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Abstract. The g-C3N4 nanosheets were uniformly grown on TiO2 nanotubes with porous structure
via the improved methods of impregnation calcination and facial vapor deposition. The
photocatalytic performance of the g-CsN4/TiO2 nanotubes was evaluated by the degradation of
methyl orange solution (MO) and exhibited higher photodegradation rate than the pure g-CsN4 or
TiO2 nanotubes under xenon light irradiation, which may be attributed to the increased specific
surface area and efficiently separation of photon-generated electrons/holes by the heterostructure.
This work provides a simple and efficient scheme of manufacturing porous heterostructure
nanotubes for environmental and energy applications.
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1. Introduction

TiO is regarded as a multifunctional semiconductor metal oxide, which has attracted extensive
attention from scientists because of its high oxidizing power, environmental friendliness,
non-toxicity and low cost.[1, 2] Recently, the application of TiO photocatalysts has mainly focused
on decomposing toxic and hazardous organic pollutants in contaminated air and water, which is of
great importance for environmental protection.[3] Although significant progress has been achieved,
the high recombination rate of photo-generated electron/hole pairs still hinders the wider industrial
application of TiO; photocatalysts.[4, 5] Graphitic carbon nitride (g-C3N4), with its narrow band
gap of 2.8 eV, has been extensively studied as an important metal-free semiconductor.[6] Compared
to pure TiO2 and g-C3Ny, the g-C3N4/T10: heterostructure has demonstrated superior photocatalytic
performance, reducing charge carrier recombination and enhancing electron transfer rates.[7]
However, the preparation of the g-C3N4/T10; heterojunction mainly relies on the calcination of a
mixture of nitrogen-rich precursors and TiO», which often results in the aggregation of g-C3N4 and a
decrease in active sites, limiting its industrial application.[8]

The porous structure is beneficial for the photocatalyst, as it increases the specific surface area
and efficiently transports guest species to the active sites.[9] In this study, porous g-C3N4/TiO2
nanotubes were prepared using a novel method. The porous structure of the nanotubes was formed
during the g-C3N4 modification process, resulting in a larger specific surface area. When compared
to pure g-C3Ns and TiO: nanotubes, the porous g-C3N4/TiO> nanotubes exhibited higher
photocatalytic activity for MO degradation. This work may provide a simple and efficient method
for manufacturing composite semiconductor photocatalysts.
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Fig. 1 The schematic illustration of the preparation of g-C3N4/TiO2 nanotubes.
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2. Experimental

2.1 Fabrication of g-C3N4/TiOz nanotubes.

The porous g-C3N4/TiO> nanotubes were prepared using the improved impregnation calcination
and facial vapor deposition method. Firstly, 1.6 g of polyacrylonitrile (PAN) was dissolved in 10.0
mL of N, N-dimethylformamide (DMF) to obtain the electrospinning precursor solution. The
solution was then transferred into an injector connected to a 16.0 kV high voltage power supply.
The distance between the injector and acceptor was set at 14 cm, and the flow rate of the precursor
solution was controlled at 0.5 mL/h. The resulting PAN fiber membrane was soaked in a
tetrabutyltitanate ethanol solution (v/v = 1:10) for 5 minutes and dried in an air oven at 200 °C for 2
hours. Afterward, the hollow TiO2 nanotubes were obtained through calcination. The calcination
process involved a heating rate of 2 °C/min up to 550 °C, and the tubes were kept at that
temperature for 2 hours.

To modify the g-C3N4 and form porous structures on the TiO; nanotubes, the improved vapor
deposition method was utilized. 20 mg of TiO2 nanotubes were transferred into a crucible (30 mL),
which was placed inside a sealed crucible (100 mL) containing 7 g of urea. This setup was then
calcined at a heating rate of 2 °C/min up to 550 °C, and kept at that temperature for 30 minutes. The
resulting samples were named porous g-C3N4/TiO2 nanotubes. (preparation process is as shown in
Fig. 1).

2.2 Evaluation of photocatalytic activity.

The photocatalytic performance of the samples was evaluated by measuring the degradation of
MO. Initially, 40 mg of the samples were mixed with 40 mL of MO solution (10 mg/L) and stirred
in the dark for 2 hours to reach the adsorption/desorption equilibrium. Subsequently, the mixture
was exposed to simulated solar light (xenon lamp, 120 W, at a distance of 10 cm). The
concentration of MO in the solution was measured by UV-vis spectroscopy after collecting a 3 mL
sample at regular time intervals and centrifuging it.
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Fig. 2 The SEM images of TiO2 nanotubes (A) and porous g-C3N4/TiO2 nanotubes (B and C). XRD
patterns of the TiO2 and g-C3N4/TiO2 (D). XPS spectra of samples (E) and the HRXPS of Ti 2p (F).
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3. Results and Discussion

The morphology of the samples was characterized by scanning electron microscopy (SEM). As
shown in Fig.2A, the TiO; nanotubes with diameter of about 400 nm are uniform and smooth. The
g-C3N4/Ti0: (Fig. 2B and 2C) shown a uniform porous nanotube structure, which may be caused by
the gas pressure generated from the urea sublimation during the heating process. Fig. 2D shows the
X-ray diffraction (XRD) pattern of TiO, and g-C3N4/TiO> nanotubes. The sharp and strong
diffraction peaks located at 25.34°, 37.83°, 48.13°, 55.13° and 62.67° could be attributed to the (101),
(004), (200), (211) and (204) lattice planes of the anatase TiO> (JCPDS 21-1272). For g-C3N4/TiO2
nanotubes, except for the characteristic peak of anatase TiO», a new peak at 27.39° could be
appeared, which corresponding to the (002) lattice planes of g-C3N4.[9] The surface elemental and
chemical states were studied by X-ray photoelectron spectroscopy (XPS) spectra (Fig. 2E).
Compared with pure TiO», the peak of N was obviously in g-C3N4/TiO2. The Ti 2p peaks (Fig. 2F)
of g-C3N4/TiO; shown slight shift, which may be caused by the electron transfer from g-C3;Ns to
Ti0Ox.

Fig. 3A shows UV-vis diffuse reflectance spectroscopy (DRS) analysis. For pure TiO»
nanotubes, the adsorption wavelength was under 390 nm, implying that the TiO; nanotubes only
have a response to UV light. After g-C3N4 was coupled with TiO> nanotubes, the adsorption
intensity extended to the visible light region, which means a wider photo absorption from ultraviolet
to visible light was realized. Meanwhile, the homologous band gap energy (E;) of the as-prepared
photocatalysts were calculated by the formula Eg=1240/A,, the pure TiO; and g-C3N4/TiO; have the
E; value of 2.97 eV and 2.83 eV, which could be attributed to the photosensitive effect between
g-C3Ny and TiO; heterostructure and the special optical ability of porous nanotubes structure. [8]
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Fig. 3 UV-vis DRS (A) and band gap of the as-prepared samples. Degradation test of the
photocatalysts under simulated solar light (B). Recycling tests (C) and active species trapping
experiments (D) of the g-C3N4/TiO> nanotubes under simulated solar light.

To identify the photocatalytic performance, the TiO> nanotubes, porous g-C3N4/TiO> nanotubes,
and porous TiO; nanotubes (obtained by calcination of g-C3N4/TiOz) were tested for MO
degradation under xenon light irradiation. As shown in Fig.3B, after the adsorption/equilibrium in
dark, the degradation efficiencies of the porous g-CsN4/TiO; nanotubes could reach to 87.9%,
higher than the pure TiO; tubes (47.8%) and the porous TiO: nanotubes (68.7%) under simulated
solar light for 60 min. The improvement of porous g-CsN4/TiO: nanotubes photocatalytic
performance could be attributed to the synergy of porous structure on the surface and the
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heterostructure of g-C3N4/TiO2, which increase the active site and promotes the photogenerated
electron-hole separation and transportation. Meanwhile, the g-C3N4/TiO, nanotubes presented good
stability after being reused for five times (Fig. 3C).

Furthermore, the active species trapping experiments (Fig. 3D) was detected to identify which
reactive species play the major role in the photocatalytic degradation process. MO include 1 mM of
1,4-benzoquinone (BQ), tert-butyl alcohol (t-BuOH), or disodium ethylenediaminetetraacetate
(Na2EDTA), were introduced into the photocatalytic degradation system as scavengers of
superoxide radical (*O2"), hydroxyl radical (*OH) and hole (h"), respectively. The results indicate
that the degradation rate significantly decreased when BQ and Na;EDTA were introduced, which
means the ¢O,  and h™ were the main active species in the photodegradation process of
g-C3Ny/Ti0,.[1]

4. Conclusion

The porous g-C3N4/TiO; nanotubes were synthesized by the improved methods of impregnation
calcination and facial vapor deposition for the first time. Compared with pure TiO; nanotubes, the
porous g-C3N4/TiO, nanotubes showed better photocatalytic activity. The formation mechanism of
porous g-C3N4/TiO; nanotubes and the reason for heterostructures enhanced photocatalytic
performance were also conjectured. Moreover, this research provides a new method for the
preparation of porous heterostructure nanotubes.
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