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Abstract: In previous works, the authors improved the characteristics of resistive gas sensors using
SnO; nanoparticles to build them. Upon the convenience to increase the surface dimension to enhance
the gas absorption area, well aligned SnO, nanotubes were prepared by sol-gel method within the
pores of a polycarbonate template to increase the sensing surface. To optimize the nanotubes synthesis,
some parameters — affecting the nanotubes morphology- were varied and the effects of the different
parameters on morphology were compared: the pores size of template membrane, the calcination
temperature and time, the precursor solution concentration and the solution aging temperature and
time, finding the most convenient conditions to grow the nanotubes. Characterization of nanotubes was
performed with XRD being found that the tetragonal rutile was the only crystalline phase exhibited by
the polycrystalline nanotubes and their morphology was observed by FE-SEM, discussing the relation
among the measured data and the varied parameters affecting the process. Copyright © 2012 IFSA.

Keywords: Tin oxide nanotubes, Sol-gel method, Parameters affecting nanotubes growth, Resistive
gas sensors.

1. Introduction

Tin oxide (SnOy) as a stable and n-type large bandgap (Ey = 3.6 eV) semiconductor exhibits excellent
optical and electrical properties including low resistivity, optical transparency and high theoretical
specific capacity. It has been widely used as photocatalyst, gas sensors, glass coatings, solar cells
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transparent electrodes and storage applications electrodes. SnO, nanomorphologies, exhibit interesting
chemical and optoelectronic properties due to their direct channels for efficient electron transport
[1-4]. In the last decade, different nanostructured SnO, nanorods, nanowires, nanoribbons, nanotubes
and nanobelts have been prepared successfully by different techniques [5-8].

Otherwise, the preparation of arrays of well-aligned semiconductor anisotropic nanostructures [9] like
nanowires, nanorods or nanotubes, enable to build functional nanodevices like field-effect transistors,
electron emitters and electronic and molecular sensing devices. The technical literature also reports
few papers about the preparation of SnO, arrays of well-aligned one dimensional nanostructure as
obtained by sol-gel methods or chemical vapor deposition techniques [10-12]. We shall refer in the
following to SnO, nanotubes considering that, the usually called nanotubes, do not exhibit nano but
microdimensions in spite of being formed by nanoparticles. The aim of this paper was to synthesize
SnO; nanotubes using a sol-gel technique and polycarbonate templates and the nanotubes were
characterized by XRD (X-ray diffraction) and FE-SEM (Field Emission Scanning Electron
Microscopy). The effect of the different synthesis parameters on the structure was evaluated and the
aspect of nanotubes was observed. The controlled fabrication of well aligned nanotubes for resistive
gas sensors, plays an important role to increase the absorption surface of materials for these devices.
Resistive gas sensors were already built with nanocrystalline SnO, by some authors of this paper
[13-17].

2. Experimental
2.1. SnO, Nanotubes Preparation

Nanotubes were prepared depositing the desired material by sol-gel within the pores of a template
[18, 19]. SnO; nanotubes were obtained from SnCl,.2H,0 and absolute ethanol as starting precursors
to get the sol. SnCl,.2H,0 was dissolved into ethanol to yield solutions with concentrations varying
from 0.5 to 1mol/L. At first the alcoxide (ethoxide) is obtained forming the sol by hydrolysis. HCI was
added to control the reaction time and the resulting thickness of nanotubes wall. Aging of solution was
performed for 2 to 4 h at 80 °C or for long periods (30 days at room temperature). Commercially
available template membranes (polycarbonate filters from Millipore) with pores diameter 0.2 um or
0.8 um, were used. Membranes were impregnated with the solution creating a pressure variation (by
vacuum or over-pressure). Drying was performed by heating at ~ 50 °C for 1 h to remove the solvent
and to form the gel and calcination (550 to 750 °C) was performed by a slow heating. Template is
removed during the heating process.

2.2. Characterization of SnO, Nanotubes

Crystallinity was characterized by X-ray diffraction (XRD) with a Philips PW 3710 diffractometer,
using Cu-Kay radiation using as reference: pure cassiterite. In nanomaterials, the spectrum peaks
broadening as the particle size decreases is a well known phenomenon [20] and it can be used to
determine the particle size (s) by the Scherrer equation:

s=kA/pBcoso,
where k is a constant (usually taken as 0.89), A is the wavelength of the X-ray beam, f is the full width
at half maximum height (FWHM) of a given peak (after removal of the instrumental broadening) and 6

is the diffracted angle of the peak. Scherrer equation represents the simplest treatment of peak
broadening to obtain an average crystallite size As it can be observed in Fig. 1, nanotubes were formed
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by crystallites and to determine the crystallites size it was necessary to destroy the nanotubes by
milling to separate them.

Fig. 1. SnO, nanotube.

The general morphology was characterized by Field-Emission Scanning Electron Microscope
(FESEM) with a Supra 35VP, Carl-Zeiss Equipment and a FE-SEM, JSM7600, Jeol microscope.

3. Results and Discussion

SnO; nanotubes were identified by XRD (X-ray diffraction) showing the tetragonal rutile phase of
SnO, (JCPDS card, No. 41-1445) with a = b = 4.738 A and ¢ = 3.187 A and it was proved that this
phase was the only crystalline phase exhibited by the grown nanotubes which were formed by very
small size nanoparticles. Every FE-SEM micrograph clearly showed that nanotubes were
polycrystalline. The broadening of XRD peaks enabled to calculate the particles size of nanotubes
(average size from 20 to 30 nm) using the Scherrer equation. Clearly, this method will only yield an
average particle size and it will not provide information on the dispersion of size or the extent of grains
agglomeration. Mean size of nanoparticles diameter was corroborated by FE-SEM measurements.

In order to optimize the nanotubes synthesis, some parameters — affecting the nanotubes morphology-
were changed leaving fixed the others. In Fig. 1 a hollow nanotube is shown, it is formed by particles
being possible that they have grown by the high calcination temperature (750 °C) for 2 h. In this case,
polycarbonate template pores diameter was 0.8 um. Several tubes with the same aspect and
dimensions were observed in the surrounding zone, being possible to determine a mean value of tubes
length: (915+25) nm, tubes diameter: (860+42) nm and wall thickness: (46+4.0) nm (wall thickness
measurements were affected by a high error because thickness was very irregular, but measurements
were numerous even on the same wall of a tube to determine a real average thickness value). Not only
hollow tubes were observed since several of them were half-filled. These dimensions were measured
on ten neighbouring nanotubes. The particles diameter varied from (7.7+£1.0) nm to (39£4.0) nm with a
mean value of particles diameter: (24+2.8) nm. Fig. 2 shows a long tube partially broken on its side;
the observation of fracture enables to prove that it is a hollow nanotube. Several half filled nanotubes
are surrounding it (all of them with similar lengths and diameters). The particles forming the tubes
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have grown due to the high calcination temperature: 750 °C for 2 h. The mean nanotubes length was
(52304+125) nm, the mean tubes diameter (630+33) nm and the wall thickness varied from (40+4.0) to
(50£5.2) nm and the particles diameter changed from (7.6£1.0) nm to (32+3.4) nm, giving a mean
particle diameter of (20+2.4) nm. These dimensions were measured on nine neighbouring nanotubes of
the same specimen. The unique different parameter was, in this case, the diameter of template hole:
0.2 um. Early conclusions show that there is a relation between the final diameter and length of
nanotubes variations with the template pore diameter, being, at first better to use the membrane with
0.2 um diameter pores since the tubes length increased and the tubes diameter decreased. In this paper,
these results are referred to the micrographs of Figs. 1 and 2 but, results from a dozen a specimen in
each case were in agreement for both pores diameter.

Fig. 2. SnO, nanotubes. The arrow points out the fracture in a tube showing that the tube is hollow.

Isolated nanotubes (like the one of Fig. 2) appear together with double fused tubes (shown with arrows
in Figs. 3a and 3b) which probably grow through neighbouring pores of template being after sticked.
Fig. 4a shows double fused nanotubes and on Fig. 4b, two neighbouring pores of the template are
shown. In both cases, nanotubes are nearly filled inside. They are formed by (and, sometimes, partially
covered with) particles. The mean particle diameter was 20-25nm in agreement with particles
dimensions of Figs. 1 and 2, since the calcination temperature and time were maintained in both cases.
Nanotubes were nearly filled with particles and those of Fig. 3a exhibit growth bands (shown by
arrows). This probably occurs at the condensation step if drying is too fast. While the template is fused
during calcination, the stiffness of the tube sometimes decreases producing its curvature as it is
observed in Fig. 5. If calcination temperature is higher, the growth of crystallites is produced as well as
the tubes thickness and the diameter of nanotubes (which is related to the membrane pore diameter)
also changes. If calcination time (in this case at high temperature) is increased for times ranging from
24 to 50 h, a considerable thickening of nanotubes walls was observed, crystallites size increased and
filling of nanotubes was observed in agreement with Shi et al.” results [9]. In case of previous
measurements, the precursor solution concentration was maintained at Sn M = 0.5 M. The analysis of
parameters variation in a considerable high number of experiments, enabled to fix the optimal
calcination conditions: temperature of 550 °C for 24 h.
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Fig. 4. (a) Double-fused nanotubes; (b) Double pores in polycarbonate template.

The effect of the precursor solution concentration (Sn M) was also taken into account varying it: 2 M,
1.5M,1M,0.5M, 0.25 M and 0.18 M after the solution aging at 80°C for 2-4 hours, to evaluate the
crystallite size and nanotubes morphology. Micrographs of nanotubes from different precursor solution
concentrations (Sn M) showed different morphologies: Fig. 6a (Sn 2M) completely filled tubes with
very thick walls, Fig. 6b (Sn 1M) zones with a high quantity of completely filled nanotubes coexisting
with partially filled tubes and scarce hollow tubes. Wall thickness of tubes was still thick, Fig. 6¢ (Sn
0.5M). There were scarce hollow tubes but wall thickness is still large and Fig. 6d Sn 0.18M) large
zones with parallel grown nanotubes which walls thickness is homogeneously thin.
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Fig. 5. Curved SnO, nanotube with growth bands.

Figure 6a

Figure 6¢

Fig. 6. () Precursor solution concentration Sn 2 M; (b) Precursor solution concentration Sn 1 M; (c) Precursor
solution concentration Sn 0.5 M; (d) Precursor solution concentration Sn 0.18 M.

The parameter which was taken into account is the aging temperature and time. Sets of specimen were
obtained at different lower concentrations (Sn M) of the precursor solution (0.68 M, 0.41 M, 0.27 M,
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0.18 M and 0.12 M) and aging of thirty days at room temperature. Measurements of specimen
characteristics: tubes length (um), tubes diameter (nm), tubes wall thickness (nm) and crystallites
diameter (nm) enabled to plot these parameters versus the composition (Sn M) (Figs. 7A to 7D). A
careful review of Figs. 7 data and the observation of HRTEM micrographs of the same specimen
enabled to conclude that for 30 days aging at room temperature the most convenient concentration
(Sn M) of precursor solution was always in the range from 0.12 to 0.18 M). Figs. 8a and 8b show: well
aligned, fine and hollow nanotubes, homogeneous in size and formed by small crystallites. As the
precursor solution concentration increased, i.e. at the 0.27 M, many nanotubes appear to be filled
(Fig. 9a) and their aligned growth began to be disordered in some zones. These effects increased at
larger concentrations: in Fig. 9a, some filled nanotubes are shown prepared with a precursor solution
concentration of Sn 0.27 M, being the aging maintained at room temperature for 30 days. For the same
conditions (with exception of the precursor solution concentration in this case: Sn 0.41 M) nearly all
the nanotubes were completely filled and growth ordering was lost (Fig. 9b) and finally for the higher
precursor solution concentration (Sn 0.68 M), the most of nanotubes were filled and growth ordering
was completely lost (Fig. 9¢). The precursor solution concentration was measured immediately before
the preparation of nanotubes to avoid evaporation effects during aging. Taking into account the
minimal and maximal limits of aging: 80°C for two hours and room temperature for 30 days, it is
possible to conclude that the lower concentrations (0.12 M and 0.18 M) enabled to build well aligned
nanotubes with excellent characteristics. Possibility of preparing larger nanotubes (in length and
diameter) enabling larger surfaces and, consequently, a higher absorption of gases was considerably
affected by the presence of disordered and filled tubes with the subsequent reduction of the absorption
surface.
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Fig. 7. (2) Nanotubes length (um) vs. molar Sn concentration; (b) Nanotubes diameter (um)
vs. molar Sn concentration; (c) Tubes wall thickness (nm) vs. molar Sn concentration,
(d) crystallites diameter (nm) vs. molar Sn concentration.
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Fig. 8. (a) Precursor solution concentration Sn 0.12 M. Aging at room temperature for 30 days;
(b) Precursor solution concentration (Sn 0.18 M). Aging at room temperature for 30 days.

Figure 93

== 100 nm

Fig. 9. (&) Some nanotubes are nearly filled. Precursor solution concentration (Sn 0.27 M). Aging at room
temperature for 30 days; (b) Some nanotubes were completely filled and growth ordering was lost. Precursor
solution concentration (Sn 0.41 M). Aging at room temperature for 30 days; (c) Nanotubes were completely
filled and growth ordering was lost. Precursor solution concentration (Sn 0.68M). Aging at room temperature
for 30 days.
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Conclusions

SnO; nanotubes were prepared depositing the desired material by sol-gel within the pores of templates
with different pores diameter. Nanotubes were identified by XRD proving that the tetragonal rutile
phase of SnO, was the only crystalline phase exhibited by the grown polycrystalline nanotubes. Tubes
were formed by very small size nanoparticles (from 20 to 30 nm) as it was proved by XRD (Scherrer
equation) and by FE-SEM observations.

In order to optimize the nanotubes synthesis, some parameters — affecting the nanotubes morphology-
were changed leaving fixed the others with the purpose to apply the material for gas sensors trying, in
consequence, to increase the surface and the gases absorption area. The effect of different parameters
on the nanotubes morphology was considered and their influence on resulting characteristics of
nanotubes was measured: the pores size of template membrane (0.2 and 0.8 um), calcination
temperature 550 to 750 °C and time (24 to 50 h), precursor solution concentration and aging time
(from Sn 0.12 M to Sn 5M) and solution aging temperature and time, from 2h at 80 °C to 30 days at
room temperature) finding the most convenient conditions to reach the proposed objectives. The
morphology of tubes was observed by FE-SEM, being discussed and compared with measured data of
the affecting parameters.
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