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Abstract

Pure sodium potassium niobates withKlag sNbO; composition were prepared in powderous form with various particle sizes (75 numiL0

through microemulsion mediated synthesis and subsequent annealing. An interesting change of particle shape and a mixture of fine and coarse
particles were observed at a critical diameter of 200 nm. A combined study by X-ray powder diffraction (XRPD) and Raman spectroscopy
demonstrated a phase transformation induced by particle size. Fine particles (<200 nm) have a triclinic structure whereas coarse particles
(>200 nm) have a monoclinic structure at room temperature. Possible space groups describing both these modifications were suggested.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction can determine the Laue classes from diffraction patterns and
because of the broadening of Bragg reflections caused by
Ferroelectric properties of nanocrystalline transition the small particle size of the powders, conventional X-ray
metal-based oxide particles do not only depend on intrin- diffraction sets limitations in understanding the real crystal
sic parameters, as for instance stoichiometry or overall structure. Therefore we combine X-ray powder diffraction
chemical composition but are also strongly determined by (XRPD) and Raman spectroscopy, which is very sensitive to
the particle size of the powdérAlkaline niobates such as  phase transition38 in order to acquire additional evidence
KxNa;_xNbOs are considered to be a promising class of lead for the true crystallographic structure ingKNagsNbOs
free piezoelectric materials representing an environment- nanoparticles.
friendly alternative to Pb(Zr, Ti)@ which typically contains
more than 60 wt.% leatlHowever, their sintering behavior
is rather poor. Therefore, nanocrystalline powders of these
niobates are needed to improve the sinterability and in order
to prepare dense piezoceramics. The crystal structure of such
nanocrystalline product is of importance because it is corre-
lated with most of their materials properties, such as mechan-
ical strength, toughness, ferroelectricity and piezoelectric
response.
Here we focus on KsNagsNbOs; as a technically
interesting compositichand investigate the size effect on
the crystallographic phase transformatfoSince we only

2. Experimental procedure

Mixed alkoxide solutions prepared from the respective
pure alkali metal ethoxides and pure niobium ethoxides in
ethanol were hydrolyzed by the addition of a water/oil mi-
croemulsion. The principle of the synthesis route has been
described by Herrig and Hempelmahhe aqueous mi-
celles serve as templates or nanoreactors and therefore par-
ticle nucleation and growth can be controlled during particle
formation. The outline of the process used in this work is
shown inScheme 1The details are reported in elsewhére.
E-mail addressyo.shiratori@fz-juelich.de (Y. Shiratori). After precipitation of the raw powders, calcination treat-
1 Present address: Laboratoire des Nanostructures et des Nouveau{nents at temperatures between 200 and 1@D@ere per-

MatériauxElectroniques (LNNME)Ecole Polytechniquedtérale de formed in air for 1 h, respectively. This yielded in annealed
Lausanne (EPFL), CH-1015 Lausanne-EPFL, Switzerland. powders with a large variation in particle size ranging from
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Scheme 1. Synthetic scheme for nan@sKay sNbOs; powders prepared in g L "
this work. 0.0 . .
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about 75nm to 10.m. These values of the average particle Annealing temperature (°C)

size were determined using FE-SEM (Carl Zeiss LEO1530)
and by measuring the mean free powder surface by N Fig. 1. An_nealipg temperature dependence of BET equivalgnfNeo s-
adsorption (BET method, Micromeritics Gemini 2360). From NPOs particle diameter.
this free powder surfaces, the BET equivalent particle diam-
eter was estimated assuming a spherical morphology and a Raman spectra were recorded for these powders at var-
theoretical density of 4.51 g/ciinductively coupled plasma  jous temperatures using a Jobin Yvon T64000 spectrome-
with optical emission spectroscopy showed that the stoi- ter. An Ar* laser with 514.5 nm wavelength and <50 mwW
chiometry did not change over the range of the annealing power at the samples (BeamLok 2080, Spectra-Physics) was
temperature applied. used for sample excitation. Powder samples of ca. 10 mg
X-ray powder diffraction (XRPD) patterns of the pre- \ere mounted on a quartz crucible. This crucible was cov-
pared powders were measured at room temperature inered by a glass slide and placed on a silver heating block
Debye—Scherrer geometry using a Philips X'Pert diffrac- of the THMS600 stage (Linkam Scientific Co.) with a tem-
tometer with Cu K radiation. Structure refinements were perature accuracy better than 0CL Curve analysis for the
carried out by full pattern matching refinement using the pro- obtained spectra was preformed using a program included in
gram FULLPROF. the Grams/Al software (Thermo Galactic).

Fig. 2. SEM images of KsNap sNbO3; powders annealed for 1 h at 400 (a), 625'C (b), 650°C (c), 675°C (d), 700°C (e) and 800C (f).
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Fluorescence background as well as Raman bands origi-ter annealing at 650 and 676 (Fig. 2c and d) consisted
nating from the carbon-chain deformation modes, th©C  in a mixture of fine (<200 nm) and coarse (>200 nm) parti-
and G-C stretching modéswere observed in the Raman cles. XRPD patterns showed that the particles obtained after

spectra for powders annealed up to 400 Above 500C, hydrolysis were amorphous and that a calcination tempera-
no evidence for organic contamination could be detected by ture of 500°C was not sufficient for crystallization. The pat-
Raman spectroscopy. terns for the powders obtained after annealing above’ 600

indicated sharp profiled=(g. 3), i.e. well crystallized pow-

ders. The enlarged XRPD patterns for the powders annealed
3. Results and discussion at 625, 650, 675 and 70C are also indicated in the or-

der of particle size as insets Bfg. 3. For the fine powder

The dependence of particle diameter from annealing tem- (<200 nm), some additional peaks were detected at 35.92

perature obtained through BET adsorption measurements isand 42.82 in 260, which are not present in the patterns for
shown inFig. 1 Obviously particle growth started at 400. the coarse powder (>200 nm). Within the intermediate di-
The temperature characteristic became steeper abov&600 agrams, the profiles look as a superimposition of those of
and particles grew drastically and coarsened above@00 the fine and coarse powders. This tendency was also ob-
Selected SEM images of the powders after annealing areserved in the 65—-6&egion. As results of full pattern match-
shown inFig. 2 Particles after annealing at 400 seem to ing refinement, the diffraction pattern of the coarse parti-
be still coated with residual surfactant from the microemul- cles, registered at room temperature, could be indexgd with
sion (Fig. 2a). The diameters of the particlesfiig. 2band e the lattice parameteray =4.0045(6)A, by =3.9452(2A,
were <200 and >200 nm, respectively and the powders af-cv =3.9989(2A and v =90.345(2), corresponding to a
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Fig. 3. XRPD patterns for {sNag sNbO3 powders annealed at various temperatures for 1 h. Particle sizes are indicated in parentheses. Enlarged XRPD patterns
for the powders annealed for 1 h at 625, 650, 675 and’@0ére indicated in order of particle size as the inset of the graph.
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monoclinic cell (one perovskite formuld € 1) per unit cell).
Isotypic phases, with this M-type structure, were reported in
the KNbQ;—NaNbQ; binary syster? Based on the XRD
extinction rules, three different space groups are possible for
the M-type structureP2/m (C3,), P2 (C3) and Pm (C3).

The room temperature diffraction pattern of the fine parti-
cles was refined with a triclinic lattice (T-type structure),
with ar =5.6696(6)A, br =3.9391(24, cr=5.5982(3),

a1 =89.837(6), B7=90.670(2) and y1=90.273(6), i.e.
Z=2. Two space groups are possible for the description of
the T-type structurePl (C1) or P-1 (C1).

Fig. 4shows Raman spectra measured at various tempera- SV oo S ST TS e -150
tures for the fine, intermediate and coarse powdersyT be b) 200 400 1000
vg modes are internal vibrational modes of Np@rtahedra
under the equilateral shape approximafibhand the bands
at <160 cm! seem to be assigned to the M&* transla-
tional mode and the rotation of the Np©@ctahedr&. Since
the space group2/m has no Raman active modes based on
the nuclear site group analysspnly theP2 andPmgroups
with Raman active normal modes, 4A +8B and’ 8A4A",
respectively, are considered as possible. The Raman active
normal modes for both T-type polymorph%l((C%) andP-1
(Cil)) are represented as 27A andfRespectively, however
the curve fitting by a combination of Lorentzian and Gaus- N— ;] e
sian functions for the T-type spectrum which was obtained 1000
at room temperature indicated the existence of more than 16 2
bands in this raw spectrum. TherefoRy, is the more suit-
able polymorph for T-type structure at room temperature. The
spectrum for T-type structure in this report was significantly
different from that for M-type (see the dotted linedHig. 4a
and c). Especially, band broadening of the degenerated modes
(v2 (Eg), V5 (Fzg), v1+vs (Alg x Fog= Fzg)) under the equi-
lateral Nb@Q octahedron approximation were observed in the
T-type spectrumHKig. 4a). Site symmetries of the octahedra
in a crystal field and dynamic coupling of the internal modes izt
of octahedr&® cause the splitting of such degenerated modes. K*/Na*' ‘“*——

On the temperature turning measurements, clear alter- NPQsRot Ve Vs
ations of the spectrum were observed at about 220 anti@30 20 200
for the coarse powder~{g. 4c). These values are close to Raman shift (cm™)
the phase transition temperatures @ffKlag sNbOs ceramic
reported in literaturé:19 For the fine powderRig. 4a), the Fig. 4. Raman spectra of the fine (a), intermediate (b) and coarse (c) powders
temperature interval on such spectral transition was much écorded at various temperaturesf=50°C). Some temperatures i€

. - . - are indicated in the right side of the spectra. The spectra measured at room
wider S|m|Iar_ to the case of Fhe tetragonal to cub|p tr_ans_|t|on temperature are shown by using dotted lines.
of nano-BaTiQ particles which was related to a distribution
in tetragonality? In Fig. 4a, thev; + vs mode is retained up
to 500°C. This result indicates significant distortions in the presented in this report indicated an opposite behavior, from
NbOs octahedra from a perfect one or the existence of dif- the monoclinic phase to less symmetric triclinic phase. Na/K
ferent crystal field effects on each octahedron at such highatomic distribution and also charge distributitin the lat-
temperature. tice should be discussed as a possible origin for this phase

The perovskite formula volume¥ it cel/Z) were calcu- transformation.
lated from lattice parameters as 63.18(1) and 62.58%1)
for both T- and M-structures, respectively. Generally, a de-
crease in crystal size accompanies an increase in surface ter4. Conclusion
sion and this leads to a decrease of lattice parameters or a
transformation of crystallographic structure toward a more  Pure KysNagsNbOs powders with a range of particle
symmetric on€. However, nano-KsNap.sNbOz powders  size from 75nm to roughly 1@m were prepared through
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microemulsion-mediated synthesis followed by annealing. 3.
The thermodynamically stable structure atroom temperature,

monoclinic (M-type:P2 or Pm), was refined for the coarse

particles (>200 nm), while for the finer particles (<200 nm) a

new metastable triclinic polymorph (T-type) was fouRd.
was considered to be more consistent space groupRan
for the T-type structure.
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