
M A T E R I A L S C H A R A C T E R I Z A T I O N 8 9 ( 2 0 1 4 ) 1 3 – 2 2

Ava i l ab l e on l i ne a t www.sc i enced i r ec t . com

ScienceDirect

www.e l sev i e r . com/ loca te /matcha r
Layered-structural monoclinic–orthorhombic

perovskite La2Ti2O7 to orthorhombic LaTiO3 phase
transition and their microstructure characterization
G. Herreraa,b,c,⁎, J. Jiménez-Mierc, E. Chavirad

aColegio de Física, ENP P7, “Ezequiel A. Chávez”, Universidad Nacional Autónoma de 3México, 15810 México D. F., Mexico
bDepartamento de Química Inorgánica, Universidad de Valencia, 46100 Burjasot, Valencia, Spain
cInstituto de Ciencias Nucleares, Universidad Nacional Autónoma de México, 04510 México D. F., Mexico
dInstituto de Investigaciones en Materiales, Universidad Nacional Autónoma de México, 04510 México D. F., Mexico
A R T I C L E D A T A
⁎ Corresponding author at: Colegio de Física, EN
Merced Balbuena, Venustiano Carranza, 158

E-mail addresses: manuel.herrera@enp.u

1044-5803/$ – see front matter © 2013 Elsevie
http://dx.doi.org/10.1016/j.matchar.2013.12.0
A B S T R A C T
Article history:
Received 23 May 2013
Received in revised
form 23 December 2013
Accepted 24 December 2013
The layered-structural ceramics, such as lanthanum titanate (La2Ti2O7), have been known for
their good temperature and low dielectric loss at microwave frequencies that make them good
candidatematerials for high frequency applications. However, few studies have been conducted
on the synthesis optimization by sol gel reaction, in particular by acrylamide polymerization
route. The interest in La2Ti2O7 ceramic has been greatly increased recently due to the effect of
oriented grains. This anisotropy of themicrostructure leads to anisotropy in dielectric, electrical
andmechanical properties. In this study, grain oriented lanthanumtitanatewasproducedby the
sol–gel acrylamide polymerization route. The characterizations of the sampleswere achieved by
thermal analysis, X-ray diffraction (XRD), scanning electron microscopy (SEM), atomic force
microscopy (AFM), and transmission electronmicroscopy (TEM). X-ray diffraction indicates that
the formation of monoclinic perovskite La2Ti2O7 nanocrystals is a necessary first step to obtain
orthorhombic LaTiO3 nanocomposites (with space group Pbnm). In this work we identified that
the monoclinic perovskite La2Ti2O7 with space group P21 transforms its structure into one with
the orthorhombic space group Cmc21 at approximately 1073 K. The microstructure associated
consisted of flaky monoclinic La2Ti2O7 nanocomposites in comparison with round-shaped
LaTiO3 nanocomposites.

© 2013 Elsevier Inc. All rights reserved.
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1. Introduction

The largest number of perovskite-type compounds is de-
scribed by the general formula ABO3 [1]. About 50 years ago,
Aurivillius discovered a family of layered structural ceramic
materials [2]. Lanthanum titanate, La2Ti2O7, is a member of
the perovskite layer structure (PLS) family of ferroelectrics
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sometimes referred to as the strontium pyroniobate family
[3,4]. The structure of PLS compounds is characterized by
perovskite slabs stacked along the a axis, which are made up
of corner-sharing BO6 octahedra and 12 coordinated A cations.
Each slab is four octahedra thick and is linked to a neighboring
slab by A cations lying near the boundary [5,6]. In other words
the A2B2O7 structure has an extra layer of O2 inserted along the
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perovskite [110] direction after every four (n) distorted perov-
skite units [7]. The anisotropy of the structure leads to
anisotropy in dielectric, electrical andmechanical properties [8].

La2Ti2O7 do not form the expected isometric pyrochlore
structure-type. The stability of this structure depends on the
ratio between the cations radii of Ln3+ and Ti4+. For r (Ln3+)/r
(Ti4+) included in the range [1.46–1.78], the formed compound
will adopt a pyrochlore like structure. For a ratio higher than
1.78, the layered perovskite type is preferred. Finally for a ratio
lower than 1.46, the formed compound will favor a defect
fluorite structure [9]. According to the ratio r (Ln3+)/r (Ti4+) = 1.92
obtained using the ionic radii from Shannon [10], the La2Ti2O7

compound studied in this work crystallizes in a monoclinic
perovskite layered structure with a P21 space group. The
measured unit cell parameters of monoclinic La2Ti2O7, the
number of molecules per unit cell (Z), and the theoretical
density (ρ) are a = 7.8114(2), b = 5.5474(1), c = 13.0185(1) Å, β =
98.719°, Z = 4, and ρ = 5.78 g cm−3, respectively [11].

Ishizawa et al. [6] have shown that the structure changes
from monoclinic (P21) to orthorhombic phase (CmC21) at
temperatures higher than 1053 K in which spontaneous
polarization appears along the b axis due to an asymmetric
deformation of the TiO6 octahedra (Fig. 1). In the temperature
range of 1053–993 K, there is another ferroelectric–ferroelec-
tric phase change from orthorhombic to monoclinic, P21 [6,7].
This transition is characterized by a rotation that occurs
through the Ti4+ ions without deforming the shapes of the
octahedra, resulting in a small change in magnitude of the
dipole moment in each respective TiO6 octahedron [6]. Above
1773 K, the structure undergoes further transformation into
the para-electric phase (Cmcm) [6].

La2Ti2O7 has been synthesized previously using different
techniques; solid state processing [3], co-precipitation of hydrox-
ides [12,13], urea precipitation [14], hydrothermal synthesis
[15,16] the high-temperature decomposition of metal-organic
precursors [17,18], thermal decomposition of nitrates [19], and
liquid mix techniques [20]. These syntheses not only have
provided for smaller particle sizes compared to the solid-state
method, but also typically require extended heating times and
multi-step synthetic procedures. It has also been synthesized in
the formof thin filmsusingmolecular beamepitaxy (MBE) [21,22],
pulsed laser deposition (PLD) [23,24] and laser heated pedestal
growth [25].

In recent years, the sol–gel process has become a method of
interest for the synthesis of nano-composites and electro-
ceramics [26–31]. Theadvantages of the sol–gel process compared
to conventional methods for polycrystalline ceramics are better
control of stoichiometry and homogeneity, lower reaction
temperatures, less contamination, and ease of preparation of
ultrafine powders, thin films, and fibers for device applications.
By adjusting firing temperatures, it should be possible to control
the degree of crystallization and grain sizes. Sol–gel processing is
very cost effective compared to techniques such as chemical
vapor deposition, sputtering, and laser ablation because it does
not require expensive vacuum equipment or raw materials. Our
research efforts in this area have focused on the optimization of
synthesis steps of metal-oxides to produce homogeneous grain
size and shape distribution [32–37].

Furthermore lanthanum titanate is an effective ferroelectric
substance. This compound has a high Curie temperature (Tc =
1773 K), which is particularly interesting for high-temperature
piezoelectric applications [25,38]. Consequently, it can be used
in ferroelectric random access memory [39] and ferroelectric
gate field-effect transistors [40].

Its temperature stability and low dielectric loss (with
dielectric constant in the range εr = 42–62) at microwave
frequencies make it good candidatematerials for high frequen-
cy applications, high temperature transducer material [25] and
electro optic devices [28,41,42]. It can conveniently be used
above 1273 K for controlling intelligent gas turbine engines. It is
also under consideration as low temperature coefficient of
capacitance (TCC) materials [43,44]. It has low spontaneous
polarization: Ps = 5 mC/cm2 with the polarization oriented
along the b-axis (polar axis) [11]; high coercive field (45 kV/cm)
[11,38] and high remanent polarization. Furthermore, it has
been reported that La2Ti2O7 oxides can act as excellent hosts for
integration by substitution of lanthanide ions to produce phos-
phors emitting a variety of colors for the development of photo-
luminescent materials [45,46].

La2Ti2O7 is a highly donor-doped layered perovskite structure
which has photocatalytic applications, including water-splitting
under visible light irradiation and UV irradiation [29,47], Cr(VI)
reduction [48], NO oxidation [49], for producing hydrogen from
water photosplitting andphotodegradation of organic pollutants
[14,18,50–52] It has a great ability for the realization of immo-
bilization matrices of highly active radio-nuclides from nuclear
wastes [53]. It is especially useful for treating waste water
containing traces of toxic organic substances. The separation of
electrons and holes in the perovskites is easier than that in other
semiconductor materials because of their narrower depletion
layers. The reported quantum yields of the (1 1 0) layered
perovskites range as high as∼20–50% at ultraviolet wavelengths
[53,54]. This result ismuch higher than that (<1%) of TiO2. Abe et
al. [55] reported that the high photocatalytic water-splitting
activity of these perovskite structured catalysts could be
attributed to their octahedral structure to enhance the mobility
of photogenerated electrons and holes.

The orthorhombic LaTiO3, on the other hand, at room
temperature possesses the orthorhombic GdFeO3 perovskite
structure (space group Pbnm No. 62) with lattice parameters:
a = 5.604 Å, b = 5.595 Å, and c = 7.906 Å [56,57]. It is considered a
Mott insulator with a G-type antiferromagnetic ordered ground
state and aNéel temperature of approximately 135 K. LaTiO3 is a
semiconductor at high temperature, becoming an antiferromag-
netic insulator upon cooling through the Néel temperature.
When synthesized with moderate oxygen content, LaTiO3 + x is
metallic at high temperature, with a metal-insulator transition
occurring at reduced temperature. Transport measurements on
bulk samples indicate that LaTiO3.4 is a p-type semiconductor
[58]. The effect of Sr doping on LaTiO3 is being considered for
numerous applications, including conducting electrodes for
ferroelectrics [59] and dielectric-base transistors [60], as well as
for sensors [61].

The objectives of this work are to investigate (i) the phase
stability of monoclinic perovskite La2Ti2O7 and orthorhom-
bic perovskite La2Ti2O7 crystal structures by decreasing the
thermal treatment of the amorphous powders prepared by
sol–gel acrylamide polymerization route. Also, the phase
stability evaluation of the orthorhombic perovskite LaTiO3;
(ii) the effects of heat treatments on the microstructure of



Fig. 1 – (a) Schematic representation of the Cmc21 phase of
La2Ti2O7 studied in this work. The small (red), medium (gray),
and big (green) balls represent O, Ti, and La atoms, respectively.
(b) Schematic representation of the Pbnm phase of LaTiO3.
These structures were obtained by Diamond 3.2 software.
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monoclinic–orthorhombic La2Ti2O7 up to orthorhombic
LaTiO3 compounds. The characterization tools used in this
work are: thermal analysis: (differential thermal analysis
DTA, thermo gravimetric TG and differential scanning
calorimetry DSC); X-ray diffraction (XRD); scanning electron
microscopy (SEM); energy dispersive X-rays (SEM/EDX),
atomic force microscopy (AFM) and transmission electron
microscopy (TEM).
Fig. 2 – Flow chart of the sol–gel acrylamide polymerization
route for the La–Ti precursor.
2. Experimental Procedure

2.1. Sol–gel Acrylamide Synthesis, SGAP

2.1.1. Materials
La2O3 (CERAC, 99.99%) and TiO2 (CERAC, 99.9%); HNO3 (J.T.
Baker, 69–70%); ethylenediamine tetraacetic acid, EDTA
[CH2N(CH2CO2H)2]2 (Fluka, 99%); NH4OH (J.T. Baker, 28–
30%); acrylamide, H2C = CHCONH2 (Fluka, 99.9%); N, N′-methy-
lene bisacrylamide, C7H10N2O2 (Fluka, 99.5%) and α, α′-
azodiisobutyramidine dihydrochloride, AIBN, C8H18N6 · 2HCl
(Fluka, 98%) were used in the fabrication of La2Ti2O7 by SGAP.
The flow diagram for this SGAP route is shown in Fig. 2.
2.1.2. Sol Formation
In order to obtain 2 g of the sample, a 50 mol% of stoichiometric
proportion of La2O3 compound was dissolved in 150 ml of
distilled water slowly with 4 ml of HCl (Sigma-Aldrich, 36.5–
38.0%) to obtain a transparent solution. 50 mol% of TiO2 was
putted in 25 ml of distilledwater. A suspension formation of TiO2

was observed after we have added slowly 25 ml of H2SO4

(Sigma-Aldrich, 95.0–98.0%). In this step and in order to avoid a
precipitation of this suspension, the temperature at 50 °C was
kept in the magnetic stirrer (Ika CERAMAG model Mid) during
30 min.

2.1.3. Gel Formation
Each sol was mixed with the chelating agent, EDTA, using
the molar ratio (M:EDTA 1:1), where M is the metal in the
sol. EDTA combines with metal ions to form stable
chelates, in a 1:1 ratio regardless of the charge on the
cation [35,36,62]. We used this chelating agent to encapsu-
late the rare earth element La (3+) and the transition
element Ti (4+) metal ions. The mixture was kept at 25 °C
under constant stirring. This step was designed to prevent
the ions from forming complexes until the “in situ”
reactions start. The ions then keep their stability during
the decomposition of EDTA.

image of Fig.�2
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After this step the pH value was 0.56. The solution was
thenmixed, with 10–20 ml of NH4OH in order to adjust the pH
to 6 because the fast acrylamide polymerization generally
proceeds in aqueous medium whose pH is close to neutral
[63]. This process was performed at room temperature. To the
solution (300 ml) we added a 10 wt.% of H2C_CHCONH2

monomers to start the polymerization [63] and to accelerate
the gel formation. We added 2 wt.% of the cross-linker,
C7H10N2O2. Also 1 wt.% of C8H18N6·2HCl was added to
regulate theweight of acrylamide and to increase the velocity
of interconnections. The thermo-polymerization process was
carried out under continuous magnetic stirring at 80 °C for
2 min until an opaque yellow viscous gel is produced.

2.1.4. Xerogel Formation
Weobtained the desiccate gel (xerogel) under anAr atmosphere
using a microwave oven (SEV-MIC IV) operating at 600 W for
30 min. This xerogel was grinded in an agate RM 100 mortar
(Retsch), and the powder was heated first to 100 °C during 12 h.
Next we increased the temperature in 100 °C steps up to 600 °C
in a thermolyne 46100 furnace maintaining the temperature
during 12 h in each step. In this stage important organic and
amorphous materials are removed and nanocrystals are grown
as we will discuss in the DTA and XRD sections. The tem-
perature was increased at a rate of 5 °C/min. At the end of the
synthesis we obtained 96% (1.92 g) of the sample. The mixture
was then compacted into pellets (diameter 13 mm thickness
1.0–1.5 ± 0.05 mm) exerting a pressure of 4 t/cm2 in a Press
(Osyma) for 3 min under vacuum.

2.2. Reduction of Samples

The pure phase of La2Ti2O7 powders prepared by sol–gel route
was compacted into pellets and then reduced with a metallic
Ti rod (Aldrich 99%). Each sample and a metallic Ti rod were
enclosed in a quartz tube in vacuum. The temperature was
kept at 850 °C during 5 days. After this period of time the
sample was quenched in ice. In this step one can observe the
oxidation of metallic Ti rod.

2.3. Characterization Techniques

In order to determine the temperature interval in which the
reaction should be carried out thermo gravimetric analysis
(TGA) was performed using Hi-Res 2950 TGA (TA Instru-
ments). The differential thermal (DTA) measurement was
obtained in a 2910 DTA with DTA 1600 cell (TA instruments).
TGA was used to evaluate the thermal decomposition of the
samples prepared by SGAP. DTA and differential scanning
calorimetry (DSC) were used to follow the thermal transfor-
mations such as decomposition, phase transformation,
chemical stability, and volatilization of organic material of
samples. The xerogel obtained by SGAP was placed in
platinum crucibles and heated starting at room temperature
and up to 1000 °C. The heating rates to obtain DTA and TGA
were 10 °C/min under a N2 atmosphere. The DTA and DSC
curves were analyzed by universal analysis software [64].

Crystalline phases were identified by XRD, using a
Bruker-AXS D8-Advance with Vantec-1 detector diffractome-
ter with λ (CuK) = 1.5406 Å radiation. This equipment is able
to detect up to a minimum of 1% of impurities. Diffraction
patterns were collected at room temperature in a 10–70° range
with a step size of 0.02° and time per step of 10 s. Lattice
constants and other structural parameters of both La2Ti2O7

and LaTiO3 phases were determined by refinement with the
Rietveld technique using Fullprof98 [65,66] available in the
software package Winplotr [67]. The refinement involved the
following parameters: scale factor; zero displacement correc-
tion; unit cell parameters; peak profile parameters using a
pseudo-Voight function; and overall temperature factor.

The change in morphology was investigated by scanning
electron microscopy, SEM, on a Cambridge-Leica Stereoscan
400. The micrographs were taken between 5 kX and 20 kX with
a voltage of 20 kV, current intensity of 1000 pA and a work
distance of 25 mm. The EDX was performed on the same
equipment, with an Oxford/Link System electron probe micro-
analyzer (EPMA).

An atom force microscope AFM (JSPM-4210) equipped with
tip NSC151SI3N4 with a nominal radii <10 nm, a cantilever
strength constant of 40 N/m and frequency constant of 325 kHz
in tapping mode was used to investigate the surface morphol-
ogy, particle size and porosity. The particle size distribution and
the roughness were measured by means of AFM according to
three parameters: the standard deviation of the Z ranges (RMS),
the arithmetic average of the absolute values of the surface
height deviations measured from the mean plane (Ra) and
peak-to-valley difference in height values (Z range). All param-
eters were analyzed with the WinSPM software [68].

The crystal structure of the LaTiO3 compound was studied by
TEM with a JEM-1200EXII Jeol microscope. The diffraction
patterns were taken with a voltage of 120 kV and a current
intensity of 70–80A, with camera length of 100 cm. The speci-
mens were prepared by dispersing small amounts of powders of
the LaTiO3 nanocrystals by ultrasonification at ultrasonic power
of 40% during 35 min in toluene (Sigma-Aldrich, 99.8%).
3. Results and Discussion

3.1. Structural Characterization

Fig. 3 shows the thermal behavior of the gel from 25 °C up to
1100 °C. The analysis of the DTA curve is divided in three
regions: 25–200 °C, 200–600 °C and 600–1000 °C. In the first
region there is the loss of water up to 150 °C. In the next region
the loss of weight continues due to the break-up of EDTA
compounds into carbonates and nitrates and the decomposi-
tion of the residual organics. The region between 400 °C and
600 °C is associated with the decomposition of most of the
organic part and release of NxOy, O2, CO and CO2 gasses [69].
After 600 °C a decrease in the curve means the complete
denaturalization of the organic part and the reaction of NOx

group with residuals of the organic part at 248 °C, which is in
agreement with the results of Liu C.-E. et al. [69].

In the last region, up to 1000 °C of two exothermic peaks
are observed at 675 and 686 °C. They are probably due to the
initial formation of monoclinic perovskite La2Ti2O7 (space
group P21) compound taking place. After 700 °C the complete
formation of the La2Ti2O7 compound is achieved and it
represents the thermal stability of nanosized metastable



Fig. 3 – Differential thermal curve for La–Ti gel precursor to
identify the formation of La2Ti2O7 compound.
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monoclinic La2Ti2O7 due to the small size effects. The XRD
patterns of La2Ti2O7 support the thermo analysis results as
one can read in the next section.

The thermal decomposition behavior of the obtained La–
Ti–sol–gel precursor was investigated by TG-DSC method and
the results are shown in Fig. 4. The TG curve (solid line)
demonstrates three continuous weight-loss regions in the
range of 25–250 °C (about 7%), 250–450 °C (about 37%) and 400–
650 °C (about 15%) respectively. The first weight-loss corre-
sponds to the elimination of physically adsorbed water. The
second weight-loss region can be ascribed to the pyrolysis of
NO3

−, some organic phases and decomposition of H2SO4 acid.
The third weight loss is associated to the elimination of the
remaining organic materials (carbon and organic compounds)
and the formation of monoclinic perovskite La2Ti2O7 phase
with special group P21. The DSC curve (dots) shows four
features. The endothermic process in the region of 70–250 °C
is believed to be from the removal of the adsorbed water
[69,70]. The endothermic and exothermic peaks in the region
of 350–450 °C are attributed to the decomposition of the
organic phase [69,70]. The exothermic peak around 653 °C is
Fig. 4 – Thermo gravimetric and differential scanning curves
for the La–Ti–gel precursor to corroborate the differential
thermal results.
due to the burning out of the residual organics as well as the
crystallization of La2Ti2O7 inorganic phase, which is consis-
tent with the TG analysis.

XRD patterns of La2Ti2O7 powders prepared by the sol–gel
acrylamide route under different temperatures are shown in
Fig. 5 within the 2θ range of 20° to 70°. These steps were
important to determine the optimum heat treatment to
obtain the La2Ti2O7 compound.

Panel (a) of Fig. 5 shows the reflections from the standard
XRD card (JCPDS No. 81-1066). Fig. 5b shows the sample
derived from the heat treatment at 100 °C during 12 h. At
this stage it only contains the peaks attributed to La2O3

and La(OH)3. There is no significant reflection peak due to
La2Ti2O7 and TiO2, which demonstrate that the dominating
phase of the powders is still amorphous. Panel (c) shows the
XRD pattern for the product derived from the thermal
treatment at 600 °C during 12 h. It shows weaker intensities
and broader diffraction peaks. Both are indicative of a very
fine grain size. At this stage the XRD reflections start to show
agreement with the monoclinic perovskite La2Ti2O7 crystal
phase with spatial group P21. Fig. 5d shows clearly that all
diffraction lines match well with the characteristic reflec-
tions of La2Ti2O7 crystalline phase according to the JCPDS
81-1066. Thus monoclinic layered-perovskite La2Ti2O7 with
P21 space group [6,71] is presented in our sample. The lattice
parameters of La2Ti2O7 heated at 800 °C during 12 h are: a =
7.8081(3) Å, b = 13.0171(6) Å c = 5.5468(1) Å, and β = 98.516°;
the reliability parameters for the Rietveld refinements were:
Rp (%) = 9.30, Rwp (%) = 10.56 with χ2 = 1.38.

Panel (e) shows the diffraction pattern obtained after heating
to 1000 °C during 3 h. The peak intensity becomes much
stronger and the full-width at half maximum (FWHM) becomes
narrower, but no diffraction peaks belonging to a secondary
phase are found. This XRD result reveals that particle size
increases and also indicates that the nanopowders crystallize
very well. At this stage, La2Ti207 with the monoclinic space
group P21 transforms its structure into one with the ortho-
rhombic space group Cmc21 which is in agreement with the
results of N. Ishizawa et al. [6].

This orthorhombic structure has been determined from the
refinement by Rietveld method with the lattice parameters
reported by N. Ishizawa et al., [6] and J. López-Pérez J. Iñiguez
[72]. Table 1 displays the unit cell parameters of orthorhombic
perovskite La2Ti2O7 crystalline phase derived from the Rietveld
refinement using all the observed reflections. The Rp and Rwp
reliability parameters for the Rietveld refinements were 19.72%
and 15.24% respectively with χ2 = 1.40.

One can observe that the full width at half maximum value
of the peaks decreases as the temperature increases. An
estimate of the particle sizes of the powders heated at 600 and
800 °C during 12 h from the Scherrer's equation on the half
width of XRD peaks gives crystal size distributions centered
on 30.89 and 55.4 nm, respectively.

Fig. 5f shows the reflections from the standard XRD card
(JCPDS No. 82-1434). Panel (g) of Fig. 5 shows the XRD pattern
for LaTiO3 compound obtained by heating at 850 °C during
5 days and then quenching in ice. Table 2 displays the unit
cell parameters of orthorhombic perovskite LaTiO3 crystalline
phase derived from the Rietveld refinement using all the
observed reflections. The Rp and Rwp reliability parameters

image of Fig.�3
image of Fig.�4


Fig. 5 – (a) Standard XRD card (JCPDSNo. 81-1066). XRD patterns of La2Ti2O7 prepared by SGAP at (b) 100 °C during 12 h, [*, La2O3],
(c) 600 °C during 12 h, (d) 800 °C during 12 h, and (e) 1000 °C during 12 h. (f) Standard XRD card (JCPDS No. 82-1434). (g) XRD
patterns of LaTiO3 obtained by quenching in ice after 850 °C during 5 days.
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for the Rietveld refinements were 8.82% and 9.25% respec-
tively with χ2 = 1.35. The Rp and Rwp reliability parameters
for the Rietveld refinements of tetragonal doped-zirconias
indicate that the structural model proposed for these samples
fits the experimental results.

3.2. Microstructural Characterization

As inferred from the DTA and XRD results the whole process of
LaTiO3 formation from annealed La–Ti gel precursors at
different temperatures occurs through three steps. The mono-
clinic perovskite La2Ti2O7 with space group P21 formed at the
crystallization beginning from gels; its transformation into one
with orthorhombic space group Cmc21 and the final ortho-
rhombic LaTiO3 phase. In order to obtain a more complete
Table 1 – Crystallographic data and results of Rietveld refineme
perovskite La2Ti2O7 heated at 1000 °C for 12 h.

Cmc21 a = 3.9044(3) Å b = 25.7213(3)

Atom Wyc. x

La(1) 4a 0
La(2) 4a 0
Ti(1) 4a 1/2
Ti(2) 4a 1/2
O(1) 4a 1/2
O(2) 4a 1/2
O(3) 4a 1/2
O(4) 4a 1/2
O(5) 4a 1/2
O(6) 4a 0
O(7) 4a 0
picture of the reactivity from the La–Ti gel precursors to the
LaTiO3 phases, it is worthwhile to relate the structural changes
to the microstructural transformations. Thus, the microstruc-
tural evolution of samples La2Ti2O7 and LaTiO3, were examined
by scanning electron microscopy (SEM), atomic force microsco-
py (AFM) and transmission electron microscopy (TEM).

Fig. 6 shows the evolution of the SEMmicrographs from the
La–Ti gel precursor obtained at 600 °C up to the transformation
of LaTiO3 compound. Fig. 6a shows the morphology of the
sample obtained after the heat treatment at 600 °C during 12 h.
The image reveals rectangular-like grains formed of aggrega-
tions of different flaky-like particles. The rectangular-like grains
show irregular shapes with the length and width in the
nanometer scale ∼30–50 nm. The flaky particles are present in
non-homogeneous size distribution. However, one can observe
nt of X-ray powders diffraction patterns of the orthorhombic

Å c = 5.5440(1) Å α = β = γ = 90°

y z

0.2978(3) 0.1669(1)
0.4464(5) 0.7515(3)
0.3369(2) 0.7069(1)
0.4407(7) 0.2422(7)
0.2803(8) 0.9216(5)
0.2960(1) 0.4399(1)
0.3843(4) 0.0415(6)
0.4072(8) 0.5554(4)
0.4901(5) 0.9724(8)
0.3460(1) 0.7421(8)
0.4507(6) 0.2609(3)

image of Fig.�5


Table 2 – Crystallographic data and results of Rietveld refinement of X-ray powders diffraction patterns of the orthorhombic
perovskite LaTiO3 heated at 850 °C for 5 days.

Pbnm a = 5.6292(2) Å b = 5.6121(1) Å c = 7.9151(1) Å α = β = γ = 90

Atom Wyc. x y z

La 4c 0.9920(4) 0.0366(1) 0.25
Ti 4b 0 0.5 0
O(1) 4c 0.0731(7) 0.4884(5) 0.25
O(2) 8d 0.7110(8) 0.2907(3) 0.040(5)
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in the micrograph obtained after heating to 800 °C during 12 h
(Fig. 6b), the very thin flaky morphologies with a homogenous
crystallite size and shape distribution. This result is typical of
layered types of structures where the stacked perovskite layers
correspond to the smallest crystal dimension. A distribution of
flaky particle sizes was observed, with the lengths andwidths of
the platelets typically in the range of ∼50–70 nm. Global EDX
results for La2Ti2O7 compound prepared by SGAP are presented
in the insets of Fig. 6a and b. EDX were taken on the surface of
each pellet. One finds higher oxygen concentration at the end of
the synthesis inboth samples. This is probably due to the oxygen
absorption fromtheatmosphere. Thepercentage concentrations
of cations La and Ti in the LaTiO3 compound determined by
this technique are in agreement with those obtained by
Fig. 6 – (a) SEM microstructure of powders obtained at 600 °C dur
during 12 h with monoclinic La2Ti2O7 crystal structure. (c) SEM m
orthorhombic La2Ti2O7 crystal structure. (d) Rounded morpholog
LaTiO3 crystal structure.
stoichiometry analysis. This behavior was observed for both
samples. The presence of limited amounts of sulfur (0.30%) was
detected by this technique, even though it could not be detected
by XRD.

Fig. 6c is the micrograph for the powders obtained after the
heat treatment at 1000 °C during 12 h. One can observe that
the morphology presented in this SEM micrograph shows a
grain growth with needle-shape grains. This means that the
flaky-shape found in the sample obtained at 600 and 800 °C is
maintained throughout the thermal treatments.

Fig. 6d shows the orthorhombic LaTiO3 micrograph on the
surface pellet. The pellet was maintained at 850 °C during
5 days in vacuum using a metallic Ti rod as gatherer. One can
observe quasi-spherical particle aggregates with a bimodal
ing 12 h. (b) SEM micrograph for powders obtained at 800 °C
icrograph for powders obtained at 1000 °C during 12 h with

y obtained after reduction with Ti to obtain the orthorhombic

image of Fig.�6


Fig. 7 – (a) AFM micrograph obtained by AC mode of La2Ti2O7

powders and (b) AFM micrograph obtained by AC mode of
LaTiO3 powders. The images were performed with clock
speed of 666.70 μs.
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grain size distribution with regular rounded shape. The two
average grain sizes are centered at 505 nm and 2 μm. The inset
(Fig. 5e) shows the magnification of these quasi-spherical
Fig. 8 – (a) Transmission electron micrograph. (b) A particle-size
corresponding selected area diffraction pattern of the orthorhom
particle aggregates. A narrow, bimodal size and shape distribu-
tion in the range between 100 and 250 nm was found for this
particles. In any case, the powders obtained from the reduction
of the precursor (Fig. 6b) experienced significant grain growth,
perhaps secondary recrystallization, resulting in well-defined
grains with more rounded grains. These nanoparticles were
dissolved by ultrasonification as one can observe in the TEM
section.

In order to corroborate themorphology evolution of La2Ti2O7

to LaTiO3 compounds we evaluate the surface topography
modifications by AFM. Fig. 7a shows the AFM image of the
surface of the La2Ti2O7 obtained at 600 °C during 12 h. This
result confirms the flakymorphology observed by SEM. One can
observe that the roughness, determined on a 203 nm × 203 nm
surface, is 19 nm. Fig. 7b shows the AFM image for LaTiO3

powders, the image reveals a granular morphology. The
well-rounded grains exhibiting a bimodal distribution in size
in the range of 0.4–2.5 μm. The roughness determined on a
3.8 μm × 3.8 μm surface is 115 nm.

The TEM image of LaTiO3 compound (Fig. 8a) showed that
the aggregation among the particles still remains after
ultrasonification. It can be seen from the figure that the
particles are polyhedral in shape with strong particle agglom-
eration andwide size distribution. In this figure one can observe
also, the corresponding selectedarea electrondiffraction (SAED)
pattern of the sample. There are distinct rings indicating
characteristic of nanocrystallites. Five micrographs were ana-
lyzed using Image J software [73] in order to obtain the average
value of around 36.71 ± 1.78 nm (Fig. 8b).
4. Conclusions

The amorphous La2O3–TiO2 powders were prepared by sol–gel
acrylamide polymerization route.

The crystallization pathway on heat treated amorphous
La2O3–TiO2 powders were followed by X-ray diffraction (XRD)
and the microstructural changes by scanning, transmission
electron microscopy and atomic force microscopy (SEM, TEM
and AFM, respectively).

XRD results indicated the formation of monoclinic
perovskite La2Ti2O7 nanocrystals with space group P21 as a
histogram measured from the TEM image in (a). (c) The
bic LaTiO3.

image of Fig.�7
image of Fig.�8
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first step on the whole process to the final orthorhombic
LaTiO3 compound.

The microstructural examination of specimens after a heat
treatment at 600 °C during 12 h revealed the development of
flaky monoclinic perovskite La2Ti2O7 nanoparticles with sizes
around 30–50 nm. This is to be comparedwith the samples after
a heat treated at 1000 °C during 12 h that show orthorhombic
perovskite La2Ti207 (space group Cmc21) nanocomposites with
sizes around 2–4 μm.

The formation of the final orthorhombic perovskite LaTiO3

nanocrystals heated at 850 °C during 5 days, occurred by the
quenching in ice. The microstructural examination of LaTiO3

powders reveals a granularmorphology. Thewell-roundedgrains
exhibit a bimodal distribution in size in the range of 0.4–2.5 μm.
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