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We synthesized the perovskite-type oxides with A-site vacancies, Sty sNbOs, Sty sTa0O; and Sry sNbgysTag 503, via
nanosheet process using (SrNb207)2" nanosheets and/or (Sr;sTa;Oq)?  nanosheets. Raman scattering
demonstrates that nanosheet-processed SrysNbgsTagsO; have a novel structure composed of the alternate
stacking of the several layers of SrysNbO; and SrysTaO; along the ¢ axis. Dielectric measurements (1 MHz) of
pressed powder exhibited that nanosheet-processed SrqsTa0O; showed a much higher permittivity of 52 compared
with solid-state-reacted SrpsTaO; (33). Nanosheet-processed Sry sNby sTags0; with B-site-cation ordering had a
lower permittivity of 42 than that with B-site-cation disordering (65). These results suggest that the stacking
faults induced by nanosheet process and the arrangement of B-site cations play an important role in dielectric
permittivity.
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1. INTRODUCTION
Perovskite oxides with a layered structure

exhibit large amounts of useful properties,
including ion exchanging', intercalation?,
catalysts® and superconductors®.

Layered-perovskite oxides are classified into the
Ruddlesden-Popper (RP) type oxides
A’5[A,.1B 03,11, the Dion-Jacobson (DJ) type
oxides A’[A,.1BnO3mi11® and the Aurivillius type
oxides  (Biy02)[A,1BwOsms1]”’,  where A’
represents alkali metals; A represents La**, Pb?,
St** etc. at the 12-coordinated site; B represents
Ti*, Nb**, Ta’" etc. at the 6-coordinated site; and
m is an integer number of BOg octahedra.

The alkali metal A’ can be easily exchanged
with H" or H;0" in acid solution to form
protonated RP-type oxides Hz[Am_le03m+1]8) and
DJ type oxides H[A,.;B,Os,:1]”. Protons in
these layered-perovskites play an important role
in the reactions of dehydrationw), intercalation'?
and exfoliation'?. For example, the dehydration
of H[A,.1B,O3,+1] with 2-dimensional (2D)
layered structure results in 3-dimensional (3D)
perovskite A,,.1B,Osn+; (metastable) with a
cation deficiency at the A site. Additionally, the
intercalation of larger ions into H[A,.1B,O3,41]
expand the distance between the perovskite layers
of A,.1B,03,+1, and then extremely thin layers
composed of A, 1B,0Os,+; has been successfully
obtained by exfoliation'* %),

Recently, thin plate-like oxide with a
thickness of a few nanometer, i.e., nanosheets,
composed of several A,,.1B,,03,41 layers obtained
from the exfoliation of protonated RP type oxides
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and DJ type oxides have been studied as novel
nanostructured materials '>'®. These nanosheets
have unique characteristics such as an extremely
high aspect ratio (thickness in a nanometer range)
and colloidal nature in aqueous solutions due to
their negatively charged surface. The colloidal
nanosheets can be reassembled by the chemical
reaction with cations such as Na" and K"'¥ in the
solutions as a result of electrostatic interaction
between them. The reassembled materials can be
obtained by stacking the nanosheets interleaved
with these cations along the ¢ axis. This process
leads to the reassembled material, which has a
different stacking structure from the original
protonated oxides. Therefore, these nanosheets
are expected to be a building block to provide
novel nanostructured materials that could not be
obtained through traditional methods.

In this study, we synthesized, via the
nanosheet process, A-cation-deficient perovskite
oxides Ay sBO; and complex perovskite oxides
A0'5(B0'5B70'5)03 (A = Sr; B, B’ = Nb, Ta) The
reassembled Srys(NbgsTags)O; obtained has a
novel stacking structure with alternating Nb and
Ta layers along the ¢ axis, Figure 1 shows the
schematic representation of the nanosheet process
employed in our study. The nanosheet process
enables us to obtain a novel perovskite oxide
composed of the layers of Ay sBO; and Ay sB’0O;
along the ¢ axis. The final goal of this work is to
provide dielectric materials with tajlored
dielectric  properties for  next-generation
multi-layered ceramic capacitors.
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2. EXPERIMENTAL

RP type oxides Li,StNb,0O; and K,St; sTaz04g
were synthesized according to the literatures
Li;SrNb,O; were prepared by solid state reaction
of stoichiometric amounts of SrCQOj;, Nb,Os and a
40 % molar excess of Li,CO; by sintering at 1100
°C for 3 days with intermediate grindings.
K,Sr; 5Ta3019 were synthesized by solid state
reactions of stoichiometric amounts of SrCO;,
Ta,Os and a 40 % molar excess of K,CO; by
calcining at 850 °C for 6 h followed by sintering
1200 °C for 10 h. SrCO; and K,CO; was pre-dried
at 120 °C for 1 day before use. RP-type oxides
K,SrNbTaO; were prepared in a similar manner
according to Ref 18. Stoichiometric quantities of
SrCOs, NbyOs, Ta,05 and 150 % molar excess of
K,CO; were ground and pressed uniaxially into
pellets at 7 MPa. The pellets were heated at 850
°C for 1 h followed by sintered at 1050 °C for 12
h. After the first heating cycle, the reactants were
again heated at 850 °C for 1 h and subsequently
heated at 1150 °C for 12 h. The resultant samples
of Lizstb207, KzSI’L5Ta3010 and KzSI'NbTaO7
were washed with water and dried at 80 °C for 1
day. H,SrNb,0O; was prepared by ion-exchanging
Li,SrNb,0; in 1 M HNO; for 5 days at room
temperature. The acid was replaced every day
with a fresh one to ensure the exchange reaction.
H,Sr; sTa;0; was prepared from K,Sr; sTa;0¢ in
2 M HNO; for 1 day at 60 °C. H,StNbTa0,; was
obtained by titrating the stirred suspension with
0.5 M HC! from a pH of 14 to 6.5.

Exfoliations of H,SrNb,O; and H,Sr; 5Ta;0,,
are typically achieved by the reactions with
a-1-fold-molar-excess tetrabutylammonium
hydroxide (TBA"OH") in 300 ml water at room
temperature for 3 weeks. The nanosheets of
(SrNb,0,)*” and (Sr; sTa;014)* were mixed with
a ratio of 3:2 and reassembled with 1 M HCI.

The reassembled mixture was topochemically
dehydrated by a heat treatment at 500 °C for 2 h.
Dehydration process led to nanosheet-processed
(NP} SrgsNbysTagsO; with 3D  perovskite
structure having A-cation vacancies.
NP-Sry sNbO; and NP-SrysTaQ; were obtained
from dehydration of reassembled H,SrNb,0; (2 h
at 470 °C) and H,Sr;sTa;0;0 (2 h at 700 °C),
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Fig. 1 Synthesis scheme of nanosheet-processed Sro sNbg sTas 503
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Fig. 2 AFM images of a) (SINb,O;)>" and b)

(Srl_sTagolo)z' nanosheets
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Fig. 3 XRD patterns of SSR- a) SrysNbO3, b)
Sro.sTaO% C) Sroszb0,5Ta0,503 and NP- d)

Sry.sNbp sTag sO5

respectively. Solid-state-reacted (SSR) samples
of SrotsNbo‘sTao'SO% SI'QijOg and SI'Q‘STan,
were also synthesized by heating H,StNbTaO; (2
h at 500 °C), H,StNb,O; (2 h at 470 °C) and
H,S81rTa,0, (2 h at 700 °C), respectively.

AFM observations were carried out in a
tapping mode. Adsorbed (SrNb,0,)> and
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(Sr; sTa;0,0)>” nanosheets on the Quartz glass
plates coated with a layer of polyethylenimine
(PEL) were subjected for AFM measurements'®.
Powder X-ray diffraction (XRD) patterns were
obtained using CuKa (A=0.15418 nm) radiation.
Raman measurements were performed in a
backward micro-configuration, using the 514.5
nm line from an Ar' laser (~1 mW) focused to ~1
pm-diameter spot on the sample surface. The
scattered light was dispersed by a subtractive
triple  spectrometer (HORIBA-Jobin Yvon
T64000) and collected with a
liquid-nitrogen-cooled charge-coupled device
(CCD) detector. For dielectric measurements, the
powders were pressed into pellets, annealed for 2
h at 700 °C and then Au electrodes were sputtered
onto the both surfaces.

3. RESULTS AND DISCUSSION

Figure 2 shows an AFM image of (SrNb,0;)*
and (Sr;sTa;0,0)> nanosheets. The lower panel
depicts a height profile for the cross section along
the line “AB” indicated in the upper panel. The
thicknesses of (SrNb207)2' and (Sr1,5Ta3010)2'
nanosheets were estimated to be 6 nm and 4 nm,
respectively, while the lateral size of both
nanosheets was approximately 300 nm. 4b initio
calculations reveales that the thickness of one
perovskite layer of H,SrNb,O; (m = 2) is about
0.8 nm. The thickness of the perovskite layer of
H,Sry5sTa;09 (m = 3) calculated from that of
H,StNb,0; (m = 2) was about 1.2 nm. These
results show that the (SrNb,0O,)* and
(Sr;sTaz0)>  nanosheets in the AFM
observations are composed approximately of 7
unit layers and 3 unit layers, respectively??.

Figure 3 shows the XRD patterns of
SSR-samples of (a) St sNbO;, (b) Srp5Ta03, (c)
Stg.sNbg sTagsO3 and (d) NP-SrgsNbgsTag 50;.
XRD profiles of NP-SrysNby sTag 505 are similar
to those of SSR-compounds. Broadening of the
XRD peaks appeared for NP-samples due to a
poor crystallinity caused by low-temperature
chemical reaction. The lattice parameter of the
NP-Sry sNby sTay sO; was a = 0.391 nm, while
those of SSR-samples of Srg sNbOs, SrgsTaO; and
Sro.sNbo_5Tao_5O3 were a = 0.393 nm, 0.392 nm
and 0.386 nm, respectively. The parameter a of
the SSR-SrysNbgysTagsO; was smaller than that
of NP-Sry sNby sTag sO;. The random distribution
of B-site cations results in a smaller lattice
parameter due to closed packing of the
constituent ions, as observed for
SSR-Sry sNbg sTag 505. The larger lattice
parameter for NP-samples is likely to originate
from the superlattice-like structure as depicted in
Fig. 1.

Measurements of the Raman spectra were
conducted to investigate the local structure in the
samples. The spectrum of NP-SrysNbgsTags03
was similar to those of SSR samples of Sry sNbO;
and SrysTaQs;. These three samples exhibited a
peak at around 600 em’! attributed to A; mode,
while SSR-Sr; sNbysTag 05 had a peak at about
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Fig. 5 Dielectric permittivity of a) SSR- and

b) NP- Sr0,5Nb0,5Tao,5O3

650 cm™'. This difference in peak frequency
seems to be attributed to the potential depth of Ti
in the TiOg4 octahedra. SSR-Sry sNbgy sTay sO5 had
a smaller lattice parameter a due to a random
distribution of Ta and Nb at the B site compared
with nanosheet-processed one, and the smaller
lattice results in a higher frequency of A; mode.
These results of the Raman spectra suggest that
the local structure of NP-SrysNbgsTags0; is
similar to SSR-samples (Sry sNbO; and Srq sTaO3)
and that Srqy sNbg sTag 503 has the superlattice-like
structure composed of SrysNbO; and SrysTaO;
(see Fig. 1)

Figure 4 showed the dielectric permittivity (&)
as a function of frequency of applied oscillation
voltage for the SSR- and NP-samples.
NP-Sry5;Ta0; exhibited a higher &£ of 52 than
SSR-SrgsTa0; (33). & of NP-SrgsNbO; was
slightly higher than that of SSR-SrysNbO; in the
whole frequency range. These results suggest that
the stacking faults induced by nanosheets process
play an important role in Thigher & for
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NP-samples.
Figure 5 shows & as a function of oscillation
frequency for Sty 5Nbg sTag 505.

NP-Sry sNbg sTag sO; with B-site-cation ordering
showed & of 42 at 1 MHz, which was higher than
that of SSR-samples of SrysNbO; (37) and
SrysTaO3; (33). In contrast, & of 42 for
NP-SrysNbg sTagsO; was lower than that of
SSR-Sry sNby sTag sO; with the disordering of the
B-site cations (65). These results indicate that the
arrangement of B-site cations affects the
dielectric property of the complex-perovskite
system. It is suggested that nanosheets process is
useful for materials design for nanostructured
perovskite oxides with tailored dielectric
properties.

4. CONCLUSIONS

Perovskite oxides of SrgsNbO; and SrgsTaO;
and complex perovskite oxides SrysNbysTays0;
were successfully obtained via nanosheet process
from  (SrNb,0,)*"  and/or (St sTaz019)*"
nanosheets. AFM images showed that the
thickness of (SrNb,0,)*" and (Sr, 5Ta;019)>"
nanosheets was approximately 6 nm and 4 nm,
respectively. XRD and Raman  spectra
demonstrated that B-site cations in
NP-Sro sNby sTagsO3 are arranged to form a
superlattice-like structure composed of the layers
of SrysNbO; and SrysTaO; along the ¢ axis
(B-site-cation ordering), which is different from
the randomly distributed B-site cations in
SSR-Sry5sNby sTag s0; (B-site-cations disorder).
NP-samples  exhibited a higher & than
SSR-samples for SrysNbO; and SrysTaO;. & of
NP-Sry sNby sTagsO; was lower than that of
SSR-Srg sNby sTag sO;. It is suggested that the
arrangement of B-site cations affects ¢ even if the
total composition is exactly the same. Nanosheet
process has been demonstrated to be useful for
materials design for nanostructured perovskite
oxides with tailored dielectric properties.
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