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Abstract: In this study, lead-free sodium bismuth titanate (NagsBigsTiO;, NBT)
was synthesized using hydrothermal method with processing temperatures of 100-
180°C and NaOH concentrations of 2-14 M. NBT spherical agglomerates of primary
nanocubes, NBT nanowires and NBT microcubes were obtained and their
morphologies exhibited strong correlation with synthesis conditions. NBT nanowires
with high aspect ratio were proven to be single-crystalline with [110] growth direction
by high-resolution TEM analysis. The in-situ transformation process and dissolution-
recrystallization mechanism were successfully used to explain the formation of
different NBT morphology. Domain structures and piezoelectric characteristics were
systematically studied for NBT by piezoresponse force microscopy (PFM). Clear
ferroelectric domain structures and obvious polarization switching behaviors were
observed in all types of NBT. The NBT microcubes possessed larger piezoresponse

compared with NBT spherical agglomerates and nanowires.
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1 Introduction

In recent years, miniaturization and nanoengineering of piezoelectric devices
have attracted great interest [1-3]. It is crucial to utilize micro-/nano- scaled and low-
dimensional piezoelectric materials with designed and controllable morphology for
applications in advanced sensors, transducers and energy harvesting devices [4-7].
Anisotropic plate-like templates have been successfully employed in grain orientated
process, i.e. templated grain growth (TGG), which led to much improved properties of
textured piezoelectric ceramics [8-9]. Piezoelectric nanowires have extensively been
used in energy-harvesting devices and nano-electromechanical systems owing to their
capability to effectively collect irregular tiny mechanical energy of different
amplitudes and frequencies in environment [10-11]. Piezoelectric microspheres were
often used to prepare 0-3 type piezoelectric composites [12]. Single-crystalline
piezoelectric microcubes were used to form aligned microcrystal arrays and then were
filled with matrixes to produce monolayer or multilayer textured composites [13-14].
In this regard, dimension, size and morphology control of piezoelectric materials is an
effective route to develop novel piezoelectric devices and achieve better performance.

Traditional lead-based piezoelectric ceramics such as Pb(Zr, Ti)O; (PZT) and
(1-x)Pb(Mg1/3Nby/3)O3—xPbTiO;3 possess superior piezoelectric properties [15-16], but
the toxicity of lead oxide and the high volatility of Pb during processing limits their
applications. Among the numerous lead free piezoelectric materials, sodium bismuth
titanate (NagsBigsTiO3, NBT) is considered to be a prominent candidate to replace
lead-based piezoelectric ceramics [17]. NBT is a perovskite type ferroelectric with
high Curie temperature of about 320 °C. It exhibits rhombohedral structure at room
temperature and shows a relatively strong remnant polarization of 38 pC/cm?” [18-19].

Recently, hydrothermal synthesis of NBT has drawn attention owing to the
outstanding morphology control, the low temperature process, homogeneity at the
molecular level, high degree of crystallinity, high purity and narrow particle size
distribution[20-21]. It was reported that the morphology of NBT evolved from
nanoplates to cubes at 200 °C with NaOH concentration increasing from § to 18 M
and finally became nanowires with prolonging the holding time to 60 h. The
formation mechanisms were proposed to be in-situ transformation process,
dissolution-recrystallization mechanism and oriented attachment mechanism,

respectively [22]. Besides, monosized NBT spherical particles were obtained at
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200 °C with a relatively low alkalinity [23]. Single-crystalline NBT nanowires can
also be synthesized by a sol-gel hydrothermal technique[24].

Based on previous work, we aimed to achieve the morphology control of NBT
under milder hydrothermal conditions and study their piezoelectric responses to
investigate their suitability to applications. In this work, the influences of processing
temperature and NaOH concentration on the synthesis of NBT were investigated
systematically. NBT spherical agglomerates were obtained at a low temperature of
150 °C. Single-crystalline NBT nanowires and microcubes were obtained at 170 °C
for 48 h with NaOH concentration of 10 M and 14 M, respectively. The in-situ
transformation process and dissolution-recrystallization mechanism were successfully
used to explain the formation of NBT spherical agglomerates, nanowires and
microcubes. Moreover, the domain structures and local piezoresponses were

investigated in detail by piezoresponse force microscopy (PFM).

2 Material and methods
2.1 Synthesis of the NBT

Bismuth nitrate pentahydrate (Bi(NO;);-5SH,0O, Sinopharm, China, >99.9%),
sodium nitrate (NaNOs, Sinopharm, China, >99.0%), tetrabutyl titanate (Ti(OC4Ho)a,
Sinopharm, China, >98.0%), acetic acid (CH;COOH, Sinopharm, China, >99.5%) and
ethanol (CH3CH,OH, Sinopharm, China, >99.7%) were used as raw materials.
Sodium hydroxide (NaOH, Sinopharm, China, >96.0%) was used as mineralizer.
Firstly, 0.005 mol Bi(NO3);3-5H,0, 0.01 mol NaNOs3 and 0.005 mol Ti(OC4Hy)4 were
dissolved in 7.5 ml CH;COOH, 2.5 ml distilled water and 10 ml CH;CH,OH
respectively. Secondly, the Bi(NO;);-5H,O and NaNOj solutions were added into
Ti(OC4Hg)4 solution, which subsequently formed a suspension with the addition of
NaOH solution (2-14M). The suspension was continually stirring for 1 h. Finally, the
hydrothermal reactions were carried out at processing temperature of 100-180°C
under auto-generated pressure for 48 h in a 100 ml Teflon-lined autoclave with a
filling capacity of 50%. The autoclave was cooled down to room temperature
naturally after the reaction completed. The products were washed by distilled water

several times and dried at 80 °C in a oven.
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2.2 Characterization of the NBT

The crystalline phases of the products were tested by X-ray diffraction (XRD,
D/max 2550, Japan) with Cu-Ko radiation (A=1.5406 A) at room temperature. The
diffraction data were recorded in the 26 range of 20 - 80 degree with a scan step of
0.02°. Rietveld refinements were carried out using Jade 6.5 software package
(Materials Data, Inc.). The size and morphology of the products were observed using
a scanning electron microscope (SEM, Nova NanoSEM230, USA). The
compositional analysis was carried out by energy dispersive spectrometer (EDS).
High-resolution transmission electron microscopy (HRTEM) images of the
synthesized NBT were taken with a JEM-2100F transmission electron microscope,
using an accelerating voltage of 200 kV.

The piezoelectric characteristics of NBT were investigated by the piezoresponse
force microscopy (PFM) contact mode of an atomic force microscope (NanoManTM
VS) with a conductive Pt/Ir-coated Si cantilever (SCM-PIT), which has a spring
constant of 2.8 N/m and a free resonance frequency of 75 kHz. NBT particles were
dispersed on Pt-electroded Si wafers. An alternating current (AC) voltage with
amplitude of 8 V and frequency of 41 kHz, away from the contact resonance, was
applied between the Pt-coated tip and Pt electrode to visualize the domain structures.
During the switching test, the tip was fixed on the particle surface and a direct current
(DC) voltage from -10 to 10V was applied superimposed on an AC modulation
voltage. The piezoresponse amplitude and the phase difference were concurrently

acquired.

3 Results and discussion
3.1 Phase evaluation and morphology

Fig. la shows the observed XRD patterns of the products hydrothermally
synthesized for 48 h with NaOH concentration of 10 M at the processing temperatures
ranging from 100 °C to 180 °C. At the lowest processing temperature of 100 °C, the
observed XRD pattern of synthesized products showed three obvious diffraction
peaks indexed with the pyrochlore phase of Bi;;TiOz (PDF card NO.34-0097) and
other weak diffraction peaks were indexed to monoclinic NBT. Bi;;TiOy, was a
mesophase before the formation of NBT. With increasing the hydrothermal
temperature to the range of 120 - 170 °C, the observed XRD patterns showed that
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phase-pure NBT was obtained which corresponding to monoclinic NBT (PDF card
NO.46-0001). However, when the processing temperature increased to 180 °C, an
obvious additional peak appeared at 30° and was indexed to the impurity phase of
Bi4Ti30;, (PDF card NO.35-0795). These results showed phase-pure monoclinic NBT
were obtained at the processing temperatures of 120 - 170 °C. The Rietveld
refinements of X-ray diffraction data at 120 °C to 170 °C were carried out by Jade 6.5
program and the magnified view of (101) peak is shown in Fig. 1b. The black lines in
Fig. 1b are corresponding calculated XRD patterns. The refinement parameter R for
all samples is less than 10 %. Fig. 1c shows the relationship between the full width at
half maximum (FWHM) of (101) peak obtained from calculated XRD patterns and
processing temperatures. The (101) peak became stronger and the FWHM decreased
with the increase of hydrothermal temperature, indicating that the crystallization of
NBT was improved at higher processing temperature and the best crystallinity was

obtained at 170 °C.
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Fig. 1 (a) The observed XRD patterns of the products hydrothermally synthesized for
48 h with NaOH concentration of 10 M and processing temperature ranging from
100 °C to 180 °C. (b) The observed and calculated XRD partterns of (101) peak at
120 °C to 170 °C. (c) The relationship between the FWHM of (101) peak and

processing temperature ranging from 120 °C to 170 °C.

Fig. 2 shows the sizes and morphologies of NBT hydrothermally synthesized for
48 h with NaOH concentration of 10 M at the processing temperatures ranging from

120 °C to 170 °C. When the processing temperature was 120 °C, the synthesized
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products were relatively uniform and exhibited spherical agglomerates with diameters
of about 1.30 um, which, however, were consisted of smaller primary nanoparticles
and were not monodispersed as shown in Fig. 2a and Fig. 2b. When the processing
temperature increased to 140 °C (Fig. 2c and Fig. 2d) and 150 °C (Fig. 2e and Fig. 2f),
the synthesized products became monodispersed spherical agglomerates with the
diameters of about 1.40 pm and 1.50 pm, respectively, which were slightly bigger
than the former. When the processing temperature increased to 160 °C (Fig. 2g and
Fig. 2h), it is obvious that a handful of nanowires appeared in synthesized products
and the aggregated spherical particles were agglomerated by smaller nanocubes. The
diameter of the spherical agglomerates was about 1.20 um which was smaller than the
spherical agglomerates synthesized at 150 °C. Based on the above results, with the
processing temperature increasing from 120 °C to 160 °C, spherical agglomerates
generally grew bigger until a handful of nanowires appeared at 160 °C. The amount of
nanocubes in primary nanoparticles increased. Also, the edge and surface of
nanocubes became more distinct and smoother, respectively. When the processing
temperature increased to 170 °C (Fig. 2i and Fig. 2j), it can be seen that a mass of
nanowires with diameters of about 100 nm and lengths of about 20 um were formed
accompanied by much less amount of spherical agglomerates. The NBT nanowires

were flexible and had flat and smooth surfaces.
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Fig. 2 The SEM images of NBT hydrothermally synthesized for 48 h with NaOH
concentration of 10 M and processing temperatures of (a) 120 °C, (c¢) 140 °C, (e)
150 °C, (g) 160 °C and (i) 170 °C respectively. (b), (d), (f), (h) and (j) are SEM
images with higher magnification of (a), (c), (e), (g) and (i) respectively. Scale bars

for (a), (¢), (e), (g) and (i) are 10 um. Scale bars for (b), (d), (f), (h) and (j) are 1 pum.

According to the XRD results shown in Fig. 1 and the SEM results shown in Fig.
2, the processing temperature of 170 °C was favorable for the synthesis of NBT with
high crystallinity and the formation of NBT nanowires. Besides the processing

temperature, the concentration of NaOH (OH") also affects the crystallinity and
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morphology of the NBT significantly. Fig. 3a shows the observed XRD patterns of
the products hydrothermally synthesized at 170 °C for 48 h with NaOH concentration
ranging from 2 M to 14 M. The observed XRD patterns of synthesized products
showed that phase-pure NBT was obtained when NaOH concentration ranged from 6
M to 14 M. At low NaOH concentration of 2 M, the synthesized products were
yellowish and there existed pyrochlore phase Bij;TiOy. The weak corresponding
diffraction peaks showed the products synthesized under this condition were
amorphous. At 4 M, NBT phase appeared but the corresponding characteristic
diffraction peaks were also weak with the existence of the impurity. When NaOH
concentration was increased to 6 M, the characteristic diffraction peaks of pure NBT
phase with perovskite structure were obtained. Fig. 3b shows the observed and
calculated XRD partterns of (101) peak at 6 M to 14 M. The refinement parameter R
for all samples is less than 10 %. Fig. 3¢ shows the relationship between the FWHM
of (101) peak obtained from calculated XRD patterns and NaOH concentrations.
NaOH offered the alkalinity needed by crystallization process. With NaOH
concentration increasing from 6 M to 14 M, it was found that the intensity of NBT
diffraction peaks increased according to Fig .3a and the FWHM of (101) peak
decreased according to Fig .3c which revealed that well crystallized NBT were

synthesized facilely in stronger alkaline solution.
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Fig. 3 (a) The XRD patterns of the products hydrothermally synthesized at 170 °C for
48 h with NaOH concentration ranging from 2 M to 14 M. (b) The observed and
calculated XRD partterns of (101) peak at 6 M to 14 M. (c) The relationship between
the FWHM of (101) peak and NaOH concentrations.
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Fig. 4 shows the sizes and morphologies of NBT hydrothermally synthesized at
170 °C for 48 h with NaOH concentration ranging from 6 M to 14 M. At 6 M, the
spherical agglomerates with diameters of about 0.5 pm and some amorphous
materials were obtained, as shown in Fig. 4a. The spherical agglomerates were
consisted of spherical primary nanoparticles with the average size of 10-20 nm. At 7
M, the synthesized products were only spherical agglomerates consisted of regular
nanocubes with the size of 30-70 nm. The nanocubes possessed clear edges and
smooth surfaces as shown in Fig. 4b. At 8 M, some nanowires appeared together with
spherical agglomerates as shown in Fig. 4c. The amount of nanowires in synthesized
products also increased with increasing NaOH concentration to 9 M as shown in Fig.
4d. At 10 M, high aspect ratio nanowires became dominant in synthesized products as
described in Fig. 2, which also were shown in Fig. 4e. At 12 M, some submicron
cubes with the size of 100-200 nm and some plates formed irregular aggregated
particles, as shown in Fig. 4f. At 13 M, it can be seen that the cubes became bigger
and zigzag edges appeared on the surface. The cubes were embedded with each other
as shown in Fig. 4g. When NaOH concentration was 14 M, NBT became regular
cubic and showed smooth surfaces and clear edges with about 1 um edge length, as

shown in Fig. 4h.
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Fig. 4 The SEM images of NBT particles hydrothermally synthesized at 170 °C for 48
h with NaOH concentrations of (a) 6 M, (b) 7 M, (c) 8 M, (d) 9 M, (e) 10 M, (f) 12 M,
(g) 13 M and (h) 14 M respectively. Scale bars are 0.5 um.

These results demonstrated the morphology evolution of NBT was clear and
significant during the hydrothermal process. It can be revealed that more NBT nuclei
were formed with increasing the processing temperature and NaOH concentration.
Stronger alkaline solution and higher processing temperature facilitated the individual
growth of NBT nuclei. It’s obvious that reaction parameters such as the concentration
of mineralizer and the processing temperature have great impacts on the properties of
synthesized products in hydrothermal method [25]. Three specific morphologic NBT
were obtained, including spherical agglomerates of nanocubes synthesized at 150 °C
for 48 h with NaOH concentration of 10 M, nanowires synthesized at 170 °C for 48 h
with NaOH concentration of 10 M and microcubes synthesized at 170 °C for 48 h
with NaOH concentration of 14 M.
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3.2 Formation mechanism

The formation mechanisms of NBT with different morphology include in-situ
transformation and dissolution-recrystallization as shown in Fig. 5. They have been
applied successfully to explain the hydrothermal synthesis of many perovskite
materials [22, 24, 26]. In the study of Lu. et. al [22], the two mechanisms were
proposed to explain the formation of NBT nanoplates and cubes synthesized from
TiO, and Bi(NO;);'SH,0. In this work, Ti(OC4Hg)s and Bi(NO;);5SH,O were
hydrolyzed to TiO,nH,O and Bi,Os;nH,O and subsequently dissolved into Ti**
complex ions, Ti(OH)x(4'x) and Bi*" respectively, as shown in Fig. 5a. The dissolution
rate of Bi,03-nH,O was much higher than that of TiO,-nH,0, resulting in a sluggish
dissolution - crystallization process [22]. When the processing temperature and NaOH
concentration were relatively low, the pre-dissolved Bi** and Na* were absorbed onto
the surfaces of TiO,'nH,O particles and then topotactically changed into more stable
NBT via in situ transformation as shown in Fig. 5b. When the processing temperature
and NaOH concentration were relatively high, aqueous metal species formed by
dissolution of the precursors recrystallized from the supersaturated solution [22]. In

the heterogeneous nucleation process, a few Ti(OH),*

and abundant pre-dissolved
Bi*" and Na" were absorbed onto the surface of TiO,'nH,0 for reducing the surface
free energy. NBT crystal nuclei were formed on the surface of TiO,-nH,O particles
when the density of precursors achieved the critical nucleation density and NBT
spherical agglomerate were obtained as shown in Fig. 5c. In the homogeneous
nucleation process, dissolved Bi’", Ti(OH),*™ and Na' were homogeneously
dispersed in the solution. NBT crystal nucleuses were formed in the solution directly.
NBT nanowires were directly precipitated from the homogeneous solution via
chemical reaction [24], as shown in Fig. 5d. NBT microcubes were obtained as shown
in Fig. Se, with the classical crystal growth mode including a short nucleation period
and an Ostwald ripening process [27]. The increase of NaOH concentration and

processing temperature is favourable for the formation of the uniform NBT cubes in

the hydrothermal reaction.
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Fig. 5 Schematic illustration of the formation mechanisms. (a) Hydrolysis and

dissolution process of titanium precursor and bismuth precursor. (b) In-situ

transformation process. (c) Heterogeneous nucleation process with dissolution-

recrystallization mechanism. (d) (e) Homogeneous nucleation process with

dissolution-recrystallization mechanism.
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3.3EDS analysis and HRTEM observation of NBT

Fig. 6 shows the EDS analysis of synthesized NBT spherical agglomerates,
nanowires and microcubes. The insets in Fig. 6 are corresponding detailed
compositions of NBT. The analysis results proved that all three specific morphologic
NBT were composed of Bi, Na, Ti, and O with the atomic ratio of approximately 1 :
1:2: 6, which was consistent with the stoichiometric ratio of NBT. The existence of
Au and C elements was due to their employment as conducting mediums for SEM

observation.
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Fig. 6 EDS analysis of NBT spherical agglomerates (a), nanowires (b) and

microcubes (c). Insets: the corresponding detailed compositions of NBT.



CrystEngComm

Fig. 7a, Fig. 7c and Fig. 7e show the TEM micrographs of synthesized NBT
spherical agglomerates, nanowires and microcubes, respectively. The corresponding
HRTEM images and fast Fourier transform (FFT) patterns are shown in Fig. 7b, Fig.
7d and Fig. 71, respectively. The NBT spherical agglomerates were agglomerated by
primary nanocubes. The HRTEM image of the nanocube showed clear lattice fringes
and the parallel lattice spacing were about 0.388 nm and 0.274 nm corresponding to
(110) and (-102) planes of monoclinic NBT, respectively, as shown in Fig. 7b. The
NBT nanowire possessed smooth surface with diameter of about 100nm. The clear
lattice fringes shown in Fig. 7d illustrated that the as-synthesized nanowires were
single-crystalline. The parallel lattice spacing were about 0.193 nm and 0.224 nm
corresponding to (220) and (012) planes of monoclinic NBT respectively, which
revealed that the nanowires grew in the [110] direction. The FFT pattern shown in the
inset further confirmed the single-crystalline nature of the nanowire and the formation
of monoclinic NBT. The NBT microcubes possessed smooth surface and well-defined
edges. The lattice fringes shown in Fig. 7f illustrated that the NBT microcubes were
single-crystalline. The parallel lattice spacing were about 0.387 nm and 0.276 nm

corresponding to (110) and (-121) planes of monoclinic NBT, respectively.
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Fig. 7 The TEM micrographs and HRTEM images of (a) (b) NBT spherical
agglomerates, (c) (d) nanowires and (e) (f) microcubes. Insets: The corresponding

FFT patterns of NBT.

3.4 Piezoelectric characteristics

Contact mode PFM was applied to reveal the out-of-plane piezoresponse of the
hydrothermally synthesized NBT. Figure 8 shows the topographic images and domain
structures of NBT spherical agglomerates, nanowires and microcubes. The
topographic images shown in Fig .8a presents that the NBT spherical agglomerate
was agglomerated by smaller NBT nanoparticles. PFM amplitude image and phase
image of the NBT spherical agglomerate both exhibits partly blurry ferroelectric
domain structures as shown in Fig .8b and Fig .8c, respectively. The brightness in the
amplitude image shows the strength of piezoresponse, whereas the contrast in the

phase image was determined by polarization orientations of detected regions [28].
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PFM domain contrasts shown in Fig. 8c indicated the presence of polarized
nanoregions with different polarization orientations. By comparing the topographic
image and phase image of the NBT spherical agglomerate, it is found that adjacent

grains may possess the same polarization direction.

Figure 8 The topographic images, PFM amplitude images and PFM phase images of
NBT, respectively. (a) (b) (c) NBT spherical agglomerate, (d) (e) (f) NBT nanowire,
(g) (h) (i) NBT microcube.

Fig .8d presents the topographic image of the NBT nanowire, showing a smooth
surface. Within the individual NBT nanowire, strong and clear contrasts were
observed in the amplitude image and phase image, as shown in Fig .8e and Fig .8f,
which indicated the presence of polarized nanoregions in the NBT nanowire. These
domains were grainy and possessed 180° phase difference contrast. Meanwhile, It
revealed the NBT nanowire has a multidomain structure. Fig .8g shows the

topographic image of one face of the NBT microcube. The amplitude image and
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phase image also presented strong and clear PFM domain contrast, indicating the
NBT microcube also has a multidomain structure. The difference was the average size
of ferroelectric domains in the single crystalline NBT microcube was about 300-
500nm which was much larger than that in the NBT spherical agglomerate and single
crystalline nanowire (50-100nm). Besides, the maximum amplitudes in the NBT
spherical agglomerate and nanowire were 0.91nm and 1.02nm, respectively which

was 4.65nm in the NBT microcube.
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Fig. 9 The amplitude-voltage butterfly loops (subscript 1) and phase-voltage
hysteresis loops (subscript 2) of (a) NBT spherical agglomerate, (b) nanowire and (c)

microcube.

For studying the polarization switching behaviors, the local piezoresponse was
examined by applying a direct current (DC) voltage from -10 to 10V between the Pt-
coated tip and Pt electrode. For all the NBT with different morphologies, the classic
amplitude-voltage butterfly loops and phase-voltage hysteresis loops were observed
as shown in Fig. 9 which confirmed the local piezoelectricity of NBT. Fig. 9a, Fig. 9b
and Fig. 9c show the amplitude-voltage butterfly loops and phase switching of NBT
spherical agglomerate, nanowire and microcube, respectively. For all types of NBT,
phase reversal was observed in the piezoresponse phase-voltage hysteresis loops when
a coercive voltage was exceed. The phase contrast was about 180° indicating the
existence of 180° domains in the NBT and a clear polarization switching process [27].

It can be also found that all the amplitude-voltage butterfly loops were shifted toward
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a positive volatage, reflecting the presence of an internal electric field [29]. The
maximum electrically-induced displacements of NBT spherical agglomerate,
nanowire and microcube were measured to be approximately 1nm, 1nm, and 3nm
respectively. The amplitude-voltage butterfly loop of NBT microcube was better
defined and more opened than that of NBT spherical agglomerate and nanowire. The
reason of these differences was supposed to be the effect of grain size on
piezoresponse. It has been reported that the reduction of grain size to the nanoscale
results in the disappearance of ferroelastic domains and causes the reduction of the
extrinsic contributions to piezoelectricity [30]. It should be underlined that the local
piezoresponse was measured inside an individual grain. On this basis, although the
diameter of NBT spherical agglomerate was about 1.50 um, the AFM tip actually
only fixed on the surface of a primary nanoparticle.

On the whole, the three specific morphologic NBT all presented characteristic
piezoresponse with ferroelectric domain structures and obvious polarization switching
behaviors. In contrast, single-crystalline NBT microcube showed relatively larger
ferroelectric domain and piezoresponse than NBT spherical agglomerate and single-

crystalline NBT nanowire.
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4 Conclusion

In summary, the morphology control of NBT was achieved and obtain the
piezoelectric characteristics of NBT with different morphology. The morphology
evolved from spherical agglomerates to nanowires and finally were microcubes at
170 °C for 48 h when the initial NaOH concentration ranged from 2 M to 14 M.
Monodispersed and monosized NBT spherical agglomerates about 1.5 pm in diameter
with good crystallinity were obtained for 48 h with NaOH concentration of 10 M and
the processing temperature of 150 °C. The NBT nanowires with diameters of about
100 nm and lengths of 20 um were obtained at 170 °C for 48 h when NaOH
concentration was 10 M. The single-crystalline NBT nanowires grew in the [110]
direction. The single-crystalline NBT microcubes with edge lengths of about 1 um
were obtained at 170 °C for 48 h when NaOH concentration was 14 M. In-situ
transformation mechanism and dissolution-recrystallization mechanism were used to
explain the formation of various morphological NBT. The PFM investigations
confirmed the piezoelectricity of NBT spherical agglomerates, nanowires and
microcubes. The NBT microcubes revealed larger ferroelectric domain and local
piezoresponse compared with NBT spherical agglomerates and nanowires. They can
have promising applications in high-performance and miniaturized piezoelectric

devices.
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