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A B S T R A C T   

The inherent structural defects of graphitic carbon nitride (g-C3N4), especially low separation efficiency of 
photogenerated carriers, have greatly limits its photocatalytic degradation ability towards pollutants. Conjugated 
g-C3N4 (CN) with tailored donor–acceptor units have recently attracted great attention because of the controlled 
optical bandgap and favorable separation of charge carriers. Here, a novel 5-bromo-2-thiophenecarboxaldehyde 
(BTC) grafted CN photocatalyst (TCN) was prepared. The results have showed that this new material has sig-
nificant performance advantages. Up to 2.43-fold apparent rate constant improvement in photocatalytic OTC 
degradation was realized using TCN-5 compared to CN, and the efficiency for OTC degradation was as high as 
93%. And at the end of the reaction (at 60 min), the removal efficiency of TOC was 38%, which should be due to 
the accelerated the intramolecular charge separation and controllable electron migration. This work unravels 
intramolecular charge transfer in donor–acceptor structured CN for oxytetracycline photocatalytic degradation, 
which is expected to bring a promising approach for the photocatalytic degradation of antibiotics.   

1. Introduction 

With the rapid development of the industrial and urban develop-
ment, increasing emphasis has been put on environmental pollution and 
energy shortage [1-4]. Antibiotic contamination has caused an extensive 
attention due to its threats towards environment [5-9]. As one of the 
typical antibiotics, oxytetracycline hydrochloride (OTC) has been used 
to prevent infection widely due to its low cost and broad-spectrum ac-
tivity. Because of its complex molecular structure, high stability, and 
low biodegradability, it is urgent to reduce its environmental hazards. 
There have been numerous studies on eliminating the antibiotic pol-
lutants in water including physical methods, biodegradation methods, 
and chemical methods. However, the physical methods are not satis-
factory, the biodegradation methods take a long time for pollution 
removal, and the conventional chemical oxidation method may cause 
secondary pollution [10]. Recently, photocatalysis has become a 
promising advanced technology for removal of antibiotics in water 
because of its energy conservation, low cost and high efficiency [11]. 

Polymeric carbon nitride was first reported in the field of 

photocatalysis in 2009 [12]. It has been widely used in photocatalysis, 
such as CO2 reduction, H2 evolution and synthetic organic chemistry 
because of its chemical stability and environmental benignity [13-16]. 
However, pristine CN still has many defects such as inadequate optical 
absorption, fast charge recombination and lack of active sites, which 
lead to limited photocatalytic activity. Because of its intrinsic conju-
gated electronic system, the charge separation in CN is uncontrolled, so 
higher photogenerated carrier recombination rate will be resulted [17]. 
Thus, there have been a lot of efforts to enhance the separation effi-
ciency between photogenerated electrons and holes such as loading 
quantum dots for better light sensitization, constructing heterojunction, 
doping elements, modulating morphology, etc. [16,18-21]. Because 
conventional strategies may still suffer from limits, it is still a research 
hotspot to sustainably develop new strategies to improve the photo-
generated carrier separation. Construction of donor–acceptor (D-A) 
configuration can induce internal electric field, which will promote the 
generation of free holes and electrons [22-24]. The difference brought 
by electron affinity would strengthen the intramolecular charge transfer, 
which could drive the electrons on the donor units to the acceptor units 
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[25]. Consequently, the holes and electrons are separated on the donor 
units and the acceptor units efficiently, which promote the separation of 
photogenerated carriers. 

In the past few years, many studies have investigated on how to 
construct CN-based D-A structure. Zhu et al. [25] synthesized several 
kinds of D-A structured CN photocatalysts via introducing 2-aminoben-
zothiazole into the CN framework. In our team, Zhou et al. [26] induced 
2,5-dibromopyrazine into polymeric carbon nitride (PCN) to obtain an 
obvious distorted structure. The photocatalyzed degradation rate of 
sulfamethazine by optimized pyrazine doped PCN was four times higher 
than that of urea-based PCN. Yang et al. [27] successfully incorporated 
2-hydroxy-4,6-dimethylpyrimidine into the CN network by in situ keto- 
enol cyclization method. The TCN photocatalysts exhibited excellent 
photocatalytic OTC degradation effect and H2O2 production attributing 
to the expansion of light absorption range and boosted charge separa-
tion. In these mentioned cases, acceptor units were introduced into the 
CN structure. These introduced electron acceptors will promote the 
efficient separation of the photogenerated electrons and holes in CN. 
The free radicals that play important role in the photocatalytic degra-
dation process mainly come from the reduction of electrons on the 
LUMO of CN. The introduction of electron acceptors will cause the 
decrease of CN LUMO energy, which is not conducive to the production 
of active species. If an electron donor structure is introduced into the CN 
framework, it will facilitate the degradation process because the excited 
electrons are continuously transferred to the CN structure, which can not 
only promote the separation of photogenerated carriers, but also 
maintain the reduction potential of CN. 

In this work, a novel D-A type CN was synthesized by thermal 
copolymerization of urea and BTC. BTC is selected because of electron- 
rich property of the thiophene group and the electron-withdrawing 
property of the Br atom [28-30]. The thiophene group was induced 
into the D-A structured CN (TCN-X) successfully. The morphologies, 
structures, photoelectrochemical and optical properties of the prepared 
photocatalysts are detailly characterized and analyzed. Then, time- 
resolved photoluminescence (TRPL) spectra and photoluminescence 
(PL) spectra are adopted to investigate the photogenerated charges 
separation dynamics. The doping of BTC can enhance the visible light 
absorption ability of CN and improve the separation and transfer of 
photogenerated electrons and holes. Finally, we evaluated the photo-
catalytic performances of the photocatalysts and discussed the mecha-
nisms and process of OTC degradation. This research may open a new 
sight on designing highly efficient CN-based D-A structure 
photocatalysts. 

2. Methods and experiments 

2.1. Synthesis of CN and TCN 

In a typical photocatalyst preparation procedure, a certain volume of 
BTC and 10 g of urea were mixed. Subsequently, we placed the obtained 
mixture in an alumina crucible and heated to 550 ◦C for 2 h with a 
heating rate of 5 ◦C⋅min− 1. The resulting products were washed with 
absolute ethanol and deionized water alternately and dried at 60 ◦C for 
8 h then cooling to room temperature. The volumes of BTC mixed with 
urea are 1 μL, 5 μL and 10 μL, and the prepared samples were named as 
TCN-X (X = 1, 5, 10). The pristine CN was produced without adding 
BTC. For the purpose of better investing solid-state 13C nuclear magnetic 
resonance (NMR), the volume dose of BTC was increased to 300 μL 
(ACN-300). 

2.2. Characterization and analysis 

The X-ray diffraction (XRD) information of the prepared photo-
catalysts were determined by Bruker D8 Focus diffractometer with Cu 
Kα radiation. X-ray photoelectron spectroscopy (XPS) spectra were 
performed using a EscaLab Xi+ spectrometer with Al Kα as the line 

source. The morphologies of the products were obtained on a Zeiss 
Gemini 300 scanning electron microscope (SEM). A FEI Tecnai G2 F20 S- 
TWIN electron microscope was adopted to get transmission electron 
microscopy (TEM) images. UV–vis diffuse reflectance spectra (UV–vis 
DRS) were collected using a Varian Cary 300 device (BaSO4 as reference 
material). TRPL decay spectra were obtained from a FLS 980 fluores-
cence lifetime spectrophotometer. PL spectra were gained from a Per-
kinElmer LS-55 fluorescence spectrophotometer. Barrett-Joyner- 
Halenda (BJH) and Brunauer-Emmett-Teller (BET) methods were 
analyzed by a nitrogen adsorption analyzer. A total organic carbon 
(TOC) analyzer was applied to obtain the TOC data. Solid-state 13C NMR 
spectra were acquired from a Bruker Avance III 600 instrument. A 
Horiba Jobin Yvon LabRAM HR800 Raman spectrometer was used to get 
the Raman spectra data. Attenuated total reflectance Fourier-transform 
infrared (ATR-FTIR) were measured through a Thermo Nicolet 5700 
spectrophotometer. 

2.3. Photoelectrochemical tests 

The Mott-Schottky plots, electrochemical impedance spectroscopy 
(EIS) and transient photocurrent density of the materials were measured 
by electrochemical workstation (Chenhua CHI 760E). The products were 
placed in 0.2 mol⋅L-1 Na2SO4 electrolyte with the sample electrode as 
working electrode, the Pt wire electrode as counter electrode and the 
Ag/AgCl electrode as reference electrode, respectively. The work elec-
trode preparation was listed as the following: several fluorine-doped 
tinoxide (FTO) glasses were cleaned by acetone, ethanol, and deion-
ized water sequentially using ultrasonicating method. Then, 5 mg of the 
prepared photocatalysts were mixed with 1 mL 10 % nafion solution 
with ethanol diluted for slurry production. Finally, the 100 μL of the 
mixture was dropped on glasses uniformly and dried for 2 h at 120 ◦C. 
The simulated light source was acquired from a xenon lamp 
(PLSSXE300/300 UV, 300 W equipped with a 420 nm cutoff filter). 

2.4. Photocatalytic activity tests 

The degradation capability of photocatalysts were evaluated by 
calculating the degradation rate of OTC under visible light irradiation. A 
300 W xenon lamp fitted with a glass filter that remove light below 420 
nm was provided as the light source. Generally, the 50 mg of catalyst 
sample was dispersed into 100 mL OTC solution (20 mg⋅L-1). Before each 
light reaction, the mixed suspension was continuously stirred under dark 
conditions for half an hour for the purpose of adsorption–desorption 
equilibrium. During an hour of light reaction, 3 mL suspension was 
taken out from the mixture at intervals of 15 min, then filtered to remove 
the material particles (0.22 μm Millipore filter), and measured by using 
high-performance liquid chromatography (HPLC, Agilent 1260, USA). 
The instrument was assembled with a C18 reverse-phase column at 
25 ◦C and a UV–vis detector with 353 nm detection wavelength. The 
volume of water in the mobile phase was 80%, the volume of acetonitrile 
was 20%, and 0.1% of HCOOH was added to the mobile phase. The 
injection volume was 20 µL and the mobile phase flow rate was chosen at 
0.1 mL⋅min− 1. 

The degradation efficiency (DE, %) of the prepared catalysts was 
obtained by the equation (Eq. (1)): 

DE(%) =
C0 − Ct

C0
*100% (1) 

At the same time, the quasi first-order kinetics of compound fitting of 
pollutant removal process can be calculated by the following formula 
(Eq. (2): 

lnCt/C0 = − k1t (2)  

where Ct represents the OTC concentration after the t time reaction and 
C0 is the initial concentration of OTC solution, k1 (min− 1) presents the 
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rate constant. The toxicity estimation software tool (T.E.S.T) was used to 
predict the toxicity of OTC molecule and its degradation intermediates 
[31]. 

The TOC measurement was carried out on a TOC analyzer (Shimadzu 
TOC-VCPH). Moreover, in order to estimate the stability of the catalyst, 
the catalyst after the reaction was filtered, washed with ethanol and 
ultrapure water, recovered, and then be dried in drying oven. The pro-
cess of cyclic experiment was the same as that of photocatalytic 
degradation. 

The contribution of reactive species produced in photocatalytic re-
action process was evaluated by the radical trapping experiments. Eth-
ylenediaminetetraacetic acid disodium (EDTA-2Na), 4-hydroxy-2,2,6,6- 
tetramethylpiperidinyloxy (TEMPOL) and isopropanol (IPA) which were 
regarded as quencher of holes (h+), hydroxyl radicals (⋅OH) and su-
peroxide radical (⋅O2

–). 

2.5. Degradation path analysis and toxicity assessment tests 

The photodegradation reaction intermediates of OTC were deter-
mined via liquid chromatography technology coupled with tandem mass 
spectrometry (LC-MS/MS). The detailed steps can be found in Text S1. 
The toxicity of the intermediate solution during the reaction was 
analyzed via traditional bacterial growth. The specific experimental 
operation steps can be seen Text S2. 

2.6. Theoretical computation 

The theoretical calculations were performed via the Gaussian 16 
suite of programs. The structures of the studied compounds were fully 
optimized at the M06-2X/def2-SVP level of theory. The vibrational 
frequencies of the optimized structures were carried out at the same 
level. The structures were characterized as a local energy minimum on 
the potential energy surface by verifying that all the vibrational fre-
quencies were real. Wavefunction analysis was carried out with multi 
program, and two-dimensional valence-electron density color-filled 
maps of the two molecules were also given. 

3. Results and discussion 

3.1. Physicochemical properties 

The –NH2 group can promote the copolymerization between mole-
cules [25,32,33]. As displayed in Scheme 1, in the presence of –NH2 
group, BTC incorporated CN was obtained through the copolymerization 

of BTC and urea molecules. Thiophene and its derivatives are strong 
electron donors and Br is electron-withdrawing element [28-30]. The D- 
A type CN is composed of imine central core and Br atom as acceptor. By 
the bridging effect of imine, the π-electrons in thiophene tend to migrate 
to the heptazine rings in TCN. The TEM and SEM were employed to 
detect the morphologies of the TCN-5 and CN samples. The typical sheet- 
structured CN are exhibited in Fig. 1a and b. The nanosheets of TCN-5 
become thinner and smaller compared to CN (Fig. 1c and d). The for-
mation of smaller planes possibly ascribed to the hindered bonding 
degree of melon units during the polymerization process with BTC 
incorporation. Besides, N2 adsorption–desorption isotherms was used to 
investigate the morphology changes. As displayed in Fig. S1a and b, CN 
and TCN-5 samples show similar mesopore distribution and type IV 
isotherm. The pore volume and BET specific surface area of TCN-5 are 
0.422 cm3⋅g− 1 and 85.157 m2⋅g− 1, respectively, which are similar to 
those of CN (0.401 cm3⋅g− 1 and 86.934 m2⋅g− 1), this shows that the 
internal microscopic changes of the two types of samples are not 
obvious. 

Correspondingly, the four different samples (Fig. 2a) displayed 
similar peak patterns in the XRD patterns, the typical two peaks at 13◦

and 27.6◦ are attributed to the in-plane ordering of heptazine units and 
interlayer-stacking, respectively [27]. The grafted ones show lower and 
broader intensity probably due to the presence of disturbance in aro-
matic rings. In the Raman spectra of CN and TCN (Fig. 2b), the char-
acteristic peaks at 985 and 705 cm− 1 present the symmetric N-breathing 
mode and the in-plane bending of heptazine, while the characteristic 
peaks at 1150–1750 cm− 1 correspond to the disordered graphitic C-N 
vibrations [27,34]. Moreover, Fig. 2c reflects the FTIR spectra of the 
investigated samples. Apparently, the modified samples show similar 
characteristic peaks compared to CN. Specifically, the peaks situated at 
1100–1750 and 700 cm− 1 correspond to aromatic C-N and heptazine 
rings and those at 3000–3300 cm− 1 are characteristic signals of vibra-
tional absorption of N–H group [11,27]. There are no other character-
istic peaks, indicating that the doping amount of BTC is very small and 
does not change the basic structure of CN. In order to obtain more 
detailed structural features and chemical composition information, 
solid-state 13C NMR test was then carried out. Two characteristic peaks 
at 150.5 ppm and 160.5 ppm can be indexed to the C1 (CN3) and C2 
(CN2(NHx)) carbons [17], can be seen in both samples in Fig. 2d. 
However, TCN-5 does not show a characteristic peak that is distinct from 
the CN sample. The doping amount of BTC in CN increased by 60 times 
was prepared for the purpose of better investing solid-state 13C NMR 
spectrum. From Fig. 2e and f, an additional weak peak at 128.0 ppm 
ascribed to aromatic C––C [17,25,34], which imply the successful 

Scheme 1. Construction of D-A structured CN through copolymerization of BTC and urea.  
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incorporation of the BTC moiety into the CN frameworks. 
The XPS of the as-obtained CN, TCN-5 are exhibited in Fig. 3. The 

overall XPS survey spectrum almost shows no difference, this may be 
due to the insufficient amount of doping. In Fig. 3b, two distinct char-
acteristic peaks locate at 284.81 and 288.34 eV, which belong to the 
aromatic C atoms and sp2 hybridized C (N-C––N) from the heptazine 
ring, respectively. It is worth noting that the binding energies of N-C––N 

in BTC (288.10 eV) are downgraded to a lower energy because of elec-
tron acquisition affect [32]. This phenomenon also occurs in the N 1 s 
XPS spectra (Fig. 3c). The relatively stronger peak at 284.81 eV in TCN-5 
is due to the presence of aromatic rings in BTC. For N 1 s spectra 
(Fig. 3c), the samples show four peaks. The first peak at 398.65 eV be-
longs to the N atoms in C-N––C, the peak at 400.32 eV presents the N 
atoms from N-C3. Besides, the other two peaks at 401.30 and 404.50 eV 

Fig. 1. SEM and TEM images of the (a and b) CN and (c and d) TCN-5.  

Fig. 2. (a) XRD patterns, (b) Raman spectra and (c) ATR-FTIR spectra of the samples; Solid-state 13C NMR spectra of the (d) CN, (e and f) TCN-5 and TCN-300.  
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Fig. 3. XPS spectra of TCN-5 photocatalyst: (a) a survey spectrum; high-resolution spectra of (b) C 1s, (c) N 1s, (d) O 1s, (e) S 2p and (f) Br 3d.  

Fig. 4. (a) UV–vis diffusion reflection spectra; (b) EPR spectra; (c) transient photocurrent curves and (d) EIS of the samples.  
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are assigned to the binding energy of NHx and the π-excitations charging 
effects [35]. Two peaks formed in the spectra of O 1 s of the samples, 
with binding energies at around 533.00 and 532.35 eV, which assigned 
to O––C derived from urea or BTC and the adsorbed H2O, respectively 
(Fig. 3d) [17,36]. It is noteworthy that the intensity of O––C in TCN-5 is 
higher than that in CN due to the existence of O––C bond in BTC. The S 
2p spectra can be decomposed into four individual peaks at binding 
energy of 162.30 eV, 163.80 eV, 168.90 eV and 169.90 eV (Fig. 3e). The 
peaks located at 163.80 eV and 162.30 eV are associated with the S 2p1/2 

and S 2p3/2 of S2-, respectively. Besides, the surface oxidation formed 
two peaks at 168.90 and 169.90 eV during the surface oxidation 
occurred calcination [37]. Two characteristic peaks at around 67.70 and 
69.60 eV are presented in Fig. 3f. The former presents Br 3d5/2 and the 
peak at 69.60 eV is ascribed to Br 3d3/2 [38]. Furthermore, the C/N 
atomic ratio in TCN-5 (0.81) was higher than that in CN (0.67) from the 
elemental analysis results (Table S1), which indicates that aromatic 
rings have been attached to the CN structure. 

3.2. Optical and photoelectrochemical properties 

The light absorption capacity is a key factor affecting the perfor-
mance of the photocatalyst. UV/vis DRS of CN and TCN-5 are used to 
analyze the optical bandgap and light absorption capability. As dis-
played in Fig. 4a, CN exhibits a sharp light absorption edge at 450 nm. 
Nevertheless, the absorption edge of TCN is obviously redshifted and 
this trend is more obvious with the increase of BTC doping. From Fig. 4b, 
the electron paramagnetic resonance (EPR) showed a paramagnetic 
signal in the Lorentzian line shape at g = 2.0032 in both samples, 
implying the unpaired electrons are produced on the sp2 C atoms from 
the π-conjugated aromatic ring [39]. 

Photocurrent response and EIS are tested to analyze the photo-
electrochemical properties of the samples. As shown in Fig. 4c, in the 
experiment, the illumination time interval is 20 s. When visible light is 
irradiated on the sample, the photocurrent response phenomenon can be 
observed in all samples. All BTC-doped samples exhibit stronger 
photocurrent intensity than CN, the sample with the strongest 

photocurrent density is TCN-5, followed by TCN-10 and TCN-1. Addi-
tionally, the electrical conductivity of the samples is displayed in Fig. 4d, 
CN shows the largest slope than TCN-10 and TCN-5 while TCN-1 has the 
smallest arc, which indicates that the electrical resistance of CN is larger 
than any other BTC-doped CN. Relatively smaller resistance means 
relatively greater conductivity, and greater conductivity will give the 
sample stronger electron transfer performance [39]. This result is 
roughly the same as the result of the photocurrent response experiment. 
All results show that it is easier to generate photo-excited electrons on 
the TCN, the separation and transfer of charges are more efficient on 
TCN. 

To further investigate the properties of charge carrier recombination, 
other photoelectrochemical analysis including TRPL and PL techniques 
are conducted. From Fig. 5e, CN shows the PL curve of maximum density 
under 340 nm wavelength excitation condition. The curve densities of 
TCN gradually weak with BTC content increasing, which implies the 
accelerated charge separation and restricted charge recombination. The 
photogenerated charge carrier lifetimes of CN and TCN-5 were 
measured by the TRPL spectra, as shown in Fig. 5f. The average electron 
lifetimes are calculated by the following calculation method (Eq. (3)) 
and the calculation results can be seen in Table S2. 

τave =
B1τ12 + B2τ22

B1τ1 + B2τ2
(3) 

τ1 and τ2 present the shorter and longer fluorescent lifetime, τave is 
average electron lifetimes while B1, B2 are the corresponding normalized 
amplitudes. It can be known from the calculation results that the fluo-
rescence lifetime of CN is 7.75 ns, which is greater than that of TCN-5 
(5.96 ns). It is attributed to the donor–acceptor structure in CN, which 
promote the efficient intramolecular charge transfer [40]. 

The data of UV–vis DRS is applied to study the bandgap energy of the 
photocatalysts through the Kubelka-Munk function, as displayed in 
Fig. 5a. The bandgaps of CN, TCN-1, TCN-5 and TCN-10 are 2.67 eV, 
2.26 eV, 2.22 eV and 1.90 eV, respectively. The narrowed band gap 
means that the TCN-5 can absorb more visible light than CN. 

The Mott-Schottky curves of different samples with frequencies of 

Fig. 5. (a) Tauc plots, (b) Mott-Schottky plot, (c) VB XPS spectra, (d) band structure diagrams, (e) steady-state PL spectra and (f) TRPL decay spectra of the samples.  
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500 Hz are shown in Fig. 5b, the slope drawn from the curve is positive, 
indicating that all the samples are n-type semiconductors [39]. The 
density of photogenerated carriers generated on each sample can be 
determined by the slope of the curve via the following formula (Eq. (4)): 

ND =
2

qεε0
1

slope
(4)  

where q represents the amount of charge, ε and ε0 represent the 
permittivity in vacuum and the dielectric constant of CN, and these three 
quantities are constants. Judging the carrier density and the slope of the 
curve according to the formula, it is not difficult to conclude that the 
charge carrier density of the TCN-5 sample is significantly higher than 
that of CN. 

The band energy gap (Eg) of CN and TCN-5 are 2.67 and 2.22 eV 
respectively through calculation by the Kubelk-Munk function. Under 
visible light irradiation, more electrons are generated in TCN due to the 
narrowed band gap of TCN. Furthermore, the valence band (VB) po-
tentials of CN and TCN-5 are 1.81 and 1.80 eV, which are obtained from 
the XPS valence band spectrum (Fig. 5c). Thus, the conduction band 
(CB) value can be estimated via the formula of ECB = EVB - Eg, where EVB, 
ECB and Eg present VB potential, CB potential and the band gap energy of 
the photocatalysts, respectively [39]. According to the calculation re-
sults, the CB potential of CN and TCN-5 are speculated to be − 0.86 and 
− 0.42 eV, respectively. And the band structure diagrams of both 

samples can be seen in Fig. 5d. 

3.3. Photocatalytic OTC degradation activities 

3.3.1. Effect of catalytic behavior 
This experiment takes OTC as the target pollutant, and studies the 

removal ability of different samples under visible light irradiation. All 
the catalytic systems undergo reactions under dark conditions for half an 
hour to reach the adsorption- desorption equilibrium between the OTC 
molecules and the photocatalysts. From Fig. 6a, in the system without 
photocatalyst, the concentration of OTC is basically unchanged, which 
indicates that the OTC is relatively stable and hardly decomposed. The 
degradation ability of each sample to OTC is different, which is in order 
of TCN-5 > TCN-10 > TCN-1 > CN > photolysis. Obviously, TCN-5 has 
the strongest ability to remove OTC under the same conditions, reaching 
93.0%. When the doping amount of BTC exceeds 5 μL, the degradation 
ability decreases. This may be due to the excessive structural distortion 
leads to the formation of more electron and hole recombination sites. 
Moreover, the photocatalytic reaction kinetics of OTC is characterized 
by the apparent rate constant (k) via the following equation (Eq. (2)): 

lnCt/C0 = − k1t (5) 

The meanings of the letters are explained in section 2.4. As exhibited 
in the kinetic curves (Fig. 6b), the k value follows the order: TCN-5 

Fig. 6. (a) Photocatalytic degradation efficiency for OTC and (b) pseudo first-order kinetic fitting curves; effect of (c) pH; (d) inorganic salt; (e) different water 
samples and (f) different light irradiation conditions on the degradation of OTC over TCN-5 under visible light irradiation. ESR spectra of (g) DMPO-⋅OH adduct and 
(h) DMPO-⋅O2

− adduct for the TCN-5, (i) photocatalytic degradation efficiency of OTC over the TCN-5 with different quenchers. 
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(0.04367 min− 1) > TCN-10 (0.0398 min− 1) > TCN-1(0.0352 min− 1) >
CN (0.0188 min− 1) > photolysis (0.0007 min− 1). The TCN-5 denotes the 
largest k value (0.04367 min− 1), which is 2.32 times than that of CN. 
The above results show that TCN-5 has the strongest ability for OTC 
removal. The OTC removal rate and rate constant k value of TCN-5 in TC 
and OTC degradation are significantly higher than those of other CN- 
based photocatalysts (Table S3, S4). In addition, TCN-5 also shows 
high degradation performance for other pollutants and a wide range of 
application (Fig.S2). 

3.3.2. Effect of reaction pH 
The pH of the reaction system is a key factor influencing the reaction 

process [41]. For the purpose of exploring the effect of pH on the pho-
tocatalytic process, the pH of the catalytic system was adjusted with 
dilute HNO3 and NaOH solution. As displayed in Fig. 6c, when the pH of 
the system solution increases from 3.00 to 5.00, the photocatalytic ac-
tivity increases, which shows that the acid will inhibit the reaction, 
because less ⋅OH is generated under acidic conditions [10,41]. Because 
OTC is easy to self-decompose under alkaline environments [42], when 
the pH value of the system solution exceeds 5.00, OTC in the catalytic 
system will be easier to remove. 

3.3.3. Effect of inorganic salts 
The presence of inorganic coexisting salt ions in natural water body 

will affect the catalytic performance of the photocatalyst. In this work, 
three sodium salts (NaCl, Na2SO4 and Na2CO3) with the concentration of 
0.05 M are adopted to explore the influence of different anions for 
practical applications (Fig. 6d). With the addition of other ions, the 
adsorption capacity of OTC by the catalyst decreases slightly because of 
promoted protonation by salt, causing electrostatic interaction between 
OTC ions and electrolyte ions to promote the dissociation of OTC mol-
ecules [43]. When SO4

2− exists, the degradation of OTC is inhibited, 
because SO4

2− is an efficient free radical scavenger, which can effectively 
capture the free radicals generated on the surface of photocatalyst 
[1,10,44]. The presence of CO3

2– significantly accelerate the OTC 
removal. This may be because CO3

2– can increase the pH value of the 
reaction system, which is conducive to the reaction [45]. It is observed 
that NaCl have a negligible effect on OTC removal. This is because the 
NaCl solution is neutral, and the addition of a small amount of NaCl does 
not change the environment of the reaction system, while Na+ competes 
with OTC molecules for the catalytic site on the photocatalyst, resulting 
in the decline of OTC removal efficiency [1,44]. 

3.3.4. Effect of water sources 
The actual water contains various ions, which will affect the practical 

application of photocatalyst. In order to explore its application in 
practical water bodies, we used several different locations as water 
source sampling points (Fig. S3) to explore the impact of water sources 
(Tap water, ultrapure water, Peach Lake water and Xiang Jiang water). 
The initial concentration of OTC is 20 mg⋅L-1, and the experimental 
results are displayed in Fig. 6e. The TCN-5 in deionized water has the 
strongest adsorption capacity for OTC. However, after the reaction, 
TCN-5 in deionized water shows a slightly weaker ability to remove OTC 
than in the other three systems. This is because the actual water body 
situation is more complicated, and the physical parameters and chemi-
cal composition are not the same, which affects the removal of OTC. 
Obviously, the TCN sample shows excellent removal ability in actual 
water bodies, which indicates that it has great potential in wastewater 
treatment. 

3.3.5. Effect of light irradiation conditions 
Solar light source will be the final and best energy choice for the 

operation of photocatalytic system [46]. The dark, full spectrum irra-
diation (λ > 365 nm) and visible light irradiation condition (λ > 420 nm) 
are selected for the influence of the light source elevation on the reac-
tion. As shown in Fig. 6f, under dark conditions, the ability of TCN-5 for 

OTC degradation is much weaker than that of visible light and full- 
spectrum illumination. Almost all the OTC can be removed after an 
hour full-spectrum irradiation. In addition, monochromatic irradiation 
experiments are performed to explore the influence of the wavelength 
on the photochemical response. The photocatalytic degradation of OTC 
is carried out under the illumination of monochromatic light with four 
different wavelengths of 399 nm, 448 nm, 497 nm and 550 nm, 
respectively. Fig. S4 shows the OTC removal efficiency under the 
monochromatic light with four different wavelengths, using the TCN-5 
sample as the photocatalyst. The result indicates that the photo-
catalytic efficiency of TCN-5 is closely related to the irradiation wave-
length, the xenon lamp with shorter wavelengths is more effective for 
OTC photodegradation. This phenomenon can be attributed to that the 
shorter the wavelength of light, the higher the corresponding photon 
vibration frequency and the greater the energy of photons [46-48]. This 
will be conducive to the generation and separation of photogenerated 
carriers and promote the reaction. The wavelength-dependent OTC 
removal efficiency in the optimum TCN-5 sample is determined to be 
about 80% at 399 nm and retain about 20% at 550 nm. The photo-
catalytic activity of CN for removing OTC is lower than that of TCN-5 
under the irradiation of four monochromatic lights. 

3.3.6. Photocatalyst stability tests 
The stability and recyclability of photocatalyst determine its prac-

tical application. Therefore, we have conducted three cycle tests on 
TCN-5, the results are shown in Fig. Fig. S6a. After three cycles for OTC 
removal, the photocatalytic performance of photocatalyst does not 
change significantly, only decreased by about 10%, still higher than 
80%. Furthermore, it can be seen from the XRD, FTIR spectra and Raman 
spectra patterns of the sample, the chemical and crystal structure of the 
samples after multiple reactions have hardly changed (Fig. S5, Fig. S6b- 
d). The above results show that TCN-5 has a good recyclability and 
chemical stability, and it will be very promising in the field of photo-
catalytic removal of pollutants. 

3.4. Reactive species identification 

The active species take a critical role in the OTC degradation process, 
several reactive species trapping experiments were used to verify the 
main active species generated in reaction. The EDTA-2Na, TEMPOL and 
IPA were used as quencher of h+, ⋅OH and⋅O2

–, respectively. As presented 
in Fig. 6i, when the TEMPOL is present in the system solution, the 
photocatalytic removal efficiency of OTC is significantly reduced, and 
the removal efficiency is greatly reduced to 17.22%, indicating that ⋅O2

– 

is a crucial active substance for OTC degradation. When EDTA-2Na is 
added into reaction system, the degradation efficiency is about 15% 
lower than when no trapping material is added. Moreover, when IPA 
presents in the reaction system, the degradation removal efficiency of 
OTC does not change significantly. It demonstrated that h+ also has a 
great removal effect on OTC, while ⋅OH is basically ineffective. Besides, 
ESR technology was applied to further affirm the above-mentioned 
active species (⋅OH and ⋅O2

–) generated in OTC degradation process. As 
exhibited in Fig. 6g and h, in dark conditions, no signal peak is gener-
ated, with the emergence of irradiation, a characteristic signal peak 
appears, and the intensity of the peak gradually increases with the 
extension of radiation time. The 1:2:2:1 and 1:1:1:1 density signals 
correspond to DMPO-⋅OH and DMPO-⋅O2

– [9], respectively. The above 
results indicate ⋅O2

– and h+ play dominant role in the degradation re-
action, while ⋅OH acts as an assistant derived from H2O2 decomposing 
[49]. 

3.5. Possible degradation pathway of OTC 

In the progress of photocatalytic reaction, a series of intermediates 
will be produced. Combined with the data from LC-MS/MS, the photo-
catalytic mechanism and related previous works [12,50], it can be 
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inferred that OTC undergoes series of reactions such as dehydration, 
deamination, deamidation, de-hydroxylation and demethylation 
[51,52], then be gradually degraded. The possible degradation paths of 
OTC are shown in the Fig. S7 and the intermediates produced in the 
reaction is listed in Fig. S8 and Table S5, including their structure, m/z 
and molecular formula. OTC initially produced intermediate OTC 1 (m/ 
z = 443.1) through dehydration. The product OTC 7 (m/z = 429.0) is 
formed by loss N-methyl group of OTC1, then OTC 8 (m/z = 419.0) is 
produced from OTC 7 via ring-opening reaction. In the second degra-
dation path, OTC is converted into OTC 2 (m/z = 383.0) by the dehy-
dration process, de-hydroxylation and deamidation. And due to 
hydroxylation and loss N-methyl groups, OTC 2 is degraded to OTC 4 
(m/z = 372.2). Then OTC 4 is further degraded into OTC 5 (m/z =
279.1) through fragmentation, which undergo de-hydroxylation reac-
tion in the next step to generate OTC 6 (m/z = 262.9). Moreover, OTC 3 
undergoes the same degradation path as OTC 2 and be finally converted 
into the same product. In the end, both OTC 6 and OTC 8 are further 
decomposed to produce substances with smaller molecular weights, 
such as OTC 9 (m/z = 104.0), OTC 10 (m/z = 165.0), OTC 11 (m/z =
114.0) and OTC 12 (m/z = 180.0). After more degradation steps, these 
small molecules will eventually degrade into CO2 and H2O. 

Above all the results and discussions, the possible photocatalytic 
OTC degradation mechanism over TCN-5 is exhibited in Scheme 2. 
Thiophene is strong electron donor and can also act as a chromophoric 
center to harvest photons [28,53-55], which supplies more excitons and 
facilitates the electron transfer to CN when irradiated by visible light. 
When irradiated by visible light, photo-generated electrons and holes 
are generated on TCN-5 (Eq. (5)). On account of the existence of the D-A 
structure in the photocatalyst, the π electrons in the thiophene structure 
tend to transfer to the heptazine ring in the TCN through the imine bond. 
On the other hand, CN can also transfer its photogenerated holes to the 
electron donor molecule and hence suppress the significant recombi-
nation of holes and electrons. At the same time, the π electron cloud will 
also be competitively shifted to the Br atom due to the electronegativity 
induction effect of the Br atom. The standard redox potential of O2/⋅O2

– 

(-0.33 V vs. NHE) is more positive than the CB of TCN-5 (-0.42 V vs. 
NHE), which indicates that the accumulated electrons can reduce O2 to 
⋅O2

– (Eq. (6)) [39]. Next, the ⋅O2
– can further react with the electrons and 

H+ to form H2O2, followed by the formation of ⋅OH (Eq. (7) and (8)) 
[39,49]. Subsequently, The produced h+, ⋅O2

–, and ⋅OH act as important 
active species for OTC degradation (Eq. (9)). Moreover, to understand 
the delicate changes of electronic migration, theoretical calculations of 
electron density are performed. As shown in Fig. S9, the state of 

electronic configuration for the CN and TCN-5 are revealed by the two- 
dimensional valence-electron density color-filled maps. The density is 
the highest in the Br atoms of TCN-5, indicating the strongest electron- 
withdrawing properties. The thiophene as an electron donor has the 
lowest electron intensity. Meanwhile, the charge density of C atoms and 
N atoms in TCN-5 are lower than that in CN, which may be due to the 
uneven charge distribution induced by the electronic migration. Thus, 
the electronic migration-induced uneven polarity between the heptazine 
rings, imine linkage and Br atoms to form continuous intramolecular 
charge transfer to accelerate electron-hole separation.  

TCN-5 + hv → TCN-5(e-+h + )                                                       (6)  

e-+O2 → O2–                                                                                (7)  

e-+O2–+2H+→H2O2                                                                     (8)  

H2O2 + e-+2H+→H2O + OH                                                         (9)  

(h++O2–+OH) + OTC → CO2 + H2O + products                           (10)  

3.6. Toxicity analysis 

Generally, substances with large molecular weight undergo many 
steps to achieve degradation, and some intermediates or by-products 
produced during the degradation process may be more toxic than the 
parent substance [41]. Therefore, it is of great significance to effectively 
estimate the toxicity of degradation intermediates. In our experiment, 
the growth and survival of the gram-negative strain E. coli are used to 
verdict the toxicity of the reaction solution. As shown in Fig. S10, the 
growth inhibition rate of OTC solution on E. coli reaches >50%, and 
inhibition rate of bacterial growth shows a downward trend with reac-
tion time prolonging. This shows that the intermediate products pro-
duced by OTC degradation are less toxic than OTC and are beneficial for 
E. coli growth. Normally, the toxic effect on bacteria is negatively related 
to the degree of mineralization of pollutants. As the reaction progresses, 
the ratio of TOCt/TOC0 decline with the continuous removal of OTC 
(Fig. S10b). At the end of the reaction (at 60 min), the removal efficiency 
of TOC and OTC are 38.0% and 93.0%. The above results indicate that 
the use of TCN-5 photocatalytic technology to remove OTC is very 
environmental friendly. 

Other assessment parameters such as bioaccumulation factor, 
mutagenicity, oral rat LD50 and the LC50 of fathead minnow are 

Scheme 2. The possible photocatalytic degradation mechanism of OTC over TCN-5.  
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measured to further evaluate the toxicity of degradation intermediates 
based on the T.E.S.T [51,56-58]. The results are exhibited in Fig. S11. A 
total of ten reaction intermediates including OTC are elevated 
(Table S3). As shown in Fig. S11a, the bioaccumulation factors of almost 
all the intermediates are higher than that OTC except for product B, C 
and E, meaning that these by-products are easier to accumulate in or-
ganisms than OTC. From Fig. S11b, the LD50 rat values for half of OTC 
products are higher than that of OTC, indicating that these intermediates 
are less toxic, probably because they are more mineralized. OTC has a 
“mutagenicity positive” and most of the products still show “mutage-
nicity positive” after reaction (Fig. S11c), implying that it is difficult to 
change mutagenicity. In addition, the LC50 value of fathead minnow are 
all higher than OTC (Fig. S11d), meaning low toxicity of the generated 
products. 

4. Conclusions 

In summary, we successfully constructed a D-A system based on CN 
for boosting the photocatalytic performance via copolymerization effect 
between BTC and urea, followed by thermal oxidation in air. Benefitting 
from the intramolecular charge transfer formation, the force-directed 
migration of electrons in TCN was realized, thus leading to the 
improved electronic and optical performance. As results, in the case of 
the optimized samples (TCN-5) under visible light irradiation, 93.0% of 
OTC can be removed and the mineralization rate reaches 38.0%. The 
photocatalytic rate constant of TCN-5 is significantly improved by about 
2.32 times compared to pristine CN. And the intermediates are less toxic, 
probably because they are more mineralized. This work further deepens 
the exploration of the intramolecular charge transfer in the CN mole-
cules and provides new inspiration for the design of high-performance 
polymeric CN based photocatalysts for organic pollutants degradation. 
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