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Abstract
BaTi2O5 (BT2) nanowires were successfully prepared via molten-salt method. The effects of synthesized temperature, dwell 
time, and molten salt concentration on the formation of BT2 nanowires were studied. X-ray diffraction patterns reveal that 
the BT2 nanowires crystallize in a monoclinic crystal structure. Neither the longer dwell time nor molten salt concentration 
has apparent influence on the formation of BT2 phase structure, whereas the synthesized temperature exerts great effect 
on the morphology of BT2 nanowires. One-dimensional morphology of the BT2 products was only obtained at a narrow 
temperature window (870–900 °C). At 970 °C, the morphology of BT2 nanowires was destroyed and they are broken into 
particles, growing as large flat crystals. The BT2 nanowires synthesized at 900 °C exhibit uniform morphology and grow 
in the [010] direction, which have an average diameter of 780 nm and length of 15 μm. The formation mechanism of BT2 
nanowires in the MSS process is proposed. The BT2 nanowires exhibit the single-crystalline characteristics, as proven by 
high-resolution TEM images and electron diffraction patterns. Quantitative X-ray energy-dispersive spectroscopy analysis 
shows the BT2 nanowires having homogeneous chemical compositions, and their atomic cation ratio of Ba:Ti is 1:2.16. 
Dielectric properties of the BT2 nanowires synthesized at 900 °C are measured at room temperature with the frequency 
ranged from  102 to  106 Hz. The BT2 nanowires exhibit almost frequency independent dielectric behavior with dielectric 
constants of 28–31. The dielectric losses remain constant value of ~ 0.02 below  105 Hz, and increase up to 0.04 at  106 Hz.

Keywords Molten salt synthesis (MSS) · BaTi2O5 nanowires · Dielectric properties · Raman spectra · Microstructure 
characterization

1 Introduction

The ferroelectricity in  BaTi2O5 (BT2) compound was dis-
covered in 2003, and since then much attention has 
been given to this compound [1–8]. For example, Akashi 
et al. reported the high dielectric constant (in the range 
20,000–30,000) in BT2 single crystal along the [010] direc-
tion and high Curie temperature of 460 °C, and much small 
dielectric loss [1, 2]. To obtain the basic knowledge of the 
BT2 crystal structure and the mechanism of its phase tran-
sition, different structural analysis techniques (e.g., syn-
chrotron x-ray diffraction, micro-Brillouin and Raman scat-
tering, and neutron powder diffraction) have been used by 

some researchers [4, 7, 9]. Their results demonstrate that 
the BT2 crystallizes in a monoclinic phase structure, which 
is homogeneous (unlike that of  BaTiO3) and in one of three 
 TiO6 octahedral units, Ti shifts along the b axis opposite 
from the oxygen in the  TiO6 octahedral unit, leading to 
the ferroelectricity. The phase transition of BT2 from par-
aelectric C2/m to ferroelectric C2 can be categorized as 
displacive type with large damping of the soft  Au mode [9]. 
Meanwhile, the piezoelectric response of BT2 compound 
is also investigated by first-principles calculations [6]. It is 
found that the piezoelectric constant e22 (= 2.02 C/m2) for 
BT2 crystal is comparable to that of  PbTiO3 (the calculated 
e33 = 3.3 C/m2). Therefore, BT2 is a promising materials used 
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as lead-free piezoelectrics. With the rapid development of 
microelectronics technology, the feature sizes of micro-
electronic devices based on ferroelectric oxide materials 
are becoming smaller, entering into the nanometer-sized 
scale. Today, the lateral size of the smallest solid-state Flash 
memory cell is only ~ 80 nm [10], and it will be continu-
ously decreased in the near future. Due to the size effects 
low-dimensional ferroelectric oxide nanostructures exhibit 
much novel physical and chemical properties as compared 
with their bulk and film counterparts. Therefore, ferroelec-
tric oxide nanowires have attracted extensive interest for 
potential applications in the nanosacle memories, sensors, 
actuators, and energy harvesters [11–13]. As a new ferro-
electric oxide, the synthesis and characterization of BT2 
1D (one-dimensional) nanostructures are becoming much 
important due to its promising applications in the next 
generation oxide nanoelectronic devices.

Up to date, various techniques (e.g., solid-state reac-
tion method, spark plasma sintering, arc melting, sol–gel 
method, hydrothermal reaction, and pulsed laser depo-
sition) have been used to synthesize BT2 samples in the 
forms of single crystals [1, 2, 5], ceramics [14–19], fine 
powders [20, 21], and thin films [22–25]. However, up to 
date only a few works reporting on BT2 1D nanostructure 
are available [26–29]. For example, BT2 nanobelts were 
synthesized by Wang et al. via the hydrothermal synthe-
sis in two-step process [26]. The width of nanobelts was 
measured to be about 200–300 nm, and their thickness 
varied from 60 to 100 nm. Their length was up to sev-
eral micrometers. Single-crystalline BT2 nanobelts with 
widths in the range of 30–500 nm and the length up to 
several hundred micrometers, were also synthesized via 
molten salt synthesis (MSS) route [27], where the  BaTiO3 
polycrystal powders were used as the precursors and the 
eutectic NaCl–KCl chlorides were used as molten-salt 
medium. Beside the single-crystalline BT2 nanobelts, sin-
gle-crystalline BT2 nanowires were also prepared by MSS 
method [28], where  BaC2O4·H2O and  TiO2 were selected 
as the starting materials. The BT2 nanowires had a length 
over tens of micrometers and their cross-section exhib-
ited a rectangular morphology with width of 80–200 nm 
and thickness of 70–150 nm. An intermediate phase of 
 Ba4Ti13O30 with 1D morphology was formed during MSS 
process, which was believed to facilitate the formation of 
BT2 nanowires. However, the exact transferring process 
from the intermediate phase of  Ba4Ti13O30 to BT2 was 
not investigated. Local piezoresponse force microscopy 
images revealed a switchable polarization of the BT2 
nanowires at room temperature, and the highest value of 
effective d33 was reported to be ~ 300 pm/V [28]. In addi-
tion to the nanobelts and nanowires, BT2 nanopillars with 
(010)-orientation were also reported [29]. The nanopillars 
had a width of about 250–400 nm and length of 2.5 μm. 

Recently, BT2 nanowires are also used as templates for the 
synthesis of perovskite oxide nanorods such as  BaTiO3 [30, 
31] and (Ba,Sr)TiO3 [32].

Despite of the previous research activities performed 
on BT2 1D nanostructures such as nanowires, nanobelts, 
and nanopillars, there are still be lacking in the dielectric 
data and atomic-scale microstructural analyses of BT2 1D 
nanowires. In addition, the growth mechanism of the BT2 
nanowires during the MSS process is not well understood. 
Basically, in the process of MSS method, there exists two 
fundamental reaction mechanisms during the formation 
of the final products [33]. The first one is all the reactant 
oxides are fully dissolved within the molten salt and they 
diffuse to react in a short time. One representative model 
is the  Bi2WO6 system [34], where the  Bi2WO6 particles are 
formed via complete dissolution of the constituent oxides 
(e.g.,  WO3 and  Bi2O3) in the KCl–NaCl eutectic mixed salts 
at 650 °C for 1 h and the complete reactions between  WO3 
and  Bi2O3 starting materials. The second one is that among 
the starting materials some reactants are much more sol-
uble within the molten salt than the other components, 
therefore, they easily diffuse onto the surfaces of the other 
less soluble components and react with them, forming the 
final products with a similar morphology as the less solu-
ble reactants. A typical example is template-free fabrica-
tion of pure single-crystalline perovskite oxide nanorods/
nanowires by MSS method at relatively high temperature 
and large ratios of the salt to the precursors [35, 36]. In the 
normal MSS procedure [37–39], the starting oxide mate-
rials are mixed with selected molten salts and heated to 
the desired temperatures. However, this procedure usually 
facilitates the perovskite oxide formation process starting 
before the system reaching the desired temperature, even 
before the salt melting. That hinders the investigations on 
the influence of temperature and other factors on the for-
mation of the final products. Recently, Vradman et al. [40] 
proposed a modified MSS procedure named as “feeding’’ 
procedure, where the starting precursors were fed into the 
molten salt with the desired temperature rather than they 
were mixed together and heated in a alumina crucible. 
The main feature of the ‘‘feeding’’ procedure is the start-
ing perovskite formation temperature, which is clear-cut 
in ‘‘feeding’’ procedure, just starting at desired tempera-
ture. In the ‘feeding’’ procedure, the nucleation rate is more 
significant, resulting in the formation of smaller crystals, 
whereas in the normal MSS procedure (starting precur-
sors mixed and heated together with the molten salts) per-
ovskite formation process begins at a significantly lower 
temperature where the crystal growth is more dominant 
than nucleation, leading to much larger particles. These 
results expound the formation mechanistic aspects of the 
perovskite oxides in molten salts involving nucleation and 
crystal growth phenomena.
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In the present work, single-crystalline BT2 nanowires 
were synthesized via MSS route. The influence of synthe-
sized temperature, dwell time, and molten salt concen-
tration on the growth of BT2 nanowires are investigated. 
Microstructures of the BT2 nanowires were also character-
ized at atomic-scale by high-resolution TEM. In addition, 
the Raman spectroscopy is utilized to probe lattice dynam-
ics and to examine the phase structure of the BT nanow-
ires. Growth mechanism of the BT2 nanowires during the 
MSS process is proposed and their growth along the [010] 
direction is also discussed from the crystal structure of BT2. 
Dielectric properties of the BT2 nanowires are also meas-
ured at room temperature under different frequencies. 
The results demonstrate that the BT2 nanowires exhibit 
almost frequency-independent dielectric behavior with 
dielectric constants of 28–31. The corresponding dielec-
tric losses remain nearly constant of ~ 0.02 below  105 Hz, 
and increase up to 0.04 at  106 Hz. The present dielectric 
data promote the BT2 nanowires to be more attractive for 
nanoscale dielectric devices.

2  Experimental procedures

2.1  Synthesis of BT2 nanowires via MSS route

BT2 nanowires were synthesized via MSS route, where 
analytical grade  BaC2O4,  TiO2, and the NaCl–KCl eutectic 
mixed salts were mixed together with the molar ratios of 
 BaC2O4:TiO2:NaCl:KCl equal to 1:2:20:20, 1:2:30:30, and 
1:2:40:40, respectively. The mixture was ground for 30 min, 
and then transferred into alumina crucible and calcined 
at 770–970 °C for 6–9 h. Subsequently, the samples were 
cooled in a furnace naturally to room temperature. After 
calcination, the samples were thoroughly washed with 
deionized water several times until no free  Cl− ions were 
detected by  AgNO3 solution, to ensure the molten chloride 
salts were complete removed. Finally, the samples were 
dried in an oven at 120 °C for 4 h.

2.2  Microstructural characterization of BT2 
nanowires

Powder X-ray diffraction (XRD) was utilized to charac-
terize the crystal structure of BT2 nanowires, which was 
performed on a X-ray diffractometer (Rigaku D/Max-RA) 
with CuKα radiation (λ = 0.15406 nm). The morphology of 
the as-prepared BT2 nanowires were revealed by scan-
ning electron microscopy (SEM, Hitachi S-3100H, Japan) 
equipped with energy-dispersive X-ray spectra (EDS) to 
carry out compositional analysis. High-resolution transmis-
sion electron microscopy (HR-TEM) images and electron 
diffraction patterns were recorded on Tecnai G2 (S-Twin) 

microscope operated at 200 kV. The specimens used for 
HR-TEM observations were prepared as followings. First, 
the as-prepared BT2 nanowires were ultrasonically dis-
persed in ethanol for 20 min to disperse the nanowires 
well in ethanol. And then a small drop of suspension was 
placed on carbon-coated grids by using pipette and wait 
it for drying naturally. Raman spectra of the as-prepared 
BT2 nanowires were recorded at room temperature by a 
Raman spectrophotometer (Model 2501 PC, Shimadzu) 
with the wavelength in the range of 300–600 nm, employ-
ing an  Ar+ laser for excitation (λ = 514 nm).

2.3  Dielectric properties of BT2 nanowires

Before dielectric measurements, small disks (10 mm in 
diameter and 2 mm in thickness) were obtained from 
the BT2 nanowires (synthesized at 900 °C for 9 h by MSS 
method) under 8 MPa pressure, and then they were post-
synthesized at 800 °C for 2 h in air. After polishing, silver 
paste was pained on the annealed disks and fired at 550 °C 
for 30 min as electrodes. The dielectric properties of the 
BT2 nanowires were evaluated by an Agilent 4192A imped-
ance-analyzer at room temperature and the frequency 
from  102 to  106 Hz.

3  Results and discussion

3.1  XRD analysis of BT2 nanowires

Figure  1 demonstrates the XRD patterns of three BT2 
samples synthesized at 870  °C for 9  h under different 
molar ratios of  BaC2O4:TiO2:NaCl:KCl. It is observed that 
all the XRD peaks are well in agreement with that of 
the monoclinic crystalline BT2 crystal structure (JCPDS 

Fig. 1  XRD patterns of the  BaTi2O5 products synthesized at 870 °C 
for 9 h under the molar ratios of  BaC2O4:TiO2:NaCl:KCl equal to (a) 
1:2:20:20, (b) 1:2:30:30, and (c) 1:1:40:40, respectively. The standard 
XRD pattern from the  BaTi2O5 (JCPDS No. 85-0476) is also presented 
for comparison
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card No. 85-0476, unit-cell parameters a = 0.9410  nm, 
b = 0.3930 nm, c = 1.6892 nm, and α = γ = 90°, β = 103.03°), 
except several minor impurity peaks attributed from the 
 BaTiO3 phase (JCPDS No. 031-0174) and marked with stars 
in Fig. 1. That indicates the formation of almost pure phase 
of BT2. The unit cell parameters (a, b, c, and β) of the mono-
clinic BT2 nanowires can be calculated by the following 
equation:

where dhkl is the interplanar spacing between the neigh-
boring (hkl) planes, a, b and c are the magnitude of the 
lattice vectors a⃗, b⃗, and c⃗, respectively, and β is the angle 
between the lattice vectors a⃗ and c⃗ . Based on the XRD pat-
terns shown in Fig. 1, the lattice parameters (a, b, and c) 
of the monoclinic BT2 nanowires can be determined to 
be a = 0.9356 nm, b = 0.3947 nm, and c = 1.6914 nm, and 
β = 103.0°, which are slightly modified as compared with 
the data of JCPDS card No. 85-0476. From the correspond-
ing three XRD patterns (Fig. 1) it is found that the forma-
tion of BT2 phase structure is almost not influenced by the 
molar ratio of  BaC2O4:TiO2:NaCl:KCl. That implies different 
amount of the NaCl–KCl eutectic salts acts only as a reac-
tion medium in the MSS procedure, providing a melt envi-
ronment to accelerate the MSS reaction. Figure 2 displays 
the XRD patterns of two BT2 samples, which were syn-
thesized by MSS method at 870 °C with dwell time of 6 h 
and 9 h, respectively. It is found that the two BT2 samples 
exhibit almost the same XRD patterns. That means under 
the longer dwell time the formation of BT2 phase struc-
ture is completed. To reveal the phase structure evolution, 
a series of studies of the samples with different reaction 
times are needed. In the previous work, Leng et al. [41] 

(1)
1

d2

hkl

=
1

sin �2

(

h2

a2
+

l2

c2
−

2hl

ac
cos �

)

+
k2

b2

reported on the effect of dwell time on the phase struc-
ture evolution of the BT2 powders synthesized at 840 °C by 
MSS method, where analytical grade  BaCO3 and  TiO2 were 
used as precursors, and the NaCl–KCl eutectic mixed salt 
was used as molten salt. The XRD patterns revealed that 
the synthesized powders were mainly composed of  BaCO3, 
 BaTiO3, BT2, and small amount of  TiO2 as the dwell time 
was 0.5 h, whereas when the dwell time was over 1.50 h, 
the impure phase of  BaCO3 was reduced gradually but the 
BT2 phase content was increased. Finally, when the dwell 
time was increased up to 5 h, the synthesized powders had 
a pure phase structure of BT2. Therefore, in the present 
work, the samples synthesized at 870 °C by MSS method 
with dwell times of 6 h and 9 h had almost the same XRD 
patterns because the formation of BT2 phase structure was 
already completed. To understand the role of synthesized 
temperature, five BT2 samples were also synthesized at dif-
ferent temperatures but the same dwell time (9 h). The cor-
responding XRD results are shown in Fig. 3, where all the 
XRD peaks can be readily indexed to the monoclinic BT2 
crystal structure (JCPDS card No. 85-0476), and no impure 
phase is observed. While the synthesized temperature was 
increased up to 870 °C (Fig. 3c) or 900 °C (Fig. 3d), their XRD 
patterns are very similar, and all the XRD diffraction peaks 
are well in agreement with the JCPDS card 85-0476. That 
implies the synthesized BT2 samples at 870 °C or 900 °C 
were pure phase structure of BT2. However, the samples 
synthesized at 930 °C exhibit very different XRD pattern, 
as shown in Fig. 3d. It was observed that the intensity of 
the (311) diffraction became much strong, its intensity was 
even higher than the (104) main diffraction peak, indicat-
ing the preferred orientation growth in the BT2 product 
synthesized at 930 °C. In the XRD pattern of the BT2 prod-
uct synthesized at 970 °C (Fig. 3e), only two strong XRD 
diffraction peaks contributed from (113) and (311) planes 
were observed, whereas the (104) main XRD diffraction 
peak was almost completely depressed. That indicated 

Fig. 2  XRD patterns of the  BaTi2O5 products synthesized at 870 °C 
for dwell time of (a) 6  h and (b) 9  h under the molar ratio of 
 BaC2O4:TiO2:NaCl:KCl equal to 1:2:20:20. The standard XRD pattern 
from  BaTi2O5 (JCPDS No. 85-0476) is also presented for comparison

Fig. 3  XRD patterns of the  BaTi2O5 products synthesized at (a) 
770 °C, (b) 870 °C, (c) 900 °C, (d) 930 °C, and (e) 970 °C for 9 h under 
the molar ratio of  BaC2O4:TiO2:NaCl:KCl equal to 1:2:20:20
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a bimodal of the preferred orientation growth appeared 
in this BT2 sample synthesized at 970 °C. Actually, the 
corresponding SEM image (see below) reveal that many 
plate-like BT2 particles with the (113) or (311) preferred 
orientation are formed in the BT2 sample synthesized at 
970 °C. Therefore, the synthesized temperature plays an 
important impact on the preferred orientation growth of 
the BT2 samples. In contrast, neither molten salt content 
nor dwell time exerts substantial effect on the preferred 
orientation growth and phase structure of the BT2 prod-
ucts synthesized by MSS method.

3.2  Microstructural characterizations of BT2 
products

SEM images of the synthesized BT2 samples at tempera-
ture ranged from 870 to 970 °C, are shown in Fig. 4. Fig-
ure 4a demonstrates the SEM image of the BT2 products 
synthesized at 870 °C, and Fig. 4a-1, a-2 shows the cor-
responding histograms of the length and diameter of the 
BT2 products. It is found that the BT2 products exhibit 
1D morphology of nanowires, their lengths in range of 
3.0–34.0 μm (Fig. 4a-1) and diameters with a wide distribu-
tion in a range of 270 nm–3.0 μm (Fig. 4a-2). Their average 
diameter was determined to be ~ 900 nm and the average 
length was about 13.0 μm. The morphology of the as-syn-
thesized BT2 nanowires synthesized at 900 °C are shown 
in Fig. 4b, and b-1, b-2 illustrates the corresponding histo-
grams of the length and diameter of the BT2 nanowires. It 
is observed that the BT2 nanowires have a uniform mor-
phology. Their average diameter is 800 nm and the aver-
age length is 15.0 μm. As the synthesized temperature was 
increased up to 930 °C (Fig. 4c), the average diameter of 
the BT2 nanowires was increased up to ~ 1.10 μm whereas 
the average length was reduced to ~ 14.0 μm. That was 
due to that the morphology of BT2 nanowires was bro-
ken and they were decomposed into particles. Further 
increasing the synthesized temperature to 970 °C, many 
BT2 nanowires were broken and they are decomposed 
into particles, which grew into large flat crystals as large 
as 20 μm (width) × 35 μm (length) (see Fig. 4d). The vol-
ume fraction of the BT2 nanowires in the final product was 
reduced to 70%. The statistic distributions of the length 
and diameter of the BT2 nanowires are shown in Figs. 4d-1, 
d-2. The average diameter and length of the BT2 nanow-
ires are ~ 1.50 μm and 13.0 μm, respectively. The above 
SEM images show that the uniform morphology of the 
BT2 nanowires can be only obtained in a limited synthe-
sized temperature window. That is due to that the crystal 
structure of BT2 contains many different linkage modes of 
the  [TiOn] polyhedron, especially the edge-sharing mode, 
resulting in a metastable monoclinic BT2 structure rather 
than a stable one [42]. EDS measurements can provide the 

chemical information of the BT2 nanowires. A typical EDS 
spectrum acquired from the BT2 nanowires synthesized 
at 900 °C in a mapping mode rather than the punctual 
dot mode is shown in Fig. 5, which shows that the BT2 
nanowires are composed of Ba, Ti, and O elements, and the 
Ba: Ti (atomic ratio) is about 1:2.16 (see inset), close to the 
nominal value. Besides the Ba, Ti, and O elements, other 
elements such as Na, K, Cl are not detected in the present 
EDS spectrum, indicating the samples are completely free 
from the NaCl–KCl molten salts by washing with deionized 
water. The signal of carbon is from the carbon conductive 
band used for preparation of the SEM samples. The quan-
titative EDS analyses for the BT2 nanowires synthesized at 
other temperatures also demonstrate that the measured 
Ba:Ti atomic ratios were about 1: 2.16, indicating the cation 
atomic ratios of Ba:Ti in the BT2 nanowires close to the 
nominal value.  

TEM can provide further insights into the microstruc-
tures of the as-synthesized BT2 nanowires. Figure  6a 
shows the TEM image of the BT2 nanowires synthesized 
at 900 °C for 9 h, where several individual BT2 nanowires 
are observed. The average diameter of the BT2 nanowires 
was measured to be 260 nm. An enlarged TEM image of 
the top-end of one BT2 nanowire is shown Fig. 6b, c dis-
plays the SAED pattern recorded from the BT2 nanowire, 
which has the characteristics of single-crystal diffrac-
tion pattern and can be indexed to the reflection from a 
monoclinic BT2 crystal along the [100] zone axis. There-
fore, the SAED pattern proves the single-crystallinity of 
the BT2 nanowires. Figure 6d displays the HRTEM image 
taken from the top-end of the BT2 nanowire along the 
[100] direction, where the lattice fringes in the b–c plane 
are observed. The distance between the lattice fringes 
observed in the [001] direction was measured to be 8.42 
Å, close to the (002) plane spacing (8.45 Å) of the BT2 struc-
ture. The corresponding Fourier-filtered HRTEM image is 
shown in Fig. 6e, where the lattice fringes along [001] and 
[010] directions are clearly observed, indicating the BT2 
nanowires growing in the [010] direction. The growth of 
BT2 nanowire along the b-axis can be understood from 
the crystal structure of the monoclinic BT2. As reported by 
Yashima et al. [7], in an unit cell of ferroelectric BT2 crystal 
structure with noncentro-symmetric C2 space group, there 
are three kinds of Ti sites (e.g., Ti1, Ti2, and Ti3) and two 
kinds of Ba sites (e.g., Ba1 and Ba2). Figure 7a schemati-
cally shows the connections between the [TijO6] octahedra 
(site position j = 1, 2, and 3) in the a–c plane, and in the b–c 
plane as illustrated in Fig. 7b. It is noticed that in the a–c 
plane a  [Ti1O6] octahedron is linked with  [Ti2O6] octahe-
dron by edge-sharing, but with  [Ti3O6] and  [Ti1O6] octa-
hedra by corner-sharing. In the b-c plane, the  [Ti2O6] and 
 [Ti3O6] octahedra are linked through edge-sharing, but the 
 [Ti2O6] octahedron is linked with  [Ti1O6] octahedron via 
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corner-sharing. One of the three Ti sites  (Ti1) shifts in the 
opposite direction from the oxygen in the  [TiO6] octahe-
dral unit along the b axis (as marked in Fig. 7b), resulting in 
the ferroelectricity along the [010] direction, whereas the 
other two Ti sites  (Ti2 and  Ti3) and their corresponding oxy-
gen atoms shift in the same direction [1, 7]. Therefore, the 

polarization formation in [010] direction can be ascribed 
to the  Ti4+ ions’ shifting along the b axis opposite the dis-
placement of  O2− ions within an oxygen octahedral unit 
at low temperature. During the formation process of BT2 
nanowires via the MSS route,  BaC2O4 first decomposes 
into α-BaCO3 and CO as the synthesized temperature is 

Fig. 4  SEM images of the  BaTi2O5 nanowires synthesized at a 870  °C, b 900  °C, c 930  °C, and d 970  °C for 9  h under the molar ratio of 
 BaC2O4:TiO2:NaCl:KCl equal to 1:2:20:20, and the corresponding histograms of the length and diameter distributions of the BT2 nanowires
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ranged from 350 to 530 °C, and at 814 °C α-BaCO3 trans-
fers to β-BaCO3, which decomposes into BaO and  CO2 as 
the temperature is over 840 °C [43]. BaO dissolves into 
the molten salt liquid and reacts with  TiO2 via the chemi-
cal reaction of BaO + 2TiO2 → BaTi2O5, forming the BT2 
nanocrystallites. These BT2 nanocrystallites would prefer 
to aggregate and self-polarize along the polar b-axis, thus, 
promote the growth of BT2 nanowires in the [010] direc-
tion. The formation mechanism of BT2 nanowires in the 
MSS process is proposed, as schematically shown in Fig. 7c. 
Furthermore, some small fine nanoparticles adhered to 
the BT2 nanowires are also observed, as demonstrated in 
Figs. 6a and 7c, respectively. The EDS spectrum collected 
from these fine nanoparticles confirms that they are BT2 
nanoparticles with the Ba: Ti (atomic ratio) of ~ 1:2.11, close 
to the nominal value of BT2. This indicates that the BT2 
nanowires grow following the Ostwald ripening mecha-
nism [44].

3.3  Raman spectrum of BT2 nanowires

Figure  8 shows a representative room temperature 
Raman spectrum of the BT2 nanowires, which were 
synthesized at 900  °C for 9  h with the molar ratio of 
 BaC2O4:TiO2:NaCl:KCl equal to 1:2:20:20. Twenty distinct 
Raman peaks originating from the phonon modes were 
clearly observed. The lowest frequency phonon mode 
was observed at 77 cm−1, and four strongest phonon 
modes were observed at 218, 280, 342, and 591 cm−1, 
respectively. Other Raman peaks were observed at 98, 
140, 153, 184, 244, 310, 371, 414, 438, 486, 526, 646, 
705, 781, and 881 cm−1, respectively. The present Raman 
peaks of the BT2 nanowires are consistent with those 
reported for BT2 single crystals [45] and powders [9]. The 
Raman active modes in BT2 crystals can be predicted by 
group theoretical analysis based on its space group. It is 

demonstrated that 34A + 35B Raman modes are active in 
the ferroelectric BT2with C2 space group, whereas only 
12Ag + 24Bg Raman modes are active in the paraelectric 
BT2 with C2/m space group [9, 45]. The observed Raman 
peak numbers in the present BT2 nanowires are less than 
that predicted by group theory analysis, which is due 
to the structural distortions of  [TiO6] octahedral units in 
BT2 nanowires.

Fig. 5  Typical EDS spectrum obtained from the BT2 nanowires syn-
thesized at 900 °C for 9 h. Inset is the EDS data of the compositions 
of BT2 nanowires

Fig. 6  a TEM image of the  BaTi2O5 nanowires synthesized at 900 °C 
(for 9  h) under the molar ratio of  BaC2O4:TiO2:NaCl:KCl equal to 
1:2:20:20. b TEM image taken from a single  BaTi2O5 nanowire. c 
Selected area electron diffraction (SAED) pattern recorded from 
the  BaTi2O5 nanowire shown in (b). d HRTEM image of the top-end 
of the  BaTi2O5 nanowire, and e the corresponding Fourier-filtered 
HRTEM image
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3.4  Dielectric properties of BT2 nanowires

At room temperature the dielectric properties of BT2 
nanowires synthesized at 900 °C for 9 h by MSS method 
were measured with the frequency ranged from 500 Hz 
to 1 MHz, and the results are shown in Fig. 9. A slight 
decrease of the dielectric constants (εr) of the BT2 nanow-
ires was observed as the frequency was increased from 
500 to  106 Hz. In the BT2 ceramics prepared from the cor-
responding BT2 nanowires synthesized at 900 °C for 9 h 
by MSS method, several types of dielectric polarizations 
such as space polarization, dipole orientation polarization, 
ionic and electronic polarizations, can make contributions 

to the value of the dielectric constant at low frequency, 
therefore, the εr value is high [46]. However, when the fre-
quency is increased high enough some dielectric polari-
zations such as space polarization and dipole orientation 
polarization cannot make their contribution to the εr due 
to their failure in catching up with the reversal speed of 
the external electric field. Thus, the measured value of εr at 
high frequency is reduced, whereas which actually reflects 
the intrinsic dielectric constants of the BT2 nanowires. At 
 106 Hz, the εr of the BT2 nanowires was measured to be 
28, and over 30 at 1 kHz. This value is very comparable 

Fig. 7  Crystal structure diagrams of the BT2 with the C2 spacing group projected on the a (010) and b (100) planes. c Schematic diagram 
describing the formation process of BT2 nanowires in the MSS process

Fig. 8  Room temperature Raman spectrum of the BT2 nanow-
ires synthesized at 900  °C (for 9  h) under the molar ratio of 
 BaC2O4:TiO2:NaCl:KCl equal to 1:2:20:20 Fig. 9  Dielectric properties of the  BaTi2O5 nanowires synthesized at 

900 °C for 9 h by MSS method measured at room temperature with 
the frequency ranged from 500 to  106 Hz
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to that reported for BT2 thin films (εr = 38 at  106 Hz) syn-
thesized at 900 °C prepared by sol–gel method [25]. The 
corresponding dielectric loss (tanδ) was kept nearly con-
stant (about 0.01) as the frequency was increased from 
500 to 30,000 Hz, and then it was increased quickly up to 
0.04 at 1 MHz. This value is smaller than that reported for 
BT2 thin films (tanδ = 0.063 at  106 Hz) synthesized at 900 °C 
synthesized by sol–gel method [25]. It is expected that the 
present dielectric data will make the BT2 nanowires have 
great potentials in nanoscale dielectric devices.

4  Conclusions

In this work, we report on the growth of single-crystal-
line BT2 nanowires by MSS method. Their morphology 
and microstructures were investigated with focus on the 
influence of the MSS processing parameters (e.g., syn-
thesized temperature, dwell time, and molten salt con-
centration). It is found that neither the longer dwell time 
nor the molten salt concentration has apparent effect on 
the phase structure of the BT2 nanowires, however, the 
synthesized temperature plays an important role in the 
one-dimensional morphology of the BT2 nanowires. SEM 
observations reveal that the one-dimensional morphol-
ogy of the BT2 nanowires can be only obtained in a nar-
row synthesized temperature window (870–900 °C). As 
the synthesized temperature is as high as 970 °C, the one-
dimensional morphology of BT2 nanowires is broken and 
they are decomposed into particles, growing into large 
flat crystals. The EDS results show that the BT2 nanowires 
are composed of Ba, Ti, and O elements with homogene-
ous chemical compositions, and the Ba: Ti (atomic ratio) is 
about 1:2.16. TEM images reveal that the BT2 nanowires 
synthesized at 900 °C exhibit a uniform morphology, and 
their average diameter is measured to be 780 nm and the 
average lengths is 15 μm. As the synthesized temperature 
is increased up to 970 °C, many BT2 nanowires are bro-
ken and decomposed into particles, growing into large 
flat crystals. The morphology of the BT2 nanowires with 
a metastable structure can be only obtained in a limited 
temperature window. Dielectric measurements demon-
strate that the dielectric constants of BT2 nanowires syn-
thesized at 900 °C for 9 h by MSS method are in the range 
of 28–31 as the frequency is ranged from 500 to  106 Hz. 
That indicates the dielectric behavior of the BT2 nanow-
ires is almost frequency independent. The corresponding 
dielectric losses are generally stable (about 0.01) as the 
frequency is below 30,000 Hz, and then increase up to 
0.04 at  106 Hz. Such low dielectric loss and relatively high 
dielectric constant promote the BT2 nanowires to be more 
attractive for nanoscale dielectric ceramic capacitors and 
resonators.
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