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Poly(vinylpyrrolidone) /tetrabutyl titanate (PVP/ [CH3(CH2)30]4Ti) composite nanofibres are prepared by elec-
trospinning. After calcining parts of composite nanofibres in air at 700 °C, petal-like TiO2 nanostructures are obtained.

The characterizations of composite nanofibres and TiO2 nanostructures are carried out by a scanning electron micro-

scope, an x-ray diffractometer, and an infrared spectrometer. Electrospun nanofibres are pressed into pellets under

different pressures in order to explore their dielectric properties. It is found that the dielectric constants decrease with

frequency increasing. The dielectric constant of the composite nanofibre pellet increases whereas its dielectric loss

tangent decreases due to the doped titanium ions compared with those of pure PVP nanofibre pellets. In addition, it

is observed that the dielectric constant of the composite nanofibre pellet decreases with the increase of the pressure

applied in pelletization.
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1. Introduction

Since it was discovered in the 1930s,!!! electrospin-
ning has been known as a simple, versatile and use-
ful method of fabricating ultrafine fibres from poly-
mer solutions with diameters typically ranging from
a few micrometers down to 10 nm or less.?l Due
to their special size, electrospun nanofibres mani-
fest a few amazing characteristics such as very large
surface-to-volume ratio, flexibility in surface function-
alities, and superior mechanical performance in com-
parison with conventional materials.[®¥ These out-
standing properties make the electrospun nanofibres
optimal candidates in military, civilian and medicinal
applications.[>% In a traditional process, a polymer
solution is extruded from the orifice of a needle in the
presence of a high-voltage electric field, and travels
1020 cm in air. At the same time, most of the sol-
vent evaporates away. Then, the electrospun nanofi-
bres are collected as a non-woven web on a grounded

collector.!”]

By now, a large number of papers have been pub-
lished about the fabrication and the properties of elec-
trospun TiOs nanostructures. For example, Li et al.l®!
prepared TiOs nanofibres in a range from 20 nm to
200 nm via calcining electrospun composite nanofi-
bres in air at 500 °C. Formo et all”) functionalized
electrospun TiO, nanofibres with Pt nanoparticles
and nanowires, showing excellent catalytic activity for
the hydrogenation of azo bonds in methyl red. In
addition, hollow TiOs containing multilayer nanofi-
bres could be fabricated through the combination
of electrospinning with layer-by-layer technique.['?]
As is known, dielectric constant and dielectric loss
are quite important parameters of nanoscale mate-
rials, and dielectric techniques are particularly use-
ful to probe mechanisms of charge transport and
charge polarization. Recent studies!'* =3 have shown
that nanocomposites have interesting dielectric prop-
erties and several applications in supercapacitors or
high-energy storage systems, electromagnetic inter-

ference shielding, microwave absorption, etc. How-
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ever, the dielectric properties of electrospun titanium
compound /polymer nanofibres have not been inves-
tigated extensively. So in the present paper, we fo-
cus our attention on fabricating pure PVP nanofibres
and PVP/[CH3(CHz)30]4Ti composite nanofibres via
electrospinning, and studying their dielectric proper-
ties. It is found that the dielectric constant and dielec-
tric loss tangent of the nanofibre pellets are dependent
on frequency of applied electric field, doped metallic
ions, and the pressure used in pelletization.

2. Experiment

2.1. Preparation of precursor solution

A polymer solution was prepared by dissolving
8 g of poly(vinylpyrrolidone) (PVP, My = 10000,
its molecular structure is shown in Fig. 1, Shang-
hai Aibi Chemistry Preparation Co., China) in 30 ml
of ethanol (Yantai Sanhe Chemistry Preparation Co.,
China). The solution was stirred thoroughly for 2 h,
and then kept at room temperature for 1 h. Sub-
sequently, the solution was added into the mixture of
2 ml of tetrabutyl titanate ([CHs(CHz)30]4Ti, Tianjin
Regent Chemicals Co., China) and 2 ml of acetic acid
(CH3COOH, Shanghai Aibi Chemistry Preparation
Co., China), and then stirred thoroughly for 2 h. Fi-
nally, this poly(vinylpyrrolidone)/tetrabutyl titanate
(PVP/[CH3(CHz2)30]4Ti) solution was obtained and
kept at room temperature for 1 h.

Fig. 1. Molecular structure of poly(vinylpyrrolidone).

2.2. Electrospinning

The electrospinning setup was similar to that
shown in Fig. 2. The polymer solution was placed
into a 10-ml plastic syringe that was fixed perpendic-
ularly. The polymer solution in the syringe flowed into
a stainless steel needle with inner diameter 0.72 mm
and outer diameter 1.08 mm under the action of the
gravity. The needle was connected to the positive elec-
trode of a high-voltage dc supply (DW-P403-1ACCC,

Tianjin Dongwen High Voltage Power Supply Plant,
China), and the collector was grounded. A dc volt-
age of 20.0 kV was applied. The grounded collector,
a piece of flat aluminum foil, was placed 15.0 cm be-
low the tip of the needle. Under the action of electric
field, the Taylor’s cone was formed at the top of the
needle. When the force due to the electric field over-
came the surface tension force holding the droplet, the
polymer solution began to flow to form the charged so-
lution jets moving towards the collector. Before reach-
ing the collecting screen or collector, the solution jets
stretched and/or split to form fibres due to “whip-
ping” instability and/or mutual repulsion, and most
of the solvent (ethanol) evaporated away.l Thus, the
nanofibres were collected in the form of the non-woven
mat. We calcined parts of composite nanofibres in air
at 700 °C with a rate of 5 °C/min for 4 h to ob-
tain TiOs nanostructures, which was different from
the procedure in Ref. [8].
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Fig. 2. Schematic diagram of the setup for electrospin-

ning.

2.3. Characterization

A scanning electron microscope (SEM; JEOL
JSM-6390) operating at 20 kV or 30 kV was used
to observe the size and morphology of the electro-
spun nanofibres. All samples were coated with an
evaporated gold thin film before SEM imaging to en-
sure higher conductivity. The x-ray diffraction (XRD)
pattern was recorded by using a Rigaku D/max-2400
diffractometer (Cu K, radiation, A = 1.5406 nm) at
a scanning rate of 0.02°/s in 26 ranging from 5° to
8°, and the infrared (IR) spectra of the electrospun
nanofibres were recorded by using a MAGNA-IR 550
spectrometer. Before measuring the dielectric proper-
ties, electrospun nanofibres were pressed into pellets
by using a pressing machine (YLJ-303/16T, Hefei Ke-
jing Materials Technology Co., China). The applied
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pressure was 16.5 MPa for pure PVP nanofibre pellet,
16.5 MPa and 264.2 MPa for PVP/[CH3(CH3)350]4Ti
composite nanofibre pellets. The dielectric constant
and dielectric loss tangent of all pellets were mea-
sured by a TH2819 Precision LCR Meter (Changzhou
Tonghui Electronic Co., China) at room temperature.

3. Results and discussion

3.1. Electrospun nanofibres and calcined
nanostructures

The morphologies of electrospun composite
nanofibres and calcined nanostructures were studied

by using the scanning electron microscope (SEM).

5pm

Percentage

From Fig. 3(a), it can be clearly seen that the electro-
spun nanofibres are collected as the non-woven web.
Figure 3(b) exhibits the size distribution of electro-
spun composite nanofibres ranging from 200 nm to
1500 nm, and their average diameter is approximate
694 nm. As mentioned in the above section, we cal-
cined parts of composite nanofibres not at 500 °C but
at 700 °C, and then we obtained petal-like nanostruc-
tures as shown in Figs. 3(c) and 3(d). Their size in-
creases to a microscale value on average possibly due
to conglomeration or assembly of TiOs nanoparticles
during calcination at higher temperatures. Here we
note that TiOs nanofibres have been obtained by cal-
cining at 500 °C.[®!
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Fig. 3. (a) SEM image of electrospun composite nanofibres. (b) Histogram showing the size distribu-

tion of composite nanofibres. The size distribution was obtained from diameter measurements on 100

nanofibres in the SEM images. (c) and (d) SEM images of TiO2 nanostructures obtained by calcining

composite nanofibres at 700 °C for 4 h.

The phases of both composite nanofibres and the resulting nanostructures were determined by XRD (Fig. 4).

Curve a shows that the pure PVP has a certain degree of crystallinity. The broad peaks can be ascribed to the

scattering from PVP chains at interplanar spacing. Curve b displays the characteristic pattern of TiOs, indicat-

ing the formation of pure TiOs nanostructures after calcination at 700 °C for 4 h, and the main peaks can be
indexed to the titanium oxide phase (JCPDS, card no.65-1119). This result also confirms that [CHs(CHgz)30]4Ti
is not electro-sprayed out in the form of droplets (and then as discrete nanoparticles), but trapped in composite

nanofibres during electrospinning.!®!
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group in the pyrrolidone ring sufficiently reduces the
symmetry,' as shown in Fig. 1. The sharp peak
at 1680 cm™! corresponds to the stretching vibra-
tion of carboxyl group, which is a typical mode of
PVP, while the absorption band around 2940 cm™!
(b) can be attributed to the C-H stretching vibrations.?!
In addition, it can be clearly seen that the compos-

Intensity/arb. units

ite nanofibres contain a trace hydroxyl group due to

the electrospun solution. A broad stretching band at

10 20 30 40 50 60 70 80 about 3440 cm ™! appears in the composite nanofibres,
20/(°) which can be assigned to the vibration of the asso-
ciated hydroxyl groups. It is interesting that the IR

Fig. 4. XRD spectra of electrospun composite nanofibres . T
spectra of the composite nanofibres are similar to that

(a) and resulting pure TiO2 nanostructures (b).

of the pure PVP nanofibres electrospun from the PVP

Figure 5(a) shows the infrared (IR) spectra of  ethanol solution, and figure 5(b) shows that compos-

composite nanofibres in a region of 700-3900 cm™!. ite nanofibres contain Ti, suggesting that the titanium
The presence of a heteroatom and a carbonyl  complexes are embedded in the PVP matrix.[”]
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Fig. 5. (a) IR spectra and (b) EDS of the composite nanofibres.

3.2. Dielectric properties of electrospun nanofibres

Dielectric constant and dielectric loss are quite important parameters of the composite materials. The
complex permittivity is e* = ¢’ —ie&”, where ¢’ and &” represent the real and the imaginary parts respectively,
and the dielectric loss tangent is tand = &”/¢’. The dielectric properties of electrospun nanofibres have not
been investigated intensively yet. In the present study, the dielectric properties have been explored at room

temperature, and several interesting behaviours have been observed.

3.2.1. Effect of frequency

From Fig. 6, it is seen that all samples show the frequency-dependent phenomena at frequencies ranging
from 10 kHz to 200 kHz, which indicates that the dielectric constant values for both the pure PVP nanofibre
pellet and the composite nanofibre pellets decrease to some extent with frequency increasing. This behaviour
may be attributed to interfacial polarization'® and dipole relaxation.['”) Due to the chain segmental motions
in the amorphous region and the dipolar relaxation in the crystalline region,'® the dielectric loss tangent peaks
appear around 5 kHz, 100 kHz and 100 kHz for the pure PVP nanofibre pellet and the composite nanofibre

pellets at pressures of 16.5 MPa and 264.2 MPa, respectively as shown in Fig. 7.
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3.2.2. Effect of titanium ions

Compared with the pure PVP nanofibre pellet,
composite nanofibre pellets with doped metallic ions
are rather different in dielectric property. Figure 6 ex-
hibits that the dielectric constant values of composite
nanofibre pellets are larger than those of the pure PVP
nanofibre pellets. For instance, the dielectric constant
of composite nanofibre pellet at a pressure of 16.5 MPa
is enhanced approximately up to 50, about 3.5 times
larger than that of the pure PVP nanofibre pellet.
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Fig. 6. Dielectric constants of the pure PVP nanofibre
pellet at a pressure of 16.5 MPa (a), and the compos-
ite nanofibre pellets at pressures of 16.5 MPa (b) and
264.2 MPa (c).
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Fig. 7. Dielectric losses of the pure PVP nanofibre pellet
at a pressure of 16.5 MPa (a) and the composite nanofibre
pellets at pressures of 16.5 MPa (b) and 264.2 MPa (c).

Figure 7 shows that the dielectric loss tangent of
composite nanofibre pellet is much smaller than that
of the pure PVP nanofibre pellet. All these results
are reasonable and can be explained. The embedded
titanium ions in the composite nanofibre pellets in-
duce charge carriers in the pellets, namely, they in-
crease the polarization ability of the pellets, and thus
the dielectric constant. In addition, as reported by
Yin et al.l'%2% a low dielectric loss can be attributed

to fast ionic or atomic polarization. For the present

case, greater and faster polarization caused by doped
metallic ions may result in smaller dielectric loss tan-
gent for the composite nanofibre pellets in contrast
with the case of the pure PVP nanofibre pellet.

3.2.3. Effect of pressure

As described in the above section, the electrospun
nanofibres were pressed into pellets in order to mea-
sure their dielectric properties. Under the action of
the pressure, some of nanofibres were forced to stick
together as shown in Fig. 8. When the pressure used in
pelletization increases, more and more nanoscale fibres
will be conglutinated gradually. Therefore, compared
with the pellet at a pressure of 264.2 MPa, compos-
ite nanofibre pellet at a pressure of 16.5 MPa con-
tains more nanoscale fibres which result in a large
surface-to-volume ratio and high density of interfa-
cial atoms. Thus, more interfacial polarizations oc-
cur, thereby increasing the dielectric constant.2!l So
it is expectable that the dielectric constant of compos-
ite nanofibre pellet at a pressure of 16.5 MPa is larger
than that of pellet at a pressure of 264.2 MPa as shown
in Fig. 6. In addition, more multiple scatterings may
appear due to larger surface-to-volume ratio, resulting
in larger dielectric relaxation when the applied elec-
tric field changes.?!] As a result, the dielectric loss
tangent of composite nanofibre pellet at a pressure of
16.5 MPa is much larger than that of pellet at a pres-
sure of 264.2 MPa (Fig. 7).

Fig. 8. SEM image of cross section of the compressed
pellet.

4. Conclusion

The pure PVP nanofibres and PVP/[CH3(CHz)3
O]4Ti composite nanofibres are prepared via electro-
spinning. TiOs nanostructures are obtained by calcin-
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ing the composite nanofibres at 700 °C for 4 h. Both
XRD and IR spectra indicate that [CH3(CHz)30]4Ti
After being
pressed by a pressing machine, some nanoscale fibres

is trapped in composite nanofibres.

in the pellets are forced to stick together, and their size
increases with the increase of pressure. The dielectric
properties of the pure PVP nanofibre pellet and com-
posite nanofibre pellets are studied and several inter-
esting behaviours are observed: (i) with the increase of
frequency, the dielectric constant values decrease; (ii)
because of doped metallic ions, the dielectric constant

of the composite nanofibre pellets increases while their
dielectric loss tangent decreases compared with those
of the pure PVP nanofibre pellet; (iii) in compari-
son with the pellet at a pressure of 264.2 MPa, both
dielectric constant and dielectric loss tangent are en-
hanced for the composite nanofibre pellet at a pressure
of 16.5 MPa. These results indicate that the dielectric
properties of the composite fibres are dependent on
the frequency of the applied electric field, the doped

metallic ions and the pressure applied in pelletization.
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