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Heterostructured TiO2 /SnO2 fibrillar nanocomposites were synthesized by using electrospinning technology with the setup composed
of a syringe pump with two parallel syringes on it and a rotating collector. The heterojunctions were formed between TiO2 and SnO2
nanofibers fast and efficiently on a large scale, after the fiberizing carrier polyvinylpyrrolidone (PVP) on the as-spun composite
nanofibers was burnt away at 500◦ C. The samples were characterized by scanning electron microscope (SEM), transmission electron
microscopy (TEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), UV-vis diffuse reflection spectroscopy
(DRS), and photoluminescence spectra (PL), respectively. The results indicated that two kinds of small nanofibers with different
diameters were interconnected to form heterojunctions. Photocatalytic tests displayed that the heterostructured TiO2 /SnO2 nanofibers
exhibited a much higher degradation rate of methylene blue (MB), rhodamine B (RhB), and 4-chlorophenol (4-CP) than that of bare
TiO2 nanofibers or Evonik P25 under UV light irradiation. The enhanced photocatalytic activity could be attributed to the effective
charge separation derived from the coupling effect of TiO2 and SnO2 nanocomposites.
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Photocatalytic oxidation mostly using titania (TiO2 ) as the catalyst
has attracted substantial attention in recent years, as it is cost-effective,
has high catalytic stability and is carried out at ambient condition.1
However, the drawback of poor quantum yield caused by the fast recombination of photogenerated holes and electrons makes it hard to
meet the practical application requirements.2 Therefore, to increase
the photocatalytic activity of TiO2 , it is essential to decrease the recombination of photogenerated charge carriers. Coupling TiO2 with other
semiconductors with suitable energy band matching could provide a
beneficial solution for this drawback.3–5 Consequently, a large number
of semiconductors coupled TiO2 heterostructural nanomaterials, such
as TiO2 -SnO2 , ZnO-TiO2 , TiO2 -V2 O5 , etc., have been fabricated and
used for many photocatalytic reactions.6–8 In addition, the heterostructured TiO2 -SnO2 nanomaterials were widely studied due to the compatibility of some specific crystallographic planes of TiO2 and SnO2
nanocrystals and the corresponding improved photocatalytic activity.9
With the well matched band structure in a TiO2 /SnO2 heterostructural
photocatalyst, the photogenerated electrons in the TiO2 /SnO2 system
transferred to the SnO2 and holes transferred to the TiO2 , which can
result in a high quantum efficiency and high photocatalytic activity.3
Recently, one-dimensional (1D) nanoscaled heterostructures, especially nanofibers, with modulated morphologies, compositions, and
interfaces have attracted considerable interests.10,11 Electrospinning,
a comparatively low-cost and applicable technique, is able to synthesize materials in the form of fabrics with a certain strength and
flexibility on a large scale.12 The electrospun nanofibers with both
high porosity and large specific surface area are promising materials
for photocatalysis of pollutants. It is reported that the photocatalytic
efficiency of hierarchical heterostructured TiO2 /SnO2 nanofibers can
be greatly improved. Wang et al. have prepared SnO2 nanorods growth
on TiO2 nanofibers by combining electrospinning and hydrothermal treatment, which has improved photocatalytic efficiency.13 Zhang
et al. fabricated bicomponent TiO2 /SnO2 nanofiber deposited with Pt
nanocrystals by integrating electrospinning with a side-by-side dual
spinneret and polyol reduction method.9 Both of the above-mentioned
hierarchical heterostructured photocatalysts showed enhanced photo∗ Electrochemical Society Member.
z
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catalytic efficiency, however, with the complex preparation steps and
harsh experimental conditions, it is still a challenge to fabricate heterostructured TiO2 /SnO2 nanofibers facilely and efficiently on a large
scale.
Herein, we prepared heterostructured TiO2 /SnO2 nanofibers photocatalysts by electrospinning with two parallel spinnerets and a rotating
collector for the first time. The as-spun TiO2 and SnO2 nanofibers were
collected on the rotating collector layer by layer efficiently on a large
scale. Quite a lot of the heterojunctions have been formed between
TiO2 and SnO2 nanofibers after the as-spun composite nanofibers
being calcined at 500◦ C. The obtained heterostructured TiO2 /SnO2
nanofibers exhibit an enhanced photocatalytic activity comparing with
bare TiO2 and bare SnO2 nanofibers. Compared with the traditional
method for fabricating heterostructured TiO2 /SnO2 fibrillar nanocomposites, the current work could fabricate heterostructured TiO2 /SnO2
nanofibers fast and efficiently on a large scale. The developed approach to fabricating heterostructured TiO2 /SnO2 nanofibers may also
be extended for tailoring the size, composition, and surface properties
of other heterostructured materials for various applications, such as
electromagnetic interference (EMI) shielding, sensors, energy storage
units, and so on.14–16
Experimental
Materials.—Tetrabutyl titanate (Ti(OC4 H9 )4 , 97%), acetic acid
(glacial, 99.9%), tin tetrachloride (SnCl4 , 97%), ethanol (C2 H5 OH,
99.9%), methylene blue (C16 H18 ClN3 S · 3H2 O, 82%), rhodamine B
(C28 H31 ClN2 O3 , 99.75%), and 4-chlorophenol (C6 H5 ClO, 99.0%)
were all obtained from Sinopharm Chemical Reagent Co., Ltd. The
TiO2 nanoparticles (P25, 20% rutile and 80% anatase, average size
of ∼20 nm) were purchased from Evonik. Poly(vinyl pyrrolidone)
(PVP, Mw ≈ 1.3 × 106 ) was purchased from Sigma-Aldrich. All the
chemcials were used as-received without any further modifications.
Synthesis of heterostructured TiO2 /SnO2 nanofibers.—In a typical procedure, the spinning solution for fabricating TiO2 nanofibers
was prepared as follows. Briefly, 1.4 g PVP was dissolved in 13 mL
ethanol, then 4.0 mL acetic acid and 4.0 mL Ti(OC4 H9 )4 were added
and the solution was ultrasonicated for 2 h to ensure the homogeneity. The spinning solution for preparing SnO2 nanofibers contained
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Figure 1. Schematic diagram of the fabrication of heterostructured
TiO2 /SnO2 nanofibers. The setup is composed of a syringe pump with two
parallel syringes on it and a rotating collector.

the same amount of chemical reagent, but 4.0 mL Ti(OC4 H9 )4 was
replaced with 2.0 g SnCl4 . The two spinning solutions were encased
into two 10 mL plastic syringes, respectively. Then, the needles were
electrified by a high-voltage DC supply and a voltage of 12 kV was
applied. The solutions were pumped continuously by a syringe pump
(Model 22, Harvard Apparatus, USA) at the same rate of 2.5 mL/h.
A rotating wire netting was used as electrode to collect the nonwoven
mat of nanofibers. The electrospinning process was conducted in air
with a humidity of about 50%. The nonwoven mats of nanofibers were
then easily peeled off from the surface of collector using tweezers.
The schematic diagram of the setup was shown in Figure 1. The asspun nanofibers were calcined at 500◦ C for 2 h to burn out the organic
compounds and obtain inorganic TiO2 /SnO2 nanofibers. For comparison, the bare TiO2 nanofibers were also prepared using a stationary
wire netting to collect the nonwoven mat of nanofibers.
Sample characterization.—The microstructure of the heterostructured TiO2 /SnO2 nanofibers was characterized with a field emission
scanning electron microscope (FESEM, Hitachi S-4800) using an accelerating voltage of 20 kV. Transmission electron microscopy (TEM)
and selected area electron diffraction (SAED) were performed on
a JEM-2100 F microscope operating at an accelerating voltage of
200 kV. The samples were also characterized by X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), UV-vis diffuse reflection spectroscopy (DRS) and photoluminescence (PL) spectra.
The instrument type and test conditions were similar to the previous
work reported.9 Elemental analysis (CHN) of the heterostructured
TiO2 /SnO2 nanofibers was carried out using a CHN analyzer (Vario
EL III, Elementar, Germany).

Figure 2. SEM images of (a) the as-spun TiO2 /PVP nanofibers and (b) the
as-spun TiO2 /SnO2 /PVP nanofibers before heat-treatment with the inset of
their digital photo. SEM images of (c) the bare TiO2 nanofibers and (d) the
bicomponent TiO2 /SnO2 nanofibers after calcining at 500◦ C.

continuous and formed an unwoven mesh. The as-spun TiO2 /PVP
nanofibers exhibited a random structure with the diameter of ca. 140
nm, while the TiO2 /SnO2 /PVP nanofibers exhibited a layer by layer
structure with the diameter of ca. 250 nm due to different configuration of spinning device. After being calcined at 500◦ C, the bare TiO2
nanofibers possessed uniform diameter distribution (Figure 2c), while
the bicomponent TiO2 /SnO2 nanofibers possessed two different diameter distributions due to the presence of TiO2 and SnO2 nanofibers
(Figure 2d). Figure 3 shows the TEM image of the bicomponent
TiO2 /SnO2 nanofibers. Two kinds of nanofibers interconnecting with
each other with different diameters are observed (Figure 3a). Both the
SAED patterns of the nanofibers with different diameters distinctly
exhibit four diffraction rings, which correspond to the (1 0 1), (0 0 4),
(2 0 0), and (1 0 5) planes of the anatase phase TiO2 (Figure 3b) and the
(1 1 0), (1 0 1), (2 1 1), and (1 1 2) planes of the tetragonal phase SnO2

Photocatalytic tests.—The photocatalytic activities of TiO2 /SnO2
nanofibers, bare TiO2 nanofibers, and P25 for the decomposition of
methylene blue (MB) solution were tested under UV light irradiation.
The light source is a 300 W medium Hg lamp with the strongest
emission at the wavelength of 365 nm. 0.1 g photocatalysts were put
into 500 mL solution, with the concentrations of 50 ppm (MB), 20 ppm
(RhB), and 20 ppm (4-CP), respectively. Then the mixed solutions
were stirred and sonicated for half an hour. The photoreactor was the
same as that described elsewhere.17 The mixed solutions were sampled
every ten or twenty minutes, and the changes in the concentration were
monitored on a spectrophotometer (PerkinElmer Lambda 35).
Results and Discussion
The typical SEM images of the as-spun TiO2 /PVP nanofibers and
TiO2 /SnO2 /PVP nanofibers are shown in Figures 2a and 2b. Both the
as-spun TiO2 /PVP nanofibers and TiO2 /SnO2 /PVP nanofibers were

Figure 3. TEM image (a) and SAED patterns (b,c) of the TiO2 /SnO2
nanofibers.
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Figure 4. XRD patterns of the TiO2 /SnO2 nanofibers.

(Figure 3c), respectively.18,19 The diameter of the TiO2 nanofibers is
smaller than that of the SnO2 nanofibers due to different viscosities,
dielectric constants, and the surface tensions of the spinning liquids.
The X-ray diffraction (XRD) patterns of the as-electrospun
nanofibers were shown in Figure 4. All diffraction peaks in Figure 4
could be perfectly indexed as the anatase TiO2 (JCPDS No. 21-1272)
and tetragonal SnO2 (JCPDS No. 41-1445), respectively.20,21 No other
additional peaks were detected, indicating the absence of other impurities. Besides, no remarkable shift in diffraction peak was detected,
indicating no obvious interface reaction between TiO2 and SnO2 occurred. The broad diffraction peaks implied that the TiO2 /SnO2 heterostructure was constructed from nanoscale substructures. The P25
nanoparticles could not be added into the SnO2 spinning solution to
fabricate TiO2 /SnO2 composite nanofibers. As the particles would
sink to the bottom of the solution during the electrospinning process,
there were few P25 nanoparticles obtained in the as-spun composite
nanofibers. Moreover, the as-spun composite nanofibers need to be
calcined at 500◦ C to remove PVP, while the anatase phase in P25 may
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change into rutile phase, which has a poor photocatalytic activity. The
carbon content of the obtained nanofibers after calcinated at 500◦ C
for 2 h was 0.364% detected by CHN elemental analysis. The XRD
diffraction peak of carbon was not observed due to its low content.
Figure 5 shows the high-resolution Ti 2p, Sn 3d, and O 1s XPS
spectra of the sample of TiO2 /SnO2 nanofibers. As shown in Figure
5a, there are two symmetric peaks in the Ti 2p region. The peak
located at 464.2 eV corresponds to the Ti 2p1/2 , while the other one
located at 458.5 eV is assigned to Ti 2p3/2. 22 The splitting between Ti
2p1/2 and Ti 2p3/2 is 5.7 eV, indicating a normal state of Ti4+ in the
as-prepared TiO2 /SnO2 nanofibers. In Figure 5b, the peaks located at
486.2 and 494.6 eV were ascribed to the Sn 3d5/2 and Sn 3d3/2 of Sn4+ ,
respectively.23 Figure 5c presents the O 1s photoelectron peaks. The
wide and asymmetric peak of the O 1s spectrum can be fitted with
three Gaussian functions at 530.1, 530.9, and 532.5 eV, respectively.
It indicates the existence of crystal lattice oxygen (OTi–O or OSn–O ),
hydroxyl groups (OOH ), and absorbed water.23 Those results further
confirmed that the TiO2 /SnO2 nanofibers consisted of TiO2 and SnO2 .
Figure 6 shows the UV-vis diffuse reflectance spectra (DRS) of
the TiO2 , SnO2 , and TiO2 /SnO2 nanofibers. In Figures 6a and 6c,
the absorption edges of TiO2 and SnO2 nanofibers appeared at 392
and 355 nm. The bandgap energies were calculated to be 3.16 and
3.49 eV using the relation Eg = 1240/λ, where λ is the onset absorption wavelength (392 and 355 nm).24 Those values were close to
the reported value of TiO2 (3.20 eV) and SnO2 (3.5 eV).25 As observed in Figure 6b, two obvious absorption bands existed and were
ascribed to the characteristic absorption of SnO2 and TiO2 . The appearance of two kinds of characteristic absorption bands confirmed
that the TiO2 /SnO2 nanofibers were composite materials that consisted of TiO2 and SnO2 . Combined with the results of XRD, XPS,
TEM, and UV-vis DRS, we concluded the formation of the TiO2 /SnO2
heterojunction in TiO2 /SnO2 nanofibers.
The PL spectrum is an important characterization to confirm the
separation and recombination of photogenerated charge carriers.26
Figure 7 shows the PL spectra of bare TiO2 and heterostructured
TiO2 /SnO2 nanofibers calcined at 500◦ C. It can be seen that both the
samples exhibited obvious PL signals upon irradiation with 300 nm
light. For the bare TiO2 nanofibers, the peaks located at 406 and 419
nm were assigned to the surface recombination of the anatase TiO2 ,

Figure 5. X-ray photoelectron spectroscopy of (a)
Ti 2p, (b) Sn 3d and (c) O 1s of the TiO2 /SnO2
nanofibers.
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Figure 6. UV-vis diffuse reflectance spectra (DRS) of the heterostructured
TiO2 /SnO2 nanofibers.

while the lower-energy peaks at 443, 460 and 486 nm were caused by
the presence of oxygen vacancies in the TiO2 nanofibers.27,28 Coupling
SnO2 had a great effect on the PL intensity of the TiO2 nanofibers, as
the PL intensity of heterostructured TiO2 /SnO2 nanofibers decreased
dramatically comparing with that of the TiO2 nanofibers. It could
be concluded that coupling SnO2 resulted in the formation of heterojunctions between the TiO2 nanofibers and SnO2 nanofibers. The
photoelectrons could be easily migrated from the TiO2 surfaces to the
SnO2 conduction band due to the potential difference between TiO2

Figure 7. PL spectra of the (a) bare TiO2 and (b) heterostructured TiO2 /SnO2
nanofibers.

and SnO2 . This phenomenon led to a decrease in the recombination
of photoinduced electron–hole pairs, and further weakened the PL
signal. Thus, the decreased PL intensity indicated the high quantum
efficiency and high photocatalytic activity of TiO2 /SnO2 nanofibers.
To investigate the photocatalytic activity, decomposition of MB as
a typical organic pollutant was performed under UV light. As shown
in Figure 8A, the TiO2 /SnO2 nanofibers in the dark exhibited little
photolysis, and the TiO2 /SnO2 nanofibers exhibited the highest photocatalytic activity among those photocatalysts (C and C0 stood for

Figure 8. (A) The photocatalytic degradation of MB over different samples. (B) The absorption spectra of MB photodegraded by TiO2 /SnO2 nanofibers after
different time. (C) Kinetic linear simulation curves of photocatalytic degradation MB over different samples: (a) bare TiO2 nanofibers in dark, (b) bare SnO2
nanofibers, (c) bare TiO2 nanofibers, (d) P25, and (e) TiO2 /SnO2 nanofibers. (D) Recyclability of the photocatalytic decomposition of MB for TiO2 /SnO2
nanofibers.
Downloaded on 2017-08-11 to IP 160.36.33.186 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).

Journal of The Electrochemical Society, 164 (9) H651-H656 (2017)
the remnant and initial concentration of MB, respectively). The C/C0
values were about 60, 77, 92, and 100% for the bare SnO2 nanofibers,
bare TiO2 nanofibers, P25, and the TiO2 /SnO2 nanofibers after 60 min,
respectively. Figure 8B shows the changes in the UV-visible absorption spectra of the MB solution with TiO2 /SnO2 as the photocatalysts.
The decomposition rate of MB was very fast at the beginning and
then slowed. The sharp decrease indicates that TiO2 /SnO2 provided
excellent removal of MB. For a better comparison of the photocatalytic efficiency of the bare SnO2 nanofibers, bare TiO2 nanofibers,
TiO2 /SnO2 nanofibers, and P25, the kinetic analysis of degradation of
MB was also investigated. The photocatalytic degradation process is
fit to pseudo-first-order kinetics,29 -ln(C/C0 ) = kt, where k is the photocatalytic reaction apparent rate constant and t is the light irradiation
time, due to the low initial concentrations of the reactants (∼50 mg/L).
Figure 8C shows the effect of different samples on the kinetics of MB
under UV light irradiation. The calculated value of apparent rate constant k from the corresponding slope of the pseudo-first-order linear
simulation curve is shown in Figure 8C. It is seen that the k values
for the TiO2 /SnO2 nanofibers, P25, bare SnO2 nanofibers, bare TiO2
nanofibers and in dark are 0.06041, 0.04032, 0.02389, 0.01539, and
0.00164 min−1 , respectively. Obviously, the k value of the TiO2 /SnO2
is much higher than those of the others, and is 1.50 and 2.53 times
higher than those of P25 and bare TiO2 nanofibers. The photocatalytic
efficiency under visible light irradiation estimated by the k value follows the order: TiO2 /SnO2 nanofibers > P25 > bare TiO2 nanofibers >
bare SnO2 nanofibers. Moreover, the TiO2 /SnO2 composite nanofibers
photocatalyst can be effectively recycled at least three times without
an apparent decrease in its photocatalytic activity, demonstrating its
high stability (Figure 8D).
The photocatalytic rates for RhB and 4-CP under UV light irradiation show a similar order as those of MB (Figure 9), suggesting the
function of heterojunction in leading efficient charge separation and
the resultant high photocatalytic activity. The heterostructure between
TiO2 and SnO2 nanofibers facilitates the migration of the photogenerated charges, and thus improves the photocatalytic activity of heterostructured TiO2 /SnO2 nanofibers. As shown in Figure 10a, with the
well matched energy band position of TiO2 and SnO2 , the photogenerated electrons and holes could be efficiently separated. Under UV
irradiation, the photogenerated electrons and holes were separated and
reached the surface of the heterostructured TiO2 /SnO2 nanofibers. The
holes were then trapped by hydroxyl groups (OH− ) on the photocatalyst surface to produce hydroxyl radicals (OH• ),30 and the electrons
were captured by surface adsorbed O2 to generate superoxide anions
(O2 •− ).31 Then, the formed superoxide anions (O2 •− ) reacted with
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Figure 9. Concentration changes of RhB (a) and 4-CP (b) as a function of UV
light irradiation time with different photocatalysts.

Figure 10. Schematic diagram showing the energy band structure (a) and electron-hole pair separation in two different heterostructured TiO2 /SnO2 nanofibers
(b,c).
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hydrion (H+ ) to generate hydroxyl radicals (OH• ), which had strong
oxidizing ability and degraded the organic dyes of MB.32,33 It is worth
noting that the TiO2 /SnO2 heterostructure could also be designed and
fabricated in a single nanofiber, as shown in Figure 10b. In this structure, the TiO2 nanoparticles are completely surrounded by the SnO2
nanoparticles, and vice versa; the electrons and holes may be separated at one interface, but they may be recombined at another interface.
But in our work (Figure 10c), as the TiO2 nanoparticles are partially
contacted with SnO2 nanoparticles, less recombination of electronsholes would be occurred. The efficient charge separation increases
the lifetime of the charge carriers and enhances the efficiency of the
interfacial charge transfer to the surface of the photocatalyst, and then,
accounts for the higher photocatalytic activity of the heterostructured
TiO2 /SnO2 nanofibers.
Conclusions
The heterostructured TiO2 /SnO2 nanofibers photocatalysts were
successfully fabricated by using electrospinning technology with the
setup mainly composed of a syringe pump with two parallel syringes
on it and a rotating collector. The heterojunctions can be easily formed
between TiO2 and SnO2 nanofibers quickly and efficiently on a large
scale. The investigation of photocatalytic activity indicated that the
heterostructured TiO2 /SnO2 nanofibers possessed higher photocatalytic activity than Evonik P25, bare TiO2 nanofibers and bare TiO2
nanofibers under UV light irradiation due to the enhanced separation
efficiency of photogenerated electron-hole pairs. It is expected that
such nanofibers structures would provide great impetus to the industrialization of photocatalysts in environmental remediations with the
incorporation of other nanoparticles or polymer systems.34–40
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and J. M. Nedeljković, J. Phys. Chem. B, 110, 25366 (2006).
28. L. Kernazhitsky, V. Shymanovska, T. Gavrilko, V. Naumov, L. Fedorenko,
V. Kshnyakin, and J. Baran, J. Lumin., 146, 199 (2014).
29. Z. Y. Liu, D. D. L. Sun, P. Guo, and J. O. Leckie, Nano Lett., 7, 1081 (2007).
30. N. Zhang, S. Q. Liu, X. Z. Fu, and Y. J. Xu, J. Phys. Chem. C, 115, 9136 (2011).
31. J. Yang, C. C. Chen, H. W. Ji, W. H. Ma, and J. C. Zhao, J. Phys. Chem. B, 109,
21900 (2005).
32. T. Fotiou, T. M. Triantis, T. Kaloudis, K. E. O’Shea, D. D. Dionysiou, and A. Hiskia,
Water Res., 90, 52 (2016).
33. O. Legrini, E. Oliveros, and A. M. Braun, Chem. Rev., 93, 671 (1993).
34. Z. Sun, L. Zhang, F. Dang, Y. Liu, Z. Fei, Q. Shao, H. Lin, J. Guo, L. Xiang, N. Yerra,
and Z. Guo, CrystEngComm, 19, 3288 (2017).
35. Y. Zheng, Y. Zheng, S. Yang, Z. Guo, T. Zhang, H. Song, and Q. Shao, Green Chem.
Lett. Rev. 10, 202 (2017).
36. C. Wang, Y. Wu, Y. Li, Q. Shao, X. Yan, C. Han, Z. Wang, Z. Liu, and Z. Guo, Polym.
Adv. Technol., in press (2017).
37. W. Yang, X. Wang, J. Li, X. Yan, S. Ge, S. Tadakamalla, and Z. Guo, Polym. Eng.
Sci., in press (2017).
38. H. Liu, M. Dong, W. Huang, J. Gao, K. Dai, J. Guo, G. Zheng, C. Liu, C. Shen, and
Z. Guo, J. Mater. Chem. C, 5, 73 (2017).
39. H. He, C. Zhang, T. Liu, Y. Cao, N. Wang, and Z. Guo, J. Mater. Chem. A, 4, 9362
(2016).
40. Y. Li, X. Wu, J. Song, J. Li, Q. Shao, N. Cao, N. Lu, and Z. Guo, Polymer, in press
(2017).

Downloaded on 2017-08-11 to IP 160.36.33.186 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).

