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Abstract 
 Flat-surfaced, rod-like materials were obtained by synthesizing long one-

dimensional SnO2 structures using a new spray pyrolysis method. The structure and 

growing mechanisms were evaluated by using scanning and transmission electron 

microscopy and atomic force microscopy. Molecular simulation tools and high 

resolution transmission electron microscopy images allowed the analysis of a 

dynamic behaviour for energy release which determines how the structures are 

formed by searching for an axial energy release direction. 

1. Introduction 
 Nanostructured materials have been widely used in many fields during the 

last few years, due to their interesting and unique properties, which arise due to the 

nanometric scale. In particular, one-dimensional nanostructures have attracted the 

attention of many researchers because of the possibility of applying them in near-

future devices in sensors [1–3], catalysis [4–6], energy related devices [7–10], and 

many other devices. In addition, nanotubes, which are extensively studied hollowed 

structures [3, 4, 11], may have a cylindrical shape (an almost circular cross section 

view) [8–10, 12–14] or a flat, ribbon-like shape (a rectangular cross section view) 

with an aspect ratio >>1 [1, 2, 9, 15–17]. One-dimensional semiconductor structures 

have shown potential for applications in optoelectronic devices [18], gas sensors 
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[19], solar energy devices [10], and even for detecting leakages and reducing gases 

such as H2, H2S, CO, propane, and others [17]. SnO2 is one of the semiconducting 

oxides, that, together with ZnO, In2O3, and CdO, have unique properties and can be 

used as transparent conducting materials [20] and gas sensors [21]. In particular, 

SnO2 has acquired significant importance because of its high capacity for evaluating 

low concentrations of flammable gases [21]. In the first report of a SnO2 nanobelt, 

by Wang et al [1], it was obtained by a thermal evaporation method, opening a wide 

scope for synthesis methods to produce large-scale nanobelts [22] and 

corresponding studies concerning the structure [23] and growing modes of the new 

forms produced [24], and even for the production of ordered SnO2 nanowire arrays 

[25]. Recently, several researchers synthesized ultralong, beltlike, rutile SnO2 

structure by metal oxide powder thermal evaporation [16, 23] or elemental tin fast 

oxidation [26]. Both syntheses require very high temperature (>1000 ◦C). Besides 

this, the production of single-crystalline materials, based on the vapour–liquid–solid 

(VLS) process for nanorod growth by a catalysis-assisted method [27], requires 

small metal clusters at the growing extreme of the nanorod. Another way of 

achieving growth is based on using vapour–solid mechanisms at high temperature to 

generate a continuous SnO2 deposition [23, 28]. An interesting analysis is shown by 

Ma et al [24], who proposed a SnO decomposition process that results in SnO2 

nuclei cluster precipitation for the growing nanobelts. This process suggests that the 

temperature changes the rod growth along an axis, which allows internal process 

energy to arise. A layer-by-layer mode of growth for producing longer structures is 

also mentioned, based on a zigzag surface, but an influence of temperature on the 
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nanobelt blended forms is also proposed. In the present study, the synthesis of bulk 

quantities of SnO2 nanorods by a simple spray pyrolysis method is reported; this 

represents an important improvement because considerable quantities can be 

continuously produced. This report is focused on structural nanorod analysis, and 

strong evidence to support a suggested growth mechanism—with the help of two-

dimensional images from scanning electron microscopy (SEM) and high resolution 

transmission electron microscopy (HRTEM)—is found. A three-dimensional (3D) 

analysis by means of scanning probe microscopy (SPM) is presented, which gives 

important evidence of boundary effects impossible to obtain with the HRTEM and it 

also allowed us to study the early stages of nanorod production on the substrate 

surface. 

 2. Experimental methods  
Tin oxide nanorods were grown inside Vycor tubing using the spray pyrolysis 

method; their dimensions were: internal diameter of 7 mm and length of 500 mm. 

The tubing was connected to a pneumatic nebulizer, which was used as an 

atomizer. The airflow was regulated with a mass flow controller. The tubing was 

heated at around 900 ◦C in a horizontal Lindberg Scientific furnace. The starting 

solution was 0.05 M of tin tetrachloride (Aldrich) diluted in methanol. Synthesis by 

spray pyrolysis involves the atomization of a precursor solution into very small 

discrete droplets. These droplets are subsequently transported through the tube, 

where the solvent evaporates and the dissolved species react to form the product. 

The nanorods were obtained on the tubing surface, mostly in a radial direction, i.e. 

perpendicular to the glass. The samples were collected by simple scratching or by 
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means of an ultrasonic acetone bath; then they were deposited onto a sample holder 

for the SEM and SPM analysis, while a drop of the material dispersed in acetone 

was placed on a copper grid, to be analysed using the HRTEM. SEM micrographs 

were obtained from a JSM-5800LV scanning electron microscope, together with a 

DX-4 x-ray energy dispersive spectrometer (EDS), for evaluating the surface 

morphology, working at 15 keV. For HRTEM images, CM200 and JEM 2010F 

microscopes with an EDS were used for elemental analysis. Finally, a Nanoscope IV 

SPM from Digital Instruments, by Veeco, was used in tapping mode to evaluate the 

sample’s height and phase. On the basis of SnO2 crystal parameters and using the 

Cerius software from Accelrys [29], a superlattice model was built by following the 

observed experimental growth conditions. Minimal energy optimization was obtained 

using 
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a force field parameterized by means of density functional theory (DFT) 

calculations [30]. The analytical data allowed the building of models equivalent to the 

structures that were experimentally observed. HREM images were obtained with the 

Simula TEM program developed by Gomez et al [31] which is based on the 

multislice method. 

 3. Results and discussion  
Samples deposited under optimum conditions produced a filmlike structure 

inside the tubing, composed of long structures and small nanorod-like morphologies. 

SEM micrographs for selected samples are shown in figure 1. In figure 1(a), long 

rods and small material fragments can be identified on the substrate; the longest 

rods were around 200 µm long. At higher magnification, it can be observed that the 

rods have flat surfaces, similar to the small aggregates adhering to the substrate; 

however, when the structures grow they tend to have ribbon-like morphologies. In 

figure 1(b), the structure tip has rectangular, flat-end profiles, and a thickness of 800 

nm. This low magnification analysis matches with previous SnO2 nanorod reports. 

Also, TEM analysis showed a high similarity of our nanorods with materials reported 

by several groups [1, 6–8]. In figure 2, a local study of the onedimensional structure 

is presented, showing a long, very thin nanostructure. Figure 2(a) shows a general 

view of a long nanorod, with a length of more than 4 µm, and a width of around 150 

nm. Figure 2(b) shows the selected area ‘1’ marked in figure 2(a); demonstrating the 

local contrast of internal  
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fringes which are usually straining the material. A selected area ‘2’ from the 

previous image is observed (figure 2(c)); the high resolution image allows the 

measurement of interplanar distances of 3.65 and 2.37 Å that correspond to (110) 

and (200) SnO2 planes, respectively. In fact, the lattice resolution shows no defect 

evidence, which is similar to the reported results of other works [16, 23]. The 

corresponding fast Fourier transformation is shown in figure 2(d). In order to achieve 

a better understanding of the structure, a simulated HREM image under the same 

experimental conditions is shown (figure 2(e)); this image is similar to figure 2(c). 

Image 2(f) is fast Fourier transform (FFT) of figure 2(e) and it is similar to the one 

shown in figure 2(d). The model used for the HRTEM image is shown in figure 2(g); 

it is a SnO2 super lattice growing in the [001] direction and observed in {010} 
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orientation. The structures are basically homogeneous and they are growing 

preferentially as one-dimensional crystal. However, it is well understood that TEM 

images correspond to twodimensional projections from three-dimensional samples 

and the information about the third dimension of these materials is lost. In order to 

resolve the third dimension, a SPM analysis in a tapping mode was realized, which 

permitted us to get information on thicker rods and to reproduce 3D details. Using 

the SPM, 50 nm to several µm wide nanorods were found. Figure 3(a) shows a 

selected area (10 µm × 10 µm scan), where two rods of different size and shape can 

be identified. The largest belt belongs to a 58µm length structure, with almost flat 

surfaces, while the smallest one has a length of 12 µm and an irregular surface with 

multiple faces parallel to the growing axis. This was done by using the transverse 

section analysis in figures 3(b) and (c) respectively, for each belt in the selected 

areas ‘B’ and ‘C’ shown in figure 3(a). Figure 3(b) shows the corresponding biggest 

wire profile, which has a trapezoidal shape with a maximum height of 2.47 µm, while 

its width is reduced from 2.94 µm in the basis to 1.85 µm. Figure 3(c) shows the 

corresponding smallest rod profile, which has a high roughness, a maximum height 

of 1.03 µm, and a basis width of 1.98 µm showing multiple faces. In order to achieve 

a better understanding of the observed rods, an atomistic model for each profile 

analysed is included. Figure 3(d) clearly shows how the top of the rod is determined 

by the flat faces, and surface changes correspond to extra layers. Besides this, 

figure 3(e) shows how the formation of flat surfaces produces a different slope and 

roughness. In fact, this analysis allows the understanding of different kind of surface 

formation; however, these structural characteristics are not observed with a 
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perpendicular electron beam. Besides this, searches for zones of the sample where 

the nanorods are not large can be carried out, and how the material forms during the 

earliest stages of nanorod formation can be studied; this is done by means of SMP 

micrographs as shown in figure 4, which presents a 3D image of the early formed 
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crystals producing a multiple layer structure and square angle morphology. 

These shapes denote a preferential [001] growing axis, which is similar to the one 

observed for the previous nanorods [1]. The 3D information observed with the SPM 

allows the identification of layers in the growing process of the one-dimensional 

structures; however, this evidence, which was carefully searched for, must be 

confirmed by atomistic resolution, as it is observed in small regions of the samples. 

This evidence is shown in figure 5, and it is mainly identified as small lattice 

deformations; it requires careful observation to notice them in the image (figures 5(a) 

and (b)). The corresponding fast Fourier transform is included in each image. Using 

these images makes it possible to determine a hexagonal array, but also in the 

corresponding FFT for figure 5(a) dots longer than the ones in figure 5(b) can be 

seen, which is extra evidence for small lattice deformation. Besides this, the 

presence of two tin oxide phases is distinguished in a few regions of the samples, as 

shown in figures 5(c) and (d), where  
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SnO inclusions are identified as small layers (5(c)) and small clusters (5(d)) 

inside the SnO2 crystalline matrix; this effect can be noticed because of the 

differences of the lattice spacing of both zones in relation to the SnO2 matrix. In fact, 

the use of models allows a better understanding, as observed in figures 5(e) and (f). 

The models correspond to lower energy structures obtained after a geometry 

optimization using the parameterized force field method. This evidence just implies 

local deformation, and layerby layer formation must be better supported. So then an 
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electron beam was used in a small region of the nanorod thin boundaries, where 

layer effects can be distinguished in the rod’s corner. Dynamic changes can take 

place on applying the electron beam, as was demonstrated before [32–34]; such 

changes can be observed in the structure shape and HREM contrast, which is 

associated with a process of reconstructing atomistic distribution in a wave-like 

behaviour. In the sequence of figure 6, four steps of this process can be observed, 

which show evidence of layer-by-layer nanorod formation. The sequence is 

produced with an electron beam which requires low energy, in contrast with the 

formation temperatures. However, small changes are observed in the stacking faults 

marked with the dotted arrow, where also atomic reordering is observed on the 

surface. In the regions marked with the solid arrow, an atomic reconstruction is 

observed, reaching flat faces and apparently reducing nanorod strain. Finally, the 

area closest 
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to the tip, marked with the double arrow, shows how energy release must 

produce flat tips when the layers are totally reorganized and aligned. Structural 

changes on the nanorod border involve a physical–chemical process of energy 

release from the internal atomic distribution to the boundaries, which is also related 

to the fringes commonly observed at lower magnifications (as shown in figure 2). 

This energy release process is, without doubt, motivated by the temperature in the 

formation process, but in HRTEM observations, the electron beam’s own energy 

induced by the electron beam helps to distinguish changes in the material.  

4. Conclusion  
Long nanorods can be produced at low temperatures by the spray pyrolysis 

method. We have obtained one dimensional, flat-surfaced structures with large 
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crystalline domains However, 3D analysis has shown that these materials are not 

completely flat and the main evidence showed a layerby-layer growth construction 

process. The structures are not totally flawless, but most of the material shows a 

crystalline periodicity. The presence of linear defects and local layer arrays was 

demonstrated. This layerby-layer process is directly related to the initial stages that 

are analysed and determined as being formed by rectangular, parallel growing 

domains which form long structures, where strain energy is high and there is a 

continuous energy release process that produces the single-crystal domain. Our 

knowledge about growing mechanisms involved in nanorod formation was greatly 

increased by this research, and it also offers the possibility of manipulating the 

surface to produce hot points for catalysis applications and also for producing 

changes in nanorod direction by means of sudden temperature changes used to 

produce one-dimensional nanostructures.  
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