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Abstract

Lead Titanate has been prepared by a sol-gel method using titanium tetrabutoxide and lec
acetate in stoichiometric proportion. It was found that the seeding with solid Rhia@ometer-
size particles (5 and 10 wt%) into the precursor solution plays a crucial role during crystallisation.
At 380° and 400°C, the fraction of crystallisation of the PbTi@erovskite phase for seeded
sample is much higher than that corresponding to the unseeded one. Unseeded gel remain
almost amorphous at 400°C, whereas the 5 and 10 wt% seeded gel®@aand 85% crystalline.
Besides, while unseeded calcined gels exhibit clearly the presence of pyrochlore phase at 425°
this phase was not detected for the 5 wt% calcined seeded gel. © 2001 Elsevier Science Ltd. A
rights reserved.
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1. Introduction

Lead Titanate, PbTiQ with a tetragonal perovskite structure at room temperature, is a
ferroelectric compound with Curie Temperature of 490°C, high pyroelectric coefficients,
high spontaneous polarization, low dielectric constant and low ageing rate of the dielectri
constant [1]. Therefore, PbTi{s useful as pyroelectric and piezoelectric base material for
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high temperature or high-frequency applications as nonvolatile memories, infrared sensor
microactuators, capacitors, and eletrooptic devices [2].

The sol-gel chemical processing has been extensively applied for preparingPHmi©
method is mainly based on the hydrolysis of the complex alkoxide containing Pb-O-Ti units
obtained by the reaction of the lead acetate and titanium alkoxide in 2-methoxyethanol [3]
Properties of these ceramics are strongly related to the stoichiometry. The presence
pyrochlore, a metastable intermediate phase, and/or lead-deficient secondary phas
PbTi,O,, caused by the loss of lead during thermal treatment, can damage significantly th
electrical properties. Calzada et al. [4] reported that the formation of lead deficient phase
delay and even hinder the formation of perovskite. Therefore the incorporation of an exces
of PbO (20 mol%) to compensate the lead losses produced during heating, is necessary
obtaining the single perovskite phase without other crystalline structures. However, al
excess of lead oxide can difficult the microstructures control. Kim et al. [5] reported a very
important result, crack-free, undoped PbTiGeramics were prepared via sol-gel without
excess of lead.

Seeding of Lead-derives Titanates have been studied previously. Zaghete et al. [¢
reported the formation of PZT at 360°C for the material seeded with 5% of seed particles
approximately 400°C less than that formed by solid state reaction. Similarly, the influence:
of seeds and dopants on the perovskite and pyrochlore phase formation of PMN prepared
organic solution of citrates have also been studied [7]. Given that, the purpose of this wor
is the applying of the “seeding fundamental concepts” [8] to the preparation of RO
sol-gel using stoichiometric amounts of titanium and lead.

2. Experimental procedure

The preparation process is based on that proposed by V. Kumar [9]. In this casegPbTiC
precursor has been prepared by dissolving in stoichiometric proportion lead acetate in glaci
acetic acid (1M) and titanium tetrabutoxide in isopropanol, 1/1 in volume. Both solutions
were mixed at room temperature under constant stirring during 24 hour to ensure th
formation of the intermediate precursor phase based on Pb-O-Ti bonding. Longer reactic
times for the complex alkoxide synthesis larger polymerisation degree, tending to increas
the perovskite phase formation at lower temperature [1]. For the hydrolysis of the precursc
solution, a water-isopropanol mixture was slowly added maintaining the agitation. After this,
fully crystalline PbTiQ, seed particles were suspended in pure isopropanol and added to th:
transparent sol in a concentration of 5 and 10 percent of the total weigh. These;Re€3
were previously prepared by this same method from an unseeded gel heated at 550°C. T
crystal size of the seeds wasb0nm, as was determined from the TEM analysis, Figure 1.
To ensure a homogeneous dispersion of the Ph$&ads into the PbTigprecursors sol, the
agitation was maintained until the viscosity of the hydrolysed sol was enough to avoid the
deposition of seeds. Then, the gel was deposited on a cristallisator and dried the gel at 60
for 72 h. Dried gel monoliths were calcined at 380, 400 and 425°C, at 1°C/min of heating
rate.

The crystallisation temperatures were determined by DTA/TGA (Netzsch STA-409) anc
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Fig. 1. TEM micrograph of PbTiQseeds heated at 550°C.

the phase composition of calcining samples and the grade of cristallisation by XRD (Siemer
D 5000). Powder morphology was observed by Transmission Electron Microscopy (Hitach
H 7000).

3. Experimental results

DTA and TGA curves of unseeded and 5, 10 wt% seeded samples heated from 25°C-
600°C in air are shown in Figure 2. First, a weight loss of about 27% appears at temperatur
around 240°C, and this is associated with the main exothermic peak and corresponds to t
combustion of the majority of the organic volatiles. Around 490°C, unseeded gel showed tw«
small exothermic peaks, (482° and 500°C), by contrary the 5 and 10 wt% seeded sampls
showed just one small exothermic peak=a475°C. Those peaks can be attributed to the
phase transformation to the crystalline perovskite phase, ROT@).

XRD analysis of unseeded and seeded samples calcined at temperatures of 380°, 400°
425°C, see Figure 3, showed significative differences relative to the fraction of PbTiO
crystallisation and the pyrochlore phase formation. It can be clearly observed that the fractio
of crystallised PbTiQ perovskite phase for seeded sample is much higher than that corre:
sponding to the unseeded one. In this way, at 380°C unseeded gel remained almost am
phous up to 40 hours whereas 10 wt% seeded gebwid®o crystallised. At 400°C for 20 h,
the unseeded sample showed about 20% crystallisation. The 5 and 10 wt% seeded samp
under the same conditions were 50 and 85% crystallised, respectively. In addition, 10 wt?
seeded gel did not exhibit traces of pyrochlore. At 425°C for 10h., the pyrochlore phase wa
clearly observed in the unseeded calcined gels. By contrary, such a phase was not detec
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Fig. 2. DTA and TGA curves of unseeded and 5, 10 wt% seeded gels.



J. Tartaj et al. / Materials Research Bulletin 36 (2001) 479-486 483

1?1 380°C-40h
,;
o
J‘ 1 200 211
S | 100 j ’t 112 A 10% Seeded
< 001" 3*
W
2 | W \w it Ww W WEN
ko]
= \.{ 5% Seeded
WN’ AWMMMWNWMMMWMM«WW
MWWM Unseeded
W Wmmmwmww dmahw
20 30 40 50 60 70
400°C-20h
|
|
= | ‘ |
2 15 ﬁ, |
= i | l\ 10% Seeded
i ,
% ».J\“ VW"\W “‘M \wwfm “Ww kf WJM S
5% Seeded
“'”““”“ ! “Wwwwmwwmwwwwmwm
20 30 40 50 eo 70
425°C-10h
!
3 | |
< | ‘ﬁ ]ﬁ f !‘1 10% Seeded
S LM b Napand \wﬂv] WMMM
S
|
| ,'\“\ ; , 5% Seeded
wNI M W"“’WM Sttt S M
Unseeded
”‘*‘A‘AW*’W/U WWMWM IS, .lm s

20 30 40 50 60 70
: 26
Fig. 3. XRD analysis of unseeded and 5, 10 wt% seeded gels calcined at 380°, 400° and 425°C. Py (Pyrochlore pha:
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Fig. 4. TEM micrographs of unseeded (A) and 10 wt% seeded gel (B) calcined at 400°C for 20 h.

for the 5 wt% seeded gel, and for 10 wt% seeded gel, with 90% of crystallisation, the
pyrochlore phase was also detected but in much lower proportion than in unseeded PbTicC
gel.

The different degree of crystallisation was also observed by TEM, Figure 4. For the
morphology analysis of calcined gels, dried monoliths of unseeded and 10 wt% seeded ge
were grinded and then calcined at 400°C for 20 h. It can be noted that the morphology of th
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10 wt% seeded gel powder consisted of crystallites with sizes of about 20 nm. By contrary
the unseeded air-calcined sample showed the poorly developed tetragonaj, Paifi€les.

4. Discussion

The above results show that an increasing of the nucleation sites, by seeding, lowers tl
temperature onset of the crystallisation of PbJiOn the other hand, such an increasing of
the nucleation sites results in an enhancing of the nucleation rate and giving rise therefor
to enhanced crystallisation kinetics for each temperature. These results are consistent w
the fact that in the case of a heterogeneous nucleation process, as it can be considered
present case, the presence of the nanometric size BIsE€ particles, being isostructural
with the final PbTiQ product and having a close lattice matching between them, will favour
a decreasing of the activation energy for nucleation and reducing, thus, the overall energ
requirements for epitaxial growth from the provided nuclei of the new synthesized PbTiO
phase [11]. In addition, the increased rate of crystallisation for seeded gels could affec
lowering, the presence of pyrochlore phase, as the results of the present work have show
Seifert et al. [12], explained that the free energy change for crystallisation of the perovskit
phase is large and kinetically limited at low temperature and thus metastable phases,
pyrochlore, crystallise. Then, considering that the perovskite phase is the thermodynamical
stable one, the appearance of pyrochlore phase could be explained on the basis of a format
rate higher than that of perovskite. Given that for seeded gel the crystallisation of the;PbTiO
phase is significantly improved respect to that of unseeded gel, it could be assumed that t
addition of nanocrystalline PbTiQOparticles favours by decreasing the activation energy
and/or by improving the crystallisation kinetic of PbTiGhe formation of PbTiQphase in
detriment of other secondary phases as pyrochlore. It must be considered that the temperat
should be enough for nucleation on the seeded particle but also low enough to prevel
nucleation of the unseeded area of the gel where the formation of RIphi&e was not so
favoured and, therefore secondary phases could also appears. For this reason, 10 wt% see
samples calcined at 400°C did not exhibit traces of pyrochlore, but increasing the tempe
ature at 425°C promote the presence of this phase. Liu et al. [13] showed that a carefl
control over nucleation of the desirable perovskite phase in Ppb$abgel derived films
produced the perovskite phase by direct formation from the amorphous precursor. Indeed,
the results of this work indicate, this control over nucleation can be performanced by seeding
and thus, thermodynamically metastable phases may be avoided and the perovskite phas
formed via nucleation control.

5. Conclusions

The addition of solid PbTiQ nanometer-size seed particles (5 and 10 wt%) into the
precursor solution plays a crucial role during crystallisation. Comparing with the unseede
gels, the fraction of crystallised PbTiGncreases at the same calcining temperature. The
mechanism for which such a process takes place is assumed to be a catalysed nucleation
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the seeding with nanometric PbTj(particles. The seeds being isostructural with the
expected equilibrium phase and, therefore, having a close lattice matching, helps to contr
the thermodynamics of the formation reaction of the PiTi® addition, seeding reduces or
even inhibits the presence of pyrochlore secondary phases and, deficient lead phases sucl
PbTi,O, were not detected, even without the addition of PbO in excess. Both effects are
attributed, in principle, to the improved crystallisation rate of the perovskite phase in
detriment of other secondary phases. A study of the crystallisation kinetics and the calct
lation of the activation energy would be recommended to verify these assumptions. Thi
work is currently in progress.

Acknowledgments

This work was supported by the PAPIIT IN106998, CONACYT 27624U and DGIA. J.
Tartaj thanks UNAM-CSIC and CYTED for the grant received for the development of this
work.

References

[1] T. Fukui, J. Sol-Gel Science and Tech. 11 (1998) 31.
[2] J. Moon, J.A. Kerchner, J. LeBleu, A.A. Morrone, and J.H. Adair, J. Am. Ceram. Soc. 80 (10) (1997) 2613.
[3] J.B. Blum, and S.R. Gurkovich, J. Mater. Sci. 20 (1985) 4479.
[4] M.L. Calzada, M. Alguero, and L. Pardo, J. Sol-Gel Science and Tech. 13 (1998) 837.
[5] S. Kim, M. Jun, and S. Hwang, J. Am. Ceram. Soc. 82 (2) (1999) 289.
[6] M.A. Zaghete, J.A. Varela, M. Cilense, C.O. Paiva-Santos, and E. Longo. In Third Euro-Ceramics, pp.
815-820, V. 1. Edited by P. Dumaand J.F. Fermalez. Madrid, (Spain) 1993.
[7] J.C. Carvalho, C.O. Paiva-Santos, M.A. Zaghete, C.F. Oliveira, J.A. Varela, and E. Longo, J. Mater. Res
11 (7) (1996) 1795.
[8] J.L. McArdle, and G.L. Messing, Adv. Ceram. Mater. 3 (4) (1988) 387.
[9] V. Kumar, J. Am. Ceram. Soc. 79 (10) (1996) 2775.
[10] O. Yamaguchi, A. Narai, T. Komatsu, and K. Shimizu, J. Am. Ceram. Soc. 69 (10) (1986) C-256.
[11] J.C. Hulling, and G.L. Messing, Ceramic Trans. 22 (1991) 401.
[12] A. Seifert, F.F. Lange, and J.S. Speck, J. Mater. Res. 10 (1995) 791.
[13] Y. Liu, and P.P. PhuleJ. Am. Ceram. Soc. 79 (2) (1996) 495.



