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Intercalation of Highly Dispersed Metal Nanoclusters into a Layered
Metal Oxide for Photocatalytic Overall Water Splitting**

Takayoshi Oshima, Daling Lu, Osamu Ishitani, and Kazuhiko Maeda*

Abstract: Metal nanoclusters (involving metals such as
platinum) with a diameter smaller than 1 nm were deposited
on the interlayer nanospace of KCa,Nb;0,, using the electro-
static attraction between a cationic metal complex (e.g.,
[Pt(NH;),]Cl,) and a negatively charged two-dimensional
Ca,Nb;O,,~ sheet, without the aid of any additional reagent.
The material obtained possessed eight-fold greater photocata-
Iytic activity for water splitting into H, and O, under band-gap
irradiation than the previously reported analog using a RuO,
promoter. This study highlighted the superior functionality of
Pt nanoclusters with diameters smaller than 1 nm for photo-
catalytic overall water splitting. This material shows the
greatest efficiency among nanosheet-based photocatalysts
reported to date.

N anosized particles are of interest because of their wide
range of potential applications,!! including water-splitting
photocatalysis that is a simple form of artificial photosyn-
thesis. Noble-metal nanoparticles, called co-catalysts, dis-
persed on a semiconductor can improve charge separation
and thereby increase photocatalytic activity.’! Because
improvement of activity is usually dependent on the uni-
formity of the co-catalyst dispersion,™ a method that
improves the dispersion of noble-metal nanoparticles is
highly desirable for improving photocatalytic activity.>*
Certain lamellar metal oxides undergo exfoliation by
reaction with a suitable guest molecule, producing unilamel-
lar colloids.”! The colloids are two-dimensional nanocrystals,
also called nanosheets, which consist of 1-2 nm thick metal-
oxide layers with lateral dimensions ranging from several
hundred nanometers to a few micrometers. The anisotropic
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feature of nanosheets is potentially useful for applications
including cosmetics,® electronics,”! catalysis,® and photo-
catalysis.” " For photocatalytic applications, metal-oxide
nanosheets that consist of Ti*" or Nb*" have the ability to
reduce and oxidize water under band-gap irradiation.'*!?
Water splitting is achieved when photogenerated electrons
and holes migrate to the surface without recombination,
reducing and oxidizing surface-adsorbed species.””! The
nanoscale thickness of the sheets allows for prompt migration
of the photogenerated charge carriers to the surface, which
contributes to high photocatalytic activity." However, an
efficient overall water splitting system based on nanosheets
has not been reported.

The interlayer nanospace of a lamellar solid is a potential
reaction site that possesses unusually high catalytic activi-
ty.%¢1%l Therefore, introducing catalytic nanoparticles into the
interlayer nanospace is challenging. In a report on heteroge-
neous photocatalysis, Ebina et al. claimed that RuO,-interca-
lated KCa,Nb;O,, could be prepared by reaction of
Ca,Nb;0,,” colloidal sheets with ruthenium red, followed
by flocculation with KOH and calcination in air.'® However,
no information was provided about the dispersion of RuO, in
the interlayer space. Mallouk et al. succeeded in intercalating
Au nanoparticles into layered solids such as fluoromica and
HCa,Nb;O,, through pre-intercalation of polyamines with
little aggregation.'”’ However, this system had limitations,
such as the difficulty of completely removing the residual
amine species from the interlayer space, and the lack of direct
bonding between the intercalated Au and the solid surface.
Mallouk and co-workers also reported another system
involving highly dispersed Rh(OH); nanoparticles interca-
lated into the interlayer of KCa,Nb;O,, using covalent
interactions via Rh-O-Nb bonds.'* Although after calcina-
tion Rh,0,/KCa,Nb;O,, exhibited a higher photocatalytic
activity for H, evolution from an aqueous methanol solution
than an analog externally decollated with Pt, the overall water
splitting was not successful and the applicability of other
metals was not discussed.

This report describes a simple method for intercalating
metal nanoclusters into KCa,Nb;O,, through electrostatic
attractions between a cationic metal precursor and a nega-
tively charged Ca,Nb;O,,” nanosheet without the use of any
additional reagent. The resulting material, exemplified by Pt-
intercalated KCa,Nb;O,, nanosheet aggregates, exhibited
activity for water splitting into H, and O, that was about
eight-fold greater than that of a previously reported RuO,
material.'®! This is the highest value among nanosheet-based
photocatalysts reported for overall water splitting.

Unilamellar colloidal nanosheets of Ca,Nb;O,,~ stabilized
by tetra(n-butyl)ammonium (TBA™") cations were prepared
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according to a previously described method, with some
modifications.'”! Details of the preparation of metal-interca-
lated KCa,Nb;O,,, is included in the Supporting Information.
For Pt, an aqueous solution containing a cationic Pt complex,
[Pt(NH,),]Cl,-H,O, was added into the nanosheet suspension,
followed by stirring for 24 h to allow for adsorption of the
cationic complex onto the negatively charged surface of the
nanosheets. This method is referred to as the adsorption
method, and the preparation scheme is depicted in Scheme 1.
For comparison, an anionic complex of H,[PtCl¢]-6 H,O also
was employed. Then, KOH was added to precipitate the
colloidal nanosheets, followed by drying in an oven at 343 K
overnight and heating under a H, stream (20 mLmin") at
473 K to reduce cationic Pt species in the Pt metal. Details of

Colloidal nanosheet suspension

)
. Adsorption
/@2‘%/ @

Ca,Nb;0,,™ sheet

Thermal H,
treatment

Fo 0o
E=———""_ Pt nanocluster
(ca.1nm)

Pt-intercalated KCa,Nbs0,,

Scheme 1. Preparation of Pt-intercalated KCa,Nb;O,, nanosheets through

electrostatic attraction between a cationic complex and anionic nanosheets

[TBA" indicates tetra(n-butyl)ammonium cation].

the preparation procedure can be found in the Supporting
Information. Fourier transform infrared (FTIR) spectra did
not contain a peak assignable to C—H stretching bonds from
residual TBAOH.!"! The specific surface area of the pre-
pared material was about 30 m?g~!, close to the values of
similar analogs.'>!*<! Using a conventional method, Pt was
loaded by impregnation with KOH-treated restacked
Ca,Nb;0,,~ sheets and [Pt(NH;),]Cl,-H,O, followed by ther-
mal H, treatment.

Figure 1 shows the XRD patterns of restacked
KCa,Nb;Oy, nanosheets prepared by different methods with
and without Pt deposition. In the adsorption sample, the (002)
diffraction peak appearing at 260 of about 5.8°, which
corresponds to the interlayer spacing of the restacked
sheets, shifted to lower angles upon an increase in Pt loading
amount. These results indicate the occurrence of interlayer
expansion, likely due to intercalation of Pt nanoparticles into
the layer nanospace, although another Pt species was located
on the external surface of the restacked nanosheets. The d-
spacings of KCa,Nb;0O,, loaded with 0.1, 1.0, and 5.0 wt % Pt
were calculated to be 1.54, 1.56, and 1.65 nm, respectively. By
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Figure 1. XRD patterns of restacked KCa,Nb;O;, nanosheets modified
with varying amounts of Pt by an adsorption and impregnation
method.

subtracting the thickness of the calcium niobate per-
ovskite block (1.16 nm),”! the average heights of the
layered nanospace were 0.38, 0.40, and 0.49 nm, respec-
tively. In contrast, no diffraction peak shift was
observed, even at higher loading amount, when the
KCa,Nb;O,, nanosheets were impregnated with the
same Pt precursor. In the 5.0 wt % impregnated sample,
a small diffraction peak because of metallic Pt was
observed, while the adsorption samples did not produce
a peak derived from Pt species, even at greater loadings
(see Figure S1 in the Supporting Information). These
results suggest that the adsorption method provides
a high dispersion of Pt into the interlayer nanospace of
KCa,Nb;0,, without forming crystalline Pt aggregates,
while the impregnation method does not. In both
samples, increasing the loading amount of Pt changed
the color of the sample from white to gray, because of
the formation of a greater amount of metallic Pt.

XPS measurements were performed to identify the
valence state of the deposited Pt species. Figure S2
shows the XPS spectra for Pt4f in Pt-loaded
KCa,Nb;0,, prepared by adsorption and impregnation,
along with reference data for a Pt foil. The spectral shape of
the impregnated sample was similar to that of the Pt reference
foil, giving two major peaks with binding energies of about
70.0 and 73.5eV, which were assigned to 4f,, and 4f;,
electrons, respectively, of metallic Pt (Pt’)."¥! In addition to
the Pt° state, two shoulder peaks, assignable to Pt with
adsorbed oxygen (Pt-O,), were observed at binding energies
of about 71.5 and 75 eV. However, the Pt 4f spectrum of the
adsorption sample differed from those of the impregnation
sample and the Pt foil reference. The peak assigned to 4f;,
electrons was located at about 72.5 eV, which is a higher
binding energy than that of the impregnation sample, but not
as high as those of Pt"O species that appear at binding
energies of about 73.0-73.5eV (4f;, electrons), or that of
[Pt(NH;),]Cl, (73.4 eV)."") These results indicate that, in the
impregnation sample, the loaded Pt species on KCa,Nb;0O,,
are almost entirely metallic, while the majority of Pt species in
the adsorption sample are in an electron-deficient state
suggestive of strong interactions with the oxide nanosheet
surface.
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The dispersion of Pt nanoparticles in the interlayer
nanospaces between the restacked KCa,Nb;O,, nanosheets
was observed by transmission electron microscopy (TEM).
The deposited Pt nanoparticles were distinguishable because
of the difference in electron density between Pt and the
niobate nanosheets. As shown in Figure 2, the adsorption

Adsorption
Sample: 1.0 wt% Pt (Adsorption)
Number of particles: 100
Average size: 0.8 nm

Frequency / %

0-1 1-2 2-3 3-4 4-5 5-6 6-7
Particle size / nm

Sample: 1.0 wt% Pt (Impregnation)
Number of particles: 100
Average size: 1.8 nm

Frequency / %

0-11-2 2-3 3-4 4-5 5-6 6-7 7-8
Particle size / nm
Figure 2. Typical TEM images and corresponding particle size distribu-

tions of restacked KCa,Nb,0,, nanosheets modified with 1.0 wt% Pt
using an adsorption and impregnation method (scale bars 10 nm).

sample exhibited very high dispersion of Pt; most of the
deposited Pt nanoparticles had a diameter smaller than
1 nm.”"! While some Pt aggregated to form larger secondary
particles, the diameter size remained smaller than 4 nm. No
deposition of Pt occurred when H,[PtCl]-6 H,O was used as
the precursor in the adsorption method, most likely because
of electrostatic repulsion between the anionic Pt complex and
polyanion nanosheets. Even at a relatively high loading
amount (5.0 wt %), highly dispersed Pt was observed (Fig-
ure S3), consistent with the results of the XRD measure-
ments. The impregnated sample (1.0 wt % Pt) also exhibited
a high dispersion of Pt deposits with diameters smaller than 3—
4 nm, but the average size was greater than that achieved by
the adsorption method (Figure 2). When the loading amount
was increased to 5.0 wt %, agglomerates with diameters larger
than 20 nm were generated (Figure S3), indicating that the Pt
species sandwiched by Ca,Nb;O,,~ nanosheets in the adsorp-
tion samples were less susceptible to aggregation upon
thermal treatment because of steric hindrance. In addition,
the intercalated, highly dispersed Pt nanoclusters underwent
interactions with the nanosheet surface, as suggested by XPS
(Figure S2), which is favorable for photoredox catalysis, as the
efficiency of photocatalytic reactions was improved upon
intimate contact between a semiconductor and a co-cata-
lyst.?"]

Thus, successful intercalation of Pt nanoclusters into the
interlayer nanospace of KCa,Nb;O,, was obtained even at
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higher Pt loading through simple electrostatic attraction
without relying on co-intercalating reagents. According to the
same principle, other metal nanoclusters could be introduced
into the interlayer nanospaces between KCa,Nb;O;, nano-
sheets using the corresponding cationic metal complexes. As
shown in Figure S4, highly dispersed metal nanoparticles of
Pd, Rh, and Ru were observed, indicating that this method-
ology could be applicable to various metal species for
intercalation.

Unmodified restacked KCa,Nb;0O,, nanosheets exhibited
little photocatalytic activity for overall water splitting,
producing only a small amount of H,.”"! As Ebina et al.
reported,'”™ KCa,Nb,O,, with a band gap of about 3.5eV
possessed activity for overall water splitting when modified
with RuO, (Figure 3), providing confirmation of reproduci-
bility. Platinum-decollated analogs prepared also were active
for water splitting. However, the performance of the samples

5 100'0 H, (Adsorption)

§ <> 0, (Adsorption) &
o 801 A H, (Impregnation) L 2

qg /A 0, (Impregnation) 2

o 607@ H,(RuO,) .

g 40 O 0, (R0, o

S 4 Ak Al
5 20- ., A A

Y ITIIIIIL
g O-L @ T T T T
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Reaction time / h

Figure 3. Time course of overall water splitting using KCa,Nb;0,,-
based materials under UV irradiation (1 >300 nm). Reaction condi-
tions: catalyst, 50 mg; 10 mm aqueous Nal solution, 100 mL; light
source, xenon lamp (300 W).

presented here exceeded that of the RuO, analog. Results
also confirmed that no reaction occurred in the dark or under
irradiation of light at wavelengths longer than 380 nm.

The rates of H, and O, evolution by the adsorption sample
were greater than those achieved by an analog with externally
decollated Pt, presumably because of the smaller size of the Pt
deposits (Figure 2) or the difference in the valence state of Pt,
as observed in the XPS spectra (Figure S2). According to
a report by Lee and co-workers, an electron-deficient Pt on
a semiconductor photocatalyst can act as an electron collec-
tor.?” Therefore, the difference in the Pt valence contributed
to the activity difference between the two photocatalysts. The
water-splitting rate also was dependent strongly on the
amount of Pt loaded. The activity increased with increasing
amount of Pt deposition, and reached a maximum at 0.5-
1.0 wt %, then decreased (Figure S5). The reproducibility of
the rates of H, and O, evolution in the reaction was within
20% under the same reaction conditions. This adsorption
sample exhibited the greatest activity for overall water
splitting among nanosheet-based photocatalysts reported.”’
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The stability of Pt-intercalated KCa,Nb;O,, was tested
over 30 h of reaction. As shown in Figure S6, the rates of H,
and O, evolution were improved by a factor of about 1.5 after
the first run, then exhibited stable performance without
significant loss of activity.?*>! The total amount of H, and O,
produced in 30 h of reaction was 573 pmol, exceeding that of
Pt/KCa,Nb;O,, (ca. 90 umol), which clearly confirms the
catalytic cycle of the reaction. The apparent quantum yield
(AQY) in the steady-state was estimated to be about 3% at
300 nm.”"! Furthermore, no noticeable change in the XRD
patterns and XPS spectra for Pt 4f of Pt/KCa,Nb;0O,, before
and after the water splitting was identified (Figure S7),
indicating that the photocatalyst was stable during water
splitting. However, TEM observations showed that the
loaded Pt nanoclusters underwent aggregation to some
extent after the 30 h of reaction, judging from the change in
the histograms (Figure S8).

Recent progress in nanotechnology allowed the examina-
tion of the size dependency of metal co-catalysts on activity.
Teranishi and co-workers used Rh nanoparticles with a pre-
cisely controlled size as a component of core/shell-structured
Rh/Cr,0O3, which is an effective co-catalysts for photocatalytic
water splitting.*? According to that study, smaller Rh cores
exhibited greater activity than the larger Rh cores. In
heterogeneous photocatalysis, the effect of co-catalyst size
on the photocatalytic water splitting performance had not
been examined at sizes smaller than 1 nm because of the lack
of an effective preparation method and a suitable photo-
catalyst. Thus, the results of this study revealed the superior
ability of nanoclusters with diameters smaller than 1 nm to
promote the water-splitting reaction for the first time.

In summary, the ability of Pt nanoclusters with diameters
smaller than 1 nm to promote water-splitting was examined,
and a simple method to decollate the interlayer nanospace of
a layered metal oxide (here KCa,Nb;O,) with highly
dispersed noble-metal clusters was developed at the same
time. The results show the potential of nanosheets as
a building block for overall water splitting, which will provide
insights for the bottom-up synthesis of photofunctional
assemblies based on nanomaterials.
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