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Abstract
This work studies the system Bi0.5NA0.5TiO3 (BNT) doped with lanthanum (La3+) at molar concentrations 0.0, 0.3, 0.6, 0.8, 1.0,
3.0 and 6.0 . The samples were synthesized by the Sol-gel method using the acetic acid route. The bulk samples were calcined
at 700 ºC/1hr in order to obtain the perovskite phase, and finally the samples were sintered at 1050 ºC/1hr, obtaining density
values between 90 and 92% with respect to the theoretical density. The La doping effect in the BNT system was analyzed using
X-ray diffraction (DRX), Scanning electron microscopy (SEM), Ferroelectric hysteresis curves and Raman spectroscopy. The
samples show a crystalline rhombohedral structure and is observed a decreasing behavior of the grain size for La concentrations
greater than 0.3%. After the incorporation of 0.6% lanthanum concentration, the presence of the pyrochlore phase of Bi2Ti2O7 is
observed. The best ferroelectric properties were obtained for BNT doped with lanthanum (La3+) at 6% in which a rhombohedral
structure and traces of pyrochlore phases were obtained. This sample presented maximum polarization (Pm) of 22.55 µC/cm2,
remnant polarization (Pr) of 22.06 µC/cm2 and a coercive field (Ec) of 25 kV/cm.
Keywords: BNT, ferroelectric ceramics, piezoelectrics, multifunctional materials

Resumen
Este trabajo estudia el sistema Bi0.5NA0.5TiO3 (BNT) dopado con lantano (La3+) a concentraciones molares de 0.0, 0.3, 0.6, 0.8,
1.0, 3.0 and 6.0. Las muestras fueron sintetizadas mediante sol-gel usando la ruta del ácido acético. Las muestras en volumen
fueron calcinadas a 700 ºC/1hr con la finalidad de obtener la fase perovskita, y finalmente fueron sinterizadas a 1050 ºC/1hr,
obteniendo valores de densidad entre 90 y 92% con respecto a la densidad teórica. El efecto del dopaje con lantano en el
sistema BNT fue analizado utilizando difracción de rayos x (DRX), microscopía electrónica de barrido (MEB), curvas de
histeresis ferroeléctrica y espectroscopía Raman. Se obtuvieron muestras con estructura cristalina romboédrica y se presentó una
disminución en el tamaño de grano con respecto a las concentraciones de lantano mayores a 0.3%. A partir de las concentraciones
de lantano al 0.6% es posible observar la aparición de la fase pirocloro Bi2Ti2O7. Las mejores propiedades ferroeléctricas fueron
obtenidas para el BNT dopado con lantano (La3+) al 6%, en el cual la fase perovskita romboédrica y trazas de la fase pirocloro
coexisten. Esta muestra presentó una polarización máxima de (Pm) 22.55 µC/cm2, Polarización remanente de (Pr) 22.06 µC/cm2

y un campo coercitivo de (Ec) of 25 kV/cm.
Palabras clave: BNT, cerámicos ferroeléctricos, piezoelectricos, materiales multifuncionales.

1 Introduction

Ferroelectric materials are essential components for a
broad spectrum of devices. This is due to its excellent
multifunctional properties such as pyroelectric,
piezoelectric, ferroelectric, dielectric and electro-
optical properties (Haertling, 1999 and Fernández,

2010). After the presence of a morphotropic phase
limit was identified in the ferroelectric system
PbZrxTi1-xO3 (PZT), its study became popular,
due to the presence of the the maximum dielectric
and piezoelectric properties in their respective
morphotropic limits in various ferroelectric systems
(Mayen et al., 2013; Jaffe et al., 1971 and Jaffe et al.,
1965).

* Corresponding author. E-mail: jmyanez@cinvestav.mx
https://doi.org/10.24275/rmiq/Mat591
issn-e: 2395-8472

Publicado por la Academia Mexicana de Investigación y Docencia en Ingeniería Química A.C. 335

https://doi.org/10.24275/rmiq/Mat591


Moya-Canul et al./ Revista Mexicana de Ingeniería Química Vol. 19, No. 1 (2020) 335-343

For this reason, the PZT, since its discovery,
dominates the market until today. However, the
presence of lead within its structure represents health
risks, because it is highly toxic. Moreover, its
toxicity is further increased due to its volatilization
at high temperature processing, particularly during
calcination and sintering, causing environmental
contamination and damage to health (Yugong et
al., 2009, Rodel et al., 2009 and Peng et al.,
2010). Due to these inherent defects, lead-based
ceramics are not the most suitable in applications
that require good electrical and mechanical resistance.
Thus, even though the PZT is one of the materials
with the best ferroelectric properties, it is necessary
to develop lead-free ferroelectric ceramics that are
friendly to the environment, to human health and
that have good physical properties at the same time.
On the other hand, Bismuth sodium titanate (BNT),
discovered by Smolensky in 1960 (Smolensky et
al., 1961 and Jaita et al., 2011) is a lead-free
ferroelectric material of great importance in terms
of its electrical and mechanical properties. It has
a perovskite structure, which can be obtained from
the reaction of precursor materials in solid state or
via sol gel. It is common causing the formation of
intermediate phases such as Bi2Ti2O7 coming from
the bismuth and titanium oxides and from which,
it has been found to have great influence on the
electrical and dielectric properties of BNT (Espinoza
et al., 2017). BNT system has been subjected to
different studies for technological applications in the
last years, for example, due to its functionality as an
energy collector in the BNT-BT system doped with
Zirconium, was reported a significant improvement
in its pyroelectric coefficient, contributing greatly to
improving the energy harvesting performance when
designing the phase structure and the phase transition
temperature (Meng et al., 2019).

Another recent study of the BNT-6BT system
doped with Lanthanum, shows that it is possible
to increase the dielectric constant near the ambient
temperature, and change the transition temperature
from ferroelectric to relaxor in a lower temperature
as the lanthanum content increases (> 0.1). This
considerably decreases the temperature change of
the electrocaloric effect, which indicates that it is a
promising lead-free material for the application of
solid-state cooling systems (Lucheng et al., 2018).

The BNT system has been studied extensively
due to its excellent piezoelectric properties, however
pure BNT is difficult to polarize because it has large
coercive fields and high conductivity, which is why

many systems have been created based on BNT as
BNT-BT , BNT-BKT, and BNT-BKT-BT. (Xing Yu
K. et al., 2019 and Martínez J.R. et.al. 1999) seeking
to modify and improve such characteristics. In BNT
has been reported remaining polarization values Pr,
of 38 µC/cm2, Curie temperature of 320 ºC and a
coercive field of 73 kV/cm (Mei ling et al., 2014).

In this work we study the system Bi0.5NA0.5TiO3
(BNT) and BNT doped with lanthanum (La3+)
(BNTL). In order to analyze the effect of La
incorporation on the ferroelectric properties of
BNT, given that, as it has been found that
BNT doping with lanthanum by solid-state reaction
benefits the densification of ceramics (≤95% of the
theoretical density) although it reduces the grain size
(Khairunisak, 2016). Firstly, we will analyze the
experimental part of the BNT synthesis using the sol-
gel technique by the acetic acid route; followed by
a pyrolysis, calcination and sintering process. This
wet chemical technique, show great versatility because
is easy to use, accessible and more economical with
respect to the vacuum techniques (Tirado, 2015).
Subsequently, the structural results obtained by XRD
and Raman are analyzed, and finally, the effect of
the concentration of doping of Lanthanum on the
Ferroelectric properties of the obtained samples is
studied.

2 Materials and methods

2.1 Preparation of the precursor solution

To prepare the solution of BNT and BNT doped
with lanthanum (BNTL), alkoxides were used
as precursors; sodium acetate (C2H3NaO2) 99%,
bismuth acetate (C6H9BiO6), titanium isopropoxide
(C12H28O4Ti), and lanthanum acetate (C6H9LaO6),
all with 99.99% of purity. The solvents used were
acetic acid (C2H4O2) 99.7%, 2-propanol (C3H8O)
99.5%, and acetylacetone (C5H8O2) 99%, all obtained
from Sigma Aldrich Inc.

To prepare the precursor solution, three solutions
of 1M concentration are prepared. Solution 1 (sodium
acetate and acetic acid) was heated at 50 ºC and
remained under stirring until it dissolved. Solution
2 (bismuth acetate and acetic acid) was heated
at 80 ºC with vigorous stirring until dissolved.
Subsequently, solution 1 and 2 were mixed and
their agitation was continued. Meanwhile, solution 3
(titanium isopropoxide, 2-propanol and acetylacetone
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as the chelating agent) was stirred at room temperature
and then added dropwise to solution 1-2 (previously
mixed). In the case of the BNT solution doped with
lanthanum, the respective concentrations of lanthanum
are added to solution 1, and the same procedure
is performed (Cernea et al., 2011; Yu et al., 2007;
Luutserma, 1997 and Moya, 2012).

2.2 Preparation of bulk samples

For the preparation of the bulk ferroelectric samples
of BNT and BNTL (BNT doped with lanthanum),
percentages of 0.0, 0.3, 0.6, 0.8, 1.0, 3.0 and 6.0%
of lanthanum (molar percent) are introduced into the
structure of pure BNT. First, the precursor solution
was dried at a temperature of 150ºC/7hrs in a heating
plate to obtain powders, then these powders were
grounded manually in an agate mortar with which
pellets were formed using a 1/2" die and a hydraulic
press at 5885 Pa. The pellet samples are subjected
to a heat treatment for calcination at 700 ºC/1hr in
order to obtain the desired perovskite phase. Then they
are subjected to sintering in order to densify the bulk
samples, the sintering was carried out in a tubular
furnace with controlled temperature at 1060ºC/1hr
(Kim et al., 2005, Kim et al., 2003, Mayén et al., 2013
and Leclerc, 1999).

2.3 Deposit of electrodes

Both BNT and BNTL bulk samples were prepared
with metallic contacts (electrodes) to perform the
respective ferroelectric measurements. Silver colloidal
paint was placed on both sides of the cylindrical
pellets manually, and then dried at 200 ºC/20 min,
with the purpose of adhering the contacts to the
sample and being able to carry out the ferroelectric
characterization.

2.4 Characterization techniques

The structural characterization by XRD was carried
out in a Rigaku Dmax2100 X-ray diffractometer,
operating with a step size of 5º, a voltage of 40 kV
and a current of 30 mA. The Raman spectroscopy
measurements were performed in an equipment
with the following characteristics: High resolution
spectrometer Spex-1403 with double holographic
grids of 1800 lines/mm, and a resolution of 0.15 cm−1.
An argon laser multiline Lexel was used with an
excitation line source at 488 nm. The ferroelectric
characterization was made with a Precision LC

equipment from Radiant Technologies Inc. coupled
with a high voltage Trek source model 609E-6. Finally,
the morphological characterization was made in a
scanning electron microscope (SEM) model XL30
ESEM Philips, in backscattered electron mode (BSE)
at a magnification of 1000x and 5000x, with a voltage
of 12KV and 20 mA.

3 Results and discussion

Starting from BNT precursor solution (which we will
call Formulation A, with sodium (Na+) and bismuth
(Bi3+) in the same atomic ratio of 1:1). The samples
were characterized by X-ray diffraction in order to
verify the obtained perovskite phase of sintered BNT
samples. Using the JADE software, it was possible
to compare the diffraction patterns obtained from the
measurement of the bulk samples with respect to those
of the database. Figure 1 shows the XRD pattern of the
formulation A of BNT, here we can observe a mixture
of the perovskite phase of BNT, and a secondary
phase known as “pyrochlore” corresponding to the
composition Bi2Ti2O7 (Gorfman et al., 2010; Navarro
et al., 2010). These results were verified with the files:
PDF # 32-0118 for the case of the pyrochlore phase
(Bi2Ti2O7) and PDF # 36-0340 for the perovskite
phase of BNT (Bi0.5NA0.5TiO3).

In order to quantify the chemical composition
of the samples made with the formulation A,
elementary chemical quantification measurements
were made by dispersive energy spectroscopy of
X-rays (EDS). According to the formula of the
compound (Bi0.5NA0.5TiO3), sodium (Na+) and
bismuth (Bi3+) must be in the same atomic ratio of
1:1.

Fig. 1. XRD pattern of the formulation A of BNT
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However the EDS results show that bismuth
(At%) is present in almost the double of the atomic
percentage with respect to the amount of sodium
(Na+). This indicates that during heat treatment there
is a loss of sodium, thus it was necessary to modify
the initial concentration of sodium in the solution, and
100% excess of sodium (Na+) was added to stabilize
the ratio between Na and bismuth ( Bi3+).

A new BNT precursor formulation was made using
the same precursor materials used in formulation A,
however, in this case 100% excess of sodium (Na+)
was added and we call this formulation B. The XRD
pattern for a sample obtained from the formulation
with an excess of sodium (Na+) (formulation B),
shows that it was possible to obtain the pure perovskite
phase of BNT without additional phases (figure 2).
Furthermore, through an analysis performed with
JADE software it was concluded that a BNT system
with rhombohedral structure with an identification
card PDF # 01-080-8493 was obtained, with lattice
parameters (a) =5.480 Å and (c) =13.507 Å and a
density of 5.492 g/cm3; determined by the Archimedes
method, which correspond to a 91.83% of the
theoretical density.

Once it was possible to establish the formulation
for the elaboration of the BNT system without
pyrochlore phase (formulation B), BNT doping with
lanthanum (La3+) was carried out at 0.3, 0.6, 0.8, 1.0,
3.0 and 6.0% (atomic percentage); in order to evaluate
the influence of the incorporation of La in its structural
and ferroelectric properties (Krishnan et al., 2011;
Xiao et al., 2013; Selvamani et al., 2011).

Figures 2 and 3 show the XRD patterns for
BNT samples doped with La3+ to the concentrations
mentioned above. According to the diffractogram, it
can be concluded that as the amount of lanthanum
increases a second pyrochlore type phase (Bi2Ti2O7)
appears. According to Mei Ling et al. (2014);
this second phase occurs while the amount of
lanthanum increases (specifically around 3.0 to 6.0%),
however this pyrochlore phase usually disappears after
sintering, except in the case of high percentages
(above 3.0%) this does not happen. This means that
there is a certain range around 0.6% substitution with
lanthanum, which has a limit to enter into the structure
of BNT, and the introduction of higher concentrations
results in the formation of the pyrochlore phase.

Fig. 2. XRD for BNT samples doped with lanthanum
from 0 to 1.0% M. The samples are free of secondary
phases until 0.6% M of La.

Fig. 3. XRD for BNT bulks doped with 3% and 6% M
of lanthanum.

A refining analysis of XRD patterns with
the software Materials Analysis Using Diffraction
(MAUD) was carried out, which determined the
evolution of the crystallite size as well as the variation
of the lattice parameters for the rhombohedral
structure, as a function of the concentration of
lanthanum (Table 1).

From pure BNT, the crystallite size increases
until it reaches 0.8% and 1.0% of lanthanum where
it presents a considerable decrease with a similar
value to pure BNT. However, for 3.0% and 6.0%
of lanthanum, the size of the crystallite increases
again appreciably, apparently the excess of lanthanum
promotes the growth of the crystalline regions of the
BNT, together with the appearance of the pyrochlore
phase.

The analysis of the behavior of the grain size as a
function of the concentration of lanthanum was carried
out by scanning electron microscopy (SEM).
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Table 1. Variation of the lattice parameters, crystallite size and grain size with respect to the concentration of
lanthanum in BNT with rhombohedral structure.

Sample Parameter a Parameter c Crystallite size
(Å) (Å) (nm)

BNT PURE 5.489 13.507 66.904
BNT 0.3% 5.486 13.557 89.848
BNT 0.6% 5.486 13.557 89.846
BNT 0.8% 5.489 13.554 69.159
BNT 1% 5.485 13.522 62.476
BNT 3% 5.481 13.528 89.9
BNT 6% 5.479 13.490 82.925

Fig. 4. SEM micrographs for BNT samples doped with
0.3-6% lanthanum.

The morphological evolution can be observed
in figure 4, where for a concentration of 0.3% M
an increase in grain size is observed, and for
higher lanthanum concentrations, there is a decreasing
tendency of the grain size, see Table 1. This may be
because lanthanum La3+ substitutes the A sites in the
structure of sodium Na+ and bismuth Bi3+. Therefore
due to its ionic radius it is close to Bi. It is probable
that La substitutes Bi and reduces the Bi vacancies
promoting the growth of the grain size, however, by
increasing the amount of lanthanum (> 0.8%) Bi is
segregated and forms the identified phase of Bi2Ti2O7,
reducing the grain size (Grimes et al., 1999).

Raman spectroscopy of BNT doped with
lanthanum was carried out in the concentrations
mentioned above. The XRD patterns for all
samples coincided with a rhombohedral structure,
corroborating with this the introduction of the dopants
within the BNT lattice.

It has been reported that the Rhombohedral
structure for BNT ceramics has 13 active Raman
modes and these are represented as ΓRAMAN = 4A1 +

9E, which have been analyzed and reported by Petzelt
et al. (2004).

Fig. 5. Raman spectrum for BNT bulks doped with 0.0,
0.3, 0.6, 0.8 and 1.0% lanthanum

However, experimentally it is only possible to see
four wide bands in a range from 100 to 1000 cm−1

as /shown in figure 5 for BNT doped with lanthanum
from 0% to 1%. Figure 6 shows the Raman spectra
obtained for the BNT sample with 3.0 and 6.0%
of lanthanum. Here, it is possible to identify the
representative bands of the BNT mentioned above in
all cases. However, in the case of the BNT sample
with 6.0% lanthanum an additional band (at around
450 cm−1) was observed, which did not occur in
any of the other samples. According to Navarro et
al. (2010) the 447 cm−1 band is attributed to the O-
Ti-O bond, indicating the presence of TiO2 in the
amorphous phase, which is an intermediate phase in
the formation of Bi4Ti3O12. However, according to the
XRD pattern for this sample it was found that there is a
pyrochlore phase Bi2Ti2O7, which is a previous phase
of Bi4Ti3O12.

In order to clearly identify the Raman modes, the
deconvolution of the spectrum was performed for a
pure BNT system (Fig. 7), obtaining the following
results (Petzelt et al., 2004 and Parija et al., 2013): Six
bands are clearly identified in the spectrum near 135,
280, 530, 580, 770 and 830 cm−1.
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Fig. 6. Raman spectrum for BNT bulks doped with
3.0% and 6.0% of lanthanum.

Fig. 7. Deconvolution of the Raman spectrum for a
pure BNT system.

The bands around 135 and 280 cm−1 are attributed
to the vibrational modes of the Na-O and Ti-O bonds,
due to the higher mass of the bismuth atom the band
associated with the vibration of the Bi-O bond can
fall at low frequencies and therefore is not present in
these results. The bands present in 135 and 280 cm−1

are sensitive to any structural transition and show
a mode softening before any transition. Thus, it is
evident that in all the systems obtained there is no
structural transformation of BNT by the introduction
of lanthanum. The bands near 530 and 580 cm−1

are related to the vibration of the octahedron [TiO6].
Finally, the bands at 770 and 830 cm−1 are attributed
to the distortions of the octahedrons [TiO6] within the
structure of the rhombohedral network. According to
the XRD results, at these lanthanum concentrations
an increase concentration of the pyrochlore phase of
Bi2Ti2O7 is observed.

The ferroelectric parameters, polarization
saturation (Ps), remnant polarization (Pr) and coercive
field (Ec), were obtained through hysteresis curves.

Fig. 8. Hysteresis curve for BNT pure sample
obtained with formulation A, which show Bi2Ti2O7
as secondary phase.

In first instance, for the pure BNT system,
low polarizations values were obtained, and these
were not comparable with the polarizations of PZT.
This could be due to the presence of structural
defects in the material that can be attributed to
a combination of porosity (from 90 to 95% with
respect to the theoretical density) and deficiency of
Bi. For this reason, it was proposed to carry out
the high doping of lanthanum, in order to improve
these results (Yeo H. et al., 2009 and Jin L. et al.,
2014). It is worth noting that the results obtained
for the samples that were initially made with the
formulation (A) that gave rise to BNT with deficiency
of sodium (Na) and with the pyrochlore phase (BNT-
Bi2Ti2O7). The measurement of the hysteresis curve
for the corresponding sample in volume, yielded the
following results: Ps =4.09 µC/cm2, Pr =1.84 µC/cm2

and Ec=34 kV/cm, compared with those obtained for
BNT systems with lanthanum, which is by far one of
the best ferroelectric results obtained (Fig. 8).

Fig. 9. Saturation Polarization Behavior (Ps), Remnant
Polarization (Pr.) And Coercive Field (Ec) with
respect to the increase of doping of lanthanum.
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Fig. 10. Hysteresis curve for BNT sample doped with
6.0% lanthanum.

In the same way in figure 9, the ferroelectric
behavior is summarized as a function of the increase
of doping concentration of lanthanum. From this, it
is concluded that doping up to 3%M did not improve
the ferroelectric properties of the system, since lower
values of Pr are obtained than those of the BNT
without doping.

This may be due to the generation of vacancies
during the process of incorporation of La in the sites
of Bi, leading to porosity and segregation of the
pyrochlore phase towards the grain boundaries. These
defects lead to obtain Hysteresis curves with leaks,
decreasing the polarization of saturation and remnant
polarization.

However when substitution is made with 6.0%
lanthanum, the highest values of Pr are presented for
this set of samples and with an acceptable coercive
field and lower than for pure BNT without doping. The
ferroelectric parameter values are Ps=22.55 µC/cm2,
Pr=22.06 µC/cm2 and Ec=25 kV/cm. Additionally,
according to the results of x-ray diffraction and Raman
spectroscopy (figures 3 and 6), it could be concluded
that the system with 6.0% lanthanum presented a
BNT phase with pyrochlore (Bi2Ti2O7), with these
results it can be said that the secondary phase of
Bi2Ti2O7, contributes to the ferroelectric properties
of the material (remember Fig. 9) with a maximum
polarization when doping with 6.0% lanthanum (fig.
10).

Conclusions

This paper reports the synthesis of ferroelectric
ceramics in volume of BNT with rhombohedral
structure and density values around 90-92% of

theoretical density, made from powders obtained by
the Sol-gel technique using the acetic acid route. The
doping of BNT with lanthanum, showed that with
high concentrations (0.8% - 6%) the samples present
a secondary phase of pyrochlore Bi2Ti2O7, which
may be due to the fact that at high concentrations
of the dopant, the lanthanum atoms can no longer
be introduced into the crystal lattice of the BNT,
causing as a result, a decrease in grain size and phase
segregation with its increase; which was corroborated
by XRD and Raman spectroscopy.

With respect to ferroelectric properties, the best
responses were obtained for the pure BNT system with
the presence of pyrochlore (BNT-Bi2Ti2O7) and BNT
substituted with 6.0% lanthanum with the presence
of pyrochlore as well. It is worth mentioning that
in this case the concentrations at 0.3, 0.6, 0.8, 1.0
and 3.0% showed the lowest ferroelectric properties,
which corroborates the positive contribution of the
secondary phase in the ferroelectric properties of the
material. Studies of the BNT system on its pyroelectric
and relaxor properties are also the subject of studies
in our group, due to their potential technological
applications in energy storage systems.
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