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Metastable Sr, sTaO5 Perovskite Oxides Prepared by Nanosheet Processing
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Metastable Sry5TaO3; with a perovskite structure was pre-
pared by using layer-structured H,Sr; sTazO,¢ by two dif-
ferent processes: direct dehydration and nanosheet pro-
cessing, and the photocatalytic activities of the obtained
structures were investigated for the evolution of H, and O,
from distilled water under UV light irradiation. The average
gas evolution rates were 66 pmolh~! (H,) and 16 umolh™! (O,)

for SrysTaO3 prepared by direct dehydration, whereas those
obtained by nanosheet processing were 126 pmolh™! (H,)
and 33 umolh™ (O,). It was shown that nanosheet processing
is effective for obtaining metastable Sry sTaO3 with high pho-
tocatalytic activities.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Nanosheets with a two-dimensional single crystal with a
thickness of several nm have attracted a great deal of atten-
tion as a component material for bottom-up processing
from scientific and technological points of view.[!8! The
nanosheets are usually obtained from host layer-structured
materials composed of monovalent cations such as Li*,
Na*, and K* and transition-metal-oxide layers. In the lay-
ered structure of the host materials, the interlayer spacing
between the transition-metal-oxide layers provides an im-
portant field through intercalation reactions. The exchange
reactions from the monovalent cations to H" and/or H;0™
followed by the intercalation of organic cations such as tet-
rabutylammonium ions expand the interlayer spacing of the
host materials.[’l These multistep intercalation reactions de-
laminate the host layered materials, which leads to nano-
sheets comprising the transition-metal-oxide layers.['%-1]
Nanosheets are obtained as colloidal suspensions due to
repulsive interactions between them with negative charges.
When a colloidal suspension is subjected to titration with
acid or cations, the nanosheets are restacked and noncon-
ventional layered compounds with a different stacking
structure from the host materials can be established.[!®!7]

Bottom-up processing using the nanosheet as a compo-
nent material, that is, nanosheet processing, can provide a
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possible root for synthesizing three-dimensional materials
with novel disordered structures. The reaction between acid
and nanosheets in a colloidal suspension yields restacked
layered materials with H* and/or H;O" in the interlayer
spacing. The dehydration of the protonated compounds
triggered by heat treatment at moderate temperatures re-
sults in a three-dimensional network not only with a large
amount of structural imperfections but also in a metastable
state. In this paper, metastable Sry sTaO5 perovskite oxide
obtained by nanosheet processing is reported and the ac-
tivity of photocatalytic water splitting is investigated.

Photocatalytic water splitting has attracted much atten-
tion, because this technology can provide a clean and
renewable source for hydrogen fuel. Perovskite-structured
oxides with TiOg,['8 211 NbOg,[16-2224 and TaO¢?%2537 oc-
tahedra have been reported to show high activity in photo-
catalytic reactions. Particularly, TaOg systems such as
LiTaO;, NaTaO3, and KTaO3 can produce stoichiometric
amounts of H, and O, from distilled water. For the per-
ovskite oxides with TaO4 octahedra, the bandgap is estab-
lished between the conduction band minimum formed by
the Ta 5d bands and the valence band maximum mainly
composed of the O 2p band, and the A-site cation consti-
tutes nonbonding bands at levels far below the Fermi en-
ergy. The Ta base perovskite oxides with similar electronic
structures are expected to show superior photocatalytic ac-
tivity. Therefore, we have chosen metastable Sry sTaO5 per-
ovskite oxide for photocatalytic water splitting. Electronic
structure calculations for SrTiO; reveal that the electronic
bands originating from Sr are present far below the Fermi
energy and that the bandgap is built up between the Ti 3d
conduction band and the O 2p valence band.?% 4% Because
the electronic bands of Sr are low lying from the Fermi
energy, the electronic structure of Sry sTaO;5 is expected to
be similar to those of LiTaO;, NaTaO;, and KTaOs;.

5471

vvvvvvvvvvvvvvvvvvvvvv



FULL PAPER

K. Inaba, S. Suzuki, Y. Noguchi, M. Miyayama, K. Toda, M. Sato

(@) (b)

=
Q9 Tao,
OYoYo H* S S vl 6
r

ocoooooaoo‘/H:O_+ Q Q

Q

Q QX0 Sr2+
H,Sry 5Taz0q Nanosheets

(Host materials)

Exfoliation ! Stacking

=

(c) (d)

=
g Dehydration =
—
& PP
Q2020
Q,
H+/70 DD ®
or LR P P
Hy0* 4% 3’$ o
30" PP $4 oY Yo
A 2

RE-H,Sr; 5Ta;04
(Restacked materials)

RE-Sr; 5Ta0,
(Dehydrated materials)

Figure 1. Schematic structural drawing of the transformation from host materials H,Sr; sTa;0, to dehydrated materials RE-Srg sTaOs.

Standard solid-state reactions do not provide Sry sTaOs,
whereas Sty sTaO3 can be obtained from a metastable phase
during dehydration of layered perovskite H,Sr; sTa3;0y.
Here, we synthesized Srjs;TaO; through two kinds of dif-
ferent processes: (1) direct dehydration of H,SrysTa;04q
and (2) soft chemical stacking of (Sr; sTa;0,¢)*> nanosheets
obtained from H,Sr; sTa;0;, (nanosheet processing, see
Figure 1). The properties of photocatalytic water splitting
for SrysTaO3 prepared by these two different methods are
investigated and the higher photocatalytic activity observed
for SrysTaO; obtained from the nanosheets is discussed.

Results and Discussion

Figure 2 shows the XRD patterns of the samples pre-
pared through processes (1) and (2). The peaks observed
for H,Sr, sTaz0, (Figure 2a) at 20 = 6, 13, and 19°, which
are associated with the layered structure, disappeared after
heat treatment (dehydration) at 600 °C for 2 h for Sry sTaO5
(Figure 2b). The XRD peaks assigned to the cubic perov-
skite structure were observed for SrysTaO; (Figure 2b).
These results show that the dehydration of H,Sr; sTaz0q
leads to metastable Sry sTaO5 with a perovskite structure. It
was found that perovskite SrysTaOs; can be obtained
by direct dehydration by using H,Sr; sTa30,y as the host
material.

(@) HySry5Taz04q
[(b) S 5Ta0, ]

-(c) RE-H,Sry 5Ta;04

[(d) RE-Sr, sTaO, )

Intensity/a. u.

10 20 30 40 50 60
260 /°, Cu-Ka

Figure 2. XRD patterns of (a) H,Sr; 5sTas049, (b) SrysTaOs, (c)
RE-HZSr1_5Ta3010, and (d) RE-Sr0_5TaO3‘
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The morphology of (Sr; sTa;0;¢)> nanosheets used in
nanosheet processing was examined by atomic force micro-
scope (AFM). Figure 3 shows an AFM image of the nano-
sheets: the upper panel is a topographic image and the
lower panel is the height profile of the cross section along
the white line in the upper panel. The nanosheets had an
average height of 4 nm and an average width of 200 nm.
From the thickness of the perovskite layers (1.17 nm), the
nanosheets appear to be composed of three perovskite lay-
ers.

Figure 3. (a) AFM image and (b) height profile of (Sr; sTa;0,0)*>
nanosheets.

Figure 2c exhibits the XRD pattern of RE-H,Sr; 5Ta;0y
obtained from the reaction between (Sr; sTa;0,0)> nano-
sheets and H*. The driving force of the reaction is likely
the attractive electrostatic interaction between negatively
charged nanosheets and positively charged protons. The
XRD pattern of RE-H,Sr; sTas0,, (Figure 2c) is similar to
that of H,Sr;sTa30;y (Figure2a), showing that RE-
H,Sr; 5Ta30, has a layered structure. It was found that
RE-H,Sr, sTa30;, exhibits a broadening of the XRD
peaks, which implies the presence of stacking faults induced
in the restacking process of (Sr; sTa;0,0)> nanosheets. RE-
Sro.sTaO5 (Figure 2d) shows an XRD pattern similar to
that of Sry sTaO5 (Figure 2b) despite having a peak at 20 =
6°, which is attributed to the RE-H,Sr; sTa3;0,, residue.

Figure 4 shows the scanning electron microscope (SEM)
images of SrysTaO; and RE-Sr, sTaO5 particles. SrgsTaO5
had plate-like particles with a size of 500 nm, whereas RE-
Sry.sTaO5 possessed smaller particles with a size of 100 nm.
The exfoliation performed in nanosheet processing de-
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creased the particle size of the products. The surface areas
of SrysTaO; and RE-Sry sTaO5 are listed in Table 1. The
surface area of RE-SrysTaO; was 43.4m?g!, which was
larger than that of SrysTaO5 (13.5m?g ™).

Figure 4. SEM images of (a) SrysTaO;, and (b) RE-Srg sTaO;.

Table 1. Photocatalytic activity of SrysTaO; and RE-Sr, sTaOs.

Compound BET surface  Band gap Activity [umolh™']
area [m>g!] [eV] H, 0,

Sry sTaO3 13.5 3.7 66 16

RE-Sr 5Ta0O4 434 3.7 126 44

Figure 5 shows the UV/Vis absorption spectra of
Srg.sTaO; and RE-Sry sTaO5. Both of the samples had an
absorbance with a steep edge in the ultraviolet region. The
band gap (£,) can be estimated according to Equation (1).

(ahv)" = A(hv — E,) (1)

where /v is the incident photon energy, a is the absorption
coefficient, and A is a constant. The value of n depends on
the type of interband transition: n = 2 for a direct transition
and n = 1/2 for an indirect transition. The absorption coeffi-
cient is plotted against (hv — E,) in the inset of Figure 5.
The slope was estimated to be 2, which shows that RE-
Sro sTaO;5 is classified as an indirect transition material.
From the linear extrapolation in Figure 5, the values of £,
were calculated to be 3.7 (SrpsTaOs) and 3.7¢V (RE-
Sro.5sTaOs3). This suggests that the valence band maximum
and conduction band minimum are mainly composed of O
2p and Ta 5d bands, respectively. The bands attributed to
Sr lie lower in energy than the O 2p valence band. This
feature in the electronic structure of SrysTaO; leads to a
constant value of E, with stacking faults in RE-Sr, sTaO3,
and the same values of E, were observed for Sry sTaO5 and
RE-SI'()_STZIO3.
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Figure 5. The main panel shows UV/Vis diffuse reflectance spectra
of SrysTaO3 and RE-Sr sTaO3, with the inset providing a relation-
ship between absorption coefficient and photon energy for RE-
Sr0_5TaO3.

Figure 6 portrays the photocatalytic gas production
from distilled water for 0.5 wt.-% Ni-loaded powders of
Sty 5TaO3 and RE-Sr( sTa05. NiO acts as an electron trap
and as hydrogen evolution sites. The H, and O, gases were
produced only when light was irradiated onto the samples,
whereas gas evolution stopped when the light was turned
off (dark reaction). This result indicates that gas evolution
is induced by the absorption of light. The average rates of
gas evolution were 66 pmolh! (H,) and 16 pmolh! (O,)
for SrysTaOs;, whereas those of RE-SrysTaO; were
126 pmolh™! (H,) and 33 umolh™! (O,). The nonstoichio-
metric evolution of H, and O, probably results from the
physisorption and chemisorption of O, molecules on the
surface of the samples.*!
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Figure 6. Photocatalytic gas evolution from distilled water dis-
persed with 0.5 wt.-% Ni-loaded samples: H, for SrysTaO; (@); O,
for SrysTaO; (m); H, for RE-SrjsTaO5 (0); O, for RE-Srj sTaO5
(O).

One of the possible reasons why SrysTaO; and RE-
Sry 5TaO5 showed different photocatalytic activities is their
different surface areas. RE-SrysTaO5; with a high surface
area is likely to have a high density of the site active for the
photocatalytic reaction, which resulted in a high photocata-
lytic activity. Another possible reason is a large number of
the stacking faults in RE-Sr( 5TaO;. It is well known that
the absorption of photons in photocatalytic materials is ac-
companied by generation of electron—hole pairs. Photoin-
duced electron—hole pairs are transferred to the absorbed
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water molecules on the surface. Holes in the valence band
oxidize absorbed water molecules to produce O, gas and
hydrogen ions. Electrons in the conduction band reduce hy-
drogen ions to produce H, gas. The local distortions at the
stacking faults in RE-SrysTaO; produce the defect states
in the bandgap. The transfer of electrons and holes to the
absorbed water molecules might be accelerated through the
defect states due to the stacking faults, which is the possible
origin of the superior photocatalytic activity of RE-
Sry.sTaO3. In contrast, it is known for TiO, that point de-
fects promote recombination of photocarriers generated by
optical absorption and then deteriorate the photocatalytic
properties.*!] Further investigations on the photocatalytic
properties of the samples with different specific surface
areas and with different stacking-fault densities are under
way. In addition, photoluminescence studies will be con-
ducted to reveal the details of their band structures.

Conclusions

Metastable SrysTaO; with a perovskite structure was
synthesized from layered H,Sr; sTas;O;, as the host mate-
rial, and the photocatalytic activities of water splitting were
investigated for the obtained structures. The photocatalytic
activities of SrsTaO;z obtained by nanosheet processing
were higher than those of Sry sTaO; prepared by direct de-
hydration. The superior activities observed for SrgsTaOs
obtained by nanosheet processing are suggested to originate
from its high surface area and the stacking faults induced
during the reassembling of the (Sr; sTa;0,0)> nanosheets.
Nanosheet processing was found to be effective for synthe-
sizing Sry sTaO5 with high photocatalytic activities of water
splitting. It is expected that nanosheet processing will pro-
vide an efficient means for synthesizing photocatalytic ma-
terials of metastable perovskite oxides.

Experimental Section

As a precursor of metastable Sry sTaO3, K,Sr; sTa;0;y powder was
synthesized by conventional solid-state reaction.[*?! The raw materi-
als SrCO3, Ta,0s, and K,COj3 (40 mol-% excess) were thoroughly
mixed and calcined at 850 °C for 6 h and sintered at 1200 °C for
10 h. Ton exchange* 43 was achieved by treating K,Sr; sTa;Oy,
with H* in 1 M HNO; (200 mL). The resulting protonated materials
(H,Sr; 5Ta30,,) were filtered, washed with copious amounts of dis-
tilled water, and dried in air. H,Sr; sTa;0;, powder obtained by
the above process was designated as the host material (Figure 1a),
which was used for synthesizing metastable Srq sTaO; with a three-
dimensional perovskite structure (Figure 1d).

Sry.sTaO; powder was prepared by two different processes: (1) di-
rect dehydration of the host materiall**46-3% and (2) nanosheet pro-
cessing (Figure 1). In the direct dehydration process, the host mate-
rial H,Sr; 5Ta;0,, was dehydrated by heat treatment at 600 °C for
2 h in air, which led to Sry sTaO3; powder. In nanosheet processing,
SrysTaO; was obtained through nanosheets shown in Figure 1b.
H,Sr; 5Ta30, (1.6 g) was dispersed in 0.5% tetrabutylammonium
hydroxide (TBAOH, 200 mL) aqueous solution with a molar ratio
of TBAOH/H,Sr, 5Ta;0;o = 2:1. The mixture was treated at room
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temperature for 3 d, which yielded (Sr; sTa;0,()> nanosheets with
a thickness of approximately 4 nm (Figure 1b) in the solution. The
resulting colloidal suspension of (Sr;sTa;0,0)> nanosheets was
subjected to centrifugal separation, and the supernatant solution
was removed for further use. Excessive amounts of 1-m HCI
solution were added into the colloidal suspension to react
(Sr; sTa30;0)> nanosheets with H*. This reaction led to restacking
of the (Sr; sTa;0,0)*> nanosheets into H,Sr; sTa;0,, (Figure 1c).
The restacked materials obtained by nanosheet processing are de-
fined as RE-H,Sr; sTaz0;. The precipitates of RE-H,Sr; sTa;0
were filtered, washed with water, and dried in air. Heat treatment
of the precipitates at 600 °C for 2 h transformed RE-H,Sr; 5Ta;0,,
into SrysTaOs (Figure 1d). The dehydrated materials obtained
through nanosheet processing were expressed as RE-Sry sTaO; to
differentiate from Sr( sTaO; obtained by the direct dehydration of
H,Sr; sTa;04.

X-ray diffraction (XRD) analysis was performed to examine the
crystal structure of the samples by using D§ ADVANCE (Bruker
AXS) with Cu-K, radiation. A surface area of the powders was
determined by Brunauer-Emmett-Teller (BET) measurements
(Shimadzu, TriStar 3000). Nitrogen gas was used as an adsorption—
desorption gas. UV/Vis absorption spectra were obtained by the
diffuse reflection method by using a spectrometer (Shimadzu,
UV-2550), in which BaSO,4 was used as a reference. Ni-loaded sam-
ples were prepared by the photodeposition method by using
Ni(NO3),. The properties of photocatalytic decomposition of water
were investigated with a gas-closed circulating system. The sample
(0.09 g) was dispersed in distilled water (200 mL) by stirring in an
inner irradiation cell made of quartz. The light source was a 400-
W high-pressure mercury lamp. Before the reaction, the mixture
was degassed completely and then Ar was introduced. The amounts
of evolved H, and O, were determined with a gas chromatography
(Shimadzu, C-R8A) sampler.
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