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ABSTRACT Sulfur and selenium co-doped graphitic carbon nitride (SSCN) with efficient pho-
tocatalytic activity was synthesized by synchronously introducing sulfur and selenium atoms
into the melon structure of g-CsN4 (GCN) via a facile solid-phase thermal reaction of GCN and
SeS,. The as-prepared SSCN possesses a larger specific surface area with a richer pore

structure that provides more active centers for catalytic reaction. More importantly, the asym- ’«z,j_i e

activation of T-mr* electron transition but also awakens the n-* electron transition in g-C3N.
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Moreover, the n-* electron transition of SSCN can be controlled through changing the
amount of SeS,, which can greatly extend the photo-response range to 600 nm. As a result,
the SSCN samples show an excellent photo-degradation performance for typical antibiotic of
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tetracycline hydrochloride (TC). The specific degradation route and main intermediates of TC based on liquid chromatograph mass spectrometer

(LC-MS) analysis are also investigated and discussed.
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n INTRODUCTION

The improvement of human living standard is inseparable from
the development of modern industry followed by a large number
of organic pollutants.:? The pollutants are difficult to degrade and
easy to diffuse, which has become a common challenge faced by
all mankind.4 The traditional methods for removing organic pol-
lutants, including physical adsorption, chemical treatment and bi-
ological decomposition, have many disadvantages, such as high
cost, harmful by-products and complex process.>1% Therefore,
the semiconductor photocatalytic technology has attracted in-
creasing attention for its potential in wastewater treatment due to
its green and energy saving characteristics.'**") So far, many
photocatalysts have been developed, such as TiO, and its nano-
composites.'82° TiO, is a kind of widely used commercial photo-
catalyst, but it can only absorb ultraviolet light and has no visible
light response.[?>-24 Therefore, photocatalysts with visible light re-
sponse have become an important research topic in recent years,
including ZnO,?% SNO,,?81 CdS, 27 BiVO,, 8! TagNs,2°30 g-C3N4B1-331
and so on. Among them, g-CsN4 as a non-metallic organic semi-
conductor material has become an extremely attractive visible
light photocatalyst due to its suitable band structure (2.7 eV), high
chemical stability, and low production cost.[*43¢1 However, the
original g-C3sN4 has some inherent disadvantages, such as small
specific surface area, poor visible light utilization and high carrier
recombination rate.7-39

In order to overcome the above drawbacks, researchers have
developed many strategies to improve the photocatalytic perfor-
mance of g-CsN,, such as metal and non-metal doping,“%-43l in
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troduction of vacancy defects,* morphology modulation,54l
construction of heterojunctions,?*”* etc. Among these methods,
non-metallic doping is an attractive strategy to adjust the compo-
sition and morphology of g-C3Ns-based photocatalysts, which can
maintain the non-metallic properties of g-CsNs with low cost,
earth-abundant as well as stable and adjustable properties. By
doping non-metallic elements, the band structure of g-CsN4 can
be adjusted to tune its light-absorption ability and redox capacity,
and the photocatalytic activity can be improved.® Lv et al.®Y pre-
pared S-doped g-C3N4 nanosheets using thiourea as precursor
system, and the obtained S-doped g-CsN, nanosheets have a
high specific surface area with a reduced bandgap and increased
surface N defects. Kumar et al.®? synthesized a novel in-situ Se-
doped g-CsN4 nanosheet by a simple one-pot two-step strategy.
The Se doping generated an intermediate state in g-C3N4, which
could significantly extend the light absorption to 570 nm. Thus,
the Se-doped g-C3N,4 nanosheet showed an enhanced efficiency
for solar fuel production from CO,. Although most previous reports
have focused on single-element doping, some studies have
shown that co-doping with more than one nonmetallic atom is
more efficient than single-element doping. For example, (P, S) co-
doping,®? (S, O) co-doping®* and (C, 1) co-doping®®® all show a
higher photocatalytic activity and unusual physicochemical char-
acteristic. Therefore, it is necessary to study the multi-element
doping in g-C3N4 framework and explore the mechanism of its en-
hanced photocatalytic activity.>®

In this work, sulfur and selenium co-doped graphitic carbon ni-
tride (SSCN) with efficient photocatalytic activity was synthesized
by synchronously introducing sulfur and selenium atoms into the
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melon structure of g-C3N4 (GCN) via a facile solid-phase thermal
reaction of GCN and SeS,. The as-prepared SSCN possesses a
larger specific surface area with a richer pore structure that pro-
vides more active centers for catalytic reaction. More importantly,
the asymmetric structure of SSCN due to introducing sulfur and
selenium not only maintains the easier activation of -1* electron
transition but also awakens the n-tr* electron transition in g-C3N,.
Moreover, the n-r* electron transition of SSCN can be controlled
through changing the amount of SeS,, which can greatly extend
the photo-response range to 600 nm. As a result, the SSCN sam-
ples show an excellent photo-degradation performance for typical
antibiotic of tetracycline hydrochloride (TC).

n RESULTS AND DISCUSSION

Structure and Property Analysis. Figure 1a displays the XRD
patterns of the synthesized samples. Two distinct diffraction
peaks of all the samples locate at ~13.2° and 27.5°, correspond-
ing to the (1 0 0) and (0 O 2) planes of g-C3N4, respectively. Com-
pared with GCN, SSCN samples display a lower intensity and
broader half peak of the (0 0 2) crystal plane, which is ascribed to
the fact that the S and Se doping affects the periodic structure of
g-CsN4. This decreased periodic structure not only maintains the
easier activation of 17-1* electron transition, but also awakens the
n-1r* electron transition in g-CsN4. The chemical structures of the
GCN and SSCN samples were further investigated by the FT-IR
spectrum (Figure 1b). The characteristic vibration peaks of as-
prepared photocatalysts at 810, 1200~1600 and 3000~3500 cm!
are attributed to the characteristics from tri-s-triazine ring units,
stretching modes of aromatic C-N heterocycle, and stretching vi-
bration of amine groups (NHx), respectively. No obvious C-S and
C-Se peaks could be observed, mainly due to the low content of
SeS; and another factor which may be that the characteristic
peaks of C-S and C-Se are overlapped with the stretching vibra-
tion mode of g-C3Ns.

The surface compositions and chemical states of SSCN-50
sample are examined by XPS characterization. Figure 2a shows
the C 1s spectrum with three characteristic peaks at about 284.8,
286.9 and 288.4 eV corresponding to C-C, C-NHx and N-C=N,
respectively. Itis worth noting that two new peaks appear at 282.8
and 283.6 eV, attributed to C-Se and C-S, respectively. As shown
in Figure 2b, the N 1s spectrum of SSCN-50 displays three peaks
at 396.9, 398.7 and 401.1 eV, which can be respectively associ-
ated with NoC, N3C and N-Hx. The peak of S element in Figure 2¢
can be divided into 157.0, 159.4, 161.9 and 164.5 eV assigned to
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Figure 1. (a) XRD patterns and (b) FT-IR spectra of the as-prepared sam-
ples.
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Figure 2. The high-resolution XPS spectra of C 1s (a), N 1s (b), S 2p (c)
and Se 3d (d) for SSCN-50 sample.

S 2p in SSCN-50. The Se 3d spectrum is deconvoluted into two
main peaks with binding energies of 55.5 and 59.1 eV, corre-
sponding to Se=C-N and C-Se (Figure 2d), respectively.5”5¢ The
above results indicate that the sulfur and selenium co-doped g-
CsN4 has been synthesized.

The morphologies and microstructures of GCN, SSCN-0 and
SSCN-50 photocatalysts are characterized by SEM and TEM. As
shown in Figure 3a-c, the SEM images of GCN, SSCN-0 and
SSCN-50 photocatalysts show the 2D structure characteristic.
However, compared with GCN and SSCN-0, the surface of
SSCN-50 becomes slightly rough due to the doping of S and Se
in g-C3N4. As shown in Figure 3d-g, the EDX element mapping
images display that the C, N, S and Se are homogeneously dis-
tributed in the SSCN-50 sample. The TEM images of GCN,
SSCN-0 and SSCN-50 samples are shown in Figure 3h-j, and
some appeared pores increase the specific surface area of SSCN-
50, which is consistent with the N, adsorption-desorption result. In

Figure 3. SEM images of (a) GCN, (b) SSCN-0 and (C) SSCN-50 sam-
ples. Elemental mapping images of (d) C, (e) N, (f) S and (g) Se for SSCN-
50 sample. TEM images of (h) GCN, (i) SSCN-0, (j) SSCN-50 and SAED
image of SSCN-50 (inset of j).
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Figure 4. N2 adsorption-desorption isotherms and corresponding pore
size distribution curves of GCN and SSCN-50 samples.

addition, the two diffraction rings in SAED pattern (inset of Figure
3j) correspond to the (1 0 0) and (0 0 2) planes of SSCN-50.

The N, adsorption-desorption isotherms and pore size distribu-
tion curves of GCN and SSCN-50 are shown in Figure 4. It is
noted that the samples show a similar type-1V adsorption-desorp-
tion isotherms and Hs hysteresis loop, implying the presence of
mesopore in photocatalysts. Notably, the specific surface area of
SSCN-50 is about 32.43 m? g, which is almost 4 times higher
than that of GCN (8.06 m?g™). Moreover, the specific surface area
of SSCN-0 has been also tested to be 8.67 m?g. The increased
surface area is attributed to the rich pore structure (inset of Figure
4) resulting from S and Se co-doping. It is well known that the
large specific surface area with more active sites is beneficial for
improving the photocatalytic performance.

The light absorption and utilization of the prepared samples are
characterized by UV-vis DRS. As shown in Figure 5a, the SSCN
samples show an enhanced light absorption in both UV and visi-
ble light regions. A typical absorption edge around 390 nm is iden-
tified as the intrinsic electronic transition (1r-1*) of g-C3sN4. Notably,
a new absorption peak at about 490 nm appears in the UV-vis
DRS of SSCN samples, which is ascribed to the (n-1*) electronic
transition.®% The generation of (n-1*) electronic transition can be
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Figure 5. (a) UV-vis DRS spectra and (b) Kubelka-Munk plots of the as-
prepared samples. (c) Mott-Schottky plot and (d) band structure of GCN

and SSCN-50 samples.
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Figure 6. (a) Photocatalytic degradation of RhB and (b) the corresponding
degradation kinetics for the as-prepared samples. (c) Photocatalytic deg-
radation of TC and (d) the corresponding degradation kinetics for the as-
prepared samples.

attributed to the asymmetrical structure of SSCN samples result-
ing from S and Se co-doping. According to the Kubelka-Munk
function (F(R)hv)" versus the energy of exciting light (hv), the
bandgap of GCN and SSCN-50 is calculated to be 2.46 and 1.83
eV, respectively (Figure 5b). The Mott-Schottky curves are ap-
plied to determine the conduction band (CB) potential of GCN and
SSCN-50 samples. As shown in Figure 5c, the GCN and SSCN-
50 samples exhibit typical n-type semiconductor characteristics.
The CB potentials of GCN and SSCN-50 are determined to be
-0.42 and -1.21 V (vs. NHE), respectively. Through combining the
value of bandgap and CB potential, the valence band (VB) poten-
tials of GCN and SSCN-50 are determined to be 2.04 and 0.62 V,
respectively. The band structure of as-prepared samples is shown
in Figure 5d.

Photocatalytic Activity. The photocatalytic activity of prepared
samples was analyzed by degrading antibiotic of TC and typical
dye of RhB under visible light irradiation. As depicted in Figure 6a,
no significant degradation of RhB is observed without the addition
of any photocatalyst. For P25 and GCN samples, only 15.1% and
26.7% of RhB can be respectively removed after 45 minutes of
illumination. The photocatalytic activities of all SSCN samples are
greatly improved and the highest efficiency of RhB degradation of
SSCN-50 can attain 99.4%. The kinetic profile of RhB can be ap-
proximated by linearly transforming In(Co/Cy) = kt to a quasi-level
process shown in Figure 6b. The result shows that the degrada-
tion rate constant for SSCN-50 (0.067 min) is about 16.8 times
that of GCN (0.004 min'). In addition, the antibiotic of TC is also
used to evaluate the photocatalytic performance in this work. The
SSCN-50 sample also exhibits the highest photocatalytic activity
(Figure 6¢). Especially, 78% of TC could be degraded after 60 min
light irradiation. As shown in Figure 6d, the kinetic curve of TC can
be approximated as a pseudo first-order process by linear trans-
formation In (Co/Cy) = kt, indicating the degradation rate of SSCN-
50 (0.025 min™) to be about 2.5 times that of GCN (0.010 mint).
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Figure 7. Specific degradation pathways of TC based on the main inter-
mediates in degradation process.

The above results show that the photocatalytic activity of g-CsN4
could be significantly improved by S and Se co-doping.

The specific degradation route for TC based on major interme-
diates is also proposed by LC-MS characterization. As shown in
Figure 7, the intermediates P1 (m/z 461), P2 (m/z 461) and P3 (m/z
461) originate from TC cleavage by double bond breakage and
hydroxyl addition. The intermediates P1 and P2 are further de-
graded by the loss of N-methyl and hydroxyl groups to generate
intermediate P4 (m/z 432), which is then degraded by removing
hydroxyl groups to produce intermediate P7 (m/z 415). The inter-
mediate P5 (m/z 432) is produced by removing N-methyl and hy-

droxyl groups from P2 to produce both amino and carbonyl groups,

and then P5 is further degraded by losing hydroxyl and methyl
groups to produce methylene groups to form the intermediate P8
(m/z 415). The intermediate P6 is generated from P3 by removing

n-methyl and producing amino group at the same time. In addition,

the intermediate P9 (m/z 388) is produced through a multi-step
degradation process of intermediates P6 and P8. The obtained
P7, P8 and P9 are further converted to low molecular weight or-
ganic compounds (P10-P13) and eventually degraded to CO; and
H,O.

Possible Photocatalytic Mechanism. The PL spectra are car-
ried out to investigate the separation and migration of photo-
generated carriers.[%%31 As shown in Figure 8a, the SSCN-50
sample shows an evident quenching of PL intensity compared
with GCN, revealing that the recombination rate of photo-induced
electrons and holes for SSCN-50 is effectively suppressed. Mean-
while, the time-resolved PL spectra of GCN, SSCN-0 and SSCN-
50 are recorded (Figure 8b). The photoluminescence intensity of
SSCN-50 decays is much faster than that of GCN. The emission
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Figure 8. (a) Steady-state PL spectra of the as-prepared samples. (b)
Time-resolved PL spectra, (c) EIS tests and (d) LSV curves of GCN,
SSCN-0 and SSCN-50 samples.

decay data could be fitted by double-exponential formula with one
component of life time. It is found that the photo-generated carrier
lifetime of SSCN-50 (17.63 ns) is less than that of GCN (19.62 ns)
due to the fact that the introduction of selenium and sulfur can
shorten the migration path of photo-generated electrons and pro-
mote the electron transfer of g-C3N,.[4% As shown in Figure 8c,
by comparison with the GCN and SSCN-0, SSCN-50 shows a sig-
nificantly decreased arc radius, suggesting a low charge transfer
resistance. The LSV curves of the samples show that the over
potential of SSCN-50 sample is significantly reduced compared to
GCN and SSCN-0 during the whole voltage range (Figure 8d),
thus demonstrating a fast charge transfer and separation in
SSCN-50.

n CONCLUSIONS

In summary, sulfur and selenium co-doped graphitic carbon ni-
tride (SSCN) has been synthesized successfully by synchro-
nously introducing sulfur and selenium atoms into the melon
structure of g-CsN4. The as-prepared SSCN possesses a larger
specific surface area with a richer pore structure that provides
more active centers for catalytic reaction. More importantly, the
asymmetric structure of SSCN due to introducing sulfur and sele-
nium not only maintains the easier activation of T-11* electron tran-
sition but also awakens the n-1r* electron transition in g-CsN4. The
experimental results indicate that SSCN-50 shows the best pho-
tocatalytic performance, achieving 78.0% and 99.4% degradation
of antibiotics (TC) and organic dyes (RhB), which is 2.5 and 16.8
times higher than GCN, respectively. This work demonstrates a
simple, low-cost and sustainable strategy for the preparation of
high-performance non-metallic g-CsN4 photocatalyst.

n EXPERIMENTAL

Preparation of Sulfur and Selenium Co-doped g-CzN4 (SSCN).
All chemicals in this experiment were analytical grade and used
without further purification. The sulfur and selenium co-doped g-
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CsN4 was fabricated via a facile solid-state thermal treatment of
g-C3N4 and SeSs. In a typical synthesis, 5 g of melamine was
added into an alumina crucible with a cover and then heated at
550 °C for 2 h by using a ramp rate of 5 °C min't. The sample
was fabricated and grounded into powder. Afterwards, 300 mg of
g-CsN4 was mixed with a certain amount of SeS; evenly, and then
put into an alumina crucible with a cover. Subsequently, the mix-
ture was heated at 400 °C for 1 h at a heating rate of 5 °C min™.
The as-prepared samples were labeled as SSCN-0, SSCN-30,
SSCN-50 and SSCN-70, when the mass of SeS; in the mixture is
0, 30, 50 and 70 mg, respectively. The pure g-CsNs (GCN) was
prepared by direct calcination of melamine at 550 °C for 2 h.

Characterization. X-ray diffraction (XRD) pattern of the photo-
catalyst was analyzed by a Dmax Rapid Il diffractometer. Fourier
transform infrared spectroscopy (FT-IR) was measured by a Spot-
light 400 spectrometer. X-ray photoelectron spectroscopy (XPS)
was examined by a Thermo ESCALAB 250 XPS equipment with
standard monochromatic light source. Scanning electron micro-
scopy (SEM) image and energy dispersive X-ray (EDX) elemental
mapping were tested by a FEI Quanta 450 FEG microscope. Elec-
trochemical impedance spectroscopy (EIS), Mott-Schottky plot
and linear sweep voltammetry (LSV) were conducted by using a
standard three-electrode cell with probe solution as the electrolyte,
platinum as a counter, saturated calomel electrode as a reference
electrode and ITO glass deposited with sample as a working elec-
trode. Photoluminescence (PL) spectrum was determined by a
FLSP920 Edinburgh Fluorescence Spectrometer. UV-vis diffuse
reflectance spectrum (UV-vis DRS) was performed on a Cary 500
spectrometer.

Photocatalytic Test. To evaluate the photocatalytic efficiency of
as-prepared samples, 30 mg photocatalysts for the degradation
of typical antibiotic TC (30 mg/L, 80 mL) and 60 mg photocatalysts
for degradation of RhB (10 mg/L, 80 mL) were studied by using
500 W Xe lamp as light source (A > 420 nm). To ensure the ad-
sorption-desorption equilibrium between the target contaminants
and photocatalysts, the suspension was treated by ultrasonic for
5 min and stirred in the dark for 30 min. During the irradiation pro-
cess, 3 mL suspension was extracted at given time intervals, then
centrifuged at 10000 rpm for 5 min to remove the solid photocata-
lysts. The residual concentration of antibiotic TC and RhB was
analyzed by a UV-vis-NIR spectrophotometer.
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