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a b s t r a c t

Unique Ag/BaTiO3 heterostructured nanofibers with a diameter of about 100 nm and coupled Ag
nano-particles in the size range from several to 15 nm have been successfully fabricated by a facile elec-
trospinning method. It was found that small and homogeneously distributed Ag nano-particles could
decrease the crystallization temperature of BaTiO3 nanofibers to a much lower value compared with
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bulk BaTiO3 ceramics. The mechanism of the effect of Ag addition on BaTiO3 crystallization is accordingly
analyzed and discussed. Besides, I–V curve of Ag/BaTiO3 nanofibers was also measured. The addition of
Ag sharply increases the conductivity of BaTiO3 nanofiber. The results may be benefit for the future study
of one-dimensional heterostructured dielectric nano-materials.

© 2010 Elsevier B.V. All rights reserved.

anofabrications
lectronic properties

. Introduction

Heterostructured one-dimensional nano-materials, which
xhibit enhanced properties in nanoelectronics, nanophotonics,
ensing and catalysis, have been attracting notable attention in
ecent years [1–4]. Many methods could be adopted for prepar-
ng heterostructured nanofibers including thermal evaporation

ethod [5], electrochemical deposition (ECD) [6], hydrothermal
7], vapor–liquid–solid epitaxy (VLS) [8], chemical vapor deposi-
ion, etc. Electrospinning is one of the newly developed methods
or synthesis nanofibers due to its low cost and facile process
9]. Some work has recently been performed to fabricate novel
eterojunction nanofibers with unique applications by electro-
pinning. Lin et al. have succeeded in preparation of electrospun
g-ZnO nanowires exhibiting both excellent UV photoresponse

10] and photocatalytic activity [11]. Liu et al. have reported on
he synthesis and assembly of ZnO/SnO2 composite nanofibers via
lectrospinning, which showed higher photocatalytic activity than
ure ZnO and SnO2 nanofibers [12]. Liu and Sun have claimed that
n efficient bicomponent TiO2/SnO2 nanofiber photocatalyst was
abricated by electrospinning [13]. More recently, the electrospun
iO2/SnO2 heterostructured nanofiber with a nano-necklace struc-

ure has been found to be an excellent photocatalyst with much
igher photocatalytic activity than pure anatase nanofiber [14].

Barium titanate is a lead-free ferroelectric and piezoelectric
aterial with a perovskite structure. The material owns high

∗ Corresponding author. Tel.: +86 10 627 72858; fax: +86 10 627 71160.
E-mail address: panw@mail.tsinghua.edu.cn (W. Pan).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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dielectric permittivity and has been extensively studied owing to
its wide applications such as capacitors and nonvolatile ferroelec-
tric random access memories [15]. Extraordinarily high dielectric
constant has been found in new BaTiO3-Ni hybrids prepared by a
wet processing route [16]. However, there are few reports on the
fabrication of one-dimensional BaTiO3 based heterostructures.

In this letter, we report a newly electrospinning method for
synthesis heterostructured Ag/BaTiO3 nanofibers and their crys-
tallization behavior with different Ag additions. The mechanism
of effect of Ag addition on BaTiO3 crystallization is accordingly
discussed.

2. Experimental details

Using the typical electrospinning process, barium acetate, tetrabutyl titanate
and silver nitrate were used as the starting materials. The precursor solution was
prepared by dissolving tetrabutyl tatanate in the ethanol-acetic acid mixture (3.3:1,
volume rate), stirring for 30 min to achieve complete mixing. While maintaining
a 1:1 molar ratio of barium acetate and tetrabutyl tatanate, the mixture solution
of barium acetate and silver nitrate was added into the tetrabutyl titanate solu-
tion, stirring at room temperature for 2 h to form homogeneous solution. Then,
polyvinylpyrrolidone (PVP, MW = 1 300 000, Alfa Co.) was dissolved in the mixture
in advance with a weight ratio of 1/13, and vigorously stirred for 3 h. The Ag contents
in BaTiO3 nanofibers were adjusted to be 0, 5.0, 11.0, 17.0 and 24.0 at.% respectively.
After dissolution of all the compounds, Ag/BaTiO3 composite nanofibers were elec-
trospun by a typical setup of electrospinning expressed in the former research [17].
Using a peristaltic pump, the precursor solution was delivered to a needle made
of stainless steel at a constant flow rate of 1.0 mL/h. The needle was connected to
a high-voltage power supply. At an applied high voltage of 20 kV, a fluid jet was

ejected from the needle. With the solvent evaporated, a charged fiber was collected
on a grounded aluminum foil at an electrode distance of 20 cm.

Thermo-analysis (TG/DSC, STA 409, German) was conducted to determine the
reaction process of the formation of Ag/BaTiO3 nanofibers in air. The crystal structure
and morphology of composite nanofibers were investigated by X-ray diffrac-
tion (XRD, D/max-2550, Rigaku Co., Tokyo, Japan), scanning electron microscopy

dx.doi.org/10.1016/j.jallcom.2010.08.114
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:panw@mail.tsinghua.edu.cn
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SEM, LEO-1530, Carl Ziess Co., Oberkochen, Germany) and transmission electron
icroscopy (HRTEM-2010F JEOL, Tokyo, Japan).

. Results and discussion

Fig. 1 shows the SEM image of the Ag/BaTiO3 nanofibers with
iameters of about 100 nm. It can be seen that the fibers are uniform
nd the surface is quite smooth.

In the precursor nanofibers, most of the organic belonged to
VP. And from our previous study, PVP burnout and decomposi-
ion of organic groups are accomplished at a temperature of around
50oC [18]. So the composite nanofibers were firstly subjected to
yrolysis at 500 ◦C. Fig. 2(A) shows XRD spectras of Ag/BaTiO3 com-
osite nanofibers with different Ag contents calcined at 500 ◦C for
h with a heating rate of 10 ◦C min−1. After calcination at 500 ◦C,

he nanofibers with Ag at.% = 0 at.% are mainly amorphous. While
ith Ag content increasing to 5.0 at.%, the peaks of Ag and BaTiO3

ppears, indicating the formation of their recipient lattices. These
eaks become more distinct when the Ag content goes up to 17.0
nd 24.0 at.%, suggesting the development of a more integral lattice

ith more Ag addition. For the same specimen, the higher the calci-
ation temperature is, the better the BaTiO3 crystallized, as shown

n Fig. 2(B). Thus, the addition of Ag into the BaTiO3 nanofibers
ay decrease the crystallization temperature of BaTiO3, which is

dentified by the XRD patterns of Ag/BaTiO3 nanofibers with dif-

Fig. 1. Scanning electron microscope images of Ag/BaTiO3 nanofibers with 5.0 at.%
Ag calcined at 560 ◦C for 1 h.

ig. 2. XRD of Ag/BaTiO3 nanofibers with corresponding Miller indices of Ag and BaTiO3: (A) nanofibers with different Ag contents calcined at 500 ◦C for 1 h; (B) nanofibers
ith Ag at.% = 11.0 at.% calcined at different temperatures; (C) nanofibers with different Ag contents calcined at different temperatures for 1 h; (D) nanofibers with Ag

t.% = 24.0 at.% calcined at 300 ◦C and 400 ◦C for 1 h.
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ig. 3. Typical TG-differential scanning calorimetry curves of the non-woven mat
f the composite nanofibers with Ag ∼24 at.%.

erent Ag contents calcined at different temperatures, shown in
ig. 2(C).

From the XRD results, even though the calcination temperature
ecreased with the Ag content increasing, the half-peak breadth of
he specimens at 31.5◦ are all about 0.5 degree and accordingly the
rain size of BaTiO3 is calculated as 15–17 nm by Scherrer equa-
ion L = 0.89�/(ˇ cos �). Fig. 2(D) also shows that the Ag particle
ppeared at 300 ◦C indicated that the crystallization temperature
f Ag is not higher than 300 ◦C in this case. From our previous study,
t is known that the pure BaTiO3 nanofibers are crystallized above
80 ◦C [19]. However, with the Ag content increasing from 0 at.% to
4.0 at.%, the crystallization temperature decreases from 580 ◦C to
00 ◦C, about 900 ◦C lower than that of the original crystallization
emperature of barium titanate ceramics obtained by other meth-
ds. Moreover, from the calculation of the XRD results, no changing
f the crystal constant of BaTiO3 can be found, which suggests that
here is no Ag doped into the crystal lattice of BaTiO3. All XRD peaks
re identified as Ag and BaTiO3 peaks while no peaks of secondary
hases or unwanted reaction phase have been observed, that means
o reactions occurred during the heterostructured nanofiber’s pro-
essing.

Thermo-analysis (TG/DSC) was conducted to determine the
eat-treatment parameters, and the results are shown in Fig. 3.

◦
elow 250 C, the weight loss is due to the evaporation of the
olatile solvent, and that between 250 ◦C and 375 ◦C corresponds
o the precipitation of Ag, which is approved by Fig. 2(D) with
he peaks of Ag appearing at 300 ◦C. The exothermic DSC peaks
t the temperature between 390 ◦C and 455 ◦C are considered to

ig. 4. (A) TEM of Ag/BaTiO3 nanofibers with Ag at.% = 24.0 at.% calcined at 300 ◦C for 1 h: r
DS spectrums of corresponding area in the nanofiber.
Fig. 5. (I–V) Measurement of Ag/BaTiO3 nanofibers with different Ag contents cal-
cined at 580 ◦C. Upper inset: Metallographic microscope image of the nanofiber
across the Pt electrodes. Bottom inset: Schematic of device testing for Ag/BaTiO3

nanofibers connecting two Pt electrodes with 3 um channel spacing.

be the formation of perovskite structure BaTiO3 due to the crys-
tallization of the composite nanofibers shown in Fig. 2(D) with the
appearance of the BaTiO3 peaks at 400 ◦C. And the one at the tem-
perature of about 480 ◦C is consistent with the PVP burnout. Above
500 ◦C, weight loss levels off and the pyrolysis is considered to be
almost complete, indicating the formation of the pure BaTiO3/Ag
nanofibers.

How can the homogeneously distributed Ag have such a
strong influence on the crystallization temperature of the BaTiO3
nanofibers? This can be explained by the basic mechanism of
the heterogeneous nucleation. When the precursor nanofibers
were annealed at 300 ◦C, the Ag particles precipitate firstly in the
Ag/BaTiO3 nanofibers, indicated by Fig. 2(D). And in the case of
ZnO/Ag, reported by Lin et al. [11], Fig. 4(A) clearly shows a homo-
geneous dispersion of silver nano-particles with sizes from several
to 15 nm (dark spherical region) in the composite nanofibers.
And Fig. 4(B) shows EDS spectrums of corresponding area in the
nanofiber.

As a result, the precipitated Ag particles from the precursor
nanofibers at lower temperature act as the nucleus of heteroge-
neous nucleation that can enhance the crystallization of BaTiO3 in

the nanofibers. As we know, it has been proved by both theories and
experiments that large under-cooling is required by homogeneous
nucleation. However, the existence of Ag particles could provide
the nucleation interface and decrease the surface energy of crystal
nucleus. In this case, the reduction of nucleation energy thus accel-

ight upper insert show more detailed micro-structure of the nanofiber by TEM; (B)
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rates the speed of crystallization of BaTiO3 nanofibers and reduces
he calcination temperature.

For electrical characteristics, single Ag/BaTiO3 nanofiber bridg-
ng two electrodes was fabricated by modifying the layout of a
ollector, which is possible to assemble the thin fibers as uniaxially
ligned arrays [20]. Then the nanofiber shown in Fig. 5 (upper inset)
as severed using the probe tip of a Keithley probe station. Even

hough insulated composition (BaTiO3) was introduced into the
ber system, Fig. 5 shows clear evidence that the I–V curve of this
anofiber was ohmic at room temperature. In the nanofibers, the
anosized Ag particles formed an interconnected network, through
hich the electric current was conducted. Therefore, the conductiv-

ty of Ag/BaTiO3 nanofiber is increasing along with the Ag content.

. Conclusions

A new heterostructured Ag/BaTiO3 nanofibers with low-
emperature crystallization has been successfully prepared by
lectrospinning. The distribution of Ag nano-particles is believed
o significantly decrease the crystallization temperature of BaTiO3
anofibers. It is found that, with 24.0 at.% Ag addition, the BaTiO3
anofibers even crystallized at 400 ◦C. The reduction of the

rystallization temperature is explained by the mechanism of het-
rogeneous nucleation and the addition of Ag sharply increases the
onductivity of BaTiO3 nanofiber. These results may be benefit for
he future preparation of microcapacitor based on nano dielectric
tructures.
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