was purged with Ar for at least for 20 min prior to
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experiments. 0.1 M Nal was used to observe a transient decay of
oxidized I” species.

Photocatalytic Reactions. Photocatalytic reactions were per-
formed in a glass closed circulation system. A top irradiation type
reaction cell made of Pyrex glass was used, combined with a cooling
water bath to maintain the temperature of the reactor at
approximately 293 K throughout the reaction. For Z-scheme water
splitting, 20 mg of a H,-evolution photocatalyst (e.g, RuP/Al,0,/
Pt(in)/HCa,Nb;0,y) and 50 mg of PtO,/H—Cs—WO; were
suspended in S mM aqueous Nal (>99.5%, Kanto Chemical Co.)
solution (100 mL) unless otherwise stated. The pH of reaction
solution was adjusted to 4 by adding 0.1 M aqueous H,SO, solution.
For the H, evolution half reaction, 20 mg of photocatalyst was
suspended in an aqueous 100 mL solution containing 10 mM Nal
with and without addition of I, (1 mM). The pH of the reaction
solution was adjusted to 4 by addition of aqueous HCI solution. After
degassing the reaction cell, a small amount (ca. 1 kPa) of argon gas
was introduced and the suspension was irradiated using a 300 W
xenon lamp (Cermax, PE300BF). The irradiation wavelength was
controlled by using a CM-1 cold mirror and a L42 cutoff filter. The
evolved gases were analyzed by gas chromatography (Shimadzu, GC-
8A with a TCD detector and an MS-SA column, argon carrier gas).
The turnover number for H, evolution (TONy,) was calculated

according to the following equation:*>

TONHZ = Amount of evolved H, X 2/Amount of adsorbed RuP

The turnover frequency for H, evolution (TOFy ) was calculated
by dividing the TONy, recorded at 1 h by time.
The apparent quantum yield (AQY) for H, evolution was

measured using the same experimental setup with a band-pass filter
(4 = 420 nm), and was estimated as

AQY (%) = A X R/I X 100

where A, R, and I represent the reaction coefficient, the H, evolution
rate, and the rate of incident photons, respectively. The total number
of incident photons (ca. 45.2 mW) was measured using a calibrated
silicon photodiode.

Water Formation Reaction. The recombination reaction
between H, and O, was studied in a glass closed circulation system.
Twenty mg of catalyst was dispersed in pure water (100 mL), and the
reaction solution was thoroughly degassed. Then, approximately 200
pumol of H, and 100 gmol of O, were introduced into the glass closed
circulation system, and the recombination reaction was carried out
under dark conditions. The amount of each gas was analyzed by gas
chromatography.
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