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degradation of tetracycline (TC). The g-CsN4/InVO4 composite at a weight
ratio of 10 % exhibited the most excellent photocatalytic activity for TC
degradation under visible irradiation which was more active than that of pure

components.

Introduction

Semiconductor photocatalysis technology has been
received keen interest in the past few decades, due to
energy saving, absence of secondary pollution and
efficient photocatalytic activity for environmental
pollution treatment area with the utilization of solar
energy [1-4]. TiO, owning to its superior redox ability,
low cost and nontoxicity as a main photocatalyst has
been widely studied and successfully implemented
commercial.  However, the  wide-band  gap
semiconductor  photocatalyst with 3.2 eV only
absorbing UV-light is a significant drawback for
practical application in environment remediation [1, 2].
Therefore, many attempts have been made to explore
the photocatalysts responsive to visible light.

In recent years, the narrow band gap of 2.7 eV of the
graphitic carbon nitride (g-CsN4) nanomaterial makes it
respond to visible light with the wavelength longer
than 400 nm. The g-GN; exhibits excellent
photocatalytic performance for degrading organic
pollutants under visible light [5, 6]. Addition, g-C3N4
can be simply prepared by the thermal condensation
of several low-cost nitrogen-rich precursors such as
dicyandiamide, melamine, urea,... which make it a
more accessible and  promising  photocatalyst.
However, the photocatalytic activity of individual g-
C3N4 is limited, in which the photoaction suffers from
low conversion efficiency due to the fast recombination
of photogenerated hole - electron pairs [7 - 9]. The
effectiveness  of g-CsNa hybridized with  others
semiconductors is an effectively method to reduce the
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charges  recombination  rate  for
photocatalytic performance.

enhancing

Besides of g-C3N4, InVO4 as an novel stable and non-
toxic  semiconductor  material,  has  attracted
considerable interest because of its high response to
visible light [10-12]. However, the photocatalytic
efficiency of pure InVO4 is not high due to its poor
adsorptive performance and the difficulty in migrating
photogenerated charge carriers [13]. It has been
reported that the values of the conduction band and
the valence band levels of InVO4 are 0.32 and 2.75 eV,
respectively, both of which are lower than that of g-
C3N4 [14, 15]. Hence, the InVO4 hybridized with g-CsNa
may be more helpful for the charge carriers transfer
and separation at the heterojunction surface,
consequently improving photocatalytic performance
[14, 15].

In the present work, we intend to the development of
coupling g-CsN4 with InVO4 as a high-performance
visible light photocatalyst. The well aligned straddling
band structures in hybrids can restrain the
photoinduced charge recombination and enhance the
transfer of electron-hole pairs, which improves
photocatalytic activity for photodegradation organic
pollutants. The degradation of tetracycline as a model
pollutant under visible light to evaluate photocatalytic
activity of g-CsN4/InVOs.

Experimental

Photocatalyst synthesis

1g of urea ((NH;).CO) was ground for 15 min to obtain
finely powder, which was continuously calcined for 2 h
at 530 °C to synthesize g-C3Na4. To synthesize different
mass ratios g-CsN4/InVO, photocatalysts, 0.81 g g-
C3N4 and 0.162 g NH4VOs were mixed in the 30 mL of
deionized water and followed by vigorous stirring 4 h
for a uniform suspension. At the same time, 0.572 g
IN(NO3)3.4.5.H,0 solid was dissolved in 3 mL of HNO;
(1 M) to obtain a clear suspension. The solution was
added rapidly to the suspension and soon afterwards
stirred for additional 4 h at room temperature. After
carefully adjusting the pH value of 4 using NaOH
solution (1 M), the mixed solution was transferred into a
Teflon-lined steel autoclave, which was heated in an
oven at 150 °C for 24 h. At last, the obtained product
was collected and washed with ethanol and distilled
water several times, and dried at 80 °C for 2 h. The
synthesized materials were named g-C3Nu/InVO,-x,
which X were the weight ratios of the used g-C3N4 to

the used InVO4 (X = 5,10, and 15 %). The pure InVO,
sample was fabricated under the same conditions in
the absence of g-C3N4 powder.

Characterization methods

The prepared materials were carefully analyzed by an
X-ray diffractometer (D8 - Advance 5005) to
investigate their microstructure. UV-vis absorption
spectra of these photocatalysts have been conducted
on a UV — Visible spectrophotometer (3101PC
Shimadzu). Infrared spectroscopy was recorded on an
760 IR spectrometer (Nicolet-USA). Photoluminescence
spectra (PL) were carried out on a Fluoromax-4-type
spectrophotometer (Jobin-Yvon Co, France). Energy
dispersive X-ray spectroscopy was determined on a S-
4800 spectrophotometer (Hitachi — Japan).

Degradation experiments: To assess the photocatalytic
degradation efficiency, 0.1 g synthesized material was
put in 500 mL of a 200 mL tetracycline (10 mg/L)
stored in a dark cover beaker using as reactor. Then,
the solution was constantly stirred for 120 min to get
the adsorption—desorption equilibrium on
photocatalyst surface. After that, the reactor was
irradiated by visible light produced from 30 W (SBNL-
830). At interval time of 30 min, 5 mL solution was
withdrawn and filtered to analyze remained tetracycline
using a UV-Vis spectrometer to measure their
degradation properties at 355 nm (UV 1800,
Shimadzu).

Results and discussion

Material properties

XRD patterns of the prepared g-CsN4 InVOs and g-
C3N4/InVO4-x were shown in Figure. 1. The obtained
XRD pattern of the g-CsN; indicated that two
characteristic  diffraction peaks of pure g-C3N4
observed at 13.1 and 27.4° can be indexed as the (100)
and (002) diffraction planes of graphite-like carbon
nitride, respectively (JCPDS 87-1526) [5, 6]. While for
pure INVOy, the characteristic peaks at 18.6, 20.8, 23.0,
311, 33.2, 35.2, 42.0 and 46.9 are observed, which can
be indexed to (110), (020), (111), (200), (122), (130), (202)
and (222) crystal planes of InVO4 (JCPDS 48-0898) [16].
For g-CsN4/InVO4 composites, the main diffraction
peaks of g-CsNs and InVO. materials did not change
obviously, with the increase of weight ratios of 5, 10
and 15%, the peak intensity of g-CsN4 is highest at
weight ratio of 15%, this peak is weaker for g-
C3N4/INVO4-10 and C3N4/InVO4-5, indicating that the
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fabrication process did not destroy the main structure
of both components.
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Figure 1: XRD patterns of g-CsNg4, InVO4 and g-
C3Ny/INVO4-x

The UV-Vis-DRS was carried out to investigate the
optical absorption of the as-prepared samples. The
band gap energies of the obtained photocatalysts was

18

estimated by using the Tauc plot, combining with the
Kubelka-Munk method. In the Tauc plot, a linear fit was
drawn from the transformed curves to the photon
energy axis and the energy value at the point of
intersection of the line and the horizontal axis was the
band gap energy of the materials. The obtained results
indicate that the visible light absorption of the prepared
INVO,4 material was higher than visible light absorption
of the prepared g-CsNa. This was because the band-gap
energy of the InVOy4 (2.45 eV) materials was lower than
that of the g-GsN4 (2.75 eV) (Figure. 2). The optical
absorption spectra also show that visible light absorption
of the prepared g-CsN4/INVOs materials were better
than that of single g-CsN4 and InVO4 materials. The g-
C3N4/InVO,4  material  corresponding to 10%  weight
percentage of g-GiN/InVO, exhibited the highest
visible light absorption among prepared composite
materials. The calculated band-gap energies of the g-
C3N4/INVO4-5, g-C3N4/INVO4-10 and g-C3N4/InVO4 were
2.68, 2.55 and 2.62 eV, respectively.
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Figure 2: UV-Vis diffuse reflectance spectra and the plots of (ahv)? versus energy (hv) for the

band gap energy of g-CsNy4, INVO4 and g-C3N4/INVO4-x

Synthesized materials were also further analyzed by an
a photoluminescence emission spectrophotometer to
determine their optical properties. The g-CsNs, INVO4
and g-CsN4/InVO4-x PL spectra were shown in Figure

3. Pure g-CsN4 and InVOy4 had strong PL peak intensity.
When g-CsN4 was combined with the InVO,, the g-
C3NL/InVO4  heterojunction displayed lower intensity.
The PL spectra areusually utilized to determine charge
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(e- and h+) separation efficiency. A lower PL peak
usually corresponds to lower charge recombination
rate or lower charge separation efficiency. Thus, the
formation of heterojunction successfully solved the
problem of easy recombination of photogenerated
charges of single photocatalysts. g-CsN4/InVO4-10

shows a lowest luminescence emission among
prepared composites
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Figure 3: PL spectra of g-C3N4, InVO4 and g-
C3N4/InVO4-x materials
The IR spectra of the g-GiNs InVOs and g-

C3N4/INVO4-10 material are shown in Figure. 4. In the
IR spectrum of g-CsN4, The absorption peak at 1662
cm™ corresponds to C-N stretching vibrations, and
peaks at 1240 and 1408 cm™ are attributable to
aromatic C=N breathing modes.
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Figure 4: IR spectra of InVO4, g-CsN4 and InVO4/g-

C3N4 materials

The adsorption peak at 813 cm-1 belongs to the
breathing mode of triazine units [17]. The peak at
about 472 cm-1 is assigned to the V-O-V band and
the strong peak at 735 cm-1 indicates the existence of
VO4* groups. And peak at 956 cm-1 correspond to the
characteristic vibration V=0, respectively [18, 19]. In the

case of the g-CsN4/InVO4-10 composite, most of the
characteristic peaks of g-CsNs were obscured after the
introduction of InVO4 composites and the peak at 813
cm™ corresponds to the breathing mode of triazine
units in g-CsNa was noted at 825 cm™, indicating the
coexistence of these two semiconductors.

Energy dispersive X-ray spectroscopy was used to
determine the elemental composition of the
synthesized g-CsN4/INVO4-10 material in Figure. 5. The
EDX spectrum of g-CsNu/InVO4-10 demonstrates the
existence of C, N, In, V and O elements without any
other impuirities.
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Figure 5: EDS spectra of g-C3N4/InVO4 material

Photocatalytic activities

The photocatalytic activity of the CsN4/InVO4-10
samples were determined by degradation of TC in
water under visible light (SBNL-830 led lamp light
sources). For comparison, the photocatalytic activity of
g-C3N4 and InVOy4 is also presented. Figure 6 indicates
that the photocatalytic activity of g-CsN4/InVOs—=x was
better than those of g-CsNs4 and InVO.. This was
because the excitation of the electron from the HOMO
to the LUMO orbital of InVO4 could be directly injected
into the valence band of g-C3N, leading to a
significant decrease in the electron—hole recombination
for InVOs4 in the composites. Hence, this may
contribute to the significant enhancement of the
photocatalytic reactivity of g-CsNa/InVOs—x. Figure 6
also shows that the g-CsN4/InVO4 optimal weight ratio
enhancing photocatalytic conversion of TC is 10 wt.%
with the degradation efficiency is 79.61%. The obtained
result is consistent with the characterized properties
and reveal higher degradation efficiency compared to
other study [15]. There is a certain limit on g-
C3N4/InVO, weight ratio leading to enhancement in its
photocatalytic activity. According to Wang's report, in
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TC degradation process, there were three possible
products of degradation pathway [20].
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Figure 6: Conversion of TC using g-CsNa, InVO4 and g-
C3N4/InVO4—x under visible light source

Conclusion

We succesfully synthetized a series of g-C3Nu/InVOy,
visible-light-induced composites by a via hydrothermal
and  heating  methods.  The  g-CsN4/InVO4
photocatalysts possess significantly improved visible
light photocatalytic activity for TC degradation
compared with g-CsN4 and InVOa. The g-CsN4/InVO4-
10 (10 wt%) exhibits the highest photocatalytic
performance. The enhancement of photocatalytic
efficiency under visible light is mainly attributed to the
match of conduction and valence band levels between
the g-C3sN4 and the InVO,, which can induce the high
separation of photo-generated electron-hole pairs in
the heterojunction system.
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