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Well-aligned and uniform side-by-side bicomponent fibers have been produced via dual-opposite-spinneret electrospinning. Side-
by-side TiO2/SnO2 nanofibers were obtained after calcining as-spun fibers. The thermal degradation of the electrospun fibers was
evaluated using combined thermogravimetry and differential thermal analysis (TG-DTA), and the crystal structure of calcined
nanofibers was investigated by X-ray diffraction (XRD). The fabricated TiO2/SnO2 nanofibers expose both TiO2 mainly consisting
of anatase phase and rutile-type SnO2 to the surface, which is appropriate for photocatalytic materials.

1. Introduction

Photocatalytic degradation of organic pollutants has been
investigated widely in water and air purifications [1]. Hydro-
gen fuel production by photocatalytic water splitting [2] and
high-efficiency solar cells [3] is thought to significantly
mitigate the inadequacy of fossil fuels [4]. However, the
narrow light-response range and the fast recombination of
photogenerated charge carriers reduce the efficiency of pho-
tocatalytic reactions and therefore hinder the practicable
applications of photocatalytic technique [5, 6].

Many studies have focused on new photocatalytic mate-
rials for fabricating high-efficiency photocatalysts. One strat-
egy of fabricating new photocatalytic materials is forming
a heterojunction between TiO2 and other semiconductors,
which could both extend the light-response range and
reduce the recombination of photogenerated charge carriers
[7]. Thin-film heterojunctions and particle heterojunctions
have been fabricated via various methods: Kanai et al.
[8] deposited SnO2/TiO2 (TiO2 overcoated with SnO2)
thin-film stacks by reactive DC magnetron sputtering, and
Tada et al. [9] produced patterned bilayer of TiO2/SnO2

(SnO2 overcoated with TiO2 stripes) using modified sol-gel
method. One point to note is that these films were coated
on substrates; thus, the photocatalyst lost approximately
half of the contact surface between itself and reactants,

which decreased the photocatalytic efficiency. On the other
hand, coupled and capped semiconductor particles [10]
may expose more surfaces to reactants, but it is difficult
to separate powder photocatalysts from the solution after
photocatalytic reaction. Therefore, nanofibers would be an
appropriate structure for fabricating a type of photocatalyst
with a large surface area exposed to reactants while maintain-
ing good recoverability.

Electrospinning, regarded as a simple, low-cost, and uni-
versal technique for fabricating submicrofibers and nanofi-
bers, has been receiving more and more attention over the
last 15 years [11–13]. In addition to general beaded and
nonbeaded thin nanofibers, other types of nanofibers with
interesting morphology, such as core-shell nanofibers [14–
16], hollow nanofibers [17], and side-by-side nanofibers [18,
19], have been produced by electrospinning. A side-by-side
structure allows both parts of the nanofibers to be exposed to
the surface. Bicomponent side-by-side TiO2/SnO2 nanofiber
photocatalysts have been fabricated via side-by-side electro-
spinning [20]. Their study demonstrated that the photocat-
alytic degradation rate of Rhodamine B (RhB) dye on the
side-by-side TiO2/SnO2 nanofibers was more than double
that on the pure TiO2 nanofibers.

In our previous work [21, 22], we have reported a dual-
opposite-spinneret electrospinning (DOSE), which could
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Scheme 1: Schematic diagram of dual-opposite-spinneret electrospinning apparatus.

effectively produce well-allied nanofibers. In this work, we
report a new approach to fabricate side-by-side TiO2/SnO2

nanofibers using the DOSE.

2. Experimental Procedure

2.1. Electrospinning Apparatus and Parameters. The DOSE
apparatus was illustrated in Scheme 1. Electrospinning solu-
tion was loaded into the syringe and pumped by the syringe
pump. A flat-tipped stainless steel syringe needle was used
as the spinneret. Two spinnerets were assembled horizontally
in opposite directions, and each was connected to a separate
high-voltage power supply. A rotating cylinder covered with
aluminum foil was used as a collector.

The distance between the tips of two spinnerets was
12 cm, the applied voltages were +3100 V and −3100 V, the
distance between the spinnerets and the collector was about
15 cm, the rotation rate of the cylinder collector (Diam-
eter 10 cm) was 300 r·min−1. For fabricating SnO2/TiO2

bicomponent nanofibers, the feed rate of solution containing
tetrabutyl titanate was 7.2 μL·min−1 and that of solution
containing stannous octoate was 4.2 μL·min−1.

2.2. Solutions and Calcining. Solutions for electrospinning
were prepared by dissolving polyvinylpyrrolidone (PVP,
MW = 1 300 000) and tetrabutyl titanate or stannous
octoate into a mixed solvent of ethanol and acetic acid (4 : 1,
w/w). In a typical procedure, 2.5 g of tetrabutyl titanate
was first dissolved into the mixed solvent, and then 2.4 g
of PVP was added, following a constant magnetic stirring
for 3 h at room temperature. In the two kinds of homo-
geneous electrospinning solution, both the concentrations
of tetrabutyl titanate or stannous octoate were 11.1 wt%,
while the concentration of PVP was 10.7 wt% and 11.5 wt%,
respectively. Here, stannous octoate and tetrabutyl titanate
were used as the precursors of SnO2 and TiO2, respectively.
After electrospinning, the electrospun fibers were calcined
at 500◦C for 2 h in air environment, and side-by-side
bicomponent TiO2/SnO2 nanofibers were fabricated.

2.3. Characterization. The electrospun fibers and calcined
nanofibers were sputtered with gold, their morpholo-
gies were observed using field-emission scanning electron

microscopy (FE-SEM, QUANTA 200 FEG) with an accel-
erating voltage of 15 kV, and the elemental mapping was
conducted by energy-dispersive spectroscopy (EDS). The
average diameter of fibers was measured from the SEM
micrographs in original magnification of 2000x. Combined
thermogravimetry and differential thermal analysis (TG-
DTA) were carried out using simultaneous thermal analyzer
(Netzsch STA 409) from 100 to 700◦C at a heating rate
of 10◦C·min−1 in air atmosphere. The crystal structure
of calcined fibers was investigated by X-ray diffraction
(XRD, Rigaku D/Max-2500) using Cu Kα radiation (λ =
1.54056 Å).

3. Results and Discussion

In the DOSE process, two jets ejected from the opposite
spinnerets and then merged into a single one, which
was the great difference compared to the single spinneret
electrospinning. This difference brought out two advantages.
One advantage was that it was easy to get the well-aligned
electrospun fibers. When the two oppositely charged jets
merged into a single jet, the newly generated jet had an
approximately neutral charge over all, which made it min-
imally affected by electric force. Therefore, it was easy to
collect well-aligned and uniform electrospun fibers, as shown
in Figure 1(a). The other advantage was that it was easy
to make the side-by-side electrospun fibers. Before the two
jets stuck together, some solvent had evaporated and jets
had partially solidified, which prevented the mixing of the
two parts of the newly generated jet. Thus, it was easy
to make the side-by-side electrospun fibers, as shown in
Figure 1(b) (partial enlarged views of this figure can be
found in S1 Supplementary Material available online at
doi: 10.1155/2012/575926). Specifically, it was meaningful
when we wanted to make the side-by-side nanofibers from
two miscible electrospun solutions. The obvious side-by-
side structures were shown in Figures 2(a) and 2(b).
There were distinct boundaries in the uniform side-by-
side electrospun fibers and calcined nanofibers. Element
components of the two parts were identified by EDS, as
shown in Figure 2(c). One part contained element titanium
(Ti) but no tin (Sn), while the other part contained both
Ti and Sn. As Ti was easy to diffuse, the part coming from
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Figure 1: Morphology of electrospun fibers by FE-SEM (a) well-aligned fibers, (b) side-by-side fibers.
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Figure 2: Detailed microstructure of side-by-side fiber by FE-SEM
(a) electrospun fiber and (b) calcined nanofiber. (c) EDS spectrums
of the fiber in (b).

electrospinning solution containing Sn also contained Ti
after calcining.

The diameter of electrospun fibers in the experiment
before calcining was 1.75 ± 0.14μm (average of 24 val-
ues). After calcining the diameter of nanofibers was much
thinner, only 0.96 ± 0.04μm (average of 42 values). The
main reason for the decrease in the diameter was the
decomposition of PVP during the calcining process. During

the calcining, process, the organic matter in electrospun
fibers was decomposed, then amorphous TiO2(SnO2) and
crystalline TiO2(SnO2) were formed sequentially. TiO2 has
three major different crystal structures: rutile, anatase and
brookite, and crystal structures influence the property of
photocatalyst. Therefore, it is necessary to investigate the
thermal degradation of the electrospun fibers. Furthermore,
considering the presence of the element Sn, TiO2/TiO2

side-by-side nanofibers were produced by DOSE using
the same parameters except for a small change in feed
rate of electrospinning solutions in order to stabilize the
electrospinning process.

TG-DTA was carried out to evaluate the thermal deg-
radation of the electrospun fibers. The simultaneous TG
and DTA curves of the TiO2/SnO2 electrospun fibers and
TiO2/TiO2 electrospun fibers were shown in Figure 3. Two
groups of curves exhibited the same phenomenon in the
temperature interval 180∼360◦C, which indicated that there
was degradation of PVP on the side chain as well as decom-
position of low-molecular-weight organic matter. In this
step, electrospun fibers underwent approximately two-thirds
of the total weight loss. The decomposition of the main chain
of PVP and the amorphous-crystal phase transformation of
metal oxides in fibers occurred around 400◦C. The sharp
peak in the DTA curve at 377◦C in Figure 3(b) corresponded
to the decomposition of the main chain of PVP, and the
broad peak around 413◦C corresponded to the crystallization
of the TiO2 anatase phase. There was only one peak around
400◦C in DTA curve of Figure 3(a), a reasonable explanation
was that the three peaks corresponding to decomposition
of the main chain of PVP, crystallization of TiO2, and
crystallization of SnO2, respectively, overlapped and com-
posed this broad one. The unnoticeable peaks in both DTA
curves centered at 550◦C indicated the anatase-rutile phase
transformation of TiO2. The thermal degradation process
was similar to the results of Nuansing et al. [23] and Park
and Kim [24].

The XRD patterns of TiO2/SnO2 bicomponent nano-
fibers and TiO2/TiO2 nanofibers were shown in Figure 4.
After calcination at 500◦C for 2 h, almost pure anatase-type
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Figure 3: TG-DTA curves of thermal decomposition of the elec-
trospun fibers: (a) TiO2/SnO2, (b) TiO2/TiO2, at a heating rate of
10◦C·min−1 in air.
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Figure 4: XRD patterns of calcined nanofibers: (a) TiO2/SnO2 (b)
TiO2/TiO2, calcined at 500◦C for 2 h.

TiO2 was obtained except for a little rutile phase in the
TiO2/TiO2 nanofiber, as shown in Figure 4(b). However,
the calcined TiO2/SnO2 bicomponent nanofibers contained
anatase-phase TiO2, rutile-type SnO2, and much more
rutile-phase TiO2 than TiO2/TiO2 nanofibers. The increase
of rutile phase TiO2 in bicomponent nanofibers was due to
the presence of Sn. At a lower temperature, rutile-type SnO2

had formed, which promoted the formation of rutile phase
in TiO2 [25].

The calcined side-by-side TiO2/SnO2 nanofiber possesses
great potential in photocatalytic applications. Nanofibers
with a side-by-side structure expose both TiO2, mainly
consisting of anatase phase and rutile-type SnO2 to the
surface. Because of the different band gaps of anatase TiO2

and rutile SnO2, the photogenerated electrons in these
fibers would accumulate on one side, and photogenerated
holes would accumulate on the other side. Therefore the
recombination of photogenerated electrons and holes would
greatly decrease, resulting in high photocatalytic activity.

4. Conclusion

Well-aligned and uniform side-by-side electrospun fibers
were fabricated using the DOSE method. DOSE has great
advantages for fabricating aligned side-by-side fibers: (a)
because the jet instability is almost eliminated after the
positive and negative charges neutralize each other, the
electrospun bicomponent nanofibers produced via DOSE
are well aligned and uniform; (b) because some solvent has
evaporated and jets have partially solidified before the final
jet is formed, there is much lower immiscibility requirement
for making side-by-side structure between the two kinds of
solutions used in electrospinning. TiO2/SnO2 side-by-side
bicomponent nanofibers were obtained after being calcined
in air at 500◦C for 2 h. The fabricated TiO2/SnO2 nanofibers
exposed both TiO2 mainly consisting of anatase phase and
rutile-type SnO2 to the surface, which is appropriate for
photocatalytic materials.
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