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A facile and environmentally friendly template-free method is developed for the fabrication of SnO,
nanotubes via electrospinning and precisely controlled heat treatment method. It is revealed that the as-
spun solid SnO, precursor fibers gradually transformed into hollow-structured nanotubes when the
temperature was controlled precisely from 200 °C to 600 °C. It was confirmed, that this remarkable
structural evolution corporate the respective thermal decomposition of polyvinyl butyral (PVB) at the
surface and inside of the fibers. The formation mechanism of the nanotubes has been clarified by
systematically investigating the morphology, phase structure, chemical state, and decomposition of the
organic compounds during the heat treatment. The as-prepared SnO, nanotubes exhibit a high specific
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Accepted 22nd May 2020 surface area of 32.91 m“ g~ and a porous structure with pore sizes of 2 nm and 10-25 nm. The SnO,
nanotubes were assembled as a photosensor, which demonstrates a fast response upon UV light

DOI: 10.1035/d0ra01719a illumination at 254 nm. From this discovery, it is expected that a new method for fabricating nanotubes
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Introduction

As a kind of n-type semiconductor oxide, tin oxide (SnO,) having
a bandgap of 3.6 eV has been extensively studied in the field of
the solar cells, gas sensors, and lithium-ion batteries."> Nowa-
days, numerous approaches have been investigated to improve
its performances, including preparing nanostructured SnO,
with increased surface area to volume ratio.*® Recently, one-
dimensional SnO, nanostructures having high surface to
volume ratios, such as nanofibers, nanoribbons, nanowires,
nanobelts, and nanotubes, have attracted attention.

Among various one-dimensional SnO, nanostructures, the
SnO, nanotubes have attracted intense scientific interest due to
their fantastic physical, mechanical, and optical properties. The
nanotubes are mostly synthesized by methods such as anodic
oxidation,® chemical or physical deposition on sacrificial
templates,” and hydrothermal treatment.®

Although there are numerous approaches to obtain the
nanotubes, the currently used methods have disadvantages such
as not being environmentally friendly, complicated processes, and
inefficient. Electrospinning is a simple and cost-effective method
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will be established and the development of materials with a higher functionality will be promoted.

to fabricate one-dimensional organic materials and inorganic
materials.” ™ Coaxial electrospinning is a mature method for the
synthesis of nanotubes using a mineral oil as a core template
material."”>** By calcining the obtained two-layered nanofibers at
a high temperature under air, the mineral oil of the core is
removed, and nanotubes are obtained.'* However, removing the
oil would cause environmental pollution.

Here, we have designed a template-free process to prepare
SnO, nanotubes by combining electrospinning and Ostwald
ripening processes. Ostwald ripening is a classical physical
phenomenon in crystal growth. This ripening process involves
“the growth of larger crystals from the smaller ones that have
a higher solubility than the larger ones.”*** It is based on the
differences in sizes between the inner and outer crystallites in
the precursor fibers to obtain the hollow structure. In the
present study, SnO, nanotubes were fabricated by electro-
spinning polyvinyl butyral (PVB)/Sn precursor composite
nanofibers, followed by precisely controlled heat treatment.
PVB is a non-toxic, odorless, environmentally-friendly polymer,
which has excellent compatibility with inorganic materials and
is widely used for the production of organic/inorganic hybrid
composites. In the published articles there are several choices
for the organic additives for the precursor solutions, such as
PVP, DMF, EC, and DMC."'**! Fabricated nanotubes also have
excellent recyclability, transparency, toughness, flexibility, and
excellent adhesion.””* In our study, we selected PVB and
ethanol as solvents and no other additives were involved. The
steps and mechanisms for the formation of the hollow-
structured SnO, nanotubes are investigated and discussed.
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Experimental
Synthesis of SnO, nanotube

SnO, nanotubes were synthesized via a combination of sol-gel
based electrospinning and subsequent heat treatment. Ethanol
and polyvinyl butyral (PVB), were purchased from Sinopharm
Chemical Reagent Co., Ltd. SnCl,-2H,0 was purchased from
Beijing Yili Fine Chemical Co., Ltd., and all the chemicals were
of analytical reagent grade. The precursor solution was
prepared by dissolving SnCl,-2H,0 (0.3 g) in ethanol (8 g) and
then mixed with PVB (0.6 g). The as-prepared precursor solution
was delivered into a syringe with a stainless-steel needle.
Precursor fibers were obtained via an electrospinning setup
with a voltage of 9.25 kV applied on the needle tip and
a collector ground aluminum foil with a distance of 15 cm
between the needle and collector. The as-spun fibers were
peeled off from the aluminium foil used as a collector and heat-
treated in the air at 200 °C, 300 °C, 400 °C, 500 °C, 550 °C,

600 °C, 700 °C. The heating rate was maintained at 10 °C min™".

Characterization

The crystal structure of samples was investigated via X-ray
diffraction (XRD, D8 Advance, Bruker, Germany) with Cu Ka
radiation (0.15418 nm) operating at 40 kV. X-ray photoelectron
spectroscopy (XPS, PHI-5300 ESCA, PerkinElmer, Boston, MA,
USA) was performed to analyse the elemental and chemical
states of the material. The morphology of the samples was
studied via field emission scanning electron microscopy (FE-
SEM, LEO-1530, Carl Zeiss, Germany). Moreover, the
morphology and energy-dispersive X-ray spectroscopy (EDS)
studies were performed on the samples using a transmission
electron microscope (TEM, JEM-2100F, JEOL, Japan). Fourier
transform infrared (FTIR) spectra were recorded using a spec-
trometer (BRUKER VERTEX* 70V, USA) in the frequency range
of 500-4500 cm ™', with a resolution of 4 cm™'. Thermogravi-
metric analysis and Fourier transform IR spectroscopy were
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combined to analyse the thermogravimetric data in real-time to
analyse the released volatile by-products (STA449F3 DSC TGA
and Bruker Vertex70V). During testing, specimens were heated
in an alumina crucible at a heating rate of 10 °C min™', and the
IR spectra were recorded with a spectral resolution of 4 cm ™.
The specific surface area was determined by a single point
Brunauer-Emmet-Teller (BET) method through nitrogen
adsorption using the Quadrasorb SI-MP (Quantachrome
Instruments USA). The specimen weight was about 0.1 g. UV
photodetection measurements were performed by Keithley
interactive test environment (Keithley 4200, Keithley Instru-
ments, USA).

Result and discussion

Fig. 1 demonstrates the morphologies of the precursor nano-
fibers after heat treatment at different temperatures. The
surface of the nanofibers shows smooth and solid structures
below 500 °C that translates into nanotubes as the temperature
is elevated above 550 °C. From the TEM observation, the
diameter of nanotubes is about 120 nm, and the thickness of
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Fig.2 XRD patterns of the as-spun fibers and heat-treated samples at
different temperatures.

Fig.1 The morphology of the prepared samples. (a) FESEM images of each temperature which shows the structural evolution of as-spun fibers
to nanotube during the heat treatment process. (b) TEM images of 600 °C heat-treated sample.
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the wall is about 10 nm when the nanotubes are annealed at
600 °C (Fig. 1). The crystal structures of the as-spun nanofibers
and heat-treated samples were characterized via XRD and the
data obtained are shown in Fig. 2. The diffraction peaks cannot
be confirmed at 300 °C, which indicates the amorphous nature
of PVB/Sn in the nanofibers. Moreover, it is confirmed from the
peak intensities of the (11 0), (1 0 1) and (2 1 1) planes that the
crystal growth of SnO, starts at 400 °C, and it grows as the
temperature increases. It is found that the diffraction peaks of
the SnO, crystal became sharper as the temperature of the heat
treatment increased, which indicates the growth of the SnO,
crystals. From these diffraction peaks, it is shown that SnO, is
a tetragonal type (JCPDS 41-1445).

Thermogravimetric analysis (TG) was carried out to investi-
gate the mass change of the as-spun fibers during the heat
treatment for understanding the mechanism of the formation
of the nanotubes from a solid precursor nanofiber by heat
treatment. The TG graph of PVB/Sn precursor nanofibers is
shown in Fig. 3. From this graph, it is found that the as-spun
fibers show two mass-loss stages during the heating cycle.
Stage 1 occurs up to 230 °C; at this stage 51% weight loss is
determined. Stage 2 is from 230 °C to 600 °C, and 30% weight
loss is confirmed. The corresponding FESEM images of the
samples taken at different temperatures are shown as insets in
the TG result graph. It is seen that the surface of the sample is
smooth even after stage 1, which is the initial weight loss stage.
Then, the weight loss stage 2 occurs, a core fiber forms inside
the tube, and the process finally led to the formation of
a tubular structure as the inside fiber contracts and disappears.

From the SEM observation, it is seen that the fiber trans-
forms into a tube structure from 500 °C to 600 °C. The TEM and
EDS linear scans were performed on samples heat-treated at
different temperatures to investigate how the ions move during
the process from the fiber to the tube. The high magnification
TEM images of the surface at each temperature are shown in
Fig. 4. It is found from the interplanar distance that the crystal
present on the surface of the tube is SnO, at all temperature
ranges. Each of the interplanar distance of 3.36 A, 2.65 A and
2.31 A are assigned to the (1 1 0), (1 0 1), and (1 1 1) planes,
respectively.” TEM images and EDS linear scan results of the
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Fig. 3 TG patterns of PVB/Sn precursor composite nanofibers with
corresponding SEM images after 400 °C, 500 °C, 550 °C, and 600 °C
heat treatments.
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Fig. 4 High magnification TEM images of heat-treated samples at
500 °C, 550 °C, and 600 °C.

500 °C heat treatment sample are shown in Fig. 5. EDS linear
scan of the 500 °C sample indicates that the concentration of
the Sn and O ions in the outer shell is high. This result is
believed to involve the volatilization of ethanol during electro-
spinning. It is known that the solubility of Sn ions in ethanol is
higher than that of PVB. In electrospinning, the solution vola-
tilizes during depositing on to the collector. While volatilizing,
Sn ions with high solubility in ethanol are considered to be
more easily carried to the surface compared to PVB.** The
surface of the sample is exposed to air that contains a high
concentration of oxygen. PVB decomposes during annealing
and Sn ions change to SnO, with increasing temperature. On
the contrary, carbon concentration is highly associated with the
decomposed PVB residues inside the fibers. It is seen that the
PVB residues are almost oxidized in the outer shell, but trace
amounts of C could be observed inside.

The TEM image and the EDS linear scan results of the
sample annealed at 550 °C are shown in Fig. 5(b). At this
temperature, it is clear from the SEM results shown in Fig. 1 and
3 that the tube structure is formed in the fiber. From the results
of the EDS linear scan, elements Sn and O show sharp peaks at
the shell. Besides, C remains at the junction of the two tubes.
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Fig. 5 TEM images of 500 °C (a), 550 °C (b), and 600 °C (c) with the
line profiles across the samples of the three specimens.
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Fig. 6 C 1s XPS spectra of the as-spun fibers at 200 °C, 300 °C,
500 °C, and 600 °C.

It is demonstrated from the SEM results that the tube shape
is formed at 600 °C. The composition of the tube structure is
pure SnO, crystals, as seen from the XRD results. Fig. 5(c) shows
that the C signal of the linear scan is very weak demonstrating
that the carbon is almost removed after 600 °C annealing. Also,
from the TEM image, it is seen that the structure of the nano-
tubes is porous. When the heat treatment temperature is
changed from 500 °C to 600 °C, it is found that in the process of
forming a tube, C is moved toward the outer shell with the
internal fiber shrinkage.

According to the simulation results of Ravishankar et al.,””
when a shell on the surface is formed early in the bulk, it tends
to finally result in a hollow structure. Moreover, there are
numerous studies that use the Ostwald ripening mechanism to
explain the formation of hollow structures.?®*' Referencing the
literature, in the present research, the nanotube formation
process may also be interpreted by the Ostwald ripening
mechanism. In order to confirm the mechanism, a detailed
analysis was performed via XPS, TG-FTIR, FTIR because the
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decomposition of PVB accompanying increase temperature was
of much concern.

Fig. 6 shows the spectrum of the C 1s of the as-spun fibers
and heat-treated samples at each temperature. Four peaks are
confirmed in the as-spun fibers. The four peaks at 284.7, 286.3,
287.4, and 288.7 €V are assigned to the C-C, C-O, C=0, and
O=C-O bands, respectively.*** The C=O0 band is a side
substituent of the PVB structure, the peak intensity decreases
from the as-spun to 200 °C, and disappears above 300 °C. It is
believed that PVB on the surface is decomposed at 300 °C even
though no significant change is observed in the spectra above
300 °C annealing. This XPS result supports the linear analysis
results that PVB on the surface was already decomposed at
500 °C.

Rapid scanning Fourier transform infrared in situ spectros-
copy was used to investigate the volatile products formed during
the heat treatment process of the as-spun fibers. The results are
demonstrated in Fig. 7. It is seen that as the temperature
increases, changes are happening in two stages. The first stage
starts around 200 °C, and a pattern with a complex peak is seen
near 300 °C. It is well known that PVB decomposes into
a plurality of volatile substances as the temperature increases.
Among various volatile substances, the occurrence of butanal is
known to be the most prominent.** From this spectra, it is
considered that the decomposition products substances vola-
tilized are acetic acid, butanoic acid, butenal, butanol, and
furan.*® The second stage starts from 300 °C and the peaks
located between 2310 cm ™" and 2356 cm™ ' are known to be the
peaks of CO,.***” The analysis results are consistent with those
obtained from XPS and TG.

FTIR was used to investigate the residues of fibers during the
heat treatment for the formation of SnO, nanotubes. The
results of the FTIR are shown in Fig. 8. The peak of 3200-
3600 cm ™ is derived from the ~OH stretching vibration.2®3%41:42
It is confirmed that the specific peak of PVB disappears at
around 300 °C when the as-spun fibers were heated at
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collected at various temperatures.
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Fig. 8 FTIR spectra of the as-spun fibers and heat-treated samples at
each temperature.
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Fig. 9 The Nitrogen adsorption—desorption isotherm and pore size
distribution curves of SnO, nanotube.

10 °C min~". The peak seen at 660 cm ™' which is derived from
the stretching mode of Sn-O begins to appear in the regional
signals at around 400 °C.* This result is consistent with the
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Fig. 10
detector under the exposure to 254 nm UV light.
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XRD analysis. The spectrum of the as-spun fibers is attributed to
PVB. The peak at 2945 cm™ " is derived from the aliphatic CH
stretching vibration. The peaks at 1431 cm ™' and 1377 cm ™" are
derived from CH, and CH; bending mode, respectively.* The
peaks at 999 cm ™' and 1245 cm ™ * are derived from the C-O-C
stretching vibration of the acetate group. The peak at 1133 cm ™"
is assumed to be from the C-O-C-O-C stretching vibrations of
the butyral ring.** These peaks almost disappeared at 300 °C.
These results are consistent with TG-FTIR results, which
showed that substances such as butanal were completely vola-
tile as a result of the decomposition of the butyral group. As the
temperature increases, the peak intensities of 1263 cm ™,
1614 cm ™}, and 1705 cm ™! were maintained. These are attrib-
uted to the C-O-C stretching vibration, semicircle aromatic
ring, and C=0 stretching vibrations, respectively.** During the
process of PVB decomposition, it is known that the organic
compounds of the cyclic structure and the crosslinked
compounds are formed according to the free radical mecha-
nism in a leaner oxygen environment. It is predicted that the
decomposition of this cyclic structure and the crosslinked
compounds reduced CO,, and this is considered as the stage 2
decomposition.”” The volatilized substances are supposed to
have moved from the inside of fiber to the outside. It is pre-
dicted that accompanying this movement of the volatilized
substances, small SnO, crystals also moved to the outer shell
and crystals grew on the outer shell. In other articles, using PVP
for the precursor solution, it was observed that the PVP
decomposition started at about 300 °C, and the movement of
PVP residues and CO, contributed to the formation of SnO,
nanotubes.’®?" In this study, the PVB precursor nanofibers
started decomposing at 230 °C and during heating till 600 °C
the fibers endured nealy 3 stage decomposition reactions to
change into SnO, nanotubes and the formation mechanism
may be explained by the Ostwald ripening.

The pore size distribution and the specific surface area of the
as-prepared SnO, nanotubes were obtained by the N, gas
adsorption method using BET (Brunauer, Emmett and Teller,

(b)
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(@) Room-temperature /-V characteristics of the UV photodetector in air condition. (b) Sensitivities of the SnO, nanotube UV photo-
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USA) analysis. The result of the BET analysis is shown in Fig. 9.
The specific surface area of SnO, nanotubes is found to be 32.91
m? ¢! and is much higher than that reported in the litera-
ture.***” The pore sizes of the nanotubes is about 2 nm and 10-
25 nm. This high surface to volume ratio makes this material
interesting in applications such as sensors, catalysts, and
lithium-ion batteries.

The SnO, nanotubes were assembled as a UV photosensor
and were characterized for their current-voltage (I-V) character
under UV light illumination. Fig. 10(a) represents room-
temperature /-V characteristics under UV on/off in air condi-
tions. The I-V curve of the fabricated nanotubes shows ohmic
behavior and good photo-detection characteristics. Fig. 10(b)
shows the sensitivities of the SnO, nanotube UV sensor under
254 nm UV light. Response and recovery were both very fast,
taking 14 and 11 seconds for 90% of full response and recovery,
which are faster than those obtained in previous studies,*®*
respectively. This can be explained by the unique nanotube
structure. As a principle of UV detector, we believe that the
Schottky barrier generated by oxygen adsorption on the nano-
tube surface of SnO, was destroyed by UV irradiations and the
electricity flow was generated.” In this process, oxygen
adsorption/desorption is also one of the important factors. The
larger surface to volume ratio makes the oxygen adsorption/
desorption process easier. Therefore the large surface area to
volume ratio and porous structure of the SnO, nanotubes
enhanced the performance of the UV photodetectors.

Conclusions

In this study, SnO, nanotubes were successfully fabricated via
template-free electrospinning and fine-controlled heat-treatment
processes. By controlling the annealing temperature, the as-
spun fiber transformed from a solid fiber to a partially filled
and then a hollow-structured nanotube. It was found that at
around 200 °C the PVB in the precursor fibers began to decom-
pose and as the temperature was elevated to 400 °C, crystallized
SnO, shell began to form. Meanwhile, inside the fiber, accom-
panied by the gasification and oxidation of the organic compo-
nents, tiny SnO, nanoparticles would be produced and move to
the shell to form larger grains at the shell, then the SnO, nano-
tubes were formed. The as-prepared SnO, nanotubes demon-
strate good UV photodetection characteristics. The large surface
area to volume ratio and porous structure made a faster response
and recovery time, taking 14 and 11 seconds for 90% of full
response and recovery, respectively.
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