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A simple and high-yield synthetic route was developed to synthesize the different-shaped PbTiO; powders. Spherical,
rod, and cubic shapes of PhTiO; were achieved from the precursors of spherical and rod TiO,/K;Ti;Oy compounds
with PbO in the NaCI-KClI melts at the temperatures from 700 to 900 °C, respectively. Raman spectroscopy, X-ray
diffraction, thermal field emission scanning electron microscopy, and transmission electron microscopy were used
to investigate the structure and morphology. Moreover, the formation mechanism of PhTiO; with controlled
morphologies was analyzed. PbO diffused to the TiO, surface in the molten salts, followed with the nucleation and
growth of PhTiOs; thus, morphology control of PhTiO3; was realized through controlling the shapes of the titanium
source. Raman spectra of the as-synthesized PbTiO; showed mode-softening behaviors of E(1TO) related to the
weakening in ferroelectricity.

Introduction Unfortunately, pure PbTi@was found difficult to synthesize
) . ) as a mechanically robust, high-density, monolithic ceramic.
In recent years, there has been increasing interest in thery s o oplems typically encountered include Pb loss, porosity,
synthesis of monodispersed met_al oxide part_lcles with and microcracking, in extreme cases leading to spontaneous
controlled morphology. Such particles are desired for a ga04,re Much attention has been devoted to the synthesis
variety of applications including the fabrication of ceramic of PT powder or thin film using different methods. Many

pqumer composites _for electronic applications_ and as a methods have been used to obtain lead titanate powders, such

reinforcement phase in polymer and brittle-matrix compos- as the sotgel methoc” the Pechini methoficoprecipita-

i 1,2 - ! . . ey

ltes. . ) ) _ tion*? and hydrothermal synthesid?besides the traditional
Lead titanate ferroelectric material (PbE)@r simply PT,  gqjig-state reaction of mixed oxidésIn all these methods,

which exhibits a perovskite structure and a Curie temperatureca|cination at more or less high temperature was needed to

of 490 °C, is one of the most important members in the get pure crystallized ferroelectric PbTOinvolving the

ferroelectric and piezoelectric families. Because of its high formation of hard aggregates, which was unfavorable for
Curie point, low relative permittivity, and high spontaneous  gjntering.

polarization, tetragonal PbTids used as a stable piezo-

Molten-salt synthesis (MSS) is one of the simplest
electric material at high temperature and frequeh€y. y ( ) P

techniques to prepare pure, stoichiometric ceramic powders
of multicomponent oxide$!> 6 Because of the small
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diffusion distances of oxide mixtures in molten salts, the high
reactivity of salts, and the high mobility of species, completed
reactions can be achieved in a relatively short tifiié.In
addition to possessing a relatively low formation temperature,
molten salts could stabilize different polymorphs when
compared to other synthesis methétigénother important
advantage of the MSS method is that it is amenable to the
ability to control powder morpholog?—2* The objectives

of the present work are to synthesize well-defined crystalline
PbTiO; powders with different morphologies employing the
MSS method and to investigate the effect of additives of
chloride melts on the particle morphology and size of the
derived PbTiQ. The effects of the various titanium sources
on PbTiQ morphology were studied, and the mechanism
of PbTiG; formation was involved. Furthermore, the present
work proposed a general and useful way to synthesize
functional complex oxides in shape control such as (Pb, La)-
TiOsz and (Pb, La)(Zr, Ti)@.

Experimental Section

Four series samples of PbTi@owders (PT-I, PT-II, PT-III, and
PT-1V) were prepared in different precursors. PT-I, PT-Il, and PT-
Il were prepared using spherical TiGod-shaped Ti@ and rod-
shaped KTi4Og as the precursors reacted with PbO in a NaCl
KCI flux, respectively. And PT-IV was prepared by treating PT-I
with NP-9 nonionic surfactant, adding in a NaCl flux. Analytically
grade reagents Ti)PbO, NaCl, KCI and KCO; were used. The
reagent of TiQ with spherical shape was used as the spherical
titanium source directly. The rod-shaped Fi©ompound was
prepared from rod-shaped K 40s.2223Mixtures of K;COz and TiG
in a molar ratio of 1:3 were heated at 1080 for 18 h and then
washed with hot deionized water several times to remove residual
K2CQO;. The main product KrisOy was washed in a hot HCI
solution fa 2 h toextract KO, and the resultant phase was FHO
nH,O, which was heated fol h at 550°C to prepare the rod-
shaped TiQ compound.
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Figure 1. XRD patterns of PbTi@powders prepared by MSS. (a) PT-I
heated at different temperatures; (b) PT prepared with different precursors
at 900°C.
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Table 1. Lattice Parameters of the PbTi®owder Prepared by MSS

To prepare PT-I, PT-II, and PT-IIl powders, the typical synthesis _ Seéfies  a(b), nm ¢ nm da cell volume, nrf
procedure is as follows. The stoichiometric amounts of oxides were PT-I 0.3903(6) 0.4136(5) 1.059 0.06348
mixed by ball-milling fa 1 h in anethanol medium prior to the E_”l g-gggi‘g)) 8-2%225;)) i-ggg 8-82%;1
addition of the salt and then dried at 120 for 2 h. NaC-KCl PT-IV  0.3906(7)  0.4115(9) 1053 006282

(50% mol KCI) was used as the medium melt in the MSS route.

The mixed ceramic starting powders were mixed with salt at a 1:1 temperature at a rate o&/min. Finally, the samples were cooled

weight ratio by hand-grinding in a mortar and pestle for 30 min in the furnace to room temperature. As-synthesized powders were
and were then heated in the alumina crucibles to the designatedwashed for several times with hot deionized water until no free
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chloride ions were detected by silver nitrate solution to ensure
complete removal of the salt. The obtained PT-I, PT-Il, and PT-III
powders were dried at 12T for 4 h and then characterized by
X-ray diffraction (XRD), thermal field emission scanning electron
microscopy (FE-SEM), etc.

To prepare PT-1V, the obtained PT-I powder and NaCl were
added to the liquid nonionic surfactant polyoxyethylene (9) non-
ylphenol ether (NP-9); their molar ratio was 1:520-he mixture
was then milled (mortar/pestle) for 30 min, sonicated for 10 min,
and now preheated at 30C. The starting powders were afterward
annealed at 900C for 2 h inopen air. In this work, we extended
this method to the synthesis of rod-shaped lead titanate powder.
Last, the products were washed by distilled water for several times
to get rid of NaCl and dried at 12TC.

(24) Deng, Y.; Wang, J.; Zhu, K.; Zhang, M.; Hong, J.; Gu, Q.; Yin, Z.
Mater. Lett.2005 59, 3272.
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Figure 2. FE-SEM photographs of Tifand PbTiQ (PT-1, PT-Il) from different titanium sources heated at 9@for 2 h: (a) spherical Tig (b) PT-I
from spherical TiQ, (c) rod-shaped Ti@ and (d) PT-1I from rod-shaped TiO

Phase analyses were carried out on a 21 kW extra-power powderTiO, was used as the starting material, the rod-shaped PT-II
XRD device (model: M21XVHF22, Mac Science, Yokohama, particle was achieved (see parts ¢ and d of Figure 2). The
Japan) at room temperature using Gu tdiation. The morphology  present resullts indicate that the size and morphology of TiO
and compositions of particles were investigated using a transm'ss'onparticles determine the morphology of the PbJjfrticles.

electron microscopy device (TEM) (model: JEM-100CXIl, JEOL, The formation of two shapes of PbTj@mnplies that lead
Japan) and a thermal field emission scanning electron microscopeions diffused through the PbTiGayers on the surface of
(FE-SEM) (model: LEO-1530, LEO, Germany) equipped with an 9 Y

energy-dispersive X-ray spectrometer (EDS). Raman scatteringTI02 to form PT, which was explained by a template

measurements were performed on a JY-T64000 Raman spectrom{ormation mechanism.

eter (JY Company, France) under backscattering geometry. Rod-shaped KIi,Oy was used as the titanium source and
heated with PbO in the Na€KCI melt at 900°C for 2 h.
Results and Discussion However, the cubic shape of PT-Ill was obtained (see Figure

3). The equiaxial PT-IlI grains in Figure 3b might be ascribed
to a “breaking up” of the rod-shaped titanium source patrticles
before the reaction, and the broken trace is observed in Figure
3c. On heating, the rod-shapedT®,O, was broken up into
cubic TiG, and reacted with PbO according the following
reaction

Precursors TigK,Ti,Og with different shapes were mixed
with PbO in NaCHKClI salts (TiG/K,TisO9 + PbO/NaCt
KCI weight ratio= 1). The mixed powders were calcined
in a muffle furnace at various predefined temperatures from
700 to 900°C for 2 h. Figure 1 shows the XRD patterns of
the PbTiQ powders prepared under different conditions. The
PT-I, PT-II, PT-lll, and PFIV samples were pure tetragonal K,Ti,Oy + 4PbO—
PbTiG; after heating from 700C. From the XRD data, 4TiO, + K,O + 4PbO— 4PbTi0, + K,0 (1)
lattice constanta andc of the four PTs were calculated and
tabulated in Table 1. The ratio value d& is slightly lower Thus, the cubic PbTiQparticles would be formed in the
than that of PT prepared by the conventional solid-state tempjate formation mechanism, too.
reaction (1.063). It is mainly due to a decrease of the Ag reported previousl§225-27 reactant solubility in the
parametec, which decreases the anisotropy and facilitates mojten salt plays an important role in MSS, which affects
an improvement of the material's mechanical properties.  the reaction rate and the morphologies of the as synthesized

The morphologies of PT prepared from different titanium  grains critically. If both reactants are soluble in the molten
sources at 900C are shown in Figure 2. When the uniform
spherical TiQ was used as the titanium source, the homo- (25) Yoon, K. H.; Cho, Y. S.; Kang, D. Hl. Mater. Sci.1998 33, 2977.
geneous and non-agglomerated PT-I spherical particles werd?®) Kimura. T.: Takahashi, T.; Yamaguchi, J. Mater. Sci.1980 15

obtained (see parts a and b of Figure 2). If the rod-shaped(27) Li, z.; Lee, W. E.J. Am. Ceram. SoQ007, 90, 364.
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Figure 3. FE-SEM photographs of (a) Ki4Oy, (b) PbTiQ (PT-I) from K2TisOg, and (c) typical morphology of PT-III.

salt, then the product will be readily synthesized via

precipitation from the salt containing the dissolved reactants

(“dissolution—precipitation” mechanism). In this case, the

morphologies of product grains will generally be different

from those of the reactants. On the other hand, if one reactant

is much more soluble than another, it will primarily dissolve

into the salt and then diffuse onto the surfaces of the lessrigyre 4. schematic diagram of the synthesis of PbFi@molten salts.
soluble reactant and react in situ to form the product phase.

In this case, the morphology of the synthesized grain will, size and/or chemical activity, because the dissolution rate
to a large extent, retain that morphology of the less-soluble of the material depends on such characters. Its selected-area
reactant (“template formation” mechanism). The melting electron diffraction (SAED) pattern showed that the PTiO
point of NaCHKCI with a molar ratio of 1:1 is 657C, rods were single-crystalline with tetragonal crystal structure,
which was shown in the phase diagram of Na&CI.?® The which corresponds to the starting material of PT-l. The
solubility of PbO in NaCHKCI salts was 1.4x 10°and  surfactant NP-9 acted as a dispersing agent, surrounding the
3.0 x 10"°>mol-g~* chlorides at the temperatures of 800 and single-crystal rods to prevent them from aggregating, and
900°C", respectively, while Ti@does not dissolve in alkali  that promoted the fabrication of the 1D rod-shaped struc-
chlorides® In our case, the fact that the morphologies of ture2439-33 The NP-9 molecules were gradually burnt-off in

PbTiO; were similar to those of the starting Ti@naterial the process of annealing, accompanied by the emission of
implied that titanates were formed at the Fiarticles  light smoke, and the rod-shaped particles of PT-IV further
surfaces (see Figure 4). crystallized at 90C0C.

One-dimensional (1D) single-crystal PbERiGPT-1V) To confirm the phase of PbTiQwith different morphol-

powders were obtained by the MSS method with the ogies, PbTiQ powders were characterized using a Raman
surfactant NP-9, as seen in Figure 5. The FE-SEM and TEM spectrometer. Figure 6 illustrates the Raman spectra of
images indicate that the PbTj@rystals are straight, with  PbTiO; prepared by the MSS method in comparison with

diameters of 0.21 um and lengths of up to a few that of the bulk crystals prepared by the solid-state reaction.
micrometers. The formation of the rods can be affected by
the character of the starting materials, such as the particle(30) l’YFQ%;W* Xu, C.; Wang, G.; Liu, Y.; Zheng, Gdv. Mater. 2002

(31) Xu, C. Y.; Zhang, Q.; Zhang, H.; Zhen, L.; Tang, J.; Qin, L.IC.

(28) Bhardwaj, M. C.; Roy, RJ. Phys. Chem. Solids971, 32, 1603 Am. Chem. So005 127, 11584.
1607. (32) Li, L.; Wang, W.Solid State Commur2003 127, 639.

(29) Anikin, I. N.; Naumova, I. |.; Rumyantseva, G. \Baw. Phys. (33) Rao, C. N. R.; Deepak, F. L.; Gundiah, G.; GovindarajpAag. Solid
Crystallogr. (Engl. Trans. 1965 10, 172. State Chem2003 31, 4.
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Figure 5. FE-SEM (a) and TEM (b) images of PbTH@PT-1V) with SAED pattern.
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Figure 6. Raman spectra of the PbTi@amples prepared by MSS and
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bulk crystal PbTiQ methods.

The Raman intensity for PbTiOprepared by MSS was
apparently lower than that for PbTiprepared by solid-

cies, especially for the modes E(1TO),(ATO), E(2TO),
and high-frequency mode f8TO), whereas the mode;A
(1TO) and the silent mode;Bt+ E was downshifted slightly

in PT-IV and the mode A2TO) was enhanced slightly in
PT-lI and PT-1l. The Raman spectra intensities and frequen-
cies of PT-l1 and PT-IV are similar. The intensity weakening
and frequency downshifting of Raman peaks caused by
morphology or grain-size-induced effect might be described
as mode-softening behaviors, which imply a weakening in
ferroelectricity?* The weakening in ferroelectricity was
related to the decrease of the tetragonality, which was in
accordance with the change of lattice parameters.

Conclusions

A novel and simple synthetic approach was developed to
synthesize different-shaped PbTi@owders and single-
crystal rods. Spherical, rod-shaped, and cubic PbTIO
samples were prepared from the spherical and rod/Ki©
Ti4sOs compounds with PbO in the Na€KCl salts sintered
at the temperatures from 700 to 98D, respectively. It was
shown that PbO was the faster-dissolving component of the
starting oxides and Ti©was insoluble in alkali chlorides,
and the formation of lead titanate proceeded by the dissolu-
tion of PbO, transportation through the molten salts, and
finally, reaction at the Ti@surface. The initial shape of the
TiO, particles, therefore, determined the final shape and
dimensions of the product. A two-step molten-salt sythesis
(MSS) method gave rod-shaped single-crystal PhTiDe
single-crystal rods were straight with diameters of-Gllum
and lengths of up to a few micrometers. Raman spectra of
three PbTiQ samples prepared by the MSS method were
studied, and the mode-softening behaviors of E(1TO)
indicated the probable weakening in ferroelectricity.
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state reaction, and the modes also shifted to lower frequen-IC700966N
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