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ABSTRACT: New organic-inorganic hybrid nanofibers,
poly(vinyl alcohol) (PVA)-titanium lactate (TL) hybrid nano-
fibers, were formed by electrospinning employing water as a
solvent. Anatase-type TiO2 nanofibers were obtained by calci-
nation of the hybrid nanofibers in air. The fiber diameters of
the PVA-TL hybrid nanofibers was 200–350 nm, and the fiber
diameter of the TiO2 nanofibers was 70–80% of that of the
PVA-TL hybrid nanofibers. The specific surface area and av-

erage pore diameter of the TiO2 nanofiber calcined at 5008C
for 5 h were 21.0 m2/g and 7.4 nm, respectively. The photoca-
talytic decomposition of methylene blue using the TiO2 nano-
fibers was also investigated. � 2007 Wiley Periodicals, Inc. J
Appl Polym Sci 104: 1232–1235, 2007
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INTRODUCTION

Recently, much attention has been paid to the forma-
tion of polymeric nanofibers by electrospinning.1–4

The average diameter of the fibers produced by this
method is at least one or two orders of magnitude
smaller than those of conventional fiber production
methods like melt or solution spinning.5 As a result,
the electrospun fibers have larger specific surface
area.4 These nanofibers are well-suited to be used as
chemical reaction fields.6

Inorganic nanofibers can be obtained by the calcina-
tion of organic–inorganic hybrid precursor nanofibers
formed by electrospinning.7 Many kinds of inorganic
nanofibers (Al2O3, ZrO2, NiCo2O4, and so on) have
been formed from organic–inorganic hybrid precur-
sor nanofibers.8–11 Li et al. formed anatase-type tita-
nium oxide (TiO2) nanofibers by the calcination of
poly(vinyl pyrrolidone)-Ti tetraisopropoxide hybrid
nanofibers in air at 5008C.8 The TiO2 nanofibers
would be a useful material for a photocatalytic reac-
tion, but their usage has not been investigated. Etha-
nol has been used as the solvent of the spinning solu-
tion to form the hybrid precursor nanofibers.8 There-
fore, a spinneret could be stopped up by a solid
material because ethanol will evaporate from the tip
of the spinneret during the spinning. Furthermore, Ti
tetraisopropoxide is very easily hydrolyzed, and thus

a water-free condition is required for the use of Ti tet-
raisopropoxide.

In the present study, we formed new organic–inor-
ganic hybrid nanofibers, poly(vinyl alcohol) (PVA)-tita-
nium lactate (TL) hybrid nanofibers, using water as a
solvent during electrospinning, and TiO2 nanofibers
were formed by calcination of the hybrid nanofibers.
TL is a water-soluble titanium compound12 and mixes
well with PVA aqueous solution. The PVA-TL mixed
aqueous solution was used as the spinning solution to
form the hybrid nanofibers. Many kinds of organic–
inorganic hybrid materials have been formed using
water as a solvent,13–19 but the formations of their
nanofibers have not been reported. Therefore, our pro-
cess provides a simple and convenient method to form
organic–inorganic hybrid nanofibers by means of elec-
trospinning. The photocatalytic reaction using the
obtained TiO2 nanofibers was also investigated.

EXPERIMENTAL

Materials

Poly(vinyl alcohol) (PVA) (degree of polymerization:
1500) was obtained from Wako Pure Chemicals Ind.,
Japan. Titanium lactate (TL) [(OH)2Ti(C3H5O2)2] was
kindly gifted from Matsumoto Chemical Industry
Co., Japan (TC-310, content: TL 35–45%, 2-propanol
40–50%, water 10–20%).

Formation of PVA-TL hybrid nanofibers
by electrospinning

PVA (10 wt %) aqueous solution was prepared. TL
(TC-310, 5 g) was added to the PVA solution (10 g) to
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produce transparent PVA-TL mixed solution (spin-
ning solution).

The mixed solution was loaded into a plastic sy-
ringe (2 mL) equipped with a needle. The solution
extrusion rate was 0.015 mL/min. A voltage of 25 kV
was applied to the needle, and the PVA-TL hybrid
nanofibers were then deposited on a collector. The
collector (copper plate) was grounded, and the dis-
tance between the tip of the needle and the collector
was 10 cm. The PVA-TL hybrid nanofibers obtained
were used as a precursor of TiO2 nanofibers.

Formation of TiO2 nanofibers by calcination of
PVA-TL hybrid nanofibers

The PVA-TL hybrid nanofibers were calcined up to a
given temperature in an electric furnace at 400–7008C
in air, and TiO2 nanofibers were obtained.

Apparatus and procedure

The structure of the nanofibers was observed by scan-
ning electron microscope (SEM) (Hitachi S-2400, Ja-
pan).

Thermogravimetric (TG) analysis was performed in
air at a heating rate of 108C/min (Shimadzu DTG-60,
Japan).

X-ray diffraction (XRD) measurement was taken
using a Cu Ka with a Ni filter (40 kV, 30 mA) (Shi-
madzu XRD-6100, Japan).

The nitrogen adsorption isotherms (�1968C) of the
TiO2 nanofibers were measured by Micromeritics
TriStar 3000, USA.

The photocatalysis of the TiO2 nanofibers was eval-
uated using the photocatalytic decomposition of
methylene blue (3,7-bis(dimethylamino)phenothiazin-
5-ium chloride; C16H18ClN3S).

20 The TiO2 nanofibers

formed (5 mg) were dispersed in methylene blue (1
� 10�5 mol/L) aqueous solution (50 mL). Three milli-
liters of test liquid was taken from this solution and
fed in a quartz cell. The test solution was irradiated
with white light using an extra-high pressure mer-
cury vapor lamp (Ushio, Japan), and the absorbance
at 665 nm, which is the maximum absorption wave-
length of methylene blue, was measured by an ab-
sorptiometer (JASCO, CT-109, Japan). The decomposi-
tion rate of methylene blue was calculated from the
absorbance.

RESULTS AND DISCUSSION

Figure 1 shows the SEM image of PVA-TL hybrid
nanofibers formed by electrospinning. The fiber diam-
eters of the PVA-TL nanofibers are 200–350 nm, and
the fibers have a smooth surface without macropores.
The specific surface area and the pore volume of the
hybrid nanofiber are 1.80 m2/g and 0.00764 cm3/g,
respectively. Thus, the hybrid nanofiber is considered
a nonporous material.

The viscosity of the PVA-TL mixed aqueous solu-
tion (spinning solution) increased very slowly. This
phenomenon is due to the interaction between PVA
and TL. But the diameters of the nanofibers obtained
from the spinning solutions stored within 3 days
showed no change.

Figure 2 shows TG curves of the pure PVA and the
PVA-TL hybrid nanofibers. The weight residue of
pure PVA becomes zero at 5508C, and that of the
PVA-TL hybrid is 25% at 6008C. White residues
(TiO2) were obtained after measurement for PVA-TL
hybrid.Figure 1 SEM image of PVA-TL nanofibers.

Figure 2 Thermogravimetric analysis curves of PVA-TL
hybrid and pure PVA nanofibers.
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Figure 3 shows a SEM image of the TiO2 nanofibers
obtained by the calcination of PVA-TL hybrid nano-
fibers at 4008C for 5 h. Compared with the images
shown in Figure 1, the fiber diameter of the TiO2

nanofibers is 70–80% of that of the PVA-TL hybrid
nanofibers, with the space between the fibers made
denser by calcination. The residues are brittle, but
maintained the shape of the PVA-TL hybrid nonwo-
ven mat, although shrinkage occurred due to the cal-
cination.

Figure 4 shows XRD curves of the TiO2 obtained by
calcination of the PVA-TL nanofibers at 400–7008C for
5 h. Anatase-type TiO2 is formed at 400–6008C, and

the peak intensity increases with calcination tempera-
ture. Rutile-type (rutile-anatase mixed) TiO2 is
formed at 7008C. It is well known that anatase is
superior to rutile for photocatalysis. Thus, a calcina-
tion temperature of 600–7008C would be an effective
condition when using the TiO2 nanofibers as a photo-
catalyst.

Figure 5 shows the relationship of the calcination
temperature of the hybrid nanofibers and the pore

Figure 3 SEM image of TiO2 nanofibers obtained by calci-
nation of PVA-TL hybrid nanofibers at 4008C for 5 h in air.

Figure 4 XRD curves of TiO2 nanofibers obtained by cal-
cination of PVA-TL hybrid nanofibers at various tempera-
tures for 5 h in air.

Figure 5 Effect of calcination temperature of nanofibers
upon specific surface area and pore volume of TiO2 nano-
fibers obtained.

Figure 6 Effect of irradiation time of white light upon the
photocatalytic decomposition rate of methylene blue for
the TiO2 nanofibers obtained from PVA-TL hybrid nanofib-
ers at various calcination temperatures and commercially
available TiO2 nanoparticles (ST-21).
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characteristics (specific surface area and pore volume)
obtained from the nitrogen adsorption isotherms
(�1968C) of the TiO2 nanofibers. The specific surface
area and pore volume of the TiO2 nanofibers decrease
with the calcination temperature. This is due to the
sintering of the TiO2 by the calcination. The average
pore diameters (dp), which were assumed to be cylin-
drical in shape, were based on the specific surface
area (S) and pore volume (V) for each TiO2 nanofiber:
dp ¼ 4 V/S. The dp of the TiO2 nanotubes were 3.8 nm
(calcination temperature: 4008C), 7.4 nm (5008C), 17.5
nm (6008C), and 44.0 nm (7008C). Consequently, the
TiO2 nanofibers obtained in this study are classified
as mesoporous materials.21

The photocatalysis of the TiO2 nanofibers and com-
mercially available anatase type TiO2 nanoparticles
(Ishihara Sangyo Kaisha: ST-21, particle size: 20 nm,
specific surface area: ca. 50 m2/g) was investigated.
Figure 6 shows the relationship between the decom-
position rate of methylene blue and the irradiation
time of white light for each TiO2. The photocatalysis
of the TiO2 nanofibers calcined at 6008C and 7008C is
higher than those of the TiO2 nanofibers calcined at
4008C and 5008C, but the major differences between
each TiO2 nanofiber are not observed. The crystallin-
ity of anatase-type TiO2 increases with calcination
temperature, though the specific surface area becomes
lower. The photocatalysis of the TiO2 nanofibers
would be affected by both the crystallinity and pore
characteristics of the TiO2 nanofibers. The TiO2 nano-
fibers have good photocatalysis, but the properties of
the TiO2 nanofibers are inferior to that of ST-21. The
specific surface area of the TiO2 nanofiber calcined at
4008C (56.4 m2/g) is higher than that of ST-21, but the
ST-21 excels in photocatalysis. This would be due to
the difference of the crystallinity of anatase. However,
the TiO2 nanofibers have the advantage of being eas-
ily fixed on other materials, such as a stainless-steel
woven fabric, without a binder by the fiber length
(ST-21 requires a binder to be fixed on other materi-
als.).

CONCLUSIONS

PVA-TL hybrid nanofibers were formed by electro-
spinning using water as a solvent. Anatase-type TiO2

nanofibers were easily obtained by calcination of the
PVA-TL hybrid nanofibers. The TiO2 nanofibers
obtained had a high specific surface area and showed
good photocatalysis. By optimizing the calcination
conditions, TiO2 nanofibers with higher photocataly-
sis could be formed.
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