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ARTICLE INFO ABSTRACT

Keywords: In this work, zero-dimensional (0D)/ two-dimensional (2D) TiO,/g-C3N4 composite photocatalysts with

8-CsNy homogeneous well-developed heterostructures were successfully prepared from LiCl-KCl flux using a facile

Tio, molten salt assisted in-situ route. The phase composition, morphology, surface area, chemical structure, thermal

Semiconductor heterostructures stability as well as optical property of the heterostructured composites were systematically characterized.

igz;i;?itsiy:;gffradamn Benefiting from the exfoliation effect of molten salt flux, the flux-grown g-C3N,4 products exhibit a rough surface

Wastewater with porous structures and many co-existed secondary products including nanosheets, nanrods and nanotubes,
which also lead to an obvious increase in the surface area of the flux-grown g-C3N4 and composites. The pho-
tocatalytic performance of the TiO,/g-C3N4 heterostructure composites was evaluated by photodegradation of
methyl orange (MO) and rhodamine B (RhB) under the visible light irradiation (A > 420 nm), and proved to be
greatly improved compared to individual TiO, and g-C3N4. Moreover, the enhanced photocatalytic activity of
TiO,/g-C3N,4 composites can be attributed to the higher surface area and the synergistic effects between TiO, and
g-C3N, including the increased light harvesting ability and more efficient separation of the photogenerated
charge carriers, which originates from the construction of TiO»/g-C3Ny4 heterostructures at the interface between
the two components. Furthermore, a possible mechanism responsible for the enhanced photocatalytic perfor-
mance was also proposed. Additionally, the TiO,/g-C3N4 composites showed a superior adsorption ability for the
removal of cationic dye methylene blue (MB) from aqueous solutions, due to their high surface area and strong
electrostatic interactions between catalysts and dye molecules.

a practical way. Therefore, it is still a great challenge to seek and design
novel visible-light-active photocatalytic materials with high efficiency

1. Introduction

Nowadays, the treatment of dye wastewater has become an im-
portant aspect of environmental remediation because many synthetic
organic dyes produce health hazards toward humans and aquatic eco-
systems due to their toxicity, carcinogenicity and low degradability
[1,2]. Thus, it is imperative to remove various hazardous dye pollutants
from the industrial effluents before discharging into receiving water
bodies. Currently, semiconductor photocatalysis, as an alternative and
environmentally-friendly technology, has received more and more re-
search interests due to its potential applications in solving the world-
wide problems of environmental pollution and energy crisis [3-5].
Unfortunately, the existing photocatalysts usually suffer from the
shortcomings including the wide energy band gap and low solar-energy
utilization efficiency, etc., which hinder their large-scale applications in
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for practical environmental applications.

Recent years, a metal-free polymeric semiconductor, graphitic
carbon nitride (g-C3N4) with appropriate band gap (~ 2.7 eV) and good
physicochemical stability, has received extensive attention in the field
of photocatalysis once reported by Xinchen Wang et al. in 2009 [6].
Nevertheless, a small specific surface area (~10 m? g’l), low visible
light utilization efficiency and the high recombination rate of photo-
generated electron-hole pairs in pure g-C3N, greatly limit its photo-
catalytic properties [7]. Consequently, significant efforts have been
devoted to improving the visible-light-driven photocatalytic perfor-
mance through ion doping [8,9], noble metal modification [10,11],
sensitizing with organic dyes [12,13], coupling with other semi-
conductor materials [14-17], and so on. Among these methods, the

** Corresponding author at: School of Materials Science and Engineering, East China University of Science and Technology, 130 Meilong Road, Shanghai 200237, China.

E-mail addresses: syguan@shu.edu.cn (S. Guan), bingli@ecust.edu.cn (B. Li).
1 These authors contributed equally to this work.

https://doi.org/10.1016/j.jphotochem.2018.05.009

Received 26 March 2018; Received in revised form 4 May 2018; Accepted 9 May 2018
Available online 22 May 2018

1010-6030/ © 2018 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/10106030
https://www.elsevier.com/locate/jphotochem
https://doi.org/10.1016/j.jphotochem.2018.05.009
https://doi.org/10.1016/j.jphotochem.2018.05.009
mailto:syguan@shu.edu.cn
mailto:bingli@ecust.edu.cn
https://doi.org/10.1016/j.jphotochem.2018.05.009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jphotochem.2018.05.009&domain=pdf

B. Zhang et al.

construction of g-C3Ny4-based semiconductor heterostructures has
emerged one of the most effective strategies to improve the photo-
catalytic performance by widening the range of light adsorption and
promoting the separation of photogenerated charge carriers at the in-
terface of semiconductor-semiconductor heterostructures, including g-
C3N4/ZnO [18], g-C3N,/TaON [19], §-C3N4/ZnWO, [20], g-C3N4/
CoTiO3 [21], g-C3N4/MoS, [22], g-C3N4/AgsVO, [23], and other
composite systems [7,24,25]. Based on the well-matched energy band
structures between g-C3Ny4 and TiO,, up to now, numerous studies have
revealed the successful construction of organic-inorganic TiO,/g-C3N4
composite heterostructures with enhanced photocatalytic activity for
dye degradation [16,26], water splitting [27,28], CO, reduction
[29,30], and bacterial inactivation [31], and so on. However, to the
best of our knowledge, there is no report concerning molten salt as-
sisted synthesis of TiO5/g-C3N4 composite photocatalysts.

In our work, 0D Degussa P25 TiO, nanoparticles (NPs) with the
superior UV-light photocatalytic activity have been successfully cou-
pled with the 2D g-C3N, sheets through a facile molten salt assisted in-
situ growth route using the binary KCI-LiCl eutectic chloride salts with
low melting point (353 °C) as a reaction medium and intercalated guest.
In this way, TiO, NPs can be well dispersed and deposited on the sur-
face of 2D g-C3N, sheets, resulting in the successful formation of well-
developed TiO,/g-C3N,4 heterostructures, which can efficiently facil-
itate the transfer and separation of photogenerated charge carriers
across the intimate interface between the both semiconductors.
Moreover, the surface area of these flux-grown g-C3N4-based compo-
sites obviously increased. The as-prepared heterostructured composites
also showed much higher photocatalytic activity for the degradation of
anionic dye MO and cationic dye RhB in aqueous solution under visible
light irradiation (A > 420 nm) compared to individual g-C3N, and
TiO,. Meanwhile, a possible mechanism responsible for the enhanced
photocatalytic performance was proposed and discussed. Furthermore,
the composite photocatalysts exhibited excellent selective adsorption
toward cationic dye MB in aqueous solution. Therefore, such a novel
TiO5/g-C3N4 composite can be qualified as a promising candidate for
photocatalyst and adsorbent to efficiently remove dye pollutants from
wastewater, which is significant for environmental remediation and
solar energy utilization.

2. Experimental
2.1. Materials

All reagents used in this work were of analytical grade and without
further purification. Melamine (C3H3Ng), lithium chloride (LiCl), po-
tassium chloride (KCl), methyl orange (C;4H;4N3SO3Na, MO), methy-
lene blue (C;6H;gCIN3S, MB) and rhodamine B (C,gHs3;CIN,O3, RhB)
were provided by Sinopharm Chemical Reagent Co., Ltd (Shanghai,
China). P25 (TiO,, Degussa) was supplied by Evonik Degussa
Corporation (Germany). Deionized water was utilized in whole process
of experiments.

2.2. Preparation of TiO,/g-C3N,4 composites

TiO,/g-C3N, composite photocatalysts were prepared by a facile
molten salt in situ method, as shown in Fig. 1. In a typical procedure,
the mixture of P25 TiO, and melamine powders with the given mass
ratio of TiO,: melamine = 1:4, 1:8, 1:15 and 1:30 was ground homo-
geneously in the presence of excessive KCI-LiCl eutectic salts (59.2 mol
% LiCl + 40.8 mol% KCl) in an agate mortar for 30 min. The obtained
powders were transferred into a 80cm® corundum crucible sealed
loosely with a lid and placed in an electric furnace. Then, the crucible
was subjected to a heat treatment at 540 °C in air holding for 4h and
subsequently cooled down to room temperature naturally in the fur-
nace. In order to remove the residual chloride salts, the products were
repeatedly washed with warm deionized water and separated by a
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paper filter (Wathman No. 42). Finally, the obtained powders were
dried at 80 °C overnight. According to this method, a series of the TiO,/
g-C3N,4 composite photocatalysts were obtained and denoted as TO/CN-
4, TO/CN-8, TO/CN-15, and TO/CN-30, respectively.

For comparison, molten salt synthesis of g-C3N4 and P25 nanoma-
terials (named as CN-MS and P25-MS, respectively) in absence of TiO,
or melamine were also carried out under the same experiment condi-
tion. Moreover, pure g-C3N, was prepared by direct thermal con-
densation of melamine at 540 °C for 4 h, as described in our previous
report [21].

2.3. Characterization

The crystalline phase composition and crystallinity of the as-pre-
pared samples were measured by a X-ray diffraction (XRD) dif-
fractometer (Rigaku D/MAX-2550 VB/PC) with Cu-Ka radiation at a
scan rate of 0.02°/s in the range of 260 = 10-80°. The chemical com-
position of the composite sample was determined by an energy dis-
persive X-ray spectroscope (EDS, EDAX, Genesis XM2). The Hitachi S-
3400N scanning electron microscopy (SEM) and JEOL JEM-2100
transmission electron microscopy (TEM) were employed to characterize
the surface morphology and structure of the samples, and simulta-
neously high resolution transmission electron microscopy (HRTEM)
images were also obtained on the JEM-2100 instrument at an accel-
erating voltage of 200kV. Nitrogen adsorption-desorption measure-
ments used to determine the Brunauer-Emmett-Teller (BET) surface
area and pore size distribution of the samples were obtained on a
Micromeritics ASAP 2010 instrument. Thermogravimetric (TG) analysis
was performed on PerkineElmer (Pyris Diamond) at a heating rate of
10 °C/min in air atmosphere. The intermediates generated at given time
intervals by the photodegradation of MO were measured by using an
ESI-TOF mass spectrometer (Xevo G2 TOF, Waters). Fourier transform
infrared (FT-IR) spectra were recorded on a Nicolet 6700 spectrometer
using KBr pellets for the samples. UV-vis diffuse reflectance spectra
(DRS) were carried out on a Perkin-Elmer Lambda 950 UV-vis-NIR
spectrophotometer equipped with an integrating sphere attachment.
Photoluminescence (PL) emission spectra were recorded on a Perkin-
Elmer LS-55 fluorescence spectrofluorometer with an excitation wave-
length of 325nm. Zeta potentials of the samples dispersing in water
were analyzed by a Malvern Zeta Analyzer (Nano-ZS, Malvern
Instrument, UK).

2.4. Photocatalytic evaluation

The photocatalytic activity of the as-prepared samples was eval-
uated by photodegradation of organic dye pollutants in aqueous solu-
tions under visible light irradiation (A > 420 nm). A 300 W Xe lamp
(PLS-SXE300, Beijing Perfect Light Co., Ltd.) equipped with a UV cutoff
filter was served as the visible light source. Anionic MO and cationic
RhB dyes were selected as the degradation objects. In a typical run,
60 mg catalyst samples were evenly dispersed in 60 ml aqueous dye
solutions with an initial concentration of 10mgL~"! in a self-designed
quartz reactor and then stirring the aqueous dye solutions in the dark
for 60 min to achieve an adsorption-desorption equilibrium between
the photocatalysts and the substrates. Subsequently, the light source
was switched on, and the reactor was cooled by circulating water
throughout the experiment. Then, the suspensions were sampled at the
given irradiation time intervals and centrifuged to remove the photo-
catalysts at 10,000 rpm for 5 min. The decay of absorbance of the col-
lected dye solutions (about 4 mL) was monitored on the Lambda 950
spectrophotometer to calculate the dye removal efficiency. The con-
centrations of the irradiated dye solutions were determined by using a
calibration curve (concentration vs. absorbance) plotted by the known
concentrations of dye solutions.
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