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Abstract

Lead titanate was synthesized by the OPM wet-chemical route by the dissolution of Ti metal in H2O2 followed by the addition of

Pb2+ at high pH, resulting in a reactive and amorphous precipitate with (Pb:Ti=1:1) mole ratio, which was heat treated between

400�C and 700�C. The amorphous precipitate was characterized by DSC, and all of the powders were characterized by X-ray

diffraction, Raman and XAS (EXAFS and XANES) spectroscopy at the Ti K edge. A metastable, stoichiometric and cubic

pyrochlore phase (Pb2Ti2O6, Fd3m) was identified by XRD and Raman spectroscopy up to approx. 450�C. Only tetragonal PbTiO3

was identified at higher temperatures. XAS spectra showed that the local structure around the absorbing Ti atom of the intermediate

pyrochlore phase is similar to that observed in the amorphous precursor. This fact indicates that the metastable intermediate

pyrochlore (Pb2Ti2O6) is kinetically favored to be formed because of its similarity to the amorphous precipitate, instead of the

slightly different and thermodynamically favored tetragonal (PbTiO3, P4/mmm) perovskite structure that is only formed at higher

temperatures, after the crystallization of the metastable intermediate pyrochlore.

r 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Alternative synthetic routes have been developed for
the synthesis of advanced materials. Most of these
materials present some unique properties, which is a
result of the nanometric size of the particles obtained
using some special processing conditions. [1] One of us
developed recently a new synthetic route called ‘‘the
oxidant peroxo method (OPM)’’ used to prepare several
lead perovskites (e.g., PbTiO3 and some compositions of
PZT) at relatively low temperature with a sharp particle
size distribution of nanoparticles [1–5] and a high final
yield of approx. 100% [2]. This method can be well
described as a molecular level oxy-reduction reaction
between lead ions and some metal-peroxo complexes, at
high pH, that forms an amorphous, chemically homo-
geneous and reactive intermediate precipitate. This
precipitate is completely free from carbon, halides or
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other chemical impurities, what is a remarkable
characteristic of the OPM route when compared to
others conventional wet-chemical methods of synthesis,
such as sol–gel, [6,7] hydrolysis of alkoxides, partial
oxalate [8] and the polymerizable complex methods (also
known as the Pechini method) [9,10]. Moreover, the
OPM technique uses water as solvent and a relatively
simple experimental apparatus, without the necessity of
dry atmosphere or toxic compounds.

Although the inherent advantage of the OPM route,
the nature of the amorphous precursor and the crystal-
lization mechanism is still unknown. Considering that
most of the final properties of a material synthesized by
wet-chemical methods result from the properties of its
initial precursor, we were interested in to describe the
local structure of the amorphous precursor obtained by
the OPM route when applied for the synthesis of lead-
based perovskites. In this context, X-ray absorption fine
structure (XAS) spectroscopy is a powerful character-
ization tool to probe the local structure around a specific
element. [11] In this paper, we describe the structure at
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the short range order around Ti atoms in the amorphous
precipitate (with mole ratio of Pb:Ti=1:1) and their
heat-treated powders by the use of XAS technique at the
titanium K-edge. Moreover, additional structural and
chemical information were also obtained by means of
Fourier transform Raman spectroscopy, differential
scanning calorimetry (DSC) and X-ray powder diffrac-
tometry (XRD).
2. Experimental section

2.1. Synthesis

Amorphous precipitate with mole ratio (Pb:Ti=1:1)
was synthesized as described by Camargo and Kakihana
[2] through the dissolution of 0.250 g of titanium metal
powder (98% Wako Pure Chemical Ind Ltd, Japan) in
an aqueous solution of 80mL of H2O2 (30% Mal-
linckrodt, Brazil) and 20mL of ammonia aqueous
solution (30%, Mallinckrodt, Brazil). After approx.
5 h, a yellow transparent solution of peroxytitanate
complexes was obtained, and a second aqueous solution
of 1.729 g of Pb(NO3)2 (99.99%, Aldrich, USA) was
slowly dropped into the peroxytitanate solution, form-
ing an orange precipitate that was filtered and washed
with diluted ammonia solution to eliminate all of the
nitrate ions. The washed precipitate was dried at 50�C
for 5 h, ground and calcined at several temperatures
between 200�C and 700�C (from 5 to 60min).

2.2. DSC, Raman and XRD characterization

A small amount of the ground and dry amorphous
precipitate (10.4mg) was characterized by differential
scanning calorimetry (DSC 404C controlled by TASC
424/3A, Netzsch, Germany) between 25�C and 1200�C
using a platinum crucible. It was used a constant
heating/cooling rate of 10�C/min and a flux of
0.50 cm3/min of air. All of the powders (amorphous
and heat-treated) were characterized at room tempera-
ture by Fourier transform Raman spectroscopy (FT
Raman-Bruker RFS 100/S) using the 1063 nm line of a
YAG laser, and by XRD using the Cu Ka radiation
(Rigaku D/MAX 200, with a rotary anode operating at
150 kV and 40mA) in the 2y range from 10 to 80� with
step scan of 0.02�.

2.3. XAS characterization

The titanium K-edge (4966 eV) X-ray absorption
spectra were collected at the Laboratório Nacional de
Luz Sı́ncrotrom (LNLS, Campinas SP, Brazil) facility
using the D04B-XAS1 beam line [12]. The LNLS
storage ring was operated at 1.36GeV and 100–
160mA. XAS data of the amorphous and heat-treated
powders were collected in the transmission mode at
room temperature using a Si(111) channel-cut mono-
chromator. Ionization chambers were used to detect the
incident and transmitted flux. X-ray absorption near
edge structure (XANES) at the Ti K-edge were recorded
for each sample between 4910 and 5200 eV using energy
steps of 0.5 eV. Extended X-ray absorption fine struc-
ture (EXAFS) measurements at the Ti K-edge (using
steps of 2 eV) were carried out for each sample between
4840 and 5900 eV. To provide good energy reproduci-
bility during the XANES data collection, the energy
calibration of the monochromator was checked after
each spectrum using a Ti metal foil.

The EXAFS analysis was carried out by using the
software suite written by Michalowicz [13] according to
the recommended procedures described by the Interna-
tional Workshop on Standards and Criteria in XAS [14].
After atomic absorption removal and normalization, the
k3w(k) weighted EXAFS signal was Fourier transformed
to R distance space in the 2.0–11.0 Å�1 k range. Each
spectrum was Fourier transformed using a Kaiser
apodisation window with t ¼ 2:5: For comparison
purpose between different samples, all XANES spectra
obtained at the Ti K-edge were background removed
and normalized using as unity the first EXAFS
oscillation.
3. Results and discussions

Studying the synthesis of lead titanate (PbTiO3,
thereafter denoted PT) by means of the Pechini method,
Leite et al. [15] suggested, based on XRD and DSC
analysis, that a cubic-like intermediate phase crystallizes
directly from the amorphous precursor, and that the PT
tetragonal perovskite structure (referred to as tetrago-
nal) is formed from this cubic-like phase at 444�C when
the temperature is raised. However, it is possible that the
energy released from the burning of the organic matrix,
as observed by presence of exothermic peaks in the DSC
curve, interfered in the crystallization process. On the
other hand, Fu et al. [16] reported that nanocrystalline
PT (B7 nm) synthesized by sol–gel route is orthorhom-
bic at room temperature, changing to tetragonal phase
at 166�C. Although both of the studies show the
presence of different structures, they agree with the
presence of a crystalline phase other than the tetragonal
phase in nanocrystals of PT at low temperature.

Fig. 1 shows DSC curves between 100�C and 700�C of
the amorphous precipitate during the (a) heating and (b)
cooling steps. The crystalline state of the material during
the DSC experiment is indicated on the top of the
curves. The peak centered at 490�C in the heating curve
(Fig. 1a) can be assigned to the phase transition from the
tetragonal to the high-temperature PT cubic paraelectric
perovskite phase (referred to as cubic). The broad
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Fig. 1. DSC curves of the amorphous precipitate obtained during (a)

the heating step, and (b) during the cooling process. The inset in (b)

shows the endothermic peak of the phase transition from the cubic PT

to the tetragonal PT. Observe that there is not any other phase

transition at temperatures below 475�C.

Fig. 2. FT-Raman spectra of (a) PT700, (b) PT450–40, (c) PT 450–15,

and (d) of the amorphous precursor.
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exothermic peak between 200�C and 470�C with
maximum at 440�C can be assigned to the crystallization
process from the amorphous precipitate. The small
endothermic peak at 476�C in the cooling curve (Fig. 1b)
can be assigned to the transition from the cubic to the
tetragonal phase.

It is well known that Raman spectroscopy is a suitable
structural analytical technique for identification of
crystalline phases in nanocrystals when XRD has not
enough resolution [17]. Fig. 2 shows Raman spectra
collected at room temperature of the amorphous
precipitate and of three heat-treated samples. The
spectrum (a) of the powder calcined at 700�C for 1 h
(referred to as PT700) shows the typical spectra of the
tetragonal phase [2]. Spectra (b) and (c), obtained from
the powders calcined at 450�C for 40min (PT450–40)
and for 15min (PT450–15) respectively, show comple-
tely different spectra that cannot be assigned neither as
tetragonal nor as cubic PT phases. Yao et al. [18]
reported the formation of a metastable stoichiometric
cubic pyrochlore (Pb2Ti2O6) phase at low temperature
(identified only by XRD) prior to the crystallization of
the tetragonal PT phase during the synthesis of a glass-
ceramic materials by a sol–gel route. Moreover, they
reported the presence of a sharp exothermic peak at
450�C in some DSC curves, assigned as the crystal-
lization of the tetragonal phase (essentially the same
temperature observed in the heating curve of the Fig.
1a). The process described by Yao et al. [18] follows
Eq. (1):

Pb2Ti2O6-2PbTiO3: ð1Þ
Although similar spectra to curves (b) and (c) of Fig. 2
were already published [16,19,20], there is not a
consensus regarding the structure of the lead titanate
formed at low temperature. However, the general shape
of the spectrum of Fig. 2b is similar to that observed for
the pyrochlore lead pyroniobate (Pb2Nb2O7), with main
peaks at 145, 231, 285, 334, and 741 cm�1, [20–22]
indicating that some correspondence between these two
structures (Pb2Nb2O7 and the stoichiometric Pb2Ti2O6)
can be considered. [20] The spectrum of Fig. 2d shows
the amorphous nature of the precipitate. It is evident
that the presence of three different Raman spectra in
Fig. 2 represents three different structural organization
of the material, which can be attributed to the crystal-
lization of the stoichiometric cubic pyrochlore structure
(Figs. 2b and c) from the amorphous precipitate (Fig.
2d), followed by a phase transition to the tetragonal PT
phase (Fig. 2a) at approx. 440�C. This sequence agrees
with the previously reported results of the synthesis of
lead titanate by wet-chemical methods [15,18–20].

The XRD pattern (a) shown in Fig. 3 was obtained
from the powder PT700 (for the sake of clarity, the
highest peak (101) was cut at 3% of its height). All of the
diffracted peaks were identified as the single tetragonal
PT phase, in agreement with the Raman spectrum of
Fig. 2a and DSC analysis in Fig. 1. In spite the fact that
tetragonal PT could be identified in pattern (b) of the
powder calcined at 500�C for 30min (PT500–30), it is
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Fig. 3. XRD patterns of (a) PT700, (b) PT500–30, (c) PT 450–15, and

(d) of the amorphous precursor.

Fig. 4. Titanium K-edge XANES spectra of (a) PT700, (b) PT450–

40min, (c) PT450–15, and (d) amorphous precipitate sample.
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possible to observe small and broad peaks at 29� and 35�

(marked with full circles) indicating that a secondary
phase is present. Specifically, the peak at approximately
29� reproduces the same broad peak observed in the
XRD patterns (c) and (d) regarding the powder PT450–
15 and the amorphous precipitate, respectively. If the
stoichiometric cubic pyrochlore Pb2Ti2O6 phase is
considered as the secondary phase in Fig. 3b, one can
assign, based on the Raman evidences of Fig. 2, that
these two peaks are the (222) (100%, centered at 29.55�)
and the (400) (55%, at 34.33�) diffraction planes of the
Pb2Ti2O6 pyrochlore phase (PDF card number 26–
0142). Therefore, the precipitate seems to crystallize first
in the stoichiometric cubic pyrochlore Pb2Ti2O6 phase,
instead of the thermodynamically expected tetragonal
PT.

According to the literature, XANES spectra of
transition metal oxides are strongly dependent on the
symmetry of the metal site, and titanium (and other
transition metals as well) possess unoccupied electron
states of d character. These states are inaccessible to the
dipole excitation of a s electron, and the displacement of
the transition metal from its centrosymmetric site drives
the mixing of p character of the transition metal atom.
Therefore, the presence of large peaks in a XANES
spectrum (e.g., 4965–4975 eV in the titanium case)
before the main rise in the spectrum is the signature of
a large displacement of the transition atom from its
centrosymmetric site [23].

The XANES spectrum obtained at Ti K-edge for
PT700 shown in Fig. 4a is characteristic of the PT
tetragonal phase [23], in agreement with the XRD and
Raman results previously discussed (Fig. 2 and 3). The
XANES spectra of the samples PT450–40, PT450–15,
and of the amorphous precipitate sample (curves (b)–(d)
in Fig. 4) exhibit identical edge structure, indicating the
same local symmetry for titanium atoms in these three
samples. However, these three spectra present a different
pre- and post-edge structure when compared with the
PT700 tetragonal XANES spectrum (Fig. 4a). The
transitions situated at the pre-edge region are less
intense, principally in the amorphous precipitate
sample (Fig. 4d). The decreasing in the intensity of
the transition labeled as A in curves (a)–(d) can be
attributed to a decreasing in the distortion of the TiO6

octahedra. According to Veddrinskii [24], the electronic
transition assigned as B in the XANES spectra does not
depend strongly on small displacements of the atoms in
the TiO6 octahedra, but it is mainly affected by
structural changes in the vicinity of the absorbing
titanium atom.

In the post-edge region of the XANES spectra of Fig.
4, it is observed the presence of large transitions in
spectra (b)–(d) in comparison with spectrum (a) of PT
tetragonal, where sharp transitions are easily observed.
The post-edge transitions in the XANES spectra are
mainly due to contributions from multiple scattering
effects caused by atoms located in the vicinity of the X-
ray absorbing atom, and are used to probe the medium
range order around the absorber atom. The broadening
in the transitions observed in the post-edge region of
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Fig. 6. EXAFS spectra (k-weighted) and corresponding Fourier

transforms moduli for: (a) PT700, (b) PT450–40min, (c) PT450–15,

and (d) of the amorphous precipitate sample.
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spectra (b)–(d) can be explained by an existence of
relative disorder in the medium range structure around
the Ti absorbing atom. If these three XANES spectra
are compared to results published in the literature, one
can see that the pre-edge features are characteristic of
pentacoordinated Ti atoms, however, a mixture of
fourfold and sixfold coordination cannot be excluded
[25,26]. In fact, the XANES spectra (b)–(d) of Fig. 4 are
very similar to the XANES spectra of amorphous
precursors of Pb(Zr,Ti)O3 ceramics studied by Malic
et al. [27]. According to their work, Ti atoms in samples
presenting different Zr to Ti ratio are coordinated by
five oxygen atoms. Two local symmetry are possible for
the Ti pentacoordinating site, the centrosymmetric D3h

trigonal bipyramid, and the C4v pyramid with the Ti
atom positioned at long of the C4 axis. [28] Since the
centrosymmetric symmetry is not compatible with the
XANES spectra, the most probable structure is the C4v:
Indeed, to say that titanium atoms are pentacoordinated
means, at a first approximation, that the sixth oxygen of
the octahedra is located sufficiently far from the
titanium atom, which allow us to consider it not
coordinated to the titanium, resulting in a highly
distorted octahedra.

Fig. 5 presents the EXAFS spectra of PT700, PT450–
40, PT450–15 samples, as well the EXAFS spectrum of
the amorphous precipitate powder, whilst Fig. 6
illustrates the Fourier transform moduli (FT) of these
EXAFS spectra. A qualitative analysis of the EXAFS
spectra and of their respective FT curves leads to the
same conclusion obtained previously from the analysis
of the XANES spectra, i.e., the EXAFS and the FT
curves of the PT450–40, PT450–15 and of the amor-
phous precipitate look very similar, but they differ
essentially from those of the PT700. This difference is
better noted at high values of k (Fig. 5), where the
presence of the EXAFS oscillations are not observed in
Fig. 5. EXAFS spectra of (a) PT700, (b) PT450–40min, (c) PT450–15,

and (d) amorphous precipitate sample.
curves (b)–(d), indicating the existence of a high degree
of disorder in these samples (confirmed by the absence
of structural peaks for distances longer than 3.0 Å in
their respective FT curves (b)–(d) in Fig. 6). It should be
stressed that other differences are observed between the
FT curve of the PT700 and the other FT curves in Fig. 6.
The first main difference is the shift toward higher
distance of the first Fourier transform peak of curve (a)
of PT700 when compared with curves (b)–(d), which is
related to the first shell around titanium atoms (Ti–O
bonds). An increase in the Ti–O mean bond length is
thus expected for the PT tetragonal (PT700) sample. A
second significant difference is the increasing in the
amplitude of this FT peak of curve (a).

As expected, all of the results (DSC, XRD, Raman
and XAS) regarding the well-crystallized PT700 sample
confirm that the PT tetragonal phase is formed.
However, the most interesting result is obtained when
the XAS spectra (EXAFS and XANES) of samples
PT450–40 and PT450–15 are compared to their respec-
tive XRD and Raman curves and to PT700 results. It is
clearly demonstrated by DSC, Raman, XRD and XAS
that the crystalline phase obtained after the heat
treatment up to 450�C cannot be assigned as the PT
tetragonal, but the probable structure seems to be the
stoichiometric cubic pyrochlore Pb2Ti2O6 with distorted
octahedra Ti sites. Comparing the XAS spectra of
PT450–40 and PT450–15 samples to the spectrum of the
amorphous precursor, one can infer that the local
structure around the titanium is essentially the same.
Therefore, it is reasonable to conclude that the local
order of the amorphous precipitate drives the crystal-
lization into the most favorable structure, that is the
Pb2Ti2O6. In other words, the structure that posses a
similar local organization to the amorphous precursor is
preferentially crystallized.
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Fig. 7. Fitting and back Fourier filtered signal of the Ti–O first shell

for the PbTiO3 tetragonal (PT700) sample using a three-shell model.
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3.1. Quantitative analysis of EXAFS spectra

To obtain a quantitative result from the EXAFS, the
spectrum of the crystallized PT tetragonal compound
(PT700) was firstly fitted. To do that, the contribution
of the first coordination shell of the FT (presented in
Fig. 6) was extracted by a back Fourier transform in R

space in a range between 0.8 and 2.4 Å, and then fitted
using theoretical phase and amplitude functions. To
model the Ti–O pair, theoretical amplitude and phase
functions were calculated using the FEFF 8.2 program
[29]. In all of the fits, the number of free parameters was
kept smaller than the number of independent points
(defined as Nind=2DR Dk/p where DR is the width of the
R-space filter windows, and Dk is the actual interval of
the fit in the K space) [14]. The Ti–O oxygen first shell
for the crystalline tetragonal PbTiO3 compound was
fitted using the three shells model according to the XRD
data [30] (e.g., the irregular octahedral Ti site with three
different Ti–O bonds length). During the fitting
procedure, the coordination number (N) was fixed and
the interatomic distance (R) and the Debye–Waller
factor (s) were allowed to vary. A single value of s was
applied for all of the three types of Ti–O bound
considered, reducing the number of free parameters
during the fitting. Table 1 presents the fitting results and
Fig. 7 shows the comparison between the filtered
experimental EXAFS spectra of PT700 and the theore-
tical curve for the crystalline tetragonal PbTiO3. As can
be seen in this table, the fitting of the EXAFS spectra
agrees with the data found by Glazer [30] using the
XRD technique, what validates the procedure used.

Before doing the analysis of the other three samples
(PT450–40, PT450–15, and amorphous precipitate) the
distance resolution (Dr) that can be achieved during the
fitting of these EXAFS spectra was determined as a
function of the useful Dk range of the filtered EXAFS
spectra. The resolution of the features in EXAFS is
limited by the finite range of the data [31], and is
determined by the useful Dk range of the filtered
Table 1

Fitting results obtained by FEFF 8.2 suit for the tetragonal perovskite sa

precipitate

Sample N1 R1 (Å) s1

Tetragonal PbTiO3 by XRD [30] 4.0 1.98

PT 700 4.0 1.99 0.07

(70.01) (70.01)

PT 450-40 5.0 1.93 0.102

(70.01) (70.005)

PT 450-15 5.0 1. 93 0.115

(70.01) (70.005)

Amorphous 5.0 1.94 0.125

Precipitate (70.01) (70.005)

The results obtained by Glazer et al. [30] are also included. In the table, ‘‘N’’

‘‘R’’ is the distance between the oxygen and the Ti atom, and ‘‘s‘‘is the Deb
EXAFS spectra (Dr ¼ p=2Dk). Since the useful Dk

range is about 9.0 Å (from 2.5 to 11.5 Å, see Fig. 7
and 8) Dr-values under 0.17 Å cannot be unambiguously
resolved. According to the work of Malic et al. [26]
titanium atoms in an amorphous lead titanium gel,
which was obtained from the hydrolysis of an alkoxide-
derived heterometallic complexes, are coordinated by 5
oxygen atoms distributed in two sets of distances
(around 1.79 and 1.94 Å). Despite the fact that the
difference between these two distances is lower than the
resolution determined from the useful Dk range, these
two shells model as well the one shell model, were tested
for the EXAFS spectra of PT450–40, PT450–15, and for
the spectrum of the amorphous precipitate. The results
obtained for the fittings of these two models were the
same, indicating that the best fitting was achieved when
it was assumed that the first shell is formed by 5 oxygens
located at 1.94 Å around the titanium atoms (see
Table 1). However, this result should be carefully under-
stood. As already discussed, the calculated distance
between the oxygens and the titanium atom is affected
mple PT700, and for PT450–40, PT450–15 and for the amorphous

N2 R2 (Å) s2 N3 R3 (Å) s3

1.0 1.76 1.0 2.40

1.0 1.79 0.07 1.0 2.41 0.07

(70.03) (70.01) (70.03) (70.01)

is related to the number of coordinating oxygens around the Ti atom,

ye–Waller factor.
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Fig. 8. Fitting and back Fourier filtered signal of the Ti–O first shell

for sample PT450–40 using the one-shell fitting model.
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by the useful Dk range used for the fitting. Therefore,
oxygens located at lightly different distances from the
titanium are indistinguishable, resulting that the calcu-
lated distance can be an average of distances that differ
less than 0.17 Å from each other. The fitting results are
presented in Table 1, and Fig. 8 shows the comparison
between the filtered experimental EXAFS spectrum of
the PT450–40 and its theoretical curve, when the one
shell-fitting model was used.

3.2. General discussion and considerations

When the fitting results of the PT450–40 (Fig. 8 and
Table 1) are interpreted considering the XANES
analysis regarding the titanium displacement from its
centrosymmetric position, and the fact that Ti atoms are
located inside of octahedral sites in the stoichiometric
cubic pyrochlore Pb2Ti2O6, one can consider that the
five coordinating oxygens around the absorbing Ti atom
are organized as in the point group C4v: In this spatial
configuration, the oxygens are positioned at the five
vertices of a square-based pyramid and the titanium
atom is located in some point in the C4-axis. A distorted
octahedra can be visualized with a sixth oxygen atom
located at a distance higher than 2.4 Å (therefore,
outside of the first shell considered in the fitting
procedure). This assumption of distorted octahedra
agrees with the XRD, Raman and XAS results.

Moreover, the results indicate that the spatial
arrangement of the oxygen and titanium elements in
the C4v symmetry point group is formed immediately
during the precipitation of the amorphous material, that
is during the oxy-reduction reaction between Ti-peroxo
complexes and the Pb2+ ions. The similarity of the
EXAFS and XANES spectra between the amorphous
precipitate, PT400–15 and PT400–40 indicates that these
samples present similar titanium local structures. This
observation can explain the reason why the pyrochlore
is formed prior to tetragonal perovskite, and why this
stoichiometric pyrochlore has been systematically ob-
served during the synthesis of lead titanate by means of
several wet-chemical routes. These results indicate that it
is easier for the amorphous material to crystallize in the
most similar structure (Pb2Ti2O6), which is kinetically
favored, instead of a slightly different structure (in this
case, the tetragonal PT perovskite), although thermo-
dynamically favored.

Evidently, this metastable pyrochlore structure is not
obtained by loss of lead, as usually reported, since
tetragonal PT with mole ratio of (Ti:Pb=1:1) is
crystallized further, at higher temperature. If the
structure is the pyrochlore-lead deficient type, it should
be stable even at heat treatment at high temperatures,
and thus easily identified by means of XRD or Raman.
However, this lead-deficient phase was not identified
after the phase transition to the tetragonal PT. There-
fore, it is more plausible that this pyrochlore phase is
stabilized by the well-known effect on nanosized
particles [32], what turns the identification of this
intermediate metastable pyrochlore phase quite diffi-
culty to be characterized. It should be observed that
only the phase transition from the stoichiometric
pyrochlore (Pb2Ti2O6) to the tetragonal PT phase could
be identified, without any signal of the reverse phase
transition. On the other hand, the transition between
tetragonal PT and cubic PT phases was easily identified.
It means that is possible to bypass this intermediate
phase by heat treatment at temperature higher than
450�C, as indicated by the DSC curves. A general
equation for the lead titanate system synthesized by wet-
chemical routes can be proposed as

2½PbTi�ðamorphousÞ-Pb2Ti2O6ðpyrochloreÞ

-2PbTiO3ðtretragonalÞ’-2PbTiO3ðcubicÞ; ð2Þ

where the first term at left side represents the amorphous
precursor, with mole ratio of (Pb:Ti=1:1), which can be
obtained by several wet-chemical methods (e.g. sol–gel,
Pechini, OPM, etc). The unidirectional arrows means
that the phase transition can occur only in the indicated
direction and consequently, the bi-directional arrow
means that the phase transition can occurs in both
directions.
4. Conclusions

Despite the fact that single phase tetragonal lead
titanate (PbTiO3) perovskite can be obtained by the
‘‘oxidant peroxo method-OPM’’ at relatively low
temperature, it was observed that an intermediate cubic
and stoichiometric pyrochlore (Pb2Ti2O6) phase is
formed prior to the expected tetragonal PbTiO3, as
supported by the XRD and Raman analysis. Moreover,
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XAS spectra of the powders calcined at temperatures up
to 450�C show that the coordination sites around the
titanium atom are essentially the same of the amorphous
precipitate, but different from that observed in the
tetragonal PbTiO3. This result indicates that the crystal-
lization process from the amorphous precursor favors
structures that have their local structure around the
titanium atom as that originally found in the amorphous
precursor. Considering all of the previously reported
studies of the synthesis of PbTiO3 by any wet-chemical
routes, it seems that the formation of the pyrochlore
Pb2Ti2O6 is a general path to obtain pure lead titanate.
All of the results lead to same conclusion, which
tetragonal PbTiO3 pure tetragonal PT is obtained after
the phase transition from the metastable Pb2Ti2O6,
however the reverse transition from the tetragonal PT to
the pyrochlore Pb2Ti2O6 does not occur.
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