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Abstract One dimensional ferroelectric nanostructure is
noteworthy for their size-dependent dielectric, piezoelectric,
and electro-optic properties with corresponding applications
in smart devices such as transducers, actuators, and high-k
dielectrics at the nanoscale. Due to their extremely small
size and anisotropy, the control of nucleation and growth of
one dimensional nanostructure materials is still a big
challenge. Sol–gel-hydrothermal chemistry combines both
the merits of sol–gel and hydrothermal technique, which
offers a very useful tool for low-temperature synthesis of
the ferroelectric nanowires. In this paper, we will review
recent works devoted to the synthesis of Bi-based complex
perovskite nanowires, i.e. Na0.5Bi0.5TiO3, K0.5Bi0.5TiO3,
(K0.5Bi0.5)0.4Ba0.6TiO3 and (Na0.8 K0.2)0.5Bi0.5TiO3 sys-
tems. We will focus on the formation mechanism and
morphology evolution of nanowires prepared in sol–gel-
hydrothermal process. Moreover, due to the good sinter-
ability of the nanowires, the high-densified single-phase
ceramic can be fabricated even by a conventional sintering
process.
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1 Introduction

Ferroelectric materials are characterized by a switchable
macroscopic polarization, which have drawn extensive

attention due to their applications in nonvolatile memories,
micro-electromechanical systems, nonlinear optics, and
sensors [1, 2]. However, at the nanoscale, the ferroelectric
structure will exhibit quite different properties from the
bulk materials. For example, the ferroelectric properties,
including the Curie temperature, mean polarization, area of
hysteresis loop, coercive electric field, piezoelectric strain
and remnant polarization, will become size dependent.
Recently, many theoretical calculations of ferroelectrics
with lower dimensionality provide insights not only into
how ferroelectric properties of nanowires vary with the
size, but also into practical applications, such as how to
select a suitable size of nanowires to get the best
performance at different temperatures. From the industrial
viewpoints, the ferroelectric nanowires have promising
applications in miniaturizing piezoelectric transducers and
actuators, ultrasonic devices, medical imaging detectors,
and using as ferroelectric memories [3–8]. Therefore, the
synthesis of ferroelectric nanowires is of great interest not
only from a fundamental point of view but also for future
applications. It is important to note that nanowires also
show supersinterability, which favored to obtain a well-
densified single-phase ceramic, specifically for oxides
containing high volatility element such as potassium,
sodium, etc. Thus, it is of great significance to investigate
the fabrication as well as the physical and electrical
properties of one dimensional ferroelectric nanowires and
ceramics before and after sintering.

Most technological important ferroelectrics are oxides
with a perovskite structure. At present, lead zirconate
titanate (PZT) based perovskite ceramics are the most
widely used in electronic devices due to their high
piezoelectric performance [9, 10]. However, the pollutant
of toxic lead during the fabrication and waste of products
cause a crucial environmental problem. Therefore, there is
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an increasing strong demand to develop lead-free piezo-
electric ceramics against PZT based compounds [11–13].
For searching the new lead-free substitute, it is important to
clarify the feature of Pb element firstly. It is well-known
that Pb2+ has the special electronic structure of [Xe]
4f145d106s2. The lone pairs of 6S2 are paired by their
antiparallel spin in a filled subshell, which formed a
dumbbell-like extrusion of the electron density on one side
of the ion. This configuration can increase the hybridization
strongly with the O 2p states and reduce the distance
between the lead ion and one oxygen ion, therefore
resulting in the enhancement of the ferroelectric distortion.
Accordingly, if one considers replacing the Pb ion while
retaining the good ferro- and piezoelectric properties, one
should contemplate ions that possess a lone electron pair in
an outer shell. In the period table of the chemical elements,
Tl1+ and Bi3+ are the neighbors of Pb, which all have the
stereochemically active 6s2 lone pairs. Tl is virulent, and
the toxicity is even stronger than that of lead, while Bi is
nontoxic in its oxide forms; indeed, the active ingredient of
a popular antacid is bismuth salicylate. Thus, from the
atomistic point of view, bismuth-based perovskite com-
pounds seem to be the most likely successors to lead-based
piezoelectrics. Recently, a series of materials with the
general formula BiMO3 (M = Al, Ga, In and Fe) have been
reported to exhibit ferroelectricity [14–18]. Except BiFeO3,
all other perovskites with Bi3+ at A site are prepared at high
pressure and high temperature conditions. However,
BiFeO3 is mutiferroic material with weak ferroelectric
behavior, and not meets the requirements of piezoelectric
devices. Compared with BiMO3, Na0.5Bi0.5TiO3 (NBT) and
K0.5Bi0.5TiO3 (KBT) belong to the complex perovskite
compounds. Both NBT and KBT have the large ferroelec-
tric and piezoelectricity properties [12, 19], moreover, they
can even construct the Morphotropic Phase Boundary
(MPB) with other perovskite compounds, which encour-
aged studies of the bismuth based complex perovskite
compounds of NBT, KBT, (K0.5Bi0.5)0.4Ba0.6TiO3 (KBT-
BT) and (K0.2Na0.8)0.5Bi0.5TiO3 (KBT-NBT) as alternatives
to PZT ceramics.

Normally, the ferroelectric bismuth based complex
perovskite powders are prepared by solid-state reaction
using oxides or carbonates as starting materials [20–22]. As
the solid-state reactions are generally controlled by slow
diffusion mechanisms, high temperatures and long times
must be used for the reactions to go to completion, thus
resulting in a high agglomeration and inhomogeneous
particle size. Therefore, the prepared powders have low
reactivity and they are unsuitable for enhancing the electric
properties of ceramics for high-performance uses. Sol–gel
is a typical chemical method to prepare ferroelectric
powders. However, it was regarded as a solid rather than
solution process because sol–gel-derived precipitates are

amorphous in nature and calcinations in air are inevitable
for the formation of the crystalline material [23–28]. The
calcinations lead to serious particle agglomeration, grain
growth and small surface area, which all decrease the
activity of powder. Due to this reason, it is rarely reported
that the conventional sol–gel method can be used to prepare
high quality free-standing ferroelectric nanowires.
Template-assisted synthesis is a widely used method to
produce ferroelectric nanowires. In this method, the most
commonly used negative templates are porous anodic
aluminium oxide (AAO) and track-etched polycarbonate
membranes. These templates have one-dimensional (1D)
pores or channels in which a sol or an aqueous solution
containing the desired components can be incorporated. In
the following drying and annealing steps, the solvent
evaporates and the material starts to crystallize and densify,
forming nanostructures with dimensions precisely con-
trolled by the pore diameter and the pore length of the
template [29–31]. However, this complicated route makes it
difficult to scale-up. Electrospinning is also a remarkably
method for generating nanofibers. This method combined
with two conventional techniques such as spinning and sol–
gel, and provides a versatile technique for producing
ceramic nanofibers with either a solid, porous, or hollow
structure. In this process, a viscous solution is injected from
a needle orifice in the presence of electric field. When the
applied electric field overcomes the surface tension of the
liquid, a continuous jet is ejected which upon subsequent
solvent. Subsequent drawing and solidification of the jet
lead to the formation of uniform, thin fibers [32–34].
Molten salt method (MSS) is a new developed method to
prepare ferroelectric nanowires [35–44]. Although the
molten salt is introduced as a solvent in the subsequent
calcination of the precursors, they can easily be removed
from the as prepared products. Two mechanisms, “dissolu-
tion–precipitation” and “template formation,” are involved
in MSS. Interfacial energies between the constituents and
the salt medium itself are important to determine the
ultimate product morphology. This method has been
successfully used to prepare monosystem nanowires as
K0.5Bi0.5TiO3 [35], NaNbO3 [37], PbTiO3 [38] and BaTiO3

[39]. However, due to the difficulties to control the balance
of diffusing rates of various cations simultaneously, this
method is handicapped to prepare multisystem ferroelectric
nanowires [45]. Hydrothermal synthesis allows formation
of ceramic powders directly in water and usually at a
temperature below 300°C [46–51]. The synthesis is a single
step, consisting of treating in an autoclave an aqueous
solution or suspension containing the ions of interest. The
conditions of hydrothermal reactions can be optimized by
varying the chemical process variables, such as reagent
concentrations, temperature, pressure, and pH. Normally, a
great variety of morphologies can be obtained, which
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usually can be controlled by the synthesis parameters.
However, because of the interaction between the powder
and water during the entire process, it is generally more
difficult to control the chemical composition and homoge-
neity of the resulting powders containing more than one
metallic ion.

As a novel technique to prepare oxide powders at
moderate condition, the sol–gel-hydrothermal processing
represents an alternative to the calcinations for the
crystallization of objective compound under mild temper-
atures. As we known, sol–gel technique is a conventional
preparation method, which could realize evenly mixed
gelatin, while hydrothermal technique, in which reactions
could take place under elevated pressure and moderated
temperature, has many advantages over other manufacture
techniques, such as morphology, purity, and lowering down
the reaction temperature considerately. The sol–gel-
hydrothermal method gives a double advantage of both
sol–gel and hydrothermal syntheses and became attractive
in the last decade for the possibly of producing highly
crystallized and well dispersed ceramic powders at relative
low temperature [52–55]. In our recent series works, we
have found that the sol–gel-hydrothermal method can also
be developed to direct generation of ferroelectric nano-
wires. It should be noted that this method is low cost and
the prepared nanowires have the good sinterability, and the
electric properties of the derived ceramics were superior to
that prepared by solid-state methods. To the best of our
knowledge, these works are the initial works to achieve
ferroelectric nanowires, expecially the multi-system Bi-
based complex perovskite compounds, by a sol–gel-
hydrothermal method so far.

2 Sol–gel-hydrothermal processing of Bi-based complex
perovskite series nanowires

2.1 Synthesis and microstructure of Bi-based complex
perovskite series nanowires

In our laboratory, we have used the sol–gel-hydrothermal
technique to prepare Bi-based complex perovskite based
series nanowires. As noted, we found it to be a simple,
readily scaleable (in terms of grams) chemical reaction
without using expensive apparatus. The typical experimen-
tal procedures include [55]: (1) sol–gel preparation:
according to the stoichiometric ratio of NBT, KBT, KBT-
BT and KBT-NBT, the raw materials of bismuth, sodium,
potassium and barium in the form of nitrate or acetate were
weighted and then introduced into the solution of tetrabutyl
titanate in ethanol. In this step, the control of PH value is
important to obtain homogeneous sol. Then, the sol was
heated at 80°C to produce a dry gel. (2) Hydrothermal

treatments: the obtained gel precursor was poured into a
Teflon vessel with NaOH addition, and then subjected to
hydrothermal treatment at an appropriate temperature under
auto-generated pressure. After cooling, the product was
filtered, washed with distilled water, and dried at the
ambient temperature.

Figure 1 shows the XRD patterns of KBT powders sol–
gel-hydrothermally treated at different temperatures [56].
At the low temperature of 100°C, peaks corresponding to
perovskite KBT had begun to appear, but the peaks were ill
defined due to the low crystallinity of this phase. The well
crystallization phases of KBTwere obtained for the samples
hydrothermally treated at 160°C and above. For compari-
son, a part of the gel was calcined at different temperature
in muffle furnace, and the results are shown in Figure 2. It
can be seen clearly that for the normal sol–gel method, until
the temperature increased to 650°C, only the pyrochlore
phase of Bi2Ti2O7 can be detected and there was no trace of
KBT perovskite. In order to obtain the pure KBT phase, the
temperature as high as 700°C is needed [57]. So, it is a
breakthrough that the synthesizing temperature of KBT
perovskite in sol–gel-hydrothermal method was decreased
more than 500°C compared to that required in the
conventional sol–gel technique.

Figure 3(a) and (b) show the images of KBT samples
synthesized by the sol–gel-hydrothermal and conventional
sol–gel method, respectively. From Figure 3(a), it is
observed clearly that the sample synthesized by sol–gel-
hydrothermal process demonstrates the morphology of
nanowires, which are monodispersed and are not fused to
one another. Each nanowire is uniform in width along its
entire length, and the median wire diameter and length of
KBT nanowire are about 4 and 100 nm, respectively.

Fig. 1 XRD patterns of KBT powders sol–gel-hydrothermally treated
at different temperatures (after [56])
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Compared with nanowires synthesized by the sol–gel-
hydrothermal process, the KBT powders synthesized at
700°C by the conventional sol–gel method consist of the
aggregated spherical particles. The detailed morphology
characterization can refer to the literatures [55–57]. The
above results highlight the particulate morphology of the
crystallized KBT particles in the sol–gel-hydrothermal
process. This sol–gel-hydrothermal method for preparing
KBT nanowires was highly reproducible, and in all cases,
similar morphologies were obtained. Figure 3(c) shows the
typical TEM photograph of NBT samples synthesized by
sol–gel-hydrothermal method [58]. It is observed that like
KBT, the sol–gel-hydrothermal derived NBT samples
demonstrate a large amount of nano-sized whiskers free
from any other particle. Each nanowhisker is uniform in
width along its entire length, with nearly uniform diameters
of around 20 nm and lengths of around 300 nm. Further, it

should be noted that the sol–gel-hydrothermal process can
even be extended to the synthesis of binary systems of
KBT-BT and KBT-NBT nanowires [59, 60]. In both cases,
the synthesis temperatures of pure KBT-BT and KBT-NBT
nanowires were below 200°C.

2.2 The formation mechanism of Bi-based complex
perovskite series nanowires

Clearly, the planned synthesis of ferroelectric nanowires
whose morphology can be controlled at the molecular scale
is one of the challenges of molecular chemistry. From this
viewpoint, sol–gel-hydrothermal chemistry has a very great
future, since it is an ideal link between molecule and
nanowire. Recently, a polymer-assisted hydrothermal meth-
od has been developed to prepare 1-D nanostructures of
oxides. Yang et. al. found that the addition of polyacrylate
acid (PAA) and polyvinylalcohol (PVA) in hydrothermal
process induced the morphology transformation of
PZT from cubic shape to orientated nanowhiskers [61].
Hu et al. investigated the anisotropic growth process of
KTa0.25Nb0.75O3 (KTN) [62]. They found that when
synthesized via a conventional soft chemical route or
hydrothermal method, KTN tends to grow uniformly along
three major directions, leading to the formation of nano-
powders; while using PVA as polymer additives, the [001]-
oriented nanorods were observed and the preferred crystal-
lographic orientation of the nanorods can even be control-
lable by using different types of polymers. In our former
work, without using gel precursors, the hydrothermal
reaction can only result in the formation of KBT particles
with cubic shape [63]. Considering gel precursor is one
kind of polymer, it is nature to speculate that the gel
precursor containing Ti-O chain played an important role as
PVA in the hydrothermal formation of the Bi-based
complex perovskite nanowires. Figure 4 shows the sche-
matic diagram of the formation mechanism of ferroelectric
nanowires synthesized by sol–gel-hydrothermal method. It
is well-known that the growth of nuclei in the calcinations

Fig. 3 (a) TEM photograph of KBT nanowires synthesized by the
sol–gel-hydrothermal method (after [55]), (b) SEM photograph of
KBT powders synthesized by the conventional sol–gel method (after
[56]), (c) TEM photograph of NBT nanowires synthesized by the sol–
gel-hydrothermal method (after [58])

Fig. 2 XRD patterns of the gel calcined at different temperatures
(after [56])

Fig. 4 The schematic diagram of the formation mechanism of Bi-
based complex perovskite powders synthesized by sol–gel and
sol–gel-hydrothermal methods
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of the gels was controlled by the short range diffusion of
ions in a limited space; therefore, it is difficult to control the
morphology of the final products. Moreover, the high
forming temperature of perovskite phase is needed so that
the gels have sufficient thermal energy to overcome
the atomic/ionic diffusion barriers in the solid reaction.
Whereas, in the hydrothermal process, the initial condition
of reactant exerts an impact on the crystal nucleation and
growth, which is responsible for the morphology of the
final products. In sol–gel route, the most important step is
the formation of chained nanoclusters by controlling the
hydrolysis reactions, during which the molecular precursor
is transformed into a highly cross-linked polymer. These
chained nanoclusters could serve as the nuclei and nano-
reactor during the low temperature hydrothermal treatment,
and thus can be used as a soft template to control the
morphology of the products [64]. Therefore, nanowires
gradually grow freely under the consumption of soft
template in aqueous solution. It should be noted that this
mechanism is merely a speculated one. The crystal growth
is a complex process, which is related to thermodynamics,
dynamics, and environments for crystal growth. Thus, more
theoretical and experimental works are required to under-
stand this phenomenon.

2.3 Densification of Bi-based complex perovskite series
nanowires

The transformation of the gels to nanowires is the domain
of molecular chemists, whereas the densification of nano-
wires to ceramic is mainly the concern of material
scientists. It is well known that the morphologies of
ceramic powders are quite different from the synthetic
procedures, which in turn affect the microstructure and
electrical properties of ceramics [65–67]. As the densifica-
tion is driven by the interfacial energy, it is anticipated that
the nanowires are useful in the preparation of dense
ceramics by sintering. However, the work related to the
sintering behaviors of nanowires has rarely been reported.
Recently, we have investigated the sinterability of Bi-based
complex perovskite series nanowires in detail [55, 56, 59,
60]. For the four compositions of KBT, NBT, KBT-BT and
KBT-NBT, we have found that the sintered pellets made by
nanowires showed high bulk density above 96% of
theoretical density even by a conventional sintering
process. The high densified ceramics have the excellent
electrical properties. For example, the sol–gel-hydrothermal
derived KBT-NBT ceramics showed d33=156 pC/N, kp=
0.35, Qm=165, εr=1220 and tanδ=0.022, which are
superior to those of previously reported ceramics obtained
by other methods [20, 22, 60]. The enhanced electric
properties in the sol–gel-hydrothermal-derived ceramics
can be attributed to the good sinterability of nanowhiskers,

which resulted in the increase in density and a more
homogeneous microstructure. As we know that the relative
density of a sintered ceramic is directly related to the green
density of the pressed pellets, which in turn is highly
dependent on the morphology of the precursor oxide
powders. The powder synthesized by sol–gel-hydrothermal
method gives free-standing nanowires, which have a better
packing efficiency and therefore a high green density of
above 60% of the theoretical density. In comparison, the
green density of the pellets using micro-powders was
normally below 50%. It can be hypothesized that the high
green density is related to the enhanced plastic deformation
of nanowire under the uniaxial pressing. In order to further
confirm this speculation, the investigations on the direct in
situ plastic deformation process of a nanowire and the
related atomic scale mechanism are crucial to provide the
quantitative information [68]. In addition, the nature of
vacancy defects in these oxide nanowires is another factor
facilitating the densification. It is well known that smaller
oxide nanowires with high surface to volume ratio should
contain more surface oxygen vacancies, which was testified
by the x-ray photoelectron spectroscopy (XPS) and photo-
luminescence spectroscopy (PL) measurements [69, 70].
Thus, the increased amount of oxygen vacancies would
accelerate the transfer of mass and energy between
reactants, resulting in the improvement of the sintering
behavior.

Figure 5(a) shows the SEM photo of KBT-NBT sintered
by conventional method. It is evidenced that the specimen
derived from nanowires shows a compact structure with
little pores. The mean particle size was about 3 μm. Here,
as an extension, other two important sintering methods
have also been introduced to densify nanwires: one is the
two step sintering method; another is the templated grain
growth method (TGG). Two-step sintering exploits
the competition between densification and grain growth
kinetics in the system of nanoparticles [71–74]. In this
process, an elevated temperature in the first stage is one of

Fig. 5 SEM photographs of Bi-based complex perovskite nanowires
densified by different sintering methods: (a) KBT-NBT sintered by the
conventional method (after [60]), (b) KBT sintered by the two step
method, (c) KBT-BT sintered by the TGG method
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the most important conditions. The rate-controlled sintering
to the first-step temperature can produce a uniform pore
microstructure with less grain growth. Then, the second-
step temperature is set lower to enable the driving forces of
grain-boundary controlled densification to prevail over
boundary-controlled grain growth to achieve densification
without grain growth during the final sintering stage.
Figure 5(b) shows the SEM photo of KBT specimen
sintered by the two step sintering method. The samples
show a very homogenous and pore-free structure, which
agrees well with the high density above 98% measured for
the material. Moreover, it should be noted that the grains
were well grown, and the mean particle size was only about
500 nm. In addition, as nanowires have 1-D morphology,
they can act as template to construct the textured ceramics.
Figure 5(c) shows the SEM photo of KBT-BT specimen
sintered by the TGG method. It can be found that the
specimens show the oriented alignment of rodlike grains,
maintaining partly the initial morphology of nanowires,
which is different from their randomly oriented counter-
parts. Recently, the process of templated grain growth
(TGG) has been reported for a variety of materials [75–80].
In this process, the orientation of the textured ceramic is
determined by aligning the anisometric grains in a matrix of
fine grains. A mixture of the larger “template” nanowires
and fine nano-powders with same composition of KBT-BT
is oriented during forming and grows preferentially during
heating. In our experiment, it was found that the relative
size of the matrix and template particles during densifica-
tion has an important role in the texture development. As
the related textured process is out of the topic of this paper
and the details will be shown in other paper.

At all, the densification behavior is a difficult and
complicated process. In the present time, our knowledge
about the densification mechanism of nanowires has been
comparatively superficial and further understanding for the
mechanism needs much more work. It is hoped that we can
achieve this in the coming time.

3 Conclusions

It is clear that ferroelectric nanowires are of fundamental
scientific interest due to the size effect and possess a broad
range of technological applications as one dimensional
nanodevices. In the past few years, vast efforts have been
expended in the development of new synthetic approaches
for these ferroelectric nanowires. In fact, reproducibly and
simultaneously generating control over nanoparticle struc-
ture remains an experimental challenge. Recently, through
our investigations, it has been shown that sol–gel-hydro-
thermal chemistry is an efficient tool to prepare Bi-based
complex perovskite nanowires. In sol–gel-hydrothermal

process, the hydrothermal conditions create a gentle environ-
ment to promote the formation of crystalline ferroelectric
nanowires at a very low processing temperature. Due to the
good sinterability of nanowires prepared by sol–gel-
hydrothermal route, the high densified ceramics are easy
to prepare by conventional sintering process. The sol–
gel-hydrothermal route, without the presence of catalysts
and requiring no expensive equipment, will ensure higher
purity in the products and greatly reduce the production cost,
and thus offer a novel and simple synthetic route for one
dimensional nanoscale materials and high quality ceramics.
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