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Abstract

Fabrication of metal-oxide nanotubes with quasi-one dimensional (Q1D) nanostructure is complex and
expensive. In this work, mesoporous Al-doped SnO, nanotubes were fabricated by a facile route of
simple electrospinning. SEM and HRTEM characterizations of these nanotubes exhibited distinctive
mesoporous hollow Q1D structure with 150 nm inner diameter and 250 nm outer diameter. The
gas-sensing properties of the nanotubes with varying Al/Sn ratio were tested under variable
temperature and formaldehyde (HCHO) concentration. At first, the gas-sensing response increased
with the rise of Al amount and reached the maximum response value with the Al/(Al+Sn) ratio of 8:100.
Then the response decreased with further increasing Al ratio in SnO, nanotubes. The results indicated
the novel application of electrospinning fabricated metal-oxide semiconductor nanotubes in
gas-sensing field, and point towards a promising approach for improving gas response of electrospun
materials.
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and chemical or physical
sacrificial templates [8]. Comparing with these
approaches,

advantages just like low cost, easy fabrication,

deposition on
1. Introduction

One (1D) and
dimensional (Q1D) nanostructures ( nanowires,

dimensional quasi-one

electrospinning offers several

nanorods, nanobelts, nanotubes and so on) tunable process parameters [9]. Despite the

attracts global attention because of their unique

gradually increasing research activities in

structures, electrical, electrochemical, and

electrospinning, the application of electrospun

catalytic properties which are closely related to nanotubes in gas-sensing field is rarely seen in

its high surface-to-volume ratio [1][2]. Nanotube
attracts intensive research motivation, and is
widely applied in chemical gas sensors [3], dye
sensitized solar cells [4], photocatalysts [5] and
biomolecular devices [6]. The main synthesis
approaches to date for nanotubes have been
anodic oxidation to produce metal oxide [7],
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the literatures.

Al is one of the most frequent chemical
elements and widely applied in material
preparation. Al is used as effective dopant for
SnO; in field emission [10], photoluminescence

[11], electrochemical [12], however, there are
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few reports focus on relationship between the
amount of Al in SnO, and consequently
gas-sensing properties. Therefore, there is of
great significant to explore the influence of Al

on gas-sensing properties of SnO, nanotubes.

In this work we present a new strategy for the
fabrication of unique nanotubes, assembled by
fine SnO, with Q1D
nanostructure. The gas-sensing properties of Al

particles, typical
doped SnO, nanotubes are investigated, the
test results reveals that at first the rise up of Al
in SnO,
gas-sensing response, until the Al/(Al+Sn) ratio
reaches 8:100. Then the further increasing Al
amount results in a drastic decreasing in
gas-sensing response. The results indicate
great potential of electrospinning fabricated
metal-oxide-semiconductive
gas-sensing application.

amount leads to the increasing

nanotubes in

2. Experimental
2.1 Preparation of SnO, nanotubes

Ethanol, N,N-dimethyl formamide (DMF),
SnCl,-2H,O and AICI;-6H,O were purchased
from Shanghai Chemical Corp., . Poly (vinyl
pyrrolidone) (PVP, Mw=1,300,000)
purchased from Aldrich. All chemicals were the

was

analytical-grade reagents and used as received
without any further purification. 1 g PVD, 4.5 g
DMF and 4.5 g ethanol were mixed together,
following by vigorous stirring for 6 h at room
temperature. Then 1 g SnCl,-2H,O and a
certain amount AICI;-6H,0 of were added into
the mixture by the molar ratio of Al/(Al+Sn)
(0:100, 4:100, 6:100, 8:100, 10:100, 12:100).
The mixture was stirred for 1 h and then was
added into a 20 ml plastic syringe with a
stainless steel needle. The precursor fibers
were obtained by electrospinning with a
collection distance of 15 cm between the
needle and the flat collector and an voltage of
10 kV was applied on the needle. The obtained
electrospinning fibers were dried for 12 h at 80
°C. Calcination (heating rate was 2 °C-min™,
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600 °C for 2 h in an oven) was performed to
remove the organic constituents of PVP and
crystallize the SnO,. Then the nanotubes were
obtained. The calcined fiber with Al/(Al+Sn)
molar ratio for 4:100, 6:100, 8:100, 10:100,
12:100, were denoted as 4AI-SnO,, 6AI-SnO,,
8AI-SnO,, 10AI-Sn0O, and 12A1-Sn0O,,
respectively.

2.2 measurements

The calcined fibers and a certain amount of
ethanol were mixed to form paste. Then the
paste was coated on the surface of an alumina
ceramic tube, which have two Au electrodes
and Pt wires at both electrodes. The coated
ceramic tubes were sintered at 500 °C for 2 h. A
small heating wire of Ni-Cr alloy was inserted
through the ceramic tube when the ceramic
tube was fixed on a 6-stitches substrate. In
order to improve the long-term stability, the
sensor devices were aged at 320 °C for 5 days
in air.

The gas-sensing properties were tested in a
steel-made chamber through which a controlled
atmosphere was allowed to flow. The electrical
response of the sensor was measured with an
automatic test system, controlled by personal
computer. The gas-sensing properties were
assessed by sensor response, S, as the
resistance ratio R,/Ry, where R, and R, stood
for the electrical resistance in dry air and in the
tested gas, respectively. In this paper, the gas
sensitivity of the sensors was measured for low
concentration HCHO.

3. Results and discussion

3.1 Structure and morphology of SnO,
nanotubes

The images of (a) and (b) of Fig. 1. show the
SEM images of the as-spun fibers and the
calcined nanotubes of 8AI-SnO,. As exhibited
in Fig. 1a, the uniform, smooth, and long
continuous composite fibers are formed. The
average diameter of as-spun fibers is 300 nm.
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Fig. 1. (a) As-spun fibers and (b) their nanotubes obtained from calcination. (c) and (d) are TEM images of pure
SnO; and 8AI-SnO..

After the calcination at 600 °C, SnO; nanotubes
1b. The
nanotubes are assembled by fine crystalline
SnO, with 150 nm inner diameter and 250 nm

are obtained, as shown in Fig.

outer diameter. EDX has been used to prove
in SnO,
nanotubes, and the spectra is illustrated in the
inset of Fig. 1b. From the EDX pattern, the Al
peak can be detected confirming the existence

the existence of Al component

of Al component in the nanotubes. The images
of (c) and (d) of Fig. 1. are the TEM images of
calcined nanotubes of pure SnO, and 8AI-SnO,,
and the diameters of these two samples is
about 200 nm and 250 nm,
Comparing with the as-spun fibers, the out

respectively.
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diameters of calcined nanotubes show slight
shrinkage. The particle diameter of pure SnO,
nanotubes is 15 nm, which is nearly the same
with 8Al-SnO,, as observed in the TEM images.

The structures of the as-spun fibers and
nanotubes formed during calcination are
characterized by XRD, as shown in Fig. 2. As
seen from the XRD spectra, the as-spun fibers
exhibits no inorganic diffraction peaks. With the
calcination process, all the samples show
intensive diffraction peaks, and All the peaks,
(110), (101), (201) and so on, agree well with
the tetragonal structure in JCPDS 41-1445
(cassiterite), it indicates that the materials are
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Fig. 2. XRD spectra of as-spun fibers and pure SnO;
and SnO: nanotubes with varing Al/Sn molar ratio.

consist of tetragonal SnO..

impurities are observed from these patterns.

No peaks of

Average crystallinity sizes of the nanotubes are
about 16nm, this result agrees well with the
observed results in TEM images.

3.2 The gas-sensing properties

Fig. 3 shows the dependence of the sensor
response on working temperature to 1ppm
HCHO. It can be observed that the pure SnO,
nanotubes show low response to HCHO, the
sensitivity is less than 2 to 1ppm HCHO at
240°C. Except for pure SnO,, the gas-sensing
response of all the samples increase with the
increasing operation time and the sensitivities
get the maximum value at 240 °C, indicating
that the optimal operation temperature of Al
doped SnO, nanotubes is 240 °C. Additionally,
the gas-sensing response to 1ppm HCHO rises
up with the increase of Al molar ratio in the
SnO, nanotubes, and gets the maximum value
when the molar ratio is 8%. Then it goes down
when the Al molar ratio continues to increase.
The gas-sensing response of 8% nanotubes to
1ppm HCHO is about 8 at 240 °C, it indicated
that the sensitivity increases with the rise up of
Al molar ration in SnO, until Al/(Al+Sn) reaches
8%. Therefore, the optimal Al amount doping in
SnO; is 8%, then the increasing Al amount
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Fig. 3. Sensitivity dependence of operation

temperature to 1ppm HCHO.
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Fig. 4. Sensitivity dependence of HCHO

concentration at 240°C.

causes excessive doping, which would result in
lower gas-sensing sensitivity.

Fig. 4 shows the dependence of response of
sensors fabricated by pure SnO, and Al doped
SnO, nanotubes on HCHO gas concentration.
The
increased with the increasing concentration of
HCHO gas. 8AI-SnO, shows the highest
sensing response value to HCHO comparing
with that of others.

response of each sample gradually

To test the stability, 5 periods of 8Al-SnO, gas
sensor’s dynamic curve to 1ppm HCHO at
240°C are shown in Fig. 5. There is almost no
change in the voltage, which directly confirm
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Fig. 5. Five periods of 8A gas sensors examined to
1ppm HCHO gas at 240°C.

the good stability of our sensors. The good
reproducibility can be attributed to the high
temperature annealing. After
600°C, the crystallization of SnO, fibers is
complete [14]. The electrospinning produced

annealed at

nanotubes has great potential in gas-sensing
device fabrication.

The mechanism of nanotubes

prepared by electrospinning

formation
followed with

calcinations is probably like the following process.

It was suggested some primary nanoparticles
were firstly formed in the precursor fibers with
the removing of PVP in the annealing, in both the
outside and inner sites. At a relatively lower
temperature, the reaction rate on the outside was
larger than that in the inner due to thermal
unbalance, leading to the constriction of outside
nanoparticles and formation of nanowires. At an
appropriate temperature (here is 600 °C), the
reaction rate in the inner sites more quickly
increased. In this case, the outside particles
constricted, while the inner particles expanded
due to large strain strength, leading to the
formation of nanotubes [15].

4. Conclusion

Al doped SnO, nanotubes with 150 nm inner
diameter and 250 nm outer diameter are
successfully prepared by facial and simple
electrospinning and subsequently calcination at
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600°C. The AI-SnO, nanotubes fabricated gas
sensors exhibits variable gas-sensing response
to varying HCHO concentration. The 8AI-SnO,
shows optimal sensitivity. Except for pure SnO,,
all the samples show their optimal temperature
of 240°C.
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