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ment of semiconductor devices because of its simplicity and 
low cost [17, 18]. Moreover, electrospinning provides a large 
specific surface area, high porosity and tunable structure of the 
produced materials [19]. In the first step of this method, nano-
fibrous mats are prepared by electrospinning from the solution 
of a tin oxide precursor and the selected polymer. Next step 
involves calcination at a temperature in the range of 400–700°C 
to remove the polymer matrix and obtain pristine, polycrystal-
line SnO2 nanowires [20, 21].

Previous research indicates the wide application potential of 
electrospun SnO2 nanowires and the ease of modifying their 
properties by doping with ions, other MOS or carbon mate-
rials [22‒30]. In their work, Zhang et al. [31] described the 
method of producing SnO2 nanofibers using electrospinning 
and applying them in the construction of gas sensors. The 
sensor fabricated from these fibers exhibits excellent toluene 
sensing properties combined with fast response and recovery 
time. Li et al. [32] indicated that porous SnO2 nanobelts are 
extremely effective in detecting acetone, while Cheng et al. 
[33] showed that core-shell SnO2 nanofibers-based sensors can 
be used to detect ethanol. Multiple studies confirmed that dop-
ing with NiO, ZnO, TiO2, Al2O3 and CuO improves sensing 
properties of the sensors based on SnO2 [34‒38]. The applica-
tion of SnO2 nanofibers to the anodes of lithium-ion batteries 
(LIB) was presented by Hwang et al. [39], who showed that 
LIB based on nanofibers are characterized by higher efficiency 
than SnO2 nanoparticles-based LIB. The efficiency of LIB with 
a SnO2 anode can be significantly increased by modifying it 
with carbon materials, e.g. in the form of carbon coating, or 
by doping the spinning solution with graphene [40, 41]. Due 

1. INTRODUCTION
Among the most intensively investigated metal oxide semicon-
ductors (MOS) such as TiO2, ZnO, Fe2O3, WO3, and In2O3, 
SnO2 is the most important because of its wide application 
potential, confirmed by numerous research studies over the last 
decade [1–6].

SnO2 is an n-type semiconductor with a wide energy band 
gap in the range of 3.5–4.75 eV and high exciton binding 
energy (130 meV), typically optically transparent with high 
electron mobility (240 cm2 V–1 s–1) and refractive index 
of 2.0. Additionally, SnO2 exhibits high mechanical, thermal 
and chemical stability [7–9]. Tin oxide is an important oxide 
in (opto)electronic technologies involving eff icient photoca-
talysis, gas sensors, thin-film transistors and other transparent 
electronic devices [10, 11].

Currently, scientists are focused on the study of one-di-
mensional (1D) MOS due to their better optical and electrical 
properties than those of bulk materials. Nanostructured 1D tin 
oxide semiconductors have been well studied with regard to 
their synthesis methods. There are many varieties of 1D SnO2 
fabrication techniques such as the solvo- and hydrothermal one, 
microwave technique, chemical vapor deposition, template syn-
thesis, electrospinning with calcination and numerous others 
[12‒16]. Electrospinning is one of the best-studied methods 
for the synthesis of MOS 1D nanostructures and the develop-
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Abstract. The growing interest in one-dimensional tin oxide-based nanomaterials boosts research on both high-quality nanomaterials as well as 
production methods. This is due to the fact that they present unique electrical and optical properties that enable their application in various (opto)
electronic devices. Thus, the aim of the paper was to produce ceramic SnO₂ nanowires using electrospinning with the calcination method, and to 
investigate the influence of the calcination temperature on the morphology, structure and optical properties of the obtained material. A scanning 
electron microscope (SEM) and Fourier-transform infrared spectroscopy (FTIR) were used to examine the morphology and chemical structure 
of obtained nanomaterials. The optical properties of manufactured one-dimensional nanostructures were investigated using UV-Vis spectros-
copy. Moreover, based on the UV-Vis spectra, the energy band gap of the prepared nanowires was determined. The analysis of the morphology 
of the obtained nanowires showed that both the concentration of the precursor in the spinning solution and the calcination temperature have 
a significant impact on the diameter of the nanowires and, consequently, on their optical properties.
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to its large specific surface area and superior charge transport 
characteristics, 1D SnO2 can also be used as a photoanode in 
dye-sensitized solar cells, as proved by Wali et al. [42].

Herein, the authors present a simple, low-cost method for the 
synthesis of 1D SnO2 nanostructures. For the first time, in this 
work, the authors focused on the investigation of the effect of 
precursor concentration and calcination temperature on the mor-
phology and optical properties of the manufactured SnO2 nano-
materials. The prepared nanostructures exhibited nanograined 
wire-like morphologies. The morphology and energy bandgap 
of the prepared nanomaterials were found to be controllable 
with temperature of the thermal treatment.

2. MATERIALS AND METHODS
In order to prepare the spinning solutions for 1D tin oxide 
nanostructures, the following were used: poly(vinylpyrrolidone) 
(PVP, purity of 99%), N, N-dimethylformamide (DMF, purity 
of 99.8%), ethanol (EtOH, purity of 99.8%) and tin chloride 
pentahydrate (SnCl4 ¢ 5H2O, purity of 98%) – all provided by 
Sigma-Aldrich.

Four identical solutions of 8 wt.% PVP in ethanol were pre-
pared, at the same time, four solutions of SnCl4 ¢ 5H2O in DMF 
differing in the concentration of the precursor were prepared in 
such a way that after mixing the polymer and precursor solu-
tions, PVP/SnCl4 ¢ 5H2O solutions with the following polymer/
precursor weight ratios: 2:1, 1:1, 1:2 and 1:3 were obtained. 
Then, they were mixed for 72 h using a magnetic stirrer until 
homogeneous solutions were prepared. The solutions were 
placed successively in the pump of the FLOW – Nanotech-
nology Solutions Electrospinner 2.2.0‒500 device, which was 
used to prepare four PVP/SnCl4 nanofibrous composite mats 
(Table 1).

Table 1
Samples naming depending on the polymer: precursor ratio  

and calcination temperature

PVP:SnCl4 wt. 
ratio

Sample 
name before 
calcination

Sample 
name after 
calcination 
in 500°C

Sample 
name after 
calcination 
in 600°C

2:1 PVPA 500A 600A

1:1 PVPB 500B 600B

1:2 PVPC 500C 600C

1:3 PVPD 500D 600D

As-spun PVP/SnCl4 samples were left in room conditions to 
dry. In the second step, calcination in an FCF 7 SHM CZYLOK 
muffle furnace at temperatures of 500 and 600°C with a heat-
ing rate of 2°C/min for 5 h was performed. Then, the samples 
produced were left in a furnace to cool down completely. Thus, 
eight samples of SnO2 one-dimensional nanostructures were 
manufactured (Table 1). In order to determine the morphology 
of the prepared composite nanofibers and ceramic nanowires, 
a Zeiss Supra 35 scanning electron microscope (SEM) was 

used. Hundredfold diameter measurement was carried on ran-
domly selected PVP/SnCl4 nanofibers and SnO2 nanowires, 
based on the SEM images, and the results were presented in 
the form of a histogram. To analyze the oscillatory transitions 
of atoms vibrating between the oscillatory levels in the mol-
ecules of the fabricated nanomaterials, and to determine the 
functional groups, Fourier-transform infrared spectroscopy 
(FTIR) (Nicolet™ iS™ 50 FTIR Spectrometer, Thermo Fisher 
Scientific) was used. Analysis of the optical properties of SnO2 
nanowires was conducted on the basis of absorbance measure-
ments obtained using the UV-Vis Evolution 220 spectrophotom-
eter from Thermo-Scientific Company. Moreover, the energy 
band gap (Eg) of the prepared one-dimensional nanostructures 
was evaluated using the methods presented in works [43‒46].

3. MRESULTS AND DISCUSSION
3.1. Morphology analysis
Using a scanning electron microscope, the topography of the 
surface of electrospun nanofibrous composite PVP/SnCl4 mats 
was imaged (Fig. 1). The analysis of the morphology and struc-
ture of the materials showed that regardless of the polymer to 
precursor weight ratio, the nanofibers were smooth, homoge-
neous, free from beads and pores, and showed a constant diam-
eter along the entire length of the nanofiber. However, based 
on hundredfold measurements of the diameters of randomly 
selected fibers, a significant effect of the concentration of the 
precursor on the average diameter of the fiber was observed. 
PVPA nanofibers obtained from the solution with the small-
est amount of the precursor had diameters ranging from 20 
to 120 nm, with an average diameter of 59 nm, which is the 
smallest diameter observed among all composite nanofiber 
samples (Fig. 1).

As the precursor concentration increases, the average diam-
eter of nanofibers increases from 134 nm through 180 nm up 
to 251 nm for samples with a polymer to precursor ratio of 
1:1, 1:2 and 1:3, respectively (Fig. 1). This phenomenon was 
also observed in the process of electrospinning of other metal 
oxides, including ZnO, WO3, SiO2 and TiO2 nanowires, and 
SnO2 hybrid nanowires [20, 47‒50].

The analysis of the morphology of the nanomaterials after 
calcination at 500°C showed that nano-grained 1D structures 
in the form of nanowires of the constant diameter along the 
entire length were produced, and no defects or sintered wires 
were observed, which proves that the calcination temperature 
was selected properly (Fig. 1). Thermal treatment of the spun 
PVP/SnCl4 composite nanofibers at 500°C for 5 h allowed 
to obtain SnO2 nanowires with a diameter distinctly smaller 
than in the case of nanostructures before calcination, which 
is the result of PVP degradation (Fig. 1). Depending on the 
polymer to precursor ratio in the solution used to obtain SnO2 
nanowires, the average diameter of the nanowires ranged from 
61 to 143 nm. As in the case of nanofibers before calcination, 
an increase in the diameter of nanowires was observed with 
an increase in the concentration of SnCl4. This results from 
a greater amount of starting material available to form the final 
1D SnO2 product [48].
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Fig. 1. SEM images of the fabricated (from left) PVP/SnCl4 nanofibers and nanowires calcined at 500 and 600°C with corresponding histograms 
showing the distribution of diameter values below, obtained from spinning solutions with polymer to precursor ratio of: a) 2:1, b) 1:1, c) 1:2, d) 1:3

One-dimensional SnO2 nanostructures without defects were 
also obtained using a higher calcination temperature of 600°C, 
which confirmed that the formation of SnO2 nanowires is also 
possible at this temperature [51]. A hundredfold measurement 
of the diameters of randomly selected nanowires confirmed that 

the use of higher temperature also allowed for complete degra-
dation of the organic phase and, as a result, for the fabrication of 
wires with an average diameter not exceeding 57 nm, regardless 
of the polymer to precursor ratio in the spinning solution used to 
produce nanowires. In addition, it can be observed that the con-

(b)

(a)
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centration of the precursor in the solution does not significantly 
affect the diameter of the nanowires after calcination at 600°C 
as in the case of nanowires calcined at 500°C, the calculated 
average diameters for samples 600A, 600B, 600C and 600D 

were 40, 53, 53, 57 nm, respectively. These values were similar, 
while in the case of two samples obtained from the solution with 
the highest concentrations of the precursor, nanostructures with 
a diameter exceeding 100 nm were observed.

Fig. 1. SEM images of the fabricated (from left) PVP/SnCl4 nanofibers and nanowires calcined at 500 and 600°C with corresponding histograms 
showing the distribution of diameter values below, obtained from spinning solutions with polymer to precursor ratio of: a) 2:1, b) 1:1, c) 1:2, d) 1:3

(d)

(c)
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3.2. FTIR analysis
In order to obtain information about the transitions in the mole-
cule between the oscillatory levels and to identify the functional 
groups present in the chemical structure of the electrospun com-
posite PVP/SnCl4 nanofibers and the SnO2 ceramic nanow-
ires, an analysis of FTIR spectra of transmittance as a func-
tion of the wavenumber in the range from 3,500 to 500 cm–1 
(Fig. 2) was performed. The spectrum recorded for each of the 
PVPA-D samples shows the peaks characteristic for PVP from 
C-N stretching vibrations (1,301–1,288 cm–1), CH2 scissor 
vibrations (1,454–1,439 cm–1), C = O stretching vibrations 
(1,646–1,621 cm–1) and asymmetric CH2 stretching vibrations 
in the positions of 2,962–2,942 cm–1 (Fig. 2a–d). According to 
the literature, the spectra obtained for nanowires calcined at 
both 500 and 600°C do not show the peaks characteristic of 
the PVP polymer, which clearly confirms the complete removal 
of the polymer. In addition, broad peaks at the 560–620 cm–1 
position can be observed in the spectra recorded for samples 
500A–D and 600A–D, corresponding to the Sn-O bond which 
is characteristic of SnO2 and indicates the formation of SnO2 
nanowires for each sample (Fig. 2 a–d).

3.3. Optical properties analysis
Analysis of optical properties of the obtained 1D SnO2 nano-
structures was performed on the basis of recorded absorbance 
spectra in the function of electromagnetic radiation of a wave-
length range of 290–700 nm (Fig. 3).

The spectral characteristics recorded for one-dimensional 
SnO2 500A-D nanostructures were characterized, irrespective 
of the polymer to precursor ratio, by the presence of an absorp-
tion edge in the near-ultraviolet region (Fig. 3a). The absorp-
tion maximum of obtained nanowires was found for waves 
of the wavelength of 306–323 nm. It can be observed that the 
absorbance level increased with the increasing concentration 
of the precursor in the spinning solution used for nanowires 
preparation. The presented spectral lines and the corresponding 
absorption maxima within UV radiation are characteristic for 
the UV-Vis spectra of tin oxide [51].

A significant increase in absorption of electromagnetic 
radiation in the UV region was observed for SnO2 nanowires 
calcined at 600°C (Fig. 3b), which can be explained by the 
greater thickness of this sample. Despite the smaller diameter 
of nanofibers 600A–D than the diameter of 500A–D, the prepa-

Fig. 2. FTIR spectra recorded for composite PVP/SnCl4 nanofibers and nanowires calcined at 500 and 600°C, values obtained from spinning 
solutions with polymer to precursor ratio of: a) 2:1, b) 1:1, c) 1:2, d) 1:3

a)

c)

b)

d)
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ration of samples for optical studies caused that the thickness 
of the analyzed samples was greater. Moreover, the spectra 
recorded for 600A–D show a sharper absorption edge, and the 
absorption maximum was shifted towards electromagnetic radi-

ation with greater energy and corresponded to a wavelength of 
300–305 nm [52].

The optical band gaps were evaluated based on the absor-
bance spectra in the function of wavelength recorded for the 
SnO2 nanostructures calcined at 500 and 600°C using the fol-
lowing equation (1):

 αhν = A(hν ¡ Eg)
ρ, (1)

where, α – absorption coefficient, h – Planck constant, υ – fre-
quency of the radiation, A – constant, hν – photon energy, Eg 
– energy band gap of the material, ρ – coefficient depending on 
the type of electron transitions (the taken value was 2, which 
corresponds to direct transition). The band gaps were calcu-
lated using Tauc plots [2, 43]. Formulas (αhν)2 as a function 
of the quantum radiation energy obtained for SnO2 nanowires 
are presented in Fig. 4. Nanowires manufactured after calcina-
tion at a lower temperature were characterized by a band gap in 
the range of 2.44–2.76 eV (Fig. 4a), which corresponds to the 
values presented in the literature [51]. Calcination at a higher 
temperature (600°C) allowed to obtain nanowires with a larger 
energy gap, ranging from 3.06 to 3.12 eV (Fig. 4b) [52].

Analysis of band structure of the manufactured SnO2 
nanowires has shown a significant inf luence of the calcination 
temperature and concentration of the precursor in the spinning 
solution used to produce nanostructures on the energy band gap 
for the analyzed nanomaterials. This is related to the morphol-
ogy of nanowires – higher temperature and lower concentration 
provide a smaller diameter of nanowires, thus a higher energy 
band gap. This phenomenon is common because in one-di-
mensional nanostructured semiconductors the movement of the 
electrons is free in only one direction, but in other directions 

Fig. 3. UV-Vis spectra for SnO2 nanowires obtained after calcination 
at: a) 500°C, b) 600°C

Fig. 4. Tauc plots showing the optical band gap of SnO2 nanowires obtained after calcination at: a) 500°C, b) 600°C
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quantization occurs. It is related to the change in the electronic 
state of the semiconductor and leads to the increase of the 
forbidden band, which helps the electron to transfer between 
the states through the shift of the position of the conduction 
band to lower values [53, 54].

The above investigation of the interaction of SnO2 nanow-
ires with electromagnetic radiation in the range of 290–700 nm 
clearly indicates a very effective absorption of ultraviolet radi-
ation. Moreover, the energy band gap in the range of 2.44–3.12 
rendered the fabricated nanostructures possible to be applied in 
advanced optoelectronic devices.

4. CONCLUSIONS
SnO2 nanowires were successfully prepared by means of a fac-
ile electrospinning technique in combination with calcination 
treatment. Nanofibers with different polymer to precursor ratio 
in a spinning solution of 2:1, 1:1, 1:2, 1:3 were prepared and 
then calcined at two temperatures of 500 and 600°C. It was 
revealed that the variation of spinning solution parameters and 
calcination temperature can control the morphology and opti-
cal properties of SnO2 nanowires. It was also observed that an 
increase in the precursor concentration in the spinning solution 
causes an increase in the diameter of the finally obtained SnO2 
nanowires from 60 to even 140 nm. In addition, the higher cal-
cination temperature of 600°C allowed to obtain nanowires with 
a smaller diameter (40–57 nm) as compared to the diameter 
(61–143 nm) of the nanowires manufactured after treatment 
at 500°C. Furthermore, an increase of the absorption level and 
energy band gap of nanowires was observed after calcination 
at higher temperatures. This phenomenon was the result of the 
change in the absorption edge and the increase in carrier con-
centration.

The above considerations indicate that the fabrication param-
eters have a significant impact on the morphology and, con-
sequently, on the properties of SnO2 nanowires, which in the 
future may be used to construct innovative solar cells and other 
devices requiring good optoelectronic properties.
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