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Colloidal perovskite nanosheets of [CazNbzO;0]~ were reassembled by flocculation with
aqueous solutions containing alkali metal ions. X-ray diffraction and chemical analysis data
on the derived products indicated that a limited number of nanosheets were restacked in
such a way as to restore a layered structure that accommodated alkali metal ions and water
molecules between the nanosheets. This exfoliation/restacking process resulted in porous
aggregates of fine crystallites with high specific surface areas compared to those of the
original layered perovskite. The aggregates showed high photocatalytic activity for hydrogen
gas generation from an aqueous methanol solution. A maximum evolution rate of 550 umol
h~! was achieved at an optimum loading of Pt, which is higher than KCa;NbzO1, (63 umol
h=%) and P-25 titanium oxide (390 umol h™?). Photoirradiation of a colloidal nanosheet
suspension containing H,PtClg allowed direct deposition of Pt nanoparticles on the surfaces
of single-layer nanosheets. Pt single crystals as small as 1 nm were loaded onto nanosheets
when Pt loading was 0.1 wt %, while larger polycrystalline particles of up to 10 nm were
deposited when Pt loading was 3 wt %. The Pt-loaded nanosheets were flocculated with
alkali metal ions, and the resulting aggregates showed a maximum activity of 900 umol h™*

for hydrogen generation when Pt loading was 0.1 wt %.

Introduction

Several classes of layered host materials are known
to act as photocatalysts. A layered niobate of K4NbgO17
can efficiently split H,O into H, and O, under band gap
illumination.! It has also been reported that a series of
layered titanates and layered perovskites (e.g., Na-
Ti307, K2Ti409, KzLagTi3olo, and Kcange,Olo) exhibit
photocatalytic activities.?~> These layered materials are
comprised of semiconducting host layers and interlayer
alkali cations. Charge separation takes place in the host
layers upon ultraviolet irradiation. The generated elec-
trons and holes show high reductive and oxidative
reactivities, which is the origin of photocatalytic proper-
ties. The interlayer guests are ion-exchangeable with
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various foreign species.® Cationic species such as Ni2*"
and Pt(NHz)42 * have been introduced into interlayer
galleries as precursors of photocatalytically active sites.”
Although ion-exchange reactions provide facile and
powerful tools in chemical modification of photocata-
lysts, they continue to suffer from a limitation of cations
for use. Some ions are difficult to incorporate into the
hosts due to the chemical nature or steric hindrance of
these ions.

The layered host materials mentioned above undergo
exfoliation upon interacting with bulky guests, for
example, quaternary ammonium ions.8~12 The resulting
unilamellar crystallites can be regarded as a new family
of nanosized semiconductors. These so-called “nanosheet
semiconductors” have a thickness of ~1 nm that is
comparable to the dimensions of molecules.’® In con-
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trast, the lateral size of these semiconductors is much
larger, typically ~1 um, basically depending on the
dimensions of the starting layered crystals.’® This
structural aspect is expected to lead to novel or en-
hanced physical properties. For example, nanosheets of
titanium oxide exhibit a sharp and intense optical
absorption at 265 nm, which is distinctly different from
bulk titanium dioxide such as anatase and rutile.!4

These nanosheet crystallites are very interesting from
the viewpoint of material synthesis because they can
be used as building blocks to construct a variety of
nanostructured systems. Multilayer ultrathin films of
various composition and architecture have been fabri-
cated via electrostatic self-assembly using appropriate
polyelectrolytes as counterions.®10:121516 Formation of
novel shapes such as thin flakes and hollow micro-
spheres by using the nanosheets as building blocks has
been achieved by applying freeze-drying or spray-drying
processing.t’

The colloidal nanosheets undergo flocculation to form
a restacked product by changing the ionic strength or
pH of the suspensions.’® Using this simple procedure,
it is possible to incorporate a range of guest species into
the nanosheet gallery more easily than by ion-exchange
reactions. A restacked product is characterized by its
loose structure. The size of a crystallite is small,
particularly along the stacking direction due to a limited
number of restacked nanosheets. In addition, the stack-
ing sequence is usually disordered. These structural
features are expected to work favorably in designing
high-performance catalysts. However, to the best of our
knowledge, few studies have reported fabrication of
photocatalysts via exfoliation and subsequent restacking
despite the high catalytic activities reported for layered
hosts. The present study was, therefore, undertaken to
demonstrate the validity of this synthetic strategy. The
typical layered perovskite of KCa;NbzO;0 was exfoliated
into nanosheets and then flocculated to produce restacked
aggregates. Pt metal nanoparticles acting as active sites
for photocatalytic activities were introduced directly
onto the nanosheets themselves as well as onto the
restacked aggregates. Decomposition of H,O was exam-
ined using these materials as photocatalysts.

Experimental Section

Reagents and Materials. Reagents such as K,COz, CaCOs3,
and Nb,Os were of 99.9% purity or higher (Rare Metallic Co.).
All the other chemicals were of analytical grade. All water used
in the experiments was purified to a resistivity of >17 MQ
cm by filtration through a Milli-Q reagent water system.

The starting material of KCa,NbzO;o was prepared accord-
ing to the literature:*® K,COs3, CaCOgz, and Nb,Os were mixed
at the ratio of 1.1:2:3 and calcined at 1473 K for 10 h. The
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obtained powder of KCa;NbzO; (20 g) was treated with 500
cm?® of HNO;3 aqueous solution (5 mol dm=3) for 72 h. The
product was recovered by filtration, washed with water, and
air-dried. The resulting H*-exchanged phase, HCa;NbzO1-
1.5H,0 (0.6 g), was shaken in an aqueous solution (150 cm®)
containing tetrabutylammonium hydroxide (TBAOH).1020.21
The concentration of the TBA solution was 7.3 mmol dm~3,
which is a favorable condition for promoting delamination of
layered perovskite into colloidal single layers.

Pt Loading onto Nanosheets. The colloidal suspension
of perovskite nanosheets (150 cm?3) was added into a solution
of water (150 cm?®) and methanol (30 cm?3), into which 1.2—48
mg of HPtCls had been dissolved. The dissolved amount
corresponded to 0.1—3 wt % Pt with respect to HCa;NbsO10°
1.5H,0. The solution was stirred in a Pyrex reaction cell and
irradiated during stirring with a 500 W Xe lamp for 30 min in
an Ar atmosphere (about 13 kPa) for the photodeposition of
Pt onto the nanosheets.

Flocculation of Nanosheets. Typically, 300 cm? of
nanosheet colloidal suspension was added to 300 cm?® of NaOH
or KOH aqueous solution (2 mol dm~3) at a drop rate of ~1
c¢cm?® min~*. The resulting precipitate was filtered, washed with
water, and dried in air. The flocculated product is hereafter
expressed as ex-Ca;NbzO10/AT where A = Na or K. Pt-loaded
nanosheets were flocculated in the same way as nanosheets
without Pt to obtain a reassembled aggregate.

Photocatalytic Reaction. Hydrogen generation from an
aqueous methanol solution was performed as follows: An
aggregate of reassembled nanosheets (0.1 g) was suspended
in 300 cm?® of an aqueous methanol solution (10 vol %) in an
air-free closed gas circulation system with a reaction cell made
of Pyrex glass (350 cm?® capacity) that allows for outside
irradiation. The system was photoirradiated with a 500 W Xe
lamp under an Ar atmosphere (~13 kPa). The evolved H; gas
was determined by gas chromatography (MS-5A column, Ar
carrier) through a gas sampler (7 cm?®) directly connected to
the reaction system to avoid any contamination from the air.

Instrumentation. Transmission electron microscope (TEM)
images at low magnification were obtained with a JEOL JEM-
1010 operating at an accelerating voltage of 100 kV. High-
resolution images and elemental analysis data by energy-
dispersive X-ray analysis (EDX) were obtained by a JEOL
JEM-3000F (accelerating voltage: 300 kV). Specimens were
prepared by placing a drop of the diluted colloidal suspension
onto a carbon-coated copper grid. After standing for 30 min,
the suspension was removed. A Hitachi S-5000 scanning
electron microscope was used for the morphological observation
of the reassembled aggregates of nanosheets. The sample was
deposited with Os to prevent charging.

The BET surface area was measured with a BELSORP
28SA. The sample was pretreated by evacuation at 473 K.
Differential thermal analysis and thermogravimetry were
carried out with a Rigaku TG8120 thermal analyzer at a
heating rate of 10 K min~! in air.

Chemical analysis was carried out by completely dissolving
a weighed amount of sample in a mixed acid solution of
concentrated H,SO, and HF and subsequently determining K,
Ca, and Nb by ICP-AES (Seiko 1700HVR). Powder X-ray
diffraction (XRD) data were collected using a Rigaku Rint
2000S X-ray diffractometer with graphite monochromatized
Cu Ka radiation (4 = 0.15405 nm).

Results and Discussion

Reassembling of Perovskite Nanosheets with
Alkali Metal lons. The colloidal nanosheet suspension
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Figure 1. XRD patterns of the (a) starting material of KCa,-

NbsO;0 and reassembled products obtained by flocculation with
(b) K* and (c) Na*.

Table 1. Elemental Analysis Results and BET Surface
Areas of Aggregates and Starting Compound

ratio of element

BET surface

Kor Na Ca Nb area (m2g1)
ex-CazNbzO10/K*2 0.95 2.0 3.0 27
ex-CaaNbzO10/Nat 0.87 2.0 3.0 29
KCazNb3z019 1.0 2.0 3.0 3

a Kt in ex-Cap;Nb3z01¢/KT means that the nanosheet was floc-
culated with K*.

immediately underwent flocculation when added to an
aqueous alkali hydroxide solution, yielding a precipitate
at the bottom of the flask. Elemental analysis of the
products (Table 1) revealed that the Ca/Nb ratio re-
mained virtually unchanged while a slight reduction in
alkali metal content was observed compared to the
stoichiometric ratio of the precursor layered perovskite,
that is, K/Ca/Nb = 1/2/3. The XRD patterns of the
products were basically comprised of 00l basal series
and hkO reflections (see Figure 1). These diffraction
features are attributed to the stacking of nanosheets
and the two-dimensional atomic arrangement in the
nanosheets, respectively. These structural and compo-
sitional data strongly suggest that the obtained pre-
cipitates were produced via restacking of the nanosheets.
The basal spacing was ~1.7 nm, which was about 0.2
nm larger than that of the starting compound of KCa,-
NbzO1p. These results can be understood in terms of
hydration. The sample was dehydrated by heating to
373 K, as indicated by the large weight loss ac-
companied by an endothermic peak. No noticeable
thermal events were observed above 373 K. (Thermal
analysis data is deposited as Supporting Information).
The sample heated to 1273 K was composed mainly of
KCasNbzO19 with CasNb,O; in a trace amount. The

Ebina et al.

Figure 2. Scanning electron micrographs of (a) KCa;Nb3sO10
and (b) restacked aggregates, ex-Ca;Nb3zO10/K*.

Table 2. Crystallite Size of Aggregates and Starting
Compound

coherent length (nm)

(001) (100)
ex-Casz3010/K+ 7.2 29
(-I‘X-CazNb3O;|_0/Na+ 13 31
KCayNbzO19 >200 68

formation of Ca;Nb,O7 is ascribed to the slight defi-
ciency of alkali metal ions with respect to stoichiometry.
The alkali deficiency may be compensated for by pro-
tons, most likely in the form of oxonium ions. The
possibility of the presence of TBA ions can be ruled out
since thermal analysis did not show an exothermic peak
within the range of 573—673 K, where a peak would be
expected to appear if an organic substance was included
in the sample. The protons would be liberated as H,O,
removing oxygen atoms from the Ca;Nb3O1o nanosheet
and subsequently resulting in Ca;Nb,O-.

The XRD data above evidently indicate that the
exfoliation/restacking process introduces disorder into
the structure as well as reduces the crystallite size.
First, turbostratic stacking of perovskite nanosheets is
suggested since only basal diffraction series of 00l and
intra-nanosheet reflections of hkO were observed. All
general hkl lines were absent, indicating the loss of
three-dimensional order. In addition, the line width
(fwhm) of the basal reflections was much larger than
that before exfoliation. The coherent lengths calculated
on the basis of the Sherrer equation were found to be
considerably smaller than those calculated for the
starting material of KCa;Nb3O1 (Table 2). Reduction
of the crystallite size along the stacking direction was
particularly significant. These dimensions correspond
to stacks of four to eight nanosheets.

Figure 2 depicts the morphologies for the precursor
compound (before delamination) and the flocculated
product. The former are of platelike microcrystals
submicrometer thick and several micrometers wide. In
contrast, the latter is an agglomerate of very small
particles. The drastic morphological change upon exfo-
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Figure 3. Hydrogen gas generation from aqueous methanol
solutions: (M) restacked aggregates, ex-Ca;NbsO;o/K*; (O) ex-
Cay;Nb3zO50/Kt with Pt loading of 0.1 wt %; (@) starting

compound of KCazNb3O10; (O) KCazNb3z0,0 with Pt loading of
0.1 wt %.

liation and reassembling enhances the BET surface area
by ~10 times (Table 1).

The observed weight loss upon heating corresponds
to 6 mol of H,O per Ca;NbzO10. As mentioned above,
the interlayer distance increased by only 0.2 nm com-
pared with the that of the anhydrous phase. From the
viewpoint of crystal chemistry, this interlayer expansion
cannot explain the accommodation of such a large
amount of H,O molecules in the nanosheet galleries.
This implies that a majority of H,O is adsorbed by
possible pores in the aggregate. In fact, the dehydrated
aggregate underwent quick rehydration upon contact
with moist air, suggesting the presence of pores that
adsorb H,O molecules reversibly.

This synthetic route via exfoliation and subsequent
restacking leads to a porous aggregate with a high
specific surface area, which is remarkably different from
the bulk material before delamination. The aggregate
itself is composed of restacked nanosheets that accom-
modate alkali ions and water molecules between the
layers.

Water Splitting with Restacked Aggregates un-
der UV Irradiation. The high-surface-area layered
perovskite associated with a stacking disorder and very
small crystallite size is expected to result in the en-
hancement of the catalytic activity. Figure 3 shows the
H, gas evolution rate when an aqueous methanol
solution was photodecomposed in the presence of the
aggregated sample as a photocatalyst. Without Pt
loading, both the bulk starting compound KCa,;Nb3O01¢
and the restacked material ex-CazNbzO;0/K* showed
only modest H, generation of 7.7 and 11 umol h™1,
respectively. When Pt was loaded (0.1 wt %) as active
sites for H, generation, the photocatalytic activity for
both materials showed great improvement. Figure 4
shows H; generation activity as a function of the amount
of Pt loaded. It can clearly be seen that the restacked
aggregates exhibit much higher photocatalytic activity
than the bulk compound. The activity of the restacked
aggregates was comparable to or even higher than that
of TiO, (P-25, Japan Aerosil), which is well-known for
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Figure 4. Photocatalytic activities of hydrogen gas generation

as a function of Pt loading. (a) KCazNb3O010; (O) ex-CazNbzO10/
K+; (D) ex-Caszgolo/Naﬁ (V) TiO, (P-25)
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Figure 5. TEM images of Ca;NbzO,9 nanosheets with Pt
loading of (a) 3 wt % and (b) 0.1 wt %.

its high photocatalytic activity. Another noteworthy
point is that the optimum amount of Pt was different
between the bulk compound and the restacked ag-
gregate. The former, KCazNbzO;0, showed a maximum
activity at 0.1 wt % of Pt loading while the restacked
aggregates showed a maximum at 1 wt %. We attribute
this difference in optimum Pt loading to a difference in
the surface area. There might be an optimum ratio of
Pt loading to surface area for these catalysts. Since the
surface area of the layered perovskite increased by a
factor of 10 as a result of exfoliation and restacking, 10
times the amount of Pt may also be needed to attain
optimum activity.

Photodeposition of Pt onto Nanosheets. It is
highly important that Pt nanocrystallites can be depos-
ited directly onto semiconductor nanosheets such as Cay-
Nb3sO1 to obtain better control of the photochemical
reaction activity. Figure 5 shows the TEM images of
nanosheets after UV irradiation in H,PtClg solution.
Very thin crystallites with uniform and faint contrast
were found. This feature is characteristic of nanosheets,
confirming that the unilamellar nature was maintained



4394 Chem. Mater., Vol. 14, No. 10, 2002

Figure 6. High-resolution TEM image of Pt particles depos-
ited when 3 wt % of PtCl¢?~ was applied.
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Figure 7. Local EDX spectrum for the nanosheet with Pt
loading of 0.1 wt %. Electron beam diameter was ~10 nm.
Signals of Ca, Nb, and O are attributed to nanosheets. Peaks
due to Cu are from the TEM grid.

even after photodeposition. Unlike a nanosheet sample
without Pt deposition, there were several spots in high
contrast on the nanosheets when 3 wt % of Pt was
applied. The spots had an average size of ~#10 nm, and
higher magnification revealed agglomerate particles
(Figure 6). Each particle consisted of single crystals of
several nanometers that showed clear lattice fringes. A
lattice spacing of 0.2 nm was most frequently detected,
which is in good agreement with the 200 lattice plane
of Pt. Furthermore, EDX analysis detected Pt within
the area surrounding the spots of high contrast. These
results indicate that aggregated Pt nanocrystals can be
deposited directly onto the perovskite nanosheets.

In contrast, when a smaller amount of Pt was pho-
todeposited, TEM observation under low magnification
did not detect Pt particles as spots in high contrast on
the nanosheet (Figure 5b). However, an EDX scan with
a probe diameter of about 10 nm detected a Pt signal
in several areas. Figure 7 shows the local EDX spectrum
of one of these areas. When these areas were observed
under high-resolution TEM, fine particles of 1—2 nm
were detected (Figure 8). The deposition of Pt was
promoted via the reduction of PtClg2~ by excited elec-
trons generated in the Ca;NbzO;9 nanosheets upon UV
irradiation. When the concentration of PtClg?~ is low,
the reagent reacts with the photoexcited electrons
immediately, yielding nanocrystals on the nanosheets.
On the other hand, when a large amount of Pt is
applied, excess PtClg?~ not consumed in the initial stage
may deposit onto Pt nanocrystals formed previously.
Reduction of PtClg?~ via this “crystal growth” may

Ebina et al.

Figure 8. High-resolution TEM image of a Pt-loaded nanosheet
(0.1 wt %). Arrows indicate possible locations of Pt nanopar-
ticles that show slightly higher contrasts.
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Figure 9. XRD patterns of restacked products of Pt-loaded
nanosheets flocculated with (a) K™ and (b) Na*.
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become predominant since photoexcited electrons easily
migrate from the nanosheets to the Pt crystals and
reduce the unreacted PtCle?~. This process may bring
about a difference in the morphology of the Pt deposited
on the nanosheets.

Reassembling of Pt-Loaded Nanosheets. The Pt-
loaded nanosheets were flocculated with KOH or NaOH
solutions. Since Pt particles were randomly distributed
on the nanosheet surfaces, most of the particles were
expected to be accommodated within a nanosheet gal-
lery. The flocculated products showed a lamellar struc-
ture with an intersheet spacing of 1.7 nm, similar to
that of samples without Pt loading. The gallery height
was not dependent on Pt loading (Figure 9). TEM
observations definitely indicate that the Pt particles on
the nanosheets grew beyond the intersheet distance.
However, it is noteworthy that only a limited number
of Pt nanocrystals were deposited on the nanosheet,
leaving the remaining areas Pt-nanoparticle-free. In Pt-
free areas, the strong electrostatic interaction between
the interlayer ions (K™ or Na™) and nanosheets may hold
the nanosheets tightly together, resulting in the inter-
sheet distance of 1.7 nm. This indicates that Pt nano-
particles do not behave as “pillars”, most likely due to
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Figure 10. Hydrogen gas generation rate for restacked
aggregates of Pt-loaded nanosheets. (®) ex-Ca;NbzO10/K™; (O)
EX-Casz3010/N8+.

their scarcity. AFM and TEM images have also shown
various nanosheets to be fairly flexible.10.13.22
Photocatalytic Activities for Restacked Aggre-
gates of Pt-Loaded Nanosheets. Figure 10 shows
photocatalytic activities of restacked samples of Pt-
loaded nanosheets. High H; evolution rates, 620 and 900
umol h=1, were obtained for ex-Ca,NbzO;0/K™ and ex-
CayNbsOj0/Na™ at a Pt loading of 0.1 wt %. These
activities were higher than the activities of samples that
were Pt-deposited after restacking. In addition, there
is a noticeable difference in the dependence of Pt loading
for the two systems. The activity drops significantly
from 0.1 wt % Pt loading to 0.5 wt % and then plateaus
with further Pt loading. This phenomenon contrasts
with that of the samples Pt-loaded after restacking that
showed increasing photocatalytic activity with increas-
ing Pt loading. Photoexcited electrons migrate to Pt
particles to reduce H* into H,. In the samples loaded
with Pt after restacking, Pt particles are expected to be
located only on the surfaces of the restacked aggregates.
The reduction efficiency of H* is expected to be lower
since there are no Pt sites for electrons excited inside
the aggregate. These excited electrons may be lost by
recombining with positive holes. In contrast, the

(22) (a) Nadeau, P. H.; Wilson, M. J.; McHardy, W. J.; Tait, J. M.
Science 1984, 225, 923. (b) Saupe, G. B.; Waraksa, C. C.; Kim, H.-N.;
Han, Y. J.; Kaschak, D. M.; Skinner, D. M.; Mallouk, T. E. Chem.
Mater. 2000, 12, 1556.
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restacked aggregates of Pt-loaded nanosheets are ex-
pected to contain Pt nanoparticles that are highly
dispersed throughout the sample, meaning Pt particles
are expected to be present in the restacked nanosheet
gallery as well as on the surface. This allows excited
electrons to migrate easily to Pt particles nearby.
However, an efficient evolution of H, gas was not
observed experimentally except for very high efficiency
for the sample with low Pt loading. The activity of ~200
umol h~1 that was observed was nearly half that
observed for the other system. This phenomenon sug-
gests that H; evolution via H,O decomposition does not
proceed within the intersheet space of the aggregates.
A possible explanation for this is the limited or slow
access of H,O into the intersheet gallery from the
aqueous solution outside. If this assumption is the case,
the number of active sites on the surface may be smaller
than that in the other system, which provides a reason-
able explanation for the lower photocatalytic activities.
A possible reverse reaction may also explain the results.
The generated H, (or H atom) and oxidized species from
methanol, for example, formaldehyde, are more or less
confined in restricted nanosheet galleries, taking a
longer time to escape from a reaction spot. They may
be combined again on Pt, which may reduce the appar-
ent rate of H, evolution.

The very high activities observed for the Pt loading
of 0.1 wt % are peculiar. At 0.1 wt %, extremely small
Pt single nanoparticles are deposited as described above.
This state may be effective in H, generation from an
aqueous methanol solution. A conclusion on this point
must await further study.
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