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Abstract: Porous V2O5/TiO2 nanoheterostructure films with different atomic ratios of Ti/V (4:1, 2:1,
1:1, and 1:2) were synthesized by a sparking method for the first time. The sparking method, which is
a simple and cost-effective process, can synthesize highly porous and composite films in one step.
Field-emission scanning electron microscope (FE-SEM) images revealed the porosity morphology of
all prepared samples. V2O5/TiO2 nanoheterostructure films were confirmed by Raman spectroscopy,
high-resolution transmission electron microscopy (HRTEM), and X-ray photoelectron spectroscopy
(XPS). The secondary particle size and band gap of the samples were highly correlated to the V2O5

proportion, resulting in enhanced visible-light absorbance. V2O5/TiO2 nanoheterostructure films at an
atomic ratio of 1:1 showed the highest photocatalytic performance, which improved the degradation
rate up to 24% compared to pure TiO2 film. It is believed that the formed nanoheterostructure and
greater portion of V4+ ions are reflected by this ratio.

Keywords: V2O5/TiO2 nanoheterostructures; porous films; sparking method; photocatalytic activity

1. Introduction

Titanium dioxide (TiO2) is a widely used photocatalyst because of its low cost, environmental
friendliness, and stable photocatalytic reaction [1,2]. There are three forms of TiO2 phases (anatase,
rutile, and brookite), in which the anatase phase has higher photocatalytic activity than both the
rutile and brookite phases. Moreover, a mixed phase of anatase and rutile was found and is a better
alternative [3,4]. However, the wide energy gap of TiO2 (~3.2 eV) limits use of the visible-light region
as the excitation energy for photo-generated electron-hole pairs. At present, there are many methods
that have been used to improve the photocatalytic property of TiO2.

Surface modification is known to be able to promote photocatalytic performance by providing
more effective interfacial properties. In particular, the large surface areas of 1-D structures and porous
morphology are preferred in the design [5,6]. Moreover, composite films with a narrow band gap
semiconductor are preferred, which can lead to superior performance of the pure TiO2 films [7–9].
Both TiO2 and V2O5 are two important materials due to their excellent electronic, chemical, and optical
properties [10,11]. The strong interaction between TiO2 and V2O5 is a common scientific phenomenon
used in catalytic systems. Furthermore, the heterojunction between V2O5 and TiO2 can improve the
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photocatalytic efficiency of the host by supporting the separation and transfusion of photogenerated
electron-hole pairs at the interfaces [12,13]. In addition, transformation of oxygen vacancies during
preparation processing can further promote the separation of photoexcited electrons and holes [14,15].

However, the simplicity and cost-effectiveness of the production method are important factors
to consider when applied to large-scale manufacturing. At present, many physical and chemical
techniques have been used for preparing V2O5/TiO2 composite films, including sol-gel, chemical vapor
deposition, DC arc plasma, electrospinning, hydrothermal, and pulsed laser deposition [16–21]. Some
techniques require multiple processes for fabricating porous structures and composite materials, which
usually leads to expensive and complicated processes. The sparking method has the potential to
synthesize highly porous and composite films in a one-step process. Using this process, films can be
deposited directly onto a substrate without the need for a vacuum system [22,23]. Moreover, it is also
possible to fabricate the films in large-scale manufacturing.

Therefore, photocatalytic performance can be effectively improved through the designs of porous
morphologies and composite films. Moreover, simplicity and cost-effectiveness are also required for
the production method. Thus, this paper aimed to synthesize porous vanadium pentoxide/titanium
dioxide (V2O5/TiO2) nanoheterostructure films using the sparking method. The influences of the
structural, morphological, optical, and photocatalytic properties of the prepared films were investigated
and reported in this work.

2. Results and Discussion

2.1. Morphology, Crystal Structure, and Property Investigations

FE-SEM images revealed the porosity morphology of small particles for all prepared samples,
which is the highlight of the sparking method. Our previous papers reported that the as-deposited
particles produced by the sparking method were small with primary sizes of approximately 1–5 nm [24].
In this paper, the TiO2 films exhibited interconnected, spherical-like shapes with average secondary
particle sizes of 20 nm that were measured by an imageJ program. While the composite films showed
the particles, the sizes increased slightly when the proportion of vanadium increased due to the
large size of V2O5 particles, as summarized in Table 1. The film′s thickness was approximately
300 nm for all prepared samples as confirmed by the cross-section analysis. In addition, the element
composition of samples was determined using EDS and revealed that the atomic ratios of Ti/V were
approximately 4:1, 2:1, 1:1, and 1:2 for TiV1-4 samples, respectively, as shown in the inset images of
Figure 1b–e. Interestingly, the equal proportion of Ti and V wires in the TiV-4 sample did not correlate
with the quantity of their atoms due to their own properties (melting point, latent heat, specific heat
capacity) [25]. The sparked films in this experiment were very thin and porous; therefore, the large
number of oxygen peaks in the EDS results is due to the quartz substrates (SiO2).

Figure 2 illustrates the Raman spectra of prepared samples in the range of 100 to 1100 cm−1.
The peaks spiked at 144 and 631 cm−1, which correspond to Eg and B2g vibration modes, respectively,
and confirmed the anatase phase structure of the TiO2 film [26]. In the case of the V2O5 film, nine
strong peaks of V2O5 (145.1, 283.2, 306.5, 406.7, 484.3, 521.9, 696.9, and 990.1 cm−1) and two weak peaks
of VO2 (195.6 and 611.2 cm-1) were observed indicating the V2O5-VO2 mixed phase [27]. The inset
image in Figure 2 shows a high-magnification of the overlap between the strong TiO2 (anatase) and
main V2O5 (orthorhombic) peaks, which shifted from 144 to 145 cm−1 for TiV1-4 samples, respectively.
The slight shift of peak positions could plausibly be regarded as the result of modifications in the force
constants of tetragonal TiO2 lattices by the added V2O5, which indicates the formation of a V2O5/TiO2

nanoheterostructure [28].
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Table 1. Correlations of the atomic ratio of Ti/V, particle size, band gap, and the degradation rate
of samples.

Samples Atomic Ratio of Ti/V Particle Size (nm) Band Gap (eV) V4+/Vtotal (%) Degradation Rate (%)

TiO2 - 20 ± 2 3.28 0 52.0
TiV-1 4:1 35 ± 3 3.12 14.5 53.8
TiV-2 2:1 42 ± 5 2.84 22.6 60.8
TiV-3 1:1 48 ± 2 2.63 24.4 64.8
TiV-4 1:2 55 ± 3 2.56 18.0 60.4
V2O5 - 70 ± 4 2.32 9.1 46.6
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The XPS survey spectra presented various peaks corresponding to Ti, V, O, Si, and C, which are
elements of the prepared films, except only C occurs during the sparking method and Si from quartz
substrate, as shown in Figure 3a. There were no impure peaks, which confirms the formation of pure
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V2O5/TiO2 composites films. The different core levels of high-resolution XPS spectra for Ti 2p, V 2p,
and O 1s were investigated further. In Figure 3b, the two peaks centered at binding energies of 459.3
and 464.9 eV were assigned to be Ti 2p3/2 and 2p1/2 of Ti4+, respectively, which are consistent with the
typical values of TiO2 [29]. In addition, the small shift of the Ti 2p peak position towards a higher
binding energy indicates the integration of V ions into the TiO2 lattice [28]. The V 2p spectra displayed
that V5+ and V4+ ions were uniformly distributed on the composite films, which were centered at 517.8
and 516.7 eV, respectively, as shown in Figure 3c. This affirms the result from Raman spectra that
there was some content of VO2 in the composite films. In Figure 3d, three peaks at binding energies
of 530.2, 531.1, and 533 eV observed in O 1s spectra also confirmed the O-Ti, O-H, and O-V bonding,
respectively, of Ti-O-V bonds in the composite samples [30,31].
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high-resolution XPS spectra of the TiV-3 sample.

Normally, V4+ ions can only integrate within the TiO2 lattice by the replacement of Ti4+ ions
because of the similar radii of V4+ and Ti4+ species. The Ti-O-V bond was formed by sharing oxygen
atoms of the V4+ ions in the TiO2 lattice, leading to oxygen vacancy in the lattice and exposure to a
high electron generation capacity. Moreover, we know that the greater number of V4+ ions led to
the formation of more O2 radicals, which is the strongest oxidizing species in photocatalysis [32,33].
Thus, the existence of V4+ plays an important role in improving photocatalytic performance [34],
which shows its maximum content in the TiV-3 sample as present by the V4+/ Vtotal ratio in Figure 4b.
The V4+/Vtotal ratio were calculated by area under the curve of high-resolution V 2p XPS spectra as
shown in Figure 4a.

The TEM and HRTEM images in Figure 5a,c confirm that the primary particle size of V2O5/TiO2

nanoheterostructure films was less than 20 nm and then agglomerated to secondary particles at larger
sizes correlating to the SEM result. These images clearly present V2O5 particle interfaces that are
dispersed on the surface of TiO2 particles, resulting in the formation of a heterostructure. The lattice
fringes of 0.35 and 0.43 nm correspond to the (101) lattice distance of anatase TiO2 and the (001)
orthorhombic V2O5, respectively, [30,31] and were measured to confirm the heterostructure at their
particle interface, as shown in Figure 5d. These heterostructures are expected to adjust the charge
separation and improve the photocatalytic efficiency. Moreover, Figure 5b represents the indexed
selected area electron diffraction (SAED) patterns of the TiV-3 sample, which, again, confirms the
presence of anatase-TiO2 and V2O5 phases and the absence of any other impurity [16].
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2.2. UV–Vis Results, Band Gap Investigation, and Photocatalytic Performance

Figure 6a illustrates the UV-Vis absorption spectra of the prepared samples. Notably, large
absorption in the visible-light region (peaks arise at 420 nm) was only seen in the V2O5, TiV-4, and TiV-3
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samples, while other samples exhibited only UV absorption. Moreover, the band gaps (Egap) of samples
were calculated from the Tauc plot as shown in Figure 6b [35,36]. The graph shows that the band
gaps were approximately 3.28, 3.12, 2.84, 2.63, 2.56, and 2.32 eV for pure TiO2, TiV1-4, and pure V2O5

samples, respectively. These results show that the band gaps of the samples were slightly narrowed
with increased vanadium proportion, and this led to enhanced photocatalytic activity under the
visible-light region correlated with the previous absorption spectra.Molecules 2020, 25, x FOR PEER REVIEW 7 of 12 
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The degradation rate of MB was calculated to investigate the photocatalytic activity under
visible-light irradiation, as shown in Figure 6c. Calculations show that all composite films had more
prominent photocatalytic performances than pure TiO2 that could be due to their narrowed band
gap and the heterostructure at the interface between pure TiO2 and pure V2O5 particles [13,18,30].
To quantify the photocatalytic ability of the samples, the photocatalytic reduction process followed
the pseudo-first-order kinetic reaction, which can be expressed as (ln(C0/Ct) = kt), where C0, Ct, k,
and t represent the initial concentration of MB, the concentration of MB after visible light irradiation,
the rate constant, and the reaction time, respectively [37]. As shown in Figure 6d, the k values were
0.0651, 0.0693, 0.0815, 0.0878, 0.0805, and 0.0544 h−1 for pure TiO2, TiV1-4, and pure V2O5 samples,
respectively. Especially in the TiV-3 sample, the highest photocatalytic activity at 64.8% and maximum
rate constant were achieved due to the large heterojunction interface and the existence of V4+ ions
integrated within the TiO2 lattice [32].

2.3. Possible Photocatalysis Process in the Visible-Light-Irradiated V2O5/TiO2 System

To investigate the electronic band structure, the conduction and valence band edge position of
TiO2 and V2O5 were calculated through the following formula [38]:

Conduction band edge (ECB) = X− Ee
−

1
2

Eg (1)

Valence band edge (EVB) = ECB + Eg (2)
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where X is the absolute electronegativity of the semiconductor (TiO2 ~ 5.81 eV, V2O5 ~ 6.10 eV), Ee is
the energy of free electrons on the hydrogen scale, and Eg is the band gap of the semiconductor [38].
When TiO2 and V2O5 semiconductors with different energy levels contact each other, electric charge
is redistributed, leading to Fermi-level alignment. This induces electron and hole transfers at the
V2O5/TiO2 interface. After combining TiO2 using V2O5, the band gap width was reduced and led to
the absorption of more visible light, which is more conducive to dye degradation.

Figure 7 illustrates a schematic diagram of the possible photocatalysis process on the heterostructure
of V2O5/TiO2 under UV-Visible light irradiation. The surface complex can be exited to generate
photoelectrons (e−) and holes (h+) by V2O5 and TiO2 semiconductors. The e− in the conduction band
of V2O5, which has a higher valance band edge than that of TiO2, is produced by the difference in
energy levels and shifts the conduction band of TiO2 in order to promote photoreduction and produce
oxygen ion radicals (O2·

−). The h+ at the valence band of TiO2 was produced and then transferred to
the valence band of V2O5 to promote photooxidation. Furthermore, the presence of V4+, as evidenced
by the XPS result in our work, supports and provides the higher active sites. It also provides high
electrical conductivity, leading to boosting the separation and transfer of photogenerated charge
carriers, which is important for photocatalytic reactions, as reported previously [39–42]. In this process,
it was indicated that photoelectrons and holes were well separated and their recombinations were
reduced. It is believed that the enhanced photocatalytic activity could be attributed to the synergism
between efficient V2O5/TiO2 nanoheterostructures and the existence of V4+ ions.
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3. Experimental Setup

3.1. Preparation of Samples

The experiment was carried out by sparking off four pairs of titanium wires (Ti, ø 0.25 mm, purity
99.5%, Advent Research Material Ltd., Oxford, UK) with a high DC voltage of ~3 kV and a limited
current of ~3 mA for synthesizing pure TiO2 films. The spark pulse duration and repetition rate were
fixed at 0.16 s and 6.2 Hz, respectively. The wires were then placed with 1 mm spacing and 1 mm
above the substrate. The sparking head was adjusted to cover all substrates using computer numerical
control (CNC) as shown in Figure 8a.
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Figure 8. (a) Photo of the sparking apparatus and (b) schematic of sparking head of samples.

To synthesize V2O5/TiO2 nanocomposite films, the vanadium wires (V, ø 0.25 mm, purity 99.8%,
Advent Research Material Ltd., Oxford, UK) and titanium wires were sparked at the same time.
The vanadium concentration was varied by replacing titanium wires with vanadium wires from one
pair to four pairs, which were labeled as TiV1-4, respectively, as shown in Figure 8b. Finally, vanadium
and titanium nanoparticles were deposited onto the substrate and formed nanocomposite films with
different atomic ratios of Ti/V. All as-deposited films were synthesized on quartz glass substrates (10
× 10 × 1 mm3) for 30 min at room temperature and post-annealed at 400 ◦C for 1 h at atmospheric
pressure. The structural, morphological, optical, and photocatalytic properties of the samples were
investigated and reported in this paper.

3.2. Characterization Methods

The surface morphology of samples was observed by a field-emission scanning electron microscope
(FE-SEM, JEOL JSM 6335F, JOEL Ltd, Concord, MA, USA) equipped with an energy-dispersive
spectroscope (EDS, Oxford, Concord, MA, USA) to study the film’s elemental distributions.
The high-resolution transmission electron microscope (HRTEM) images were analyzed by a JEOL
model JEM 2010 instrument (Concord, MA, USA) at an accelerating 200 kV. The structures of samples
were investigated by a Raman spectrometer (JOBIN YVON HORIBA T64000, palaiseau, France) at
room temperature with 514.5 nm of 150 mW Ar laser and X-ray Photoelectron Spectroscope (XPS,
Rigaku Smartlab Japan system, Rigaku Corp., Tokyo, Japan) using an Al K-alpha source at 1487 eV.
Optical properties were carried out over a wavelength range from 200 to 800 nm using a UV-Vis
spectrometer (Perkin Elmer Instruments, Tokyo, Japan).

3.3. Photocatalytic Activity Measurement

The photocatalytic reaction of samples was evaluated by 0.01 mmol/L methylene blue (MB)
solution (Ajex Finechem Pty. Ltd., Sydney, Australia) under visible light for 1–5 h. visible irradiation
was produced by a 75 W Xenon lamp (100 w/m2, Philip, Bangkok, Thailand), which has a spectrum
nearly similar to the solar light spectrum. The catalyst films were placed on the bottom of cuvettes
with aqueous MB solution, and then variations in the concentration of MB with samples were analyzed
at given irradiation times by a UV-Vis spectrometer (Perkin Elmer Instruments, Tokyo, Japan) in
absorption mode. The degradation rate of MB, which represents the photocatalytic efficiency of films,
can be calculated with the following Equation:

D (%) =

[
C0 −Ct

C0

]
× 100 (3)

where D is degradation rate, C0 is absorption before irradiation, and Ct is absorption after irradiation [43].
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4. Conclusions

Porous V2O5/TiO2 nanoheterostructure films with various atomic ratios of Ti/V (4:1, 2:1, 1:1,
and 1:2 for TiV1-4 samples, respectively) were successfully fabricated by the sparking method in
one step. Raman spectra, SAED patterns, and HRTEM were used to confirm the formation of
V2O5/TiO2 nanoheterostructure films and their particle interface area. XPS revealed the existence
of V4+ that integrated within the V2O5/TiO2 nanoheterostructure and had a significant effect on its
photocatalytic performance. The interface heterojunctions on the surface of the catalyst are believed to
encourage the photocatalytic performance through electron-hole pair production and the easy electron
transport mechanism between the valance and conduction bands due to the low band gap of V2O5/TiO2

nanoheterostructure samples. Notably, the TiV-3 sample (atomic ratio of V/Ti approximately 1:1) showed
strong absorbance in the visible-light region and had large interface heterojunctions that displayed
the highest degradation rate of MB up to 24% compared to pure TiO2 films. The higher electronic
conductivity which arise from greater portion of V4+/Vtoatal supports the more active surface reaction
and promoting the separation and transfer of photogenerated charge carriers. Thus, this research
provides an alternative route for the one-step synthesis of porous V2O5/TiO2 nanoheterostructure films
and shows that these nanocomposite films can potentially be used in photocatalytic applications.
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9. Martínez, M.C.N.; Mazierski, P.; Kobylański, M.; Szczepanska, G.; Trykowski, G.; Malankowska, A.;
Kozak, M.; Espinoza-Montero, P.J.; Zaleska-Medynska, A. Growth, Structure, and Photocatalytic Properties
of Hierarchical V2O5-TiO2 Nanotube Arrays Obtained from the One-step Anodic Oxidation of Ti-V Alloys.
Molecules 2017, 22, 580. [CrossRef]

10. Kang, M.; Chu, M.; Kim, S.W.; Ryu, J.-W. Optical and electrical properties of V2O5 nanorod films grown
using an electron beam. Thin Solid Film. 2013, 547, 198–201. [CrossRef]

11. Lamoureux, B.; Singh, V.; Jovic, V.; Kuyyalil, J.; Su, T.-Y.; Smith, K. Structural and electronic properties of
thermally evaporated V2O5 epitaxial thin films. Thin Solid Film. 2016, 615, 409–414. [CrossRef]

12. Sun, J.; Li, X.; Zhao, Q.; Ke, J.; Zhang, D. Novel V2O5/BiVO4/TiO2 Nanocomposites with High
Visible-Light-Induced Photocatalytic Activity for the Degradation of Toluene. J. Phys. Chem. C 2014,
118, 10113–10121. [CrossRef]

13. Wang, Y.; Su, Y.R.; Qiao, L.; Liu, L.X.; Su, Q.; Zhu, C.Q.; Liu, X. Synthesis of one-dimensional TiO2/V2O5

branched heterostructures and their visible light photocatalytic activity towards Rhodamine B. Nanotechnology
2011, 22, 225702. [CrossRef] [PubMed]

14. Duan, Y.; Zhang, M.; Wang, L.; Wang, F.; Yang, L.; Li, X.; Wang, C. Plasmonic Ag-TiO2−x nanocomposites for
the photocatalytic removal of NO under visible light with high selectivity: The role of oxygen vacancies.
Appl. Catal. B Environ. 2017, 204, 67–77. [CrossRef]

15. Van Dao, D.; Nguyen, T.T.; Song, H.-Y.; Yang, J.-K.; Kim, T.-W.; Yu, Y.-T.; Lee, I.-H. Ionic liquid-assisted
preparation of Ag-CeO2 nanocomposites and their improved photocatalytic activity. Mater. Des. 2018, 159,
186–194. [CrossRef]

16. Mondal, H.M.; Dutta, S.K. Enhanced photocatalysis performance of mechano-synthesized V2O5–TiO2

nanocomposite for wastewater treatment: Correlation of structure with photocatalytic performance. Mater.
Chem. Phys. 2020, 248, 122947. [CrossRef]

17. Li, Y.; Wang, L.; Li, Z.; Liu, Y.; Peng, Z.; Zhou, M.; Zhang, C.; Jin, W. Synthesis and photocatalytic property of
V2O5@TiO2 core-shell microspheres towards gaseous benzene. Catal. Today 2019, 321, 164–171. [CrossRef]

18. Choi, S.; Lee, M.-S.; Park, D.-W. Photocatalytic performance of TiO2/V2O5 nanocomposite powder prepared
by DC arc plasma. Curr. Appl. Phys. 2014, 14, 433–438. [CrossRef]

19. Bayati, M.R.; Molaei, R.; Moshfegh, A.Z.; Golestanifard, F. A strategy for single-step elaboration of
V2O5-grafted TiO2 nanostructured photocatalysts with evenly distributed pores. J. Alloy. Compd. 2011, 509,
6236–6241. [CrossRef]

20. Kwon, Y.J.; Ko, W.C.; Kang, S.; Kim, K.M.; Jeong, Y.K. Surface passivation of highly stable TiO2/V2O5

photocatalyst by atomic layer deposited-Al2O3. Appl. Surf. Sci. 2020, 507, 145128. [CrossRef]
21. Liu, J.; Zhou, S.; Gu, P.; Zhang, T.; Chen, D.; Li, N.; Xu, Q.; Lu, J. Conjugate Polymer-clothed TiO2@V2O5

nanobelts and their enhanced visible light photocatalytic performance in water remediation. J. Colloid
Interface Sci. 2020, 578, 402–411. [CrossRef]

22. Kumpika, T.; Thongsuwan, W.; Singjai, P. Atomic force microscopy imaging of ZnO nanodots deposited on
quartz by sparking off different tip shapes. Surf. Interface Anal. 2006, 39, 58–63. [CrossRef]

23. Thongsuwan, W.; Kumpika, T.; Singjai, P. Photocatalytic property of colloidal TiO2 nanoparticles prepared
by sparking process. Curr. Appl. Phys. 2008, 8, 563–568. [CrossRef]

24. Thongsuwan, W.; Kumpika, T.; Singjai, P. Effect of high roughness on a long aging time of superhydrophilic
TiO2 nanoparticle thin films. Curr. Appl. Phys. 2011, 11, 1237–1242. [CrossRef]

25. Thongpan, W.; Louloudakis, D.; Pooseekheaw, P.; Kumpika, T.; Kantarak, E.; Sroila, W.; Panthawan, A.;
Thongsuwan, W.; Singjai, P. Porous CuWO4/WO3 composite films with improved electrochromic properties
prepared by sparking method. Mater. Lett. 2019, 257, 126747. [CrossRef]

26. Ohsaka, T. Temperature Dependence of the Raman Spectrum in Anatase TiO2. J. Phys. Soc. Jpn. 1980, 48,
1661–1668. [CrossRef]

27. Lee, S.-H.; Cheong, H.; Seong, M.J.; Liu, P.; Tracy, C.; Mascarenhas, A.; Pitts, J.; Deb, S.K. Raman spectroscopic
studies of amorphous vanadium oxide thin films. Solid State Ionics 2003, 165, 111–116. [CrossRef]

28. Ray, A.; Roy, A.; Sadhukhan, P.; Chowdhury, S.R.; Maji, P.; Bhattachrya, S.K.; Das, S.; Bhattacharya, S.K.
Electrochemical properties of TiO2-V2O5 nanocomposites as a high-performance supercapacitor’s electrode
material. Appl. Surf. Sci. 2018, 443, 581–591. [CrossRef]

29. Chen, X.; Liu, L.; Yu, P.; Mao, S.S. Increasing Solar Absorption for Photocatalysis with Black Hydrogenated
Titanium Dioxide Nanocrystals. Science 2011, 331, 746–750. [CrossRef]

http://dx.doi.org/10.3390/molecules22040580
http://dx.doi.org/10.1016/j.tsf.2013.03.060
http://dx.doi.org/10.1016/j.tsf.2016.07.062
http://dx.doi.org/10.1021/jp5013076
http://dx.doi.org/10.1088/0957-4484/22/22/225702
http://www.ncbi.nlm.nih.gov/pubmed/21454938
http://dx.doi.org/10.1016/j.apcatb.2016.11.023
http://dx.doi.org/10.1016/j.matdes.2018.08.042
http://dx.doi.org/10.1016/j.matchemphys.2020.122947
http://dx.doi.org/10.1016/j.cattod.2018.02.029
http://dx.doi.org/10.1016/j.cap.2014.01.004
http://dx.doi.org/10.1016/j.jallcom.2011.03.013
http://dx.doi.org/10.1016/j.apsusc.2019.145128
http://dx.doi.org/10.1016/j.jcis.2020.06.014
http://dx.doi.org/10.1002/sia.2507
http://dx.doi.org/10.1016/j.cap.2007.10.004
http://dx.doi.org/10.1016/j.cap.2011.03.002
http://dx.doi.org/10.1016/j.matlet.2019.126747
http://dx.doi.org/10.1143/JPSJ.48.1661
http://dx.doi.org/10.1016/j.ssi.2003.08.022
http://dx.doi.org/10.1016/j.apsusc.2018.02.277
http://dx.doi.org/10.1126/science.1200448


Molecules 2020, 25, 3327 11 of 11

30. Su, Q.; Zhang, J.; Wang, Y.; Yu, M.; Zhu, C.; Lan, W.; Liu, X. Effect of the morphology of V2O5/TiO2

nanoheterostructures on the visible light photocatalytic activity. J. Phys. Chem. Solids 2013, 74, 1475–1481.
[CrossRef]

31. Xie, L.; Liu, P.; Zheng, Z.; Weng, S.; Huang, J. Morphology engineering of V2O5/TiO2 nanocomposites with
enhanced visible light-driven photofunctions for arsenic removal. Appl. Catal. B Environ. 2016, 184, 347–354.
[CrossRef]

32. Cha, W.; Chin, S.; Park, E.; Yun, S.-T.; Jurng, J. Photocatalytic performance of V2O5/TiO2 materials prepared
by chemical vapor condensation and impregnation method under visible-light. Powder Technol. 2014, 258,
352–357. [CrossRef]

33. Chen, C.; Ma, W.; Zhao, J. Semiconductor-mediated photodegradation of pollutants under visible-light
irradiation. Chem. Soc. Rev. 2010, 39, 4206. [CrossRef]

34. Putluru, S.S.R.; Schill, L.; Godiksen, A.; Poreddy, R.; Mossin, S.; Jensen, A.D.; Fehrmann, R. Promoted
V2O5/TiO2 catalysts for selective catalytic reduction of NO with NH3 at low temperatures. Appl. Catal. B
Environ. 2016, 183, 282–290. [CrossRef]

35. Lazarus, M.; Sham, T. X-ray photoelectron spectroscopy (XPS) studies of hydrogen reduced rutile (TiO2-x)
surfaces. Chem. Phys. Lett. 1982, 92, 670–674. [CrossRef]

36. Sotoudeh, M.; Abbasnejad, M.; Mohammadizadeh, M.R. First principles study of hydrogen doping in anatase
TiO2. Eur. Phys. J. Appl. Phys. 2014, 67, 30401. [CrossRef]

37. Qin, H.; Wang, K.; Jiang, L.; Li, J.; Wu, X.; Zhang, G. Ultrasonic-assisted fabrication of a direct Z-scheme
BiOI/Bi2O4 heterojunction with superior visible light-responsive photocatalytic performance. J. Alloys Compd.
2020, 821, 153417. [CrossRef]

38. Xu, Y.; Schoonen, M.A. The absolute energy positions of conduction and valence bands of selected
semiconducting minerals. Am. Miner. 2000, 85, 543–556. [CrossRef]

39. Adepu, A.K.; Goskula, S.; Chirra, S.; Siliveri, S.; Gujjula, S.R.; Narayanan, V. Synthesis of a high-surface area
V2O5/TiO2–SiO2 catalyst and its application in the visible light photocatalytic degradation of methylene
blue. RSC Adv. 2019, 9, 24368–24376. [CrossRef]

40. Zhang, N.; Yang, M.Q.; Liu, S.; Sun, Y.; Xu, Y.J. Waltzing with the Versatile Platform of Graphene to Synthesize
Composite Photocatalysts. Chem. Rev. 2015, 115, 10307–10377. [CrossRef]

41. Zhang, J.; Xiao, F. Modulation of Interfacial Charge Transfer by Self-assembly of Single-layer Graphene
Enwrapped One-dimensional Semiconductors Toward Photoredox Catalysis. J. Mater. Chem. A 2017, 5,
23681. [CrossRef]

42. Tsang, C.; Manthiram, A. Synthesis of Nanocrystafline V02 and Its Electrochemical Behavior in Lithium
Balferies. J. Electrochem. Soc. 1997, 2, 144.

43. Won, D.-J.; Wang, C.-H.; Jang, H.-K.; Choi, D.-J. Effects of thermally induced anatase-to-rutile phase transition
in MOCVD-grown TiO2 films on structural and optical properties. Appl. Phys. A 2001, 73, 595–600. [CrossRef]

Sample Availability: Not available.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.jpcs.2013.05.009
http://dx.doi.org/10.1016/j.apcatb.2015.11.014
http://dx.doi.org/10.1016/j.powtec.2014.03.012
http://dx.doi.org/10.1039/b921692h
http://dx.doi.org/10.1016/j.apcatb.2015.10.044
http://dx.doi.org/10.1016/0009-2614(82)83672-5
http://dx.doi.org/10.1051/epjap/2014130582
http://dx.doi.org/10.1016/j.jallcom.2019.153417
http://dx.doi.org/10.2138/am-2000-0416
http://dx.doi.org/10.1039/C9RA03866C
http://dx.doi.org/10.1021/acs.chemrev.5b00267
http://dx.doi.org/10.1039/C7TA08415C
http://dx.doi.org/10.1007/s003390100804
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Morphology, Crystal Structure, and Property Investigations 
	UV–Vis Results, Band Gap Investigation, and Photocatalytic Performance 
	Possible Photocatalysis Process in the Visible-Light-Irradiated V2O5/TiO2 System 

	Experimental Setup 
	Preparation of Samples 
	Characterization Methods 
	Photocatalytic Activity Measurement 

	Conclusions 
	References

