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Abstract

SnO2 doped TiO2 electropsun nanofiber photocatalysts were successfully prepared by means of electrospinning process. The surface

morphology, structure and optical properties of the resultant products were characterized by field-emission electron microscopy (FE-SEM),

X-ray diffraction (XRD), high-resolution transmission electron microscopy (HR-TEM), X-ray photoelectron spectroscopy (XPS), UV–vis

spectroscopy, photoluminescence (PL) and cathodoluminescence (CL) techniques. The utilized physiochemical analyses indicated that the

introduced SnO2 doped TiO2 nanofibers have a smooth surface and uniform diameters along their lengths. The photocatalytic performance of the

composite nanofibers was tested for degradation of methylene blue (MB) and methyl orange (MO) dye solution under ultraviolet (UV) irradiation.

Under the UV irradiation, the photocatalytic reaction rate in case of utilizing SnO2-doped TiO2 nanofibers was rapidly increased than that of the

pristine TiO2 nanofibers. Overall, this study demonstrates cheap, stable and effective material for photocatalytic degradation at room temperature.
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1. Introduction

Photocatalytic degradation of several organic contaminants

using wide bandgap semiconductor nanoparticles suspended in

aqueous solutions as well as immobilized semiconductor thin

films has been studied extensively [1–4]. These semiconductor

photocatalytic processes have shown a great potential as a low-

cost, environmental friendly, and sustainable treatment

technology toward the water and waste water industry. Among

the numerous semiconductor photocatalyst, titanium dioxide

(TiO2) photocatalysts are of great importance due to their

excellent properties such as a high photocatalytic activity,

stability and nontoxicity [5–7]. TiO2 can be utilized for the
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photocatalytic degradation in the form of powder, film,

nanoparticles and nanotubes [8–12]. If the TiO2 is used in

the form of powder or film, post-treatment process is required to

remove the suspended highly dispersed TiO2 powder which is

time consuming and increasing costs of the plant. In such case,

nanotube based TiO2 can be the appropriate materials in which

larger surface area, faster electron transport and lower

recombination rate resulting in a higher photocatalytic activity

and efficiency [12]. One of the main goals in materials science

fields is to find the proper photocatalyst with high quantum

efficiency and catalytic performance. Therefore, it is important

to develop the novel photocatalysts for pollutants degradation

which have the proper bandgap, strong oxidative ability and

high stability in water solution system.

Electrospinning technique is being used to an increasing

extend to produce ultra thin nanofibers from a wide range of

polymer materials [13–16]. The remarkable high surface area-

to-volume ratio, small diameter and high porosity bring
d.
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electrospun nanofibers highly attractive to ultrasensitive

sensors and increasing importance in many technological

applications [17,18]. Recently, many research groups have

already prepared TiO2 nanofibers and it can be served as matrix

modified with either the same or different materials offering

another mean for increasing the surface area and enabling

greater function [19–26]. However, photocatalytic activities of

electrospun TiO2 with the incorporation of SnO2 composite

nanofibers have not been investigated.

In this study, we synthesized SnO2-doped TiO2 nanofibers

by using electrospinning technique. The obtained composite

nanofibers calcined at high temperature to activate the

nanofiber surfaces. The prepared composite nanofibers were

analyzed by field-emission scanning electron microscopy (FE-

SEM), high-resolution transmission electron microscopy (HR-

TEM), energy dispersive X-ray spectrometer (EDX), X-ray

diffraction (XRD), X-ray photoelectron spectroscopy (XPS).

The optical properties of the resultant nanofibers were studied

by using UV–visible spectrophotometer, photoluminescence

(PL) and cathodoluminescence (CL) spectroscopy. The

photocatalytic performance of the composite nanofibers was

tested for degradation of methylene blue (MB) and methyl

orange (MO) dye solution under ultraviolet (UV) irradiation.

The results demonstrated that the SnO2-doped TiO2 composite

nanofibers showed the superior photocatalytic efficiency than

that of the TiO2 nanofibers.

2. Experimental

2.1. Materials

Poly(vinyl pyrrolidone) (PVP, Mw = 1,300,000 g/mol),

titanium (IV) isopropoxide (TiP, 97 assay), tin choride (SnCl2,

99.5 assay) and ethanol (94.5 assay) were obtained from

Samchun Co., South Korea. All these materials were used

without any further purification.

2.2. Catalyst preparation

PVP solution was prepared by dissolving 0.75 g polymer

into 10 ml of ethanol by means of vigorous stirring at room

temperature for 3 h. The TiO2 sol was prepared by hydrolyzing

1.5 g of TiP with a mixture of 5 ml of ethanol and 3 ml of acetic

acid and then added to the prepared PVP solution for 30 min.

And in the 2:3:5 ratio titanium iospropoxide:acetic acid:ethanol

was added to make the sol. This sol was mixed with 10 ml PVP

solution for 30 min. This colloidal solution was used to make

the TiO2/PVP nanofiber mats.

2.3. Electrospinning

The homogeneously mixed colloid was transferred into a 5 ml

syringe fitted with a metallic needle of 0.4 mm of inner diameter.

The syringe was fixed horizontally on the syringe pump and the

positive electrode of the high voltage power supply (CPS-

60K02vl, Chungpa EMT Co., South Korea), capable of

generating voltages up to 60 kV, was clamped to the metal
needle tip. The flow rate of polymer solution was kept at 2 ml/min,

the applied voltage was 15 kV and the tip-to-collector distance

was kept at 15 cm. All experiments were conducted at room

temperature. The developed nanofiber mats formed were initially

dried for 24 h at 50 8C under vacuum and then calcined at 550 8C
in Argon ambient for 3 h, with a heating rate of 5 8C/min.

2.4. Doping of SnO2 with TiO2 nanofibers

For the SnO2 doped TiO2 composite nanofibers, SnCl2
(0.2 mol/l) was dissolved in HCl solution and then the solution

was gently poured in to the petri dish containing of calcined

TiO2 nanofiber mats. Careful bathing of the nanofiber mat was

maintained for 12 h at room temperature and then NH3�H2O

(5 ml) was added into the bathing for 12 h. After that the

nanofiber mats were rinsed by ethanol 3 times and dried at

40 8C under vacuum condition. Finally, the dried nanofiber

mats were calcined at 550 8C in air to obtain the SnO2 doped

TiO2 composite nanofibers. The calcined mats were utilized for

the further characterizations.

2.5. Characterizations

The morphology of the as-spun TiO2/PVP and SnO2–TiO2

composite nanofibers was observed by using field-emission

scanning electron microscopy (FE-SEM, Hitachi S-7400,

Hitachi, Japan). Elemental composition analyses of the

composite nanofibers were carried out using a FE-SEM equipped

with an energy dispersive X-ray (EDX) spectrometer. High-

resolution transmission electron microscopy (HR-TEM, JEM

2010, JEOL, Japan) images were recorded at an operating voltage

of 200 kV. Structural characterization was carried out by X-ray

diffraction (XRD) in a Rigaku X-ray diffractometer operated with

Cu Ka radiation (l = 1.540 Å). X-ray photoelectron spectro-

scopy (XPS) was carried out on an AXIS-NOVA (Kratos. Inc.,

Japan) with a monochromatic X-ray source of Al Ka (1486.6 eV).

The base pressure during the analysis was 8.8 � 10�9 Torr. An

analyzer with pass energy of 160 eV for wide scan and 20 eV for

narrow scan was used. The binding energies (BE) were

referenced to the adventitious C1s peak at 284.6 eV. The UV–

vis spectra were measured in the range of 200–800 nm by using a

UV–vis spectrometer (Lambda 900, Perkin-Elmer, USA). The

optical property of the composite nanofibers was characterized by

photoluminescence (PL) analysis using a 325 nm He–Cd laser

and a cathodoluminescence (CL) attached to the field emission

scanning electron microscopy (FE-SEM) system.

2.6. Photocatalytic activity measurements

The photocatalytic activity of the prepared composite

nanofiber photocatalysts was evaluated by degradation of

methylene blue and methyl orange dyes solution in a simple

photochemical reactor. In the present investigation, the reactions

were carried out in a cylindrical photochemical reactor which

was made of glass having dimensions 10 cm � 15 cm

(height � diameter), wrapped with aluminum foil. A total of

50 mg of the photocatalyst was added into 100 ml of aqueous dye
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solution with an initial concentration of 10 ppm. Prior to

photoreaction, the suspension was magnetically stirred in a dark

condition for 30 min to establish an equilibrium status. A 40 W

UV lamp (Mercury) emitting a wavelength of 295 nm was used

as radiation source. The photocatalytic reaction was performed

for about 100 min. At given time intervals, the approximately

2 ml samples were collected from the suspension with a pipette

and immediately centrifuged to separate the residual catalyst and

then the absorbance of the solution samples was measured at the

corresponding wavelength via UV–vis spectrophotometer.

3. Results and discussion

Electrospinning technique has been extensively used to

produce nanofibers. Fig. 1(a) and (b) shows the FE-SEM

images of the as-obtained TiP/PVP and calcined TiO2

electrospun nanofibers. As shown in these figures, the as-spun

composite nanofibers with before and after calcinations were

observed to be smooth surface and uniform diameters along

their lengths. The diameters of these composite nanofibers were

determined to be in the range of 150–200 nm. The morphology

of the as-spun TiP/PVP composite nanofibers after calcination

at 550 8C for 3 h in the argon is still smooth and uniform with

diameter in the range of 100–150 nm, as shown in Fig. 1(b).

This considerable size reduction could be attributed to the
Fig. 1. FE-SEM images of TiO2 nanofibers before (a) and after (b) calcinations.
decomposition of the precursor and degradation of polymer

during calcination process.

Fig. 2(a) and (b) shows the low and high-magnification FE-

SEM images of the as-spun SnO2 doped TiO2 composite

nanofibers after calcinations, respectively. Calcination of

SnCl2–TiO2 composite nanofiber mats at high temperature

significantly affected the general morphology of the resultant

nanofibers and led to formation of SnO2 doped TiO2 composite

nanofibers. As shown in Fig. 2, such calcination process was led

to the protrusion of SnO2 on the surfaces of the nanofibers due

to the densification of the nanofiber morphology.

XRD is used to investigate the phase structures of the

nanofibers obtained after calcinations from both formulations.

Fig. 3 shows the obtained results. As shown in the figure, in both

formulations the rutile reflections are dominating in the

reflection patterns and anatase is also present. The results

clearly affirmed the formation of the rutile phases, as shown in

XRD data in Fig. 3. The existence of strong diffraction peaks at

2u values of 25.258, 35.808, 40.508, 42.608, 53.98, 55.058, and

63.65 8corresponding to the crystal planes (1 1 0), (1 0 1),

(1 1 1), (2 1 0), (2 2 1), (2 2 0), and (3 1 0), respectively,

indicating the formation of the rutile (JCPDS card no 21-

1272). In addition, the diffraction peaks at 248, 47.18, 628, and

68.18 corresponding to the anatase phases of (1 0 1), (2 0 0),

(2 0 4) and (1 1 6) planes, respectively. On the other hand, the
Fig. 2. FE-SEM images of SnO2–TiO2 composite nanofibers after calcinations

(a) low and (b) high magnification.



Fig. 3. XRD patterns of electrospun TiO2 and SnO2–TiO2 composite nanofi-

bers.

Fig. 4. (a) FE-SEM EDX spectrum of SnO2–TiO2 composite nanofibers,

showing the presence of Sn and Ti elements in the composite nanofibers (b).
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XRD data indicate the formation of SnO2–TiO2 upon

calcination of SnCl2–TiO2 electrospun composite nanofibers

as the dominate diffraction peaks of SnO2 at 26.68, 33.898,
37.948, 42.638, 51.788 and 65.938 corresponding to the crystal

planes of (1 1 0), (1 0 1), (2 0 0), (2 1 0), (2 1 1) and (3 0 1),

respectively, are clearly observed, which is consistent with the

JCPDS data (JCPDS-41-1445). No significant diffraction peaks

of any other phases or impurities can be detected in the

composite nanofibers, which indicate the successful blending of

SnO2 doped TiO2 nanofiber structure.

To understand further the elemental composition of

nanofibers obtained from calcination of SnO2–TiO2 nanofiber

mat, EDX analysis was performed. As shown in Fig. 4(a),

overall area was taken for the EDX analysis. The EDX

spectrum clearly confirms that the SnO2–TiO2 composite

nanofibers consist of tin, titanium and oxygen elements, as

shown in Fig. 4(b). This result affirmed the blending of SnO2

doped TiO2 composite nanofiber which is in good agreement

with that of XRD data.

In order to better understand the bonding compositions and

presence of SnO2 in the composite nanofibers, we carried out

XPS analyses. Fig. 5 shows the XPS data of TiO2 and SnO2–

TiO2 composite nanofibers. Fig. 5(a) shows the survey scan

XPS spectra of TiO2 and SnO2–TiO2 composite nanofibers. The

survey scan spectrum revealed that the various signatures of the

electron orbital of C1s, Ti2p, O1s and Sn2d were presented in

the TiO2 composite nanofibers corresponding to the binding

energies of 284, 463, 535 and 484 eV, respectively. In addition

to the Ti and O peaks that are expected for TiO2, carbon signals

were observed in both samples, believed to be included during

sample preparation and subsequent handling. Fig. 5(b) shows

the narrow scan XPS spectrum of Ti2p electron orbital of TiO2

and SnO2–TiO2 composite nanofibers. Their Ti2p XPS spectra

are identical with Ti2p3/2 and Ti2p1/2 peaks centered at 456.1

and 461.8 eV with a binding energy difference of 5.7 eV, which

are consistent with the typical values for TiO2 [27–29].

However, the narrow scan XPS spectrum of SnO2–TiO2

composite nanofibers revealed a blue shift of binding energies
of 0.2 and 0.2 eV corresponding to Ti2p3/2 and Ti2p1/2 peaks

centered at 456.3 and 462.0 eV, respectively. These results

suggest the Sn2+ ions are doped in the TiO2 lattice instead of the

formation of SnO at the surface of TiO2. When TiO2 is doped

with Sn2+ ions, the binding energy change in each atom occurs

due to the electron transfer from Ti4+ to Sn2+. In more detail, the

Fermi level of SnO is lower than that of TiO2. Therefore, the

outer electron clouds density of Ti decreases and that of with

SnO2 incorporation. Finally, a shift in the binding energy of

Ti2p3/2 and Ti2p1/2 were generated for the SnO2–TiO2

composite nanofibers as shown in Fig. 5(b). Fig. 5(c) shows

the narrow scan Sn2d XPS spectra of SnO2–TiO2 composite

nanofibers. It is clearly seen that the Sn2d3/2 and the Sn2d5/2

peaks exhibited corresponding to the binding energies of 492.8

and 484.1 eV, respectively. The energy difference between the

two peaks is about 8.7 eV.

Fig. 6 presents the HR-TEM images of calcined SnO2 doped

TiO2 composite nanofibers. Fig. 6(a) and (b) shows the low and

high-magnification HR-TEM image of the SnO2–TiO2 com-

posite nanofibers. It is clearly seen that the SnO2 nanoparticles

were spread (as shown in the arrow marks in Fig. 6(b)) in the

form of well-defined and well-separated spherical particles

which exhibited on the nanofiber surfaces. Fig. 6(c) shows a

high-resolution HR-TEM image of the SnO2–TiO2 composite

nanofibers. As shown in the figure, some of the SnO2

nanoparticles were appeared to be highly crystalline nature
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on the surface of the nanofiber. HR-TEM images clearly

demonstrated that the SnO2 nanoparticles were mostly attached

at the periphery of nanofiber surfaces.

Fig. 7 portrays the optical absorption spectra of the TiO2 and

SnO2 doped TiO2 composite nanofibers. The optical spectrum

of SnO2 doped TiO2 nanofibers displayed a red shift in the band

gap transition. It was reported that similar shift was resulted

from the incorporation of metal ions into the SnO2

nanoparticles [30]. Red shift of this type could be attributed

to the charge-transfer transitions between the metal ions d-

electrons and the SnO2 conduction or valence band [31].

The luminescence properties of TiO2 and SnO2–TiO2

are useful in understanding the physics of nanostructures and

their potential applications in various fields. Fig. 8 shows the

room-temperature PL spectrum of the electrospun TiO2 and
SnO2–TiO2 composite nanofibers. The PL spectrum is dominated

by the broad band emission in the range of 350–600 nm. A broad

green photoluminescence peak in the visible range centered at

about 525 nm was only detected in TiO2 nanofibers and could be

attributed to the radiative recombination of self-trapped excitons

localized within the surface defects of nanofibers [32,33]. The

broad band emission from the PL spectrum at room temperature

indicates that the TiO2 and SnO2–TiO2 composite nanofibers

have good luminescence quality. According to the literature, the

intensity of the PL peaks is an indicator for the electrons/hole

recombination rate, low intensity indicates low recombination

and vice versa. As shown in the figure, incorporation of SnO2

leads to increase the PL intensity which preliminarily claims

good photoactivity for the SnO2-doped TiO2 composite

nanofibers compared with the pristine one.



Fig. 6. HR-TEM images of SnO2–TiO2 composite nanofibers (a) low, (b) high

resolution images, and (c) high magnification image.
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The representative CL spectrum of electrospun TiO2 and

SnO2–TiO2 composite nanofibers is shown in Fig. 9, which has

identical shape as the PL emission spectrum. The CL spectrum

of the as-spun TiO2 and SnO2–TiO2 composite nanofibers

shows an overlapping of two broad emission bands due to the

contribution SnO2 and TiO2 centered at about 475 and 550 nm,

respectively.

The photocatalytic activities of the as-prepared samples

were evaluated by measuring the degradation of MB and MO

dyes in aqueous solutions under UV irradiation. Fig. 10(a)

represents the conversion ratio of MB dye in the presence of

prepared photocatalysts. MO is one of the typical azo dyes

which occupy the main part of dye pollutants and often become
toxic to organisms, so we selected MO to test the performance

of the as-prepared catalysts. Fig. 10(b) shows the conversion

ratio in MO for different photocatalysts. As shown in Fig. 10,

the degradation efficiency of MO is lower than that of the MB

due to the different nature of dyes. However, photocatalytic

activity results of the catalysts are consistent with the MB

decomposition experiment. SnO2–TiO2 composite nanofibers

achieve the highest degradation efficiency, which is greater than

that of pure TiO2 nanofibers.
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Fig. 11. Schematic diagram illustrating the charge transfer process in the

SnO2–TiO2 composite nanofiber photocatalyst.
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Based on the experimental results, SnO2 doped TiO2

composite nanofibers exhibited the highest photocatalytic

efficiency. Two aspects may result the enhancement. For one

thing, incorporated SnO2 in TiO2 nanofibers provides more

reaction sites for the adsorption of reactants molecules, making
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Fig. 10. Photocatalytic degradation of (a) methylene blue and (b) methyl

orange by different electrospun nanofiber catalyst.
the photocatalytic process more efficient. For another, well

controlled SnO2 particles deposited on the TiO2 nanofibers

surface can act as electron–hole separation centers. When

metallic SnO2 doped in to TiO2 nanofibers, photogenerated

electrons accumulate at metallic Sn and form a Schottky barrier

at metal–semiconductor contact region, thus it promotes the

photodegradation efficiency. It may be explained that SnO2

nanoparticles cover and occupy lots of TiO2 catalyst surface

and will become new recombination centers of photogenerated

electrons and holes as well, resulting in the increase of

photocatalytic activity.

To understand further information about the degradation

mechanism of MB and MO over the composite nanofibers, we

proposed the schematic diagram of the charge transfer process

in the SnO2 doped TiO2 composite nanofibers, as illustrated in

Fig. 11. During the photocatalytic reaction, the absorption of a

photon by TiO2 nanofibers led to the ejection of an electron

from the valence band to the conduction band of TiO2

nanofibers and then the electron can be transferred to the

conduction band of SnO2 which is doped in to the TiO2

nanofibers. In other words, the conduction band of SnO2 can act

as the sink for the photogenerated electrons. On the other hand,

the photogenerated holes can be moved toward the opposite

direction where they accumulated in the valence band of TiO2

nanofibers resulting in an enhanced electron–hole separation.

4. Conclusions

In summary, we successfully obtained TiO2 and SnO2–TiO2

composite nanofibers by using electrospinning process. These

as-spun nanofibers were observed to be smooth with uniform

diameters along their lengths. The photocatalytic activities of

these composite nanofibers were investigated in the presence of

MB and MO dyes. It was observed that the highest amount of

photocatalytic efficiency was exhibited by the SnO2 doped

TiO2 composite nanofibers The reason for better photocatalytic

activity for the SnO2 doped TiO2 composite nanofibers as

compared to TiO2 composite nanofibers is due to the efficient

electron–hole separation, which inhibits recombinations, thus
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improving the photoefficiency of the SnO2 catalyst. The

photocatalytic experimental results are in good agreement with

the XPS data, indicating the bonding configuration strongly

influencing the photocatalytic efficiency.
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