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2 Introduction

The research and development of the
electrospinning method has rapidly in-
creased during the past few years. For
example, a charged jet can now be creat-
ed from a polymer solution or melt when
the electrical force overcomes the surface
tension. The jet typically develops bend-
ing instability and then solidifies to form
fibres [1 - 3].

Recently, quite a lot of attention has been
given to organic—inorganic hybrid materi-
als [4 - 7]. Organic—inorganic hybrids can
combine the basic properties of organic
and inorganic materials as well as offer
specific advantages that enhance both
thermal and mechanical properties [8].

A commonly used technique for obtain-
ing these hybrid nanocomposites is the
sol-gel process, which allows to incorpo-
rate inorganic domains, such as TiO,, into
the polymer network [9, 10]. It involves
a series of hydrolysis and condensation
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reactions starting from Tetrabutyl titan-
ate (TBT) as a precursor for inorganic
domain formation. The use of a suitable
coupling agent allows to obtain a strictly
interconnected network preventing mac-
roscopic phase separation [11].

The novelty of this work lies in the fact
that a TiO, nanophase was grown in situ
within the PVAc¢ matrix, and nanofibres
of a PVAc/TiO, hybrid were prepared for
probably the first time. The present paper
describes a comparison of the morpho-
logical, thermal and mechanical proper-
ties of the hybrid nanofibres and hybrid
films.

B Experimental

Materials

Polyvinyl acetate (PVAc) with a mo-
lecular weight of 2000-4000, supplied
by Sinopharm Chemical Reagent Co,
Ltd, China, was used. Tetrabutyl titan-
ate (TBT) of chemically pure reagent
grade, supplied by Sinopharm Chemi-
cal Reagent Co, Ltd, China, was used as
a precursor for inorganic domain forma-
tion. The ethanol and acetone used were
of analytical grade. Chemical ethanol-
ammonia solution was used as a catalyst
for the hydrolysis of TBT, prepared in
a laboratory.

Preparation of PVAc/TiO; sols

PVAc solution with a concentration of
15 wt% was prepared by dissolving PVAc
particles in acetone. TiO, sol of different
content (0, 3.4, 4.6, and 5.6 wt%) was
added to the acetone PVAc solution in
drops and then left at room temperature
for 24 h. Thus, a milk white and transpar-
ent sol of PVAc/TiO; hybrid composites
was obtained.
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Preparation of nanofibre mats

Nanofibre mats were prepared by elec-
trospinning. The PVAc/TiO; sol was
contained in a plastic syringe. The pin-
head, which had an inside diameter of
0.7 mm, was connected to an anode, and
aluminum foil served as a counter elec-
trode. The distance between the pinhead
and the surface of the aluminum foil was
adjusted to 10 cm, and the ejection rate
was set at 0.2 ml/h. A voltage of 15 kV
was applied to the solution, and a dense
web of fibres was collected on the alu-
minum foil. The nanofibre mats ob-
tained were dried and then conditioned at
65 + 5% relative humidity, 20 + 2 °C for
the following experiments.

Characterisation of the hybrid
nanofibres

The PVAc and PVAc/TiO, nanofibres
were observed with a JSM-5610 scan-
ning electron microscope (SEM), which
was used to examine the structures of
the nanofibres. An SEM Quanta 200
equipped with energy dispersive X-ray
spectroscopy (EDX) was used to inves-
tigate the content of Ti elements in the
hybrid nanofibres. An accelerating volt-
age of 20 kV with an accounting time of
100 s was applied. Thermo gravimetric
analyser (TGA) measurements were car-
ried out using a Mettler TGA/SDTA 851e
thermal analyser. The experiment was
performed by heating the sample from
200 to 500 °C using a heating rate of
10 °C/min. The measurements were
made in a nitrogen atmosphere. The ten-
sile properties were tested using an elec-
tronic tensile instrument (YGO001, China)
at 20 °C and 65% relative humidity. The
measuring length of the sample was
20 mm, the width 1 mm, and the cross
head speed was 20 mm/min.
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Figure 2. EDX spectra of various PVAc/TiO; fibres of different TiO; content: a) 0 wt.% (pure PVAc), b) 3.4 wt.%, c) 4.6wt.%, d) 5.6wt.%.

I Results and discussion
Morphology

Figure 1 shows a series of SEM images
of pure PVAc and the hybrid nanofibres.
In these four cases, thin and rod-like fi-
bres were obtained. The fibres were ran-
domly distributed and oriented on the
collector. The structures of the hybrid na-
nofibres were clearly different from that
of the pure PVAc sample, as indicated in
Figure l.a.

It was also observed that the pure PVAc
nanofibres looked softer than the hybrid
nanofibres and tended to stick together at
their intersections, but an increase in the
content of TiO, reduced the stickiness at
fibre intersections, as shown in Figure 1.
It can also be found from the SEM im-
ages that the diameter distribution of the
pure PVAc nanofibres was mostly located
within the range of 400 nm and 1000 nm,
some larger fibres having diameters over
3000 nm. The diameter distribution of the
hybrid nanofibres was more uniform than
that of pure PVAc. Among the hybrid na-
nofibres the average diameter increased
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as the TiO, content increased. The small-
est average fibre diameter could be ob-
tained at 3.4 wt% TiO, (about 660 nm).
At a concentration of 4.6 wt%, the aver-
age diameter of fibres increased to about
780 nm. The largest average diameter
was observed (970 nm) at a concentra-
tion of 5.6 wt% TiO,.

EDX analysis

Figure 2 gives the EDX spectra for vari-
ous fibres samples. As is shown in Fig-
ure 2.a, the pure PVAc was mainly com-
posed of C and O elements, and the atom-
ic percentage was 60.75% and 39.25%,
respectively. The H element was too
light to be detected in the EDX analysis.
As can be seen from Figure 2 (2.b, 2.c,
2.d), each spectrum shows three charac-
teristic peaks of the Ti elements: 0.4 keV,
4.5 keV and 4.9 keV, respectively. These
differences occurred because the x-ray
aroused various energy levels in the Ti
atoms. The spectra in Figures 2.b, 2.c
and 2.d reveal the presence of Ti and O
elements. It was also observed that the
atomic percentages of the O and Ti ele-
ments rose with an increase in TiO; con-

tent (Ti: from 2.78 to 3.91, O: from 41.76
to 46.30), while the atomic percentage of
the C element decreased with an increase
in TiO; content (from 55.46 to 49.79).

Thermal properties

The thermal stability of the hybrid sys-
tems was detected using a thermo gravi-
metric analyser (TGA). The TGA curves
of the pure PVAc and hybrid materials
with different amounts of TiO; are shown
in Figure 3, which clearly indicates that
the thermal stability of the pure PVAc
network was enhanced after hybridisa-
tion. The thermal stability improved with
an increase in TiO; content. The only ex-
ception was curve d, which could have
been caused by experimental error. As
can be seen from curves a, b and c, the
decomposition temperature initialised in-
creased with an increase in TiO, content
(from 311 °C to 324 °C). It was believed
that the interaction of the hydrogen bond
or other coordinate bonds between the
TiO, inorganic network formed after the
sol-gel process and polymeric chains
restricted the thermal action of macro-
molecules, increasing the rigidity of the
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Figure 4. TGA thermograms of PVAc/TiO, hybrid nanofibres
versus TiO, content: a) 0 wt%, b) 3.4 wt%, c) 4.6 wt%, d) 5.6 wt%,

macromolecular chain and enhancing
the energy needed for polymeric chain
movement and breakage [12].

Tensile properties

The effects of TiO, content (3.4 wt%,
4.6 wt%, 5.6 wt%) on the breaking
strength and breaking elongation of
PVAc/TiO, hybrid nanofibre mats are
shown in Figure 4. It can be seen from
Figure 4 that the PVAc/TiO; nanofibres
exhibited much better tensile strength as
the TiO, content was increased, whereas
the elongation at break dropped.

From the results of TGA and tensile anal-
yses, it was believed that the interaction
of the hydrogen bond or other coordinate
bonds might be formed in the nanofibres
between the TiO, inorganic network and
polymeric chains after the sol-gel proc-
ess [13, 14]. The enhancement of thermal
stability and tensile strength were at-
tributed to the presence of bonds, which
increased the rigidity of the macromo-
lecular chain and enhanced the energy
needed for polymeric chain movement
and breakage. On the other hand, an in-
crease in the TiO, network restricted the
movement of polymer molecules, which
weakened the flexibility of the nanofibre.
Therefore, the elongation at break de-
creased with an increase in TiO, content.

M Conclusion

A PVACc/TiO, organic-inorganic hybrid
was prepared by the sol-gel process.
PVACc/TiO; hybrid nanofibres were fab-
ricated by electrospinning. The SEM
examination revealed that the diameters
of these hybrid fibres became more uni-
form after hybridisation. The content of
Ti and O was significantly increased in
the hybrid nanofibres examined by EDX
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analysis. The TGA scans indicated that
the thermal stability of the hybrid na-
nofibres was improved, which proved the
formation of new secondary bonds. The
rigidity of the hybrid nanofibres was en-
hanced and the elongation decreased, as
revealed in the tensile testing.
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