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ABSTRACT

We experimentally investigate the stabilization of the anatase phase of Ti;..Sn,O,(x <0.5) nanofibers when

synthesized by an electrospinning method. The as-spun nanofibers became nano-grained, polycrystalline

nanofibers after calcination and the diameters of the nanofibers depend on Sn content. Stabilization of the

anatase phase in Ti-rich compositions and incorporation of Sn ions were confirmed by X-ray diffraction, Raman,

X-ray absorption near-edge structure, and photoluminescence (PL) spectroscopies. Results from the PL study

also demonstrated the tunable nature of the optical properties, with the emission maximum shifting towards

higher wavelength with increasing Sn concentration.
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1. Introduction

One-dimensional (1-D) nanostructured metal oxides
like TiO,, ZnO, and SnO, exhibit various novel physical
and chemical properties with potential applications
in nanoelectronics [1-3]. Several methods have been
used to synthesize these oxides in the form of
nanoparticles, nanotubes, nanowires, nanorods, and
nanofibers [1]. Binary oxide semiconductors constitute
an important class of sensing materials used in gas
sensors because they are cost-effective, chemically
inert, mechanically hard, and thermally heat-resistant,
and therefore can be used in a harsh environment
and are reliable over a long period. Electrospinning is
one of the several methods available for the synthesis
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of 1-D nanofibers. Recently, TiO,- and SnO,-based
nanofibers were fabricated by electrospinning
techniques and several studies focused on their
potential applications in areas such as gas sensing,
photoelectrochemical applications, solar cells, and
photocatalytic activity [4-8].

S5nO,-based gas sensors are now commercially
available. But SnO, has the major disadvantage of
thermal instability and degradation in its electrical
properties upon prolonged thermal treatment [9].
TiO,-based gas sensors have high thermal and
chemical stability, but can operate only at relatively
high temperatures (400 °C). SnO, exhibits better
electrical conductivity compared with TiO,. It is also
possible to control the porosity in these oxides, which
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is extremely important for a wide range of applications.
When these two materials are coupled, it is expected
that the photogenerated electrons from TiO, will be
transferred to SnO, [10]. Many investigations have
found that when these two oxides are coupled by
suitable preparation methods, one can optimize their
gas sensing or tune other properties required for
various applications [4, 5, 9, 11-21].

From the electronic structure point of view, these
oxides have different band gap energies (E,): 3.8 eV
(5SnO,) and 3.2 eV (Ti0O,) [22]. Thus, when these oxides
are mixed the conduction band of SnO, will act as a
sink for electrons and the valence band of TiO, will
accumulate holes, thereby increasing the efficiency of
charge separation [12]. In other words, one can tune
their band gap by varying the stoichiometry as per
specific requirements. It is well documented that the
pure anatase phase shows better photocatalytic activity
and can foster biocompatibility. Structurally, these
oxides possess tetragonal crystal structures. Sn and Ti
ions are isovalent with the same coordination numbers.
However, SnO, has a rutile tetragonal crystal structure
with no anatase analog [13]. Therefore, research has
focused on the synthesis of Ti;.,.5n,O, compounds with
the rutile-type structure over the entire range of solid
solubility above 1450 °C [13]. These oxides have been
prepared in various forms using several methods
including sol-gel reactions, co-precipitation, solid-state
reactions, and sputtering [8, 9, 11-21]. Since anatase
phase TiO, exhibits substantially higher photoactivity
than the rutile phase, it is desirable to synthesize
Ti;.,.5n, 0, in the anatase phase. However, this imposes
constraints on the preparation conditions and also a
limitation on the Sn content, with x being less than 0.5.

In this study, we investigated the stabilization of
anatase-structured Ti;,5Sn,O, (x < 0.5) nanofibers synthe-
sized by an electrospinning method. These nanofibers
were characterized before and after calcination by
various experimental techniques in order to understand
their morphology, phase formation, crystallinity, and
optical properties.

2. Experimental

Polyvinyl acetate (PVAc) with a molecular mass of
~850 000, titanium tetraisopropoxide (Ti(O'Pr),) and

tin chloride dihydrate (SnCl,-2H,O) were used as the
precursor materials for synthesis of the nanofibers.
The electrospinning solution was prepared by
following a standard procedure and loaded into a
glass syringe, equipped with a 21-gauge stainless steel
needle [7, 10]. A positive voltage of 15 kV was applied
to the needle while the metal collector was grounded.
At the same time, a negative voltage was applied to
the metal collector to accelerate the electrospinning
process. The electrospun nanofibers were distributed
uniformly over Si wafers placed on the metal collector.
Thermogravimetric—differential thermal analysis
(TG-DTA) was used to determine the calcination
temperature required to remove water and other
decomposable organic matter present in as-spun
nanofibers. The as-spun nanofibers were calcined at
various temperatures for varying time in an oxygen
atmosphere using a tube-type furnace to obtain the
required phase and morphology.

The morphological features and the phase purity
of the synthesized nanofibers were examined by
field-emission scanning electron microscopy (FE-SEM),
energy dispersive X-ray analysis (EDX), transmission
electron microscopy (TEM), X-ray diffraction (XRD),
Raman, and photoluminescence (PL) spectroscopies.
To confirm the anatase phase of these oxide nanofibers,
X-ray absorption near-edge structure (XANES)
measurements at the Ti K-edge were carried out at
the Pohang Accelerator Laboratory, Korea using 8C1
POSCO beamline in fluorescence mode by following
a standard procedure for such measurements.

3. Results and discussion

Figure 1 shows the variation of the diameter of
Ti:..Sn, O, nanofibers, measured from the FE-SEM
images of corresponding nanofibers, as a function of
Sn content. The diameter of the nanofibers increases
with Sn content. A typical FE-SEM image of as-spun
Ti1,Sn,O;, (x = 0.1) nanofibers is shown in the inset of
Fig. 1. It displays almost smooth fibrous morphology
and similar features were observed previously for TiO,
and SnO, nanofibers [7, 10, 22-24]. The thermal behavior
of Ti;..Sn,O, nanofibers was investigated by TG-DTA
and these results were used to determine the optimum
calcination temperature. The DTA curve obtained from
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typical as-spun nanofibers showed two exothermic
peaks: one at ~250 °C and the other at ~470 °C. The
decomposition of organic matter and evaporation of
water occurs at these temperatures. All the as-spun
nanofibers were found to be amorphous in nature
and typically became crystalline after calcination at
600 °C. Our previous study showed that the optimum
calcination conditions (600 °C for 6 h) resulted in a
well-defined anatase phase of TiO, [24]. Since the
present study is focused on Ti rich phases, the
optimum calcination temperature is also expected to
be close to this value. Previous studies also showed
that the activity of the photocatalysts was improved
by annealing at a high temperature, after selecting
the optimal annealing conditions required to obtain
a highly crystalline anatase phase with no phase
transformation to a rutile phase [8, 24, 25].

Figure 2 depicts the morphological evolution of
Ti;,5n,0, (x=0.1, 0.3, 0.4, 0.5, 0.6, and 0.7) nanofibers,
after calcination at 600 °C in O, for 6 h. Note that
nanofibers were formed up to the composition with
x=0.5. However, above this level, Sn rich clusters
were formed probably due to structural instability. It
is also evident that the diameter of the nanofibers
increases with Sn content. A high-resolution TEM
lattice image of Ti;.,.Sn,O; (x = 0.1) nanofibers is shown
in Fig.2(g). The inset of Fig. 2(g) shows a selected
area electron diffraction pattern, indicating the
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Figure 1 Variation of the diameter of Ti;_Sn,O, nanofibers as a
function of Sn content. The inset shows a typical FE-SEM image
of as-spun nanofibers. They are uniform, smooth, and show fibrous
morphology

polycrystalline nature of the nanofibers. A dark-field
TEM image with the corresponding EDX elemental
mapping of the same nanofiber region, indicating
spatial distribution of O (blue), Sn (green), and Ti
(red), is shown in Fig. 2(h). Similar behaviors were
observed for all compositions up to x=0.5 and are
not shown here to avoid repetition.

The XRD patterns of Ti;.,5Sn,O, (x = 0.4) nanofibers
calcined at temperatures between 500 “C and 800 °C
for 6 h in O, are shown in Fig. 3(a). After calcination,
there is an increase in the intensities of XRD peaks
and the patterns correspond to an anatase phase. The
XRD results indicate the formation of an anatase
phase for nanofibers calcined up to 800 °C in O, [12].
XANES has been previously used as a fingerprint to
identify different phases of TiO, [26]. To confirm the
formation of an anatase phase in Ti;,.Sn,O, (x =0.4)
nanofibers, XANES measurements at the Ti K-edge
were carried out. Figure 3(b) shows the XANES spectra
of both as-spun and calcined nanofibers of Ti,.,5n,O,
(x=0.4). The as-spun nanofiber sample shows a
noisy spectrum with a broad pre-edge, and the
main absorption edge implying the presence of an
amorphous material consisting of a mixed phase of
many Ti-containing compounds. In contrast, the
calcined sample shows pre-edge features (P;, P,, and
P;) and also main absorption features B; and C; along
with fine structure in the low-energy shoulder region.
These features have been commonly observed for the
anatase phase of TiO,. There is no high intensity peak
at 4992 eV, implying the absence of a rutile phase
[26, 27]. Figure 3(c) shows a representative Raman
spectrum of Ti;,Sn,O, (x =0.4). It is known that the
anatase phase of TiO, has six Raman modes:
Ay + 2By, + 3E,[3, 23]. Five phonon modes at 142, 195,
397,520, and 636 cm™' are observed in the spectrum
[25]. One of the phonon modes, B, is not observed.
Compared with pure TiO,, there is a slight shift in
the frequencies of these modes and also a reduction
in intensity. This is expected due to incorporation of
Sn which distorts the pure anatase TiO, structure.
The absence of modes assigned to the rutile structure
at 454 and 610 cm™' again confirms the stabilization of
the anatase phase in this material [22, 25], which is
consistent with the above XRD results.
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Figure 2 FE-SEM images of Ti,.Sn,O, nanofibers calcined at 600°C in O, for 6 h: (a) x=0.1, (b) 0.3, (c) 0.4, (d) 0.5, (e) 0.6, and
(f) 0.7. Note that nanofibers are formed up to the composition with x = 0.5. But above this critical level, instead of nanofibers, Sn rich
clusters evolve. (g) High-resolution TEM lattice image taken from an individual Ti; Sn,O, (x =0.1) nanofiber. The inset shows a
selected area electron diffraction pattern, indicating a polycrystalline nature. (h) Dark-field TEM image with the corresponding EDX
elemental mapping of the same nanofiber region, indicating spatial distribution of O (blue), Sn (green), and Ti (red)
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Figure 3 (a) Typical XRD patterns of Ti;_Sn,O, (x = 0.4) nano-
fibers calcined at 500, 600, and 800 °C for 6 h in O,. Note that
as-spun nanofibers are amorphous and become crystalline after
calcination above 500 °C. (b) XANES spectrum at the Ti K-edge of
Ti1Sn, 0, (x = 0.4) nanofibers calcined at 600 °C. For comparison,
an XANES spectrum obtained from as-spun nanofibers is included.
(c) Raman spectrum of the same calcined nanofibers

One of the experimental techniques to understand
the optical properties of semiconductors is PL
spectroscopy. The PL spectrum originates from
band-band transitions and excitonic transitions.
Depending upon the band gap, surface defects, and
calcination effects, different emission peaks are
observed for different phases. The PL spectrum of an
anatase phase is expected to be quite different from
that of a rutile phase because of their significant
structural differences [28]. This fact is useful in
characterizing such oxide nanofibers. Figure 4 shows
the PL spectra of Ti;,Sn,O, nanofibers of various
compositions (x < 0.5) calcined at 600 °C in O, for 6 h.
A broad emission band in the visible region peaking
at about 550 nm is observed in the spectrum of the
material with x = 0.5. This is attributed to the radiative
recombination of self-trapped excitons [24, 28]. In the
basic cell, each (Ti, Sn)** cation is surrounded by an
octahedron of six O” ions. Due to the high surface-to-
volume ratio, oxygen vacancies are easily formed in
nanofibers resulting in structural defects at Ti centers
in the basic cell of Ti;,.Sn,O,. PL transitions associated
with such structural defects in rutile phases are
expected to arise at 820 nm and their absence again
confirms that these nanofibers have a pure anatase
structure [24, 28]. Generally, oxygen vacancies are
known to be the most common defects and usually
act as radiative centres in luminescence processes.
Generally, the oxygen vacancies (Vo) in semiconductors
are present in three different charge states: neutral
(VoY), and charged Vo' and Vo™ As Vo' is a very
shallow donor, most oxygen vacancies will be in a
paramagnetic state under flat-band conditions [28-31].
The origin of the green emission in bulk materials
is still debatable and some authors attribute it to
oxygen vacancies while others attribute it to Ti or Sn
interstitials [31]. However, it is widely accepted that
the origin of the green emission band in the PL
spectrum of Ti(Sn)O, nanofibers is assigned to the
recombination of electrons in the single occupied
oxygen vacancies with photoexcited holes [28-31]. As
the concentration of Sn increases, the emission
maximum shifts towards higher wavelength. Previous
studies have shown that an increase in temperature is
likely to create more O vacancies whilst calcination for
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Figure 4 Room temperature PL spectra of Ti;_Sn,0, (x < 0.5) nanofibers calcined at 600 °C for 6 h. The inset shows the variation in the

peak position with Sn concentration

longer durations results in fewer oxygen vacancies. It
is also known that the PL spectra of nanostructures
are usually broad and often asymmetric. The degree
of crystallinity improves with the increase of calcination
temperature above 400 °C. Investigation of the thermal
stability or grain growth behavior is therefore
important from the technological point of view as well
as for scientific interest.

As mentioned above in the Introduction, SnO, and
TiO, have been extensively studied due to their
potential use in solar cells and as photocatalysts [11].
The principles of these applications are quite similar,
being based on light absorption, light—electron
conversion, and electron transportation processes. To
enhance the light conversion efficiency and improve
the performance of the solar cells or photocatalysts, it is
necessary to: (a) achieve high external quantum yields
across a broad visible light spectrum, (b) increase the
diffusion length of electrons within the nanocrystalline
materials, and (c) speed up the electron transport
process [11, 32]. As TiO, and SnO, materials have
different band gaps, their composites cover a broader
light spectrum than the individual materials. Hence,

our results showing stabilization of the anatase phase

of Ti(Sn)O, in the nanofiber form have significant
relevance for applications of the materials in solar
cells and also as photocatalysts. Compared with bulk
materials, the specific surface area, and surface-to-
volume ratios increase dramatically in the nanofibers.
A high surface area is beneficial in many Ti(Sn)O:-
based devices, as it facilitates reaction/interaction
between the device and the interacting media, since
this mainly occurs on the surface or at the interface
and strongly depends on the surface area of the
material. As the most promising photocatalyst, Ti(Sn)O,
materials may play an important role in helping to
solve many serious environmental and pollution
challenges. Stabilization of the anatase phase of
Ti(Sn)O; is likely to enhance research activity aimed
at tackling the energy crisis through effective utilization
of solar energy based on photovoltaic and water-
splitting devices. Breakthroughs in the preparation,
modification, and applications of Ti(Sn)O, should
further promote research and development efforts to
tackle the environmental and energy challenges we
are currently facing. In addition, TiO, nanomaterials
are transparent in the visible light region. The
observed modifications of the optical properties of
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Ti(Sn)O, nanomaterials, are closely related to the Sn
doping. Our results facilitate the understanding and
further improvement of current and practical Sn-doped
TiO, nanotechnology. The major advantages of the
nanofibers are their increased contact area and surface
area which are critical parameters for green chemistry
applications. Thus, the properties of the nanofiber
surface reflect the potential for developments in
catalysis, surface science, and electrochemistry [32].

4. Conclusions

The anatase phase of Ti;,Sn,O, (x<0.5) has been
stabilized in solid polycrystalline nanofibers. XRD,
PL, Raman, and XANES measurements confirm both
the incorporation of Sn and stabilization of the anatase
structure. These results may open up the possibility
of applications of anatase phase Ti;,,Sn,O, (x <0.5)
nanofibers in nanoelectronics.
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