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Single-crystalline  Na0.5Bi0.5TiO3 (NBT)  nanowires,  with  diameters  of 100  nm  and  lengths  of  about
4  �m,  were  synthesized  by  using  a  simple  hydrothermal  method.  Phase  composition,  morphology  and
microstructure  of  the  as-prepared  powders  were  characterized  by  X-ray  diffraction  (XRD),  scanning  elec-
tron  microscopy  (SEM)  and  transmission  electron  microscope  (TEM).  The  effects  of  reaction  temperature
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and reaction  time  on precipitation  of  the  NBT  nanowires  were  investigated.  It was  found  that  reaction
time  significantly  influenced  the  growth  behavior  of  the  powders  in the  hydrothermal  system.  Based
on  the  experimental  results,  the  one-dimensional  (1D)  growth  mechanism  of  the  NBT  was  governed  by
a dissolution–recrystallization  mechanism.  NBT  ceramics  derived  from  the  nanowires  showed  typical
characteristics  of  relaxor  ferroelectrics,  with  diffuseness  exponent  �  of as  high  as  1.73.
ransmission electron microscopy

. Introduction

1D nanostructure appears as an exciting research field for both
ts interesting physical properties and wide range of potential
pplications in nano-devices [1].  It is a product of oriented growth
f materials, determined by its growth character and experimental
onditions [2].  Templates, catalysts and other chemistry methods
ave been widely used to grow nanostructures, such as CuS [3],
iO2 [4],  ZnO [5,6] and ZnS [7].  However, the introduction of tem-
lates or catalysts leads to a much more complicated process and
ay  bring about an increase in impurity concentration in the final

roducts [8].  New material systems and/or synthetic approaches
re still being developed [9].

Bismuth sodium titanate, Na0.5Bi0.5TiO3 (NBT), which was  found
y Smolensky et al. [10], is considered to be an excellent can-
idate of lead-free piezoelectric ceramics. Its crystal structure

s perovskite type with rhombohedral symmetry at room tem-
erature. NBT possesses a relatively large remnant polarization
Pr = 38 �C/cm2) and high Curie temperature (Tc = 320 ◦C). It is well
nown that NBT based ceramics have been actively studied for a
ong time because of their strong ferroelectric and piezoelectric
roperties [11–15].

Hydrothermal synthesis offers many advantages over conven-
ional and nonconventional ceramic synthetic methods [16], such

s energy saving, simplicity, cost effectiveness, better nucleation,
igher dispersion, higher rate of reaction, better shape control, and

ower temperature of operation in the presence of an appropriate
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solvent and so on [17]. In recent years, many efforts have been made
to prepare NBT nanostructures through hydrothermal method
[18–22].  Liu et al. [19] obtained NBT monosized spherical particles
in low concentrated NaOH solution (0.01–3 M)  via a hydrother-
mal  method. Liu et al. [20] synthesized NBT nanowhiskers via a
sol–gel-hydrothermal method. However, sol–gel process is com-
plex and hard to control. To date, the investigation for preparation
of single-crystalline NBT nanowires is still lacking. In this work, a
simple hydrothermal process was used to produce NBT nanowires
at low processing temperature. Selected NBT nanowires were used
to fabricate NBT ceramics. The objective of this study is to hope-
fully offer a promising technique to synthesize 1D nanostructure
of other materials.

2. Experimental procedures

NBT nanocrystalline particles were synthesized via a hydrothermal method
using reagent-grade sodium nitrate (NaNO3), bismuth nitrate pentahydrate
(Bi(NO3)3·5H2O), tetrabutyl titanate (Ti(OC4H9)4), acetic acid (CH3COOH) and
ethanol (CH3CH2OH) as the starting materials, and sodium hydroxide(NaOH) as
mineralizer. On the whole, a bismuth concentration of 0.1 M and a stoichiomet-
ric  Bi/Ti ratio of 0.5 were employed. Firstly, Bi(NO3)3·5H2O and Ti(OC4H9)4 were
dissolved in CH3COOH and CH3CH2OH, respectively. NaNO3 was  dissolved in dis-
tilled water. Subsequently, the NaNO3, Bi(NO3)3·5H2O and Ti(OC4H9)4 solutions
were mixed together, then NaOH solution was  added into the mixed solution to
form a suspension under continuously stirring for 0.5 h. The initial concentrations
of  NaOH solution were 4, 6, 8, 10, or 12 M.  Finally, the as-prepared mixture was
sealed in a stainless steel autoclave with a filling capacity of 60%. Reactions were
carried out at an appropriate temperature under auto-generated pressure for 48 h.
The  autoclave was  then cooled down to room temperature naturally. The products

were washed several times with distilled water until pH of the solution was 7 and
then dried at 80 ◦C in an oven.

The obtained powders were ground and mixed with 0.5 wt% polyvinyl alcohol
(PVA) binder. The granulated powders were pressed into disks with a diameter of
12  mm under uniaxial stress of 12 MPa. Conventional sintering was performed at

dx.doi.org/10.1016/j.jallcom.2011.07.034
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ig. 1. XRD patterns of the NBT powders hydrothermally treated in 12 M NaOH for
8  h at different temperatures.

170 ◦C for 2 h at a heating rate of 3 ◦C/min and cooling naturally. For dielectric
easurements, silver paste was coated on both sides of the sintered specimens and

red at 800 ◦C for 30 min to form electrodes.
X-ray diffractions of the powders were performed on a Rigaku X-ray diffrac-

ometer with high-intensity Cu K� radiation. Crystalline and morphology of the NBT
anowires were characterized by using a JSM-6700F scanning electron microscopy
SEM), a JEOL-JEM 2010F transmission electron microscope (TEM) and selected
rea electron diffraction (SAED). Raman scattering measurements were carried
ut  by using a HORIBA JOBIN YVON HR800 Raman spectrometer at room tem-
erature. Dielectric measurements were carried out from room temperature to
00 ◦C at selected frequencies by using an Agilent 4294A precision impedance
nalyzer.

. Results and discussion

Fig. 1 shows XRD patterns of the powders hydrothermally
reated under a NaOH concentration of 12 M for 48 h at different
emperatures. Pure phase NBT powders were obtained at tem-
eratures of 120–170 ◦C. With increasing reaction temperature,
eight of the diffraction peaks increased while the full-width at
alf-maximum decreased. NBT appeared at 120 ◦C and there was
o impurity phase. However, the peak intensity was relatively low,
hich indicated the poor crystalline of the NBT powders. When the

emperature was increased to 170 ◦C, well crystallized NBT pow-
ers were obtained. In addition, the sharpening of the diffraction
eaks implies that the crystal growth was enhanced with the rise
f reaction temperatures. However, as the temperature was fur-
her increased to 180 ◦C, impurity phase Bi4Ti3O12 was  detected,
nd the peaks of NBT were decreased. These results clearly showed
hat well crystalline phases of NBT were synthesized at 170 ◦C.

ig. 2 shows SEM images of the NBT powders synthesized at 140 ◦C
nd 160 ◦C for 48 h NaOH of concentration of 12 M.  At 140 ◦C, only
pherical particles of about 1 �m were observed (Fig. 2(a)). How-

Fig. 2. SEM images of the NBT powders synthesized at reaction temper
Fig. 3. XRD patterns of the NBT powders synthesized at 170 ◦C for various reaction
times from 1 to 48 h.

ever, at 160 ◦C, a large amount of nanowires has been formed (Fig. 2
(b)).

The influences of reaction time were also investigated from 1
to 48 h at 170 ◦C in 12 M NaOH. Fig. 3 shows XRD patterns of the
samples with different reaction times. NBT could be detected after
reacting for 1 h, but the peak intensity was  low. It indicates that the
crystalline of this sample was  poor. The diffraction peaks became
sharper and stronger as the reaction time was extended from 1 to
48 h, which suggests that a longer reaction time favors crystalliza-
tion of the NBT powders. Fig. 4 provides a set of SEM images of
the samples prepared for different reaction times. As visualized in
Fig. 4(a), only spherical particles with a diameter of about 300 nm
were obtained when the reaction time was  24 h. Interestingly, the
morphology changed drastically when the reaction time was  fur-
ther extended. In addition to spherical particles, nanowires were
also observed in the sample reacted for 36 h (Fig. 4 (b)). Mean-
while, they were agglomerated into big spherical particles with
diameters of 1–2 �m.  On the other hand, the NBT nanowires were
also agglomerated together. However, as illustrated in Fig. 4(c), a
large number of nanowires and a fibrous nanostructure of NBT were
formed, accompanied by the disappearance of the spherical parti-
cles. These results indicated that reaction time played an important
role in determining final morphologies of the NBT. Namely, mor-
phology of the NBT powders can be controlled through varying the
reaction time.

A typical TEM micrograph of the NBT powders synthesized at

170 ◦C for 48 h in 12 M NaOH solution is shown in Fig. 5(a). It
shows that the as-prepared products consisted of a large amount
of nanowires. Fig. 5(b) shows a representative TEM image of a NBT

atures of 140 ◦C (a) and 160 ◦C (b) for 48 h in 12 M NaOH solution.
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Fig. 4. SEM images of the NBT powders pre

anowire. The width and length of the nanowire is nearly 100 nm
nd 4 �m,  respectively, and the ratio (i.e., length/diameter) is about
0. Surface of the straight nanowire is smooth. The SAED pattern
Fig. 5(c)) obtained along a typical individual nanowire indicates
hat the nanowire is single crystal. The sharp diffraction spots can
e indexed to the (2 2 0), (1 0 1) and (1̄ 2 3) planes, which confirms
he formation of crystalline rhombohedral NBT. The HRTEM image
iven in Fig. 5(d) further supports the single-crystalline nature of
he NBT nanowires. The adjacent lattice spacing estimated from
his image is 1.126 nm,  which is corresponding to triple distance of
he (1 1 0) crystal planes of 0.388 nm.

Room-temperature Raman spectrum of the NBT powders syn-
hesized at 170 ◦C for 48 h in 12 M NaOH is shown in Fig. 6.
he Raman bands for NBT are relatively broad, which is typical

or relaxor-based perovskite ferroelectrics [23]. The broadening is

ainly due to the cation disorder at the 12-fold coordinated site
24]. As can be seen, there are five obvious peaks appearing at about
18, 152, 284, 545 and 800 cm−1 over 100–1000 cm−1, which is in

ig. 5. (a) TEM photograph of NBT nanowires synthesized at 170 ◦C for 48 h in 12 M NaOH
d)  The HRTEM image of a nanowire with the interplanar spacing about 1.126 nm.
 at 170 ◦C for 24 h (a), 36 h (b) and 48 h (c).

good agreement with the reported data [25,26].  For NBT, the low-
frequency band at 118 and 152 cm−1 is associated with the Na-O
bonds, whereas the high-frequency bands of 284, 545 and 800 cm−1

can probably be assigned to vibrations of the TiO6 octahedral. How-
ever, a Bi–O bond would be located at very low frequencies and was
not observed here due to the high mass of bismuth atom.

There are two  formation mechanisms proposed for
the hydrothermal reactions: in situ transformation and
dissolution–recrystallization. In this experiment, the formation of
the nanowires can be attributed to dissolution–recrystallization
mechanism, in which aqueous metal species were formed by
dissolution of the precursors followed by recrystallization from
the supersaturated solution [18]. The dissolving rate of TiO2·nH2O
was  much lower than that of Bi2O3·nH2O [22], which resulted in

a sluggish dissolution–crystallization process. Fig. 7 schematically
outlines the major steps involved in the hydrothermal synthesis.
During the early stage, the dissolved bismuth ions were supposed
to be absorbed on surface of the TiO2·nH2O particles and then

 solution. (b) TEM image of a typical NBT nanowire. (c) SAED pattern of nanowires.
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ig. 6. Raman spectra of the NBT powders synthesized at 170 ◦C for 48 h in 12 M
aOH solution.

ransferred into more stable NBT via in situ transformation process.
onsequently, aggregated spherical particles were obtained. When
he reaction time was extended to 36 h, more TiO2·nH2O particles

ere dissolved. This process might include rupture of the structure

nd dissolution of the spherical particles as well as the formation
f the nanowires. After reacting for 48 h, it is believed that all Na+,
i3+ and Ti4+ ions were homogeneously distributed in the solution

Fig. 7. A schematic illustration of majo

ig. 8. (a) SEM image of the NBT ceramics sintered at 1170 ◦C for 2 h and (b) temperatur
or  the NBT ceramics. Inset is ln[(εm/ε)−1] as a function of ln(T − Tm) at frequencies of 10 k
pounds 509 (2011) 9346– 9350 9349

and crystalline perovskite nanowires were directly precipitated
from the homogeneous solution via chemical reaction [18,27].  It
can be concluded that a longer reaction time favors the formation
of NBT nanowires. Thus, we believe that an ample reaction time is
contributed to diffusion and transference of ions, which resulted
in ions accumulated along the (0 0 1) direction and finally formed
NBT nanowires.

Due to the good sinterability of the nano-size powders and pure
NBT phase, the nanowires synthesized at 170 ◦C for 48 h in 12 M
NaOH solution were selected to prepare ceramics. Fig. 8(a) shows
SEM image of NBT ceramics derived from nanowires at 1170 ◦C for
2 h. As present, a homogenous and compact microstructure was
obtained. Fig. 8(b) shows temperature dependence of relative per-
mittivity εr and dielectric loss tan ı. Obviously, the sample exhibits
typical relaxor ferroelectric characteristics. The maximum in εr is
diffusive and centered at 340 ◦C. It also shows a feature of dif-
fuse phase transition with a slight frequency dispersion occurring
around Curie temperature. It can be seen that εr and Tm exhibit
strong dependency on frequency. Meanwhile, Tm gradually shifted
toward lower temperature with increasing frequency. The speci-
men  shows εr of 2570 and tan ı of 0.055 at room temperature at
10 kHz.

To explain the dielectric behavior of complex ferroelectrics with
diffuse phase transition, further studies were carried out by fitting
the result of temperature dependency of dielectric permittivity to
1
εr

= 1
εm

+ (C)−1(T − Tm)� (1)

r steps involved in the synthesis.

e dependence of relative permittivity εr , dielectric loss tan ı at various frequencies
Hz.
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here εm is the maximum value of dielectric constant at the transi-
ion temperature (Tm), C is the Curie-like constant. � (1 < � < 2) is a
onstant, expressing the diffuseness exponent of the phase transi-
ion. � is peak broadening parameter that indicates the diffuseness
egree. Fig. 8(b) inset picture shows the plot of ln[(εm/ε)−1] as a
unction of ln(T − Tm) at 10 kHz. A linear relationship was  obtained
y linear fitting to the experimental data. The slope of the fitting
urve � was 1.73, which is very close to 2 and indicates that the NBT
eramics have a large relaxor features. The relaxor behavior of the
BT ceramics can be attributed to the positional disorder between
a+ and Bi3+ cations on A site [30].

. Conclusions

High-purity NBT nanowires were synthesized by a sim-
le hydrothermal method with no participation of catalysts or
emplates and requiring no expensive equipment. The results
uggested that morphology of the powders was significantly influ-
nced by reaction time. Single-crystalline nanowires of NBT with
iameters of 100 nm and lengths of about 4 �m were formed
t 170 ◦C for 48 h in 12 M NaOH solution. The as-prepared NBT
anowires were highly crystalline and free from defects. The 1D
rowth mechanism of the NBT was dissolution–recrystallization.
he NBT ceramics exhibited relaxor features. It is expected that
his process could be a promising technique to synthesize 1D nano-
tructure of other materials.
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