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Abstract 10 

Polymeric carbon nitride (PCN) has become the most promising metal-free 11 

photocatalysts but its activity is low. Molecule doping of PCN has been proved to be 12 

an effective strategy to achieve high photocatalytic performance. Herein, we report a 13 

bottom-up method to synthesize modified PCN, which includes 2,5-dibromopyrazine 14 

doping, thermal-induced exfoliation and condensation/polymerization. The 15 

incorporation of electron-deficiency 2,5-dibromopyrazine into the PCN framework 16 

can effectively tune the electronic structures and improve the charge-carrier 17 

separation. In addition, the incorporation of 2,5-dibromopyrazine induced significant 18 

structural changes from planar symmetric to distortion. The optimized pyrazine doped 19 

PCN showed a reaction rate enhancement of 4-fold for the degradation of 20 

sulfamethazine compared to that of conventional urea-based PCN. Further reactive 21 

species and degradation intermediate detection studies, indicated that •O2
- was 22 

generated during the photocatalytic process, which could lead to the decomposition, 23 

and finally mineralization of sulfamethazine. 2,5-Dibromopyrazine doped PCN also 24 

leads to a 6.3-fold improvement in H2 generation with the visible light. Especially, 25 

phytotoxicity experiments showed that the toxicity of sulfamethazine after 26 

degradation is greatly reduced, and the as-prepared photocatalyst is environmentally 27 

friendly. 28 

Key words: Polymeric carbon nitride; 2,5-dibromopyrazine; Carrier channel; 29 

Photocatalytic H2 evolution; Sulfamethazine degradation. 30 
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1. Introduction 32 

In recent years, micro-pollutants (i.e. antibiotics and endocrine disrupting 33 

chemicals) in aquatic environments have attracted increasing concerns [1, 2]. 34 

Sulfamethazine (SMZ) is a typical sulfonamide antibiotic that is intensively used in 35 

medicine, aquaculture, livestock and poultry farming [3, 4]. Studies indicated that 36 

about 30%-90% of sulfonamides drugs or its metabolites are released through urine 37 

and excrement into the surface and subsurface water bodies, which can become a 38 

potential risk to human health [5, 6]. Photocatalytic water treatment as a green and 39 

sustainable advanced oxidation process has great potential in removing organic 40 

pollutants from wastewater [7-10]. On the other hand, photocatalytic water splitting 41 

has been regarded as a sustainable way to solve the energy crisis [11, 12]. Therefore, 42 

it is urgent to explore effective and stable photocatalyst for hydrogen evolution 43 

reaction and water purification. In the past decades, many semiconductor materials, 44 

such as TiO2, CdS, Bi2WO6, Bi12O17Cl2 and polymeric carbon nitride (PCN), have 45 

been explored for photocatalytic reactions under UV and visible light irradiation [13-46 

19].  47 

Among these novel photocatalysts, PCN has attracted much attention due to the 48 

suitable band structure and the appropriate optical absorption [20-25]. It also exhibits 49 

excellent chemical stability. PCN has been extended studied in photocatalytic 50 

degradation, water splitting and inactivation of microorganism due to its low cost and 51 

nontoxicity characters [26-30]. However, PCN as a typical polymer, the local 52 

structure was rather disordered and the exciton binding energy was high, leading to 53 

the insufficient separation of charge carriers. Moreover, the light adsorption edge of 54 

pristine PCN is below 460 nm. So, the photocatalytic application of PCN has been 55 
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limited by these above demerits [31, 32]. Enormous efforts have been explored to 56 

improve the photocatalytic activity of PCN, which including element doping, 57 

coupling with other semiconductors, and molecular doping copolymerization [33-38]. 58 

Especially, molecular copolymerization is a unique and effective method that can 59 

modify the structure and properties by introducing organic molecules into the PCN 60 

framework.  61 

Recently, copolymerizing similar aromatic structure with PCN precursors has 62 

been a typical molecular assembly method to extend the π electrons of the PCN 63 

aromatic system and modulate the electronic band structure, leading to affect its 64 

photocatalytic activity [39-42]. Some organic molecules have been employed to dope 65 

into PCN like benzene-based molecules, thiophene-based molecules and nitric 66 

heterocyclic-based molecules and many more [43-47]. Yan et al. developed aromatic 67 

ring substituting doping PCN by using urea and 2, 4, 6-trichlorophenol as the 68 

precursors [48]. The hydrogen evolution rate (HER) of modified PCN reached as high 69 

as 12.543 mmol h−1 g−1, which is higher than that of pristine CN (1.071 mmol h−1 g−1). 70 

Li et al. prepared pyrimidine-doped PCN by using urea and 2, 4-diaminopyrimidine as 71 

co-monomers [49]. The extended light adsorption and the enhanced charge transport 72 

of pyrimidine-doped PCN resulted in the enhancement of HER activity (from 73 

0.46 mmol h−1 g−1 to 2.8 mmol h−1 g−1). However, it should be noticed that the 74 

research studies focused on limited skeletal structures (i.e. aromatic, pyrimidine) and 75 

applied in HER, more heterocyclic structure like pyrazine chemicals should be 76 

explored. Pyrazine and its derivatives have been used as acceptor co-monomers in 77 

donor-acceptor semiconducting polymeric materials. Therefore, it was expected that 78 

molecular doping of the PCN framework via integrating pyrazine is a feasible strategy 79 
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to modify its surface properties and charge carriers transfer, which may leads to the 80 

positive effect on photocatalytic reactions.  81 

In this context, urea and 2,5-dibromopyrazine was chosen as the precursors for 82 

prepared pyrazine-modified PCN photocatalysts (denoted as PCN-DP). Compared 83 

with other precursors, urea-derived PCN has a high degree of polymerization and 84 

shows the best photocatalytic performance. The dibromo group in 2,5-85 

dibromopyrazine as the co-monomer was able to react with urea and then 86 

incorporated into the PCN framework. After incorporating 2,5-dibromopyrazine into 87 

the framework of PCN, the PCN-DP sample exhibited enlarged visible light 88 

absorption range, suppressed electron-hole recombination rates and promoted charge 89 

transfer, which endows them as an excellent candidate for photocatalytic oxidation of 90 

organic pollutants and hydrogen evolution. In addition, the phytotoxicity of the 91 

wastewater (before and after photocatalytic treatment) and photocatalysts were 92 

evaluated to illustrate the toxicity of the degradation products and photocatalysts to 93 

the plants as this relates to the reuse of water.  94 

2. Experimental section 95 

2.1 Catalysts preparation  96 

The typical bulk carbon nitride was obtained by a traditional polymerization as 97 

reported previously [35]. Typically, 10 g of urea (99%, AR) were added into a 98 

ceramic crucible with a cover and heated to 550 °C with a heating rate of 5 °C min-1 99 

and kept for 2 h in air condition. The obtained product was then further heated to 100 

550 °C for another 2 h with a ramp rate of 10 °C min-1. After cooling to room 101 
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temperature, the obtained product was washed with distilled water. The yellow 102 

powders was further dried at 70 °C and denoted as PCN.  103 

The PCN-DP samples were prepared from bottom-up method by thermal-104 

induced exfoliation and polymerization. Typically, 10.0 g of urea and a series of 2, 5-105 

dibromopyrazine (0.1 g, 0.2 g, and 0.4 g) were fine mixed in 3 mL ethanol by ball 106 

milling. The obtained mixed precursors were put into a ceramic crucible with a cover 107 

and heated to 550 °C with a heating rate of 5 °C min-1 and kept for 2 h in air. The 108 

obtained product was then further heated to 550 °C for another 2 h with a ramp rate of 109 

10 °C min-1. The final product was dried at 70 °C after water wash and denoted as 110 

PCN-DP-x, where x indicates the amount of DP (x=0.1 g, 0.2 g, and 0.4 g).  111 

2.2 Characterization  112 

The crystal phase of samples were investigated by Rigaku D/max-2500 X-ray 113 

diffraction (XRD) with Cu Kα radiation (λ = 0.15406 nm). The morphology of 114 

samples was collected by scanning electron microscopy (SEM, FEI Helios NanoLab 115 

600i) and transmission electron microscopy (TEM, FEI tecnai G2F20 electron 116 

microscope). Fourier transform infrared spectroscopy (FTIR) spectra were measured 117 

on BIORad FTS 600 spectrometer in the range of 500-4000 cm-1. The chemical states 118 

were obtained at X-ray photoelectron spectra (XPS, ESCALAB 250Xi). The light 119 

absorption was analyzed on UV-vis diffuse reflectance spectra (DRS, Cary 300). 120 

Steady room temperature photoluminescence (PL) spectra were conducted in a Perkin 121 

Elmer luminesence spectrometer (LS 50 B) with the excitation wavelength of 365 nm. 122 

The electron paramagnetic resonance (EPR) of solid and liquid samples was 123 

performed on Bruker ER200-SRC spectrometer. 124 

2.3 Photocatalytic performance evaluation 125 
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The photocatalytic system was set up in a photochemical reactor under visible 126 

light irradiation. The model pollutant used was sulfamethazine (SMZ) [50]. A typical 127 

sequence test contained 25 mg catalyst and 10 mg L-1 SMZ in 50 mL of water 128 

solution. The mixed solution was stirred without light for 1 h to obtained the 129 

adsorption and desorption equilibrium. Then, the reactor was irradiated by a 300 W 130 

Xenon lamp with a 420 nm cutoff filter. 1 mL suspension was extracted from the 131 

reactor in every 15 min and centrifuged at a certain amount of time. The concentration 132 

of SMZ was detected by high-performance liquid chromatography (HPLC, Agilent 133 

1260 infinity) with the C18 column (4.6 × 150 mm). The HPLC analysis was carried 134 

out using an eluent of water and acetonitrile (65:35, v/v) for SMZ. The flow rate of 135 

eluent was 1 mL min-1 and the detection wavelength was set as 265 nm. The analysis 136 

of degradation products was detected by high-performance liquid chromatography- 137 

mass spectra (HPLC-MS) and the method was listed in Text S1. In addition, the 138 

photocatalytic hydrogen evolution tests were detailed in Text S2.  139 

2.4 Photoelectrochemical measurement 140 

The PCN and PCN-DP electrodes were prepared by drop-coating method . 3 mg 141 

of catalyst was dispersed in 1 mL of 0.5% Nafion-ethanol solution, and then the 142 

solution was under sonication for 2 h. The obtained mixture was dropped onto the 143 

clean F-doped tin oxide (FTO) glass with an effective area of 1 cm × 1 cm. The 144 

electrode was then put into muffle furnace for 2 h calcination at 130 °C. After cooling 145 

to room temperature, the working electrodes, the Pt plate electrode (40 × 0.55 mm, 146 

99%), and the Ag/AgCl electrode were immersed in 0.2 M Na2SO4 aqueous solution 147 

in a three-electrode cell. The test was performed on a CHI 660D workstation. The 148 

visible light was offered by a 300 W xenon lamp with a 420 nm cutoff filter. The 149 
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photocurrent responses of the samples upon light on and off were measured. 150 

Electrochemical impedance spectroscopy (EIS) was performed in 100 mL of 0.2 M 151 

Na2SO4 aqueous solution with 0 V of applied voltage. A Mott-Schottky plot was 152 

obtained at a frequency of 900 and 1000 Hz.  153 

2.5 Phytotoxicity test  154 

The phytotoxicity of samples was determined by seed germination and radicle 155 

elongation tests with Chinese cabbage (Brassica rapa L.) seeds according to the 156 

methods of Luo et al [51]. Five samples were tested, which including pure water, 157 

SMZ solution (10 mg L-1, before photocatalytic), SMZ solution (10 mg L-1, after 158 

photocatalytic), PCN solution (1 g L-1) and PCN-DP-0.2 (1 g L-1), respectively. Pure 159 

water was used as the control in the tests. After the surface of seeds being cleaned, 160 

160 individuals were put onto a piece of paper wetted by 5 mL samples in a 90-mm 161 

Petri dish for a time. They were kept in an incubator at 25℃ in the dark. After the 162 

first incubation stage (24 h), the germinated seeds were recorded to calculate the seed 163 

germination rate. And then 20 germinating seeds with similar sizes were selected and 164 

then transferred to a new plate containing the same samples for four times. After 165 

another 24 h, the radicle length was measured.  166 

3. Results and discussion  167 

3.1 Photocatalyst characterization  168 

Typically, PCN was obtained from urea, while PCN-DP-x was prepared from 169 

urea and 2, 5-dibromopyrazine (x represents the mass of 2, 5-dibromopyrazine, 170 

ranging from 0.1 to 0.4 g). The XRD patterns of PCN and PCN-DP-x samples are 171 

shown in Fig. 1a. The typical XRD peaks at 13.2° and 27.7° corresponding to (100) 172 
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inter-planar packing of s-triazine units and (002) interlayer stacking were obtained for 173 

PCN and PCN-DP-x [52]. Compared with PCN, the intensity of two peaks for PCN-174 

DP was weakened, suggested that the long-range order in atomic arrangements has 175 

been destructed by molecular doping and re-calcination [53]. Moreover, the results of 176 

FT-IR (Fig. 1b) further confirmed the molecule doping of pyrazine. The FT-IR bands 177 

at 1200-1600 cm-1, 810 cm-1 can be ascribed to the distinctive aromatic C-N 178 

heterocycles and triazine units of PCN [41, 54, 55]. High resolution FT-IR was 179 

recorded for PCN and PCN-DP samples (Fig. 1c). Among those peaks, typical peak of 180 

PCN likes 1510 cm-1 gradually towards the longer wavenumber with the increased 181 

addition of pyrazine. It could be caused by an interaction between the pyrazine group 182 

and the intrinsic structure of PCN [56, 57].  183 

Organic elemental analysis (OEA) was performed to confirm the introduction of 184 

DP in carbon nitride framework (Table S1). It was expected that the C/N atomic ratio 185 

would be increased slightly if the DP incorporated successfully. The C/N atomic ratio 186 

of PCN-DP-0.2 slightly increased by contrast to PCN (from 0.65 to 0.68). In order to 187 

further study the local binding chemical environments of PCN and PCN-DP samples, 188 

XPS analyses were carried out. Carbon, nitrogen, and little amounts of oxygen were 189 

observed in the spectra of PCN-DP-0.2 (Fig. 1d). Of notice was the absence of 190 

bromide characteristics that indicated successful elimination of copolymerization. The 191 

C 1s and N 1s of PCN and PCN-DP-0.2 are exhibited in Fig. 1e and f, respectively. 192 

The C 1s of samples could be separated into two peaks at 288.3 and 284.7 eV. These 193 

peaks were assigned to the N-C=N bonds and the C-C bonds. After pyrazine doping, 194 

the percentage of C-C bonds to all carbon increased from 4.0% (PCN) to 12.6% 195 

(PCN-DP-0.2), which indicated that other carbon source had incorporated into the 196 

carbon nitride system [58]. On the other hand, the N 1s spectra were fitted into three 197 
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major peaks at 398.4, 399.8, and 400.9 eV, which correspond to C-N=C for the s-198 

triazine, the tertiary nitrogen, and the C-N-H bonds, respectively [59]. A slightly 199 

increased of C/N atomic percentage from 0.74 for PCN to 0.79 for PCN-DP-0.2 was 200 

also identified by XPS (Table S1), indicating that pyrazine ring has been incorporated 201 

in PCN framework successfully.  202 

The morphology change of PCN and PCN-DP-0.2 can obtain by SEM and TEM, 203 

as shown in Fig. 2. PCN showed a smooth sheet-like morphology (Fig. 2a), while 204 

PCN-DP samples exhibited coral-like and hierarchical network structure (Fig. 2b, 2c 205 

and 2d). These results show that the incorporation of a small amount of DP could 206 

change the morphology of PCN. The distortion structure in PCN-DP samples allow 207 

more n-π* transitions from the edge nitrogen atoms to the conduction band, which 208 

might also benefit for the visible photon absorption. In addition, the EDS of PCN-DP-209 

0.2 show the distribution of C and N with trace amount of Br (Fig. S1). The TEM 210 

image further indicated the nanosheet-like and pore structural of PCN-DP-0.2. Fig. 2e 211 

exhibits that the PCN sample is composed of several thin layers. Fig. 2f and Fig. S2 212 

illustrates that the similar thin layer of PCN-DP-0.2 sample with some irregular pores 213 

(the average diameter was 8.9±2.7 nm). The thin layer and porous structure of PCN-214 

DP-0.2 are beneficial to the absorption of light, provide more reactive reaction sites 215 

for the reactive species, and improve the photocatalytic activity. N2 adsorption-216 

desorption measurements further supported the structural changes in PCN-DP 217 

materials. Moreover, it was found that all samples matched mesoporous structures due 218 

to the typical IV behaviors with H1 type hysteresis loops (Fig. S3). The specific 219 

surface areas are 82.87, 89.96, 76.45, and 71.39 m2 g-1 for PCN, PCN-DP-0.1, PCN-220 

DP-0.2, and PCN-DP-0.4, respectively. It can be found that the moderate doping of 221 

DP can improve the surface area of PCN. However, when further increasing amount 222 
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of DP, the specific surface area of PCN-DP-x were decreased. This is mainly because 223 

excessive DP may destroy the inherent structure units of PCN and cause pore collapse, 224 

which could be examined by the reduction of pore volume from 0.48 to 0.35 cm3 g-1 225 

(Table 1). 226 

The solid-state 13C nuclear magnetic resonance (NMR) spectra of PCN, and 227 

PCN-DP-0.2 (Fig. 3a) exhibited two strong peaks at 156.6 and 164.5 ppm, which 228 

corresponded to the C-(N)3 group and NH2-C(N)2 group in the heptazine units, 229 

respectively [60]. Interestingly, a peak at 163.0 ppm in the 13C NMR spectra was 230 

found in PCN-DP-0.2 sample, which indicated carbon entities are hindered. This 231 

distinct signal change indicates that the local chemical enviroments of carbon nitride 232 

are changed and the structural of PCN-DP-0.2 is not symmetric [61]. Moreover, the 233 

electronic band structure of catalysts was studied by EPR spectra. As shown in Fig. 3b, 234 

PCN and PCN-DP-0.2 showed a paramagnetic absorption signals centered at a g 235 

value of 2.0036 in the magnetic field of 3260 to 3360 G, which was attributed to the 236 

presence of unpaired electrons in carbon nitride and an electron trapped on defects [52, 237 

62]. The EPR signal of PCN-DP-0.2 was higher than PCN, indicating the 238 

concentration of unpaired electrons of PCN can be increased by pyrazine doping [63, 239 

64]. This result may also be due to defects caused by the doping of pyrazine. 240 

It was expected that the incorporation of pyrazine into PCN might bring the 241 

modification of optical response. UV-Vis diffuse reflection spectra of the PCN and 242 

PCN-DP-x samples are shown in Fig. 3c. The adsorption edge of PCN was around 243 

460 nm, which originated from the π-π* electron transitions in the conjugated 244 

aromatic ring system. With the incorporation of DP, there are slight absorption tails in 245 

the range of 460~700 nm. The absorption tail gradually enhanced with the increased 246 
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addition of DP. This new band may ascribed to the n-π* electron transition involving 247 

the lone pairs [65]. Besides, the color change from yellow to brown suggested that the 248 

band gap was changed in PCN-DP samples. The band gap energy of PCN and PCN-249 

DP-0.2 samples were measured to be 2.64 eV and 2.53 eV according to the Tauc plots 250 

(inset Fig. 3c), respectively. This reduced band gap of PCN-DP-0.2 indicated that this 251 

material effectively harvest wide range of visible light to produce more 252 

photogenerated charge carriers. This above change indicates that the introduction of 253 

pyrazine group can effectively improve visible light absorption and enhance the 254 

concentration of unpaired electrons, leading to the improved photocatalytic activity. 255 

In addition, the conduction band position and valence band position are 256 

important for photocatalytic reaction. The flat band potential was measured by Mott–257 

Schottky plots. As shown in Fig. 3d and 3e, the flat band potential (Efb) of PCN and 258 

PCN-DP-0.2 were -1.41 V and -1.28 V vs. Ag/AgCl. Through the Nernst equation 259 

conversion, the Efb of PCN and PCN-DP-0.2 were -0.86 eV and -0.73 eV vs. NHE 260 

[66]. Therefore, the conduction band of PCN and PCN-DP-0.2 were -1.16 eV and -261 

1.03 eV. According to the band gap value, the valence band position of PCN and 262 

PCN-DP-0.2 were 1.48 eV and 1.5 eV. The band structure of PCN and PCN-DP-0.2 263 

was given in Fig. 3f. It can be seen that the pyrazine coupling has effectively induced 264 

down-shift of VB position and CB position, respectively, thus decreasing the band 265 

gap energy. Although the CB position of PCN-DP-0.2 was decreased, but it still has 266 

enough reduction potential to induce the photocatalytic reaction. 267 

3.2 Photocatalytic activity  268 

To evaluate the validity of pyrazine doping strategy over PCN on improving 269 

photocatalytic activity, photocatalytic degradation of sulfamethazine (SMZ) were 270 
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carried out over as-prepared samples. SMZ was chosen as the model pollutant since 271 

the SMZ is not photolyzed by visible light [67-69]. Our previous studies indicated that 272 

the adsorption capacity of carbon nitride for SMZ was negligible [43, 62]. The control 273 

experiments and PCN samples were performed in Fig. 4a. When the mass of DP was 274 

0.2 g, 99% of SMZ could be degraded by the PCN-DP-0.2 under visible light 275 

irradiation in 60 min. By contrast, the pristine PCN only degraded 75% of SMZ under 276 

the same condition. The corresponding pseudo-first order kinetic curve is exhibited in 277 

Fig. 4b. The apparent SMZ removal rate constants for PCN, PCN-DP-0.1, PCN-DP-278 

0.2, and PCN-DP-0.4 were 0.023 min-1, 0.051 min-1, 0.087 min-1 and 0.065 min-1, 279 

respectively. The degradation rate for PCN-DP-0.2 was about 4 times than that of the 280 

PCN. After normalized with their BET specific surface areas, the activity of PCN-DP-281 

0.2 (1.14 mg min-1 m-2) was still higher than those of PCN (0.27 mg min-1 m-2), PCN-282 

DP-0.1 (0.57 mg min-1 m-2), and PCN-DP-0.4 (0.91 mg min-1 m-2) [70]. Moreover, 283 

compared with some existing photocatalysts (i.e. Bi2WO6, Bi2O17Cl2, g-C3N4), the 284 

PCN-DP-x generally showed excellent photocatalytic activity (Table S2). 285 

Liquid chromatography-mass spectrometer (LC-MS) was used to identify the 286 

degradation products of SMZ and two major intermediates were found. The LC 287 

spectra indicated that the peak intensity of SMZ (t=9.427 min) was decreased with the 288 

reaction time prolonging (Fig. 4c). The peak at 1.229 min and 2.283 min may be 289 

attributed to the degradation intermediates of SMZ. Detailed MS graph was provided 290 

in Fig. S4. As shown in Fig. 4d, the product ion at m/z 279 was the SMZ. The one 291 

intermediate P1 was m/z 215, corresponding to 4-(2-imino-4,6-dimethylpyrimidin-292 

1(2H)-yl) aniline. This product was generated by smiles-type rearrangement followed 293 

by SO2 extrusion[71]. Recent studies have been reported the formation of this product. 294 

The concentration of m/z 215 was formed in the first 15 min. When the reaction 295 
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progressed, the concentration of P1 was remained stable in 15-45 min, and then 296 

decreased in 60 min. The other important intermediate P2 was m/z 124, corresponding 297 

to 2-amino-4,6-dimethylpyrimidine. The formation of P2 was formed by sulfonamide 298 

bond cleavage since the sulfonamide antibiotics can oxidized by reactive oxygen 299 

species. The concentration of P2 was produced rapidly, but they keep constant in a 300 

low level with the time prolonging. The proposed SMZ degradation products were 301 

presented in Table S3.  302 

Previous studies indicated that the solution pH could influence the generation of 303 

oxidative species in the photodegradation process. Fig. S5 indicated that the 304 

degradation rates of SMZ were increased with the augmentation of initial pH. At low 305 

pH conditions, •O2
- may prefer to combine with H+ to form H2O2, which inhibits the 306 

degradation of SMZ [72]. Fig. S6a showed that the SMZ degradation rate by PCN-307 

DP-0.2 was slightly dropped from 0.087 min-1 to 0.078 min-1 after four cycles. This 308 

decrease of degradation efficiency may attribute to the degradation products covering 309 

the active sites of catalyst. In addition, after cycle photocatalytic reactions, the used 310 

PCN-DP-0.2 sample was further characterized by XRD, TEM and XPS. As shown in 311 

Fig. S6b-f, no noticeable changes in the crystal, morphology, and surface structure are 312 

found, which suggests the high stability of pyrazine modified photocatalyst in the 313 

SMZ degradation system. 314 

This modification strategy was also enhances the photocatalytic H2 evolution 315 

activity since more photoelectrons are available over pyrazine doping PCN [73]. As 316 

shown in Fig. 5a, all samples are active for H2 evolution with visible light 317 

illumination. The optimized sample (PCN-DP-0.2) exhibited best photocatalytic 318 

efficiency among all photocatalysts studied. The average H2 evolution rate of PCN-319 
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DP-0.2 reaching up to 63 μmol h-1, is almost 6.3 times in comparison with that of 320 

pristine PCN (10 μmol h-1). When excessive pyrazine was doped, an adverse effect 321 

about H2 evolution was emerged due to the excessive foreign units may destruct the 322 

conjugated framework. The stability of PCN-DP-0.2 was evaluated for a long-term 323 

photocatalytic reaction (Fig. 5b), in which slight decrease of photocatalytic activity 324 

was observed after four cycles, indicating PCN-DP-0.2 possessed excellent stability. 325 

The TEM image of PCN-Pt and PCN-DP-0.2-Pt was presented in Fig. 5c and Fig. 5d-326 

e, respectively, which indicated that the Pt particles of small size are much more 327 

evenly dispersed on the surface of PCN-DP-0.2 sample. Furthermore, the results of 328 

XPS and TEM image for the fresh and used PCN-DP-0.2 indicated that the as-329 

prepared sample are chemically stable (Fig. S7). These above results indicated that 330 

our strategy was simple and the as-prepared photocatalysts have higher photocatalytic 331 

activity [74, 75].  332 

3.3 Mechanism of the enhanced photocatalytic activity 333 

Carbon materials have excellent electrical conductivity. So, we think that 334 

pyrazine in the structure of PCN can act an electron channel and quicker transfer the 335 

electrons than the original layer. The efficient separation of electron-hole pairs was 336 

further demonstrated by photocurrent measurements and electrochemical impedance 337 

spectroscopy (EIS) [76]. Fig. 6a showed that both samples exhibited stable 338 

photocurrents during the light on and off cycles. Among these samples, the 339 

photocurrent of PCN-DP-0.2 was 3 times higher than that of the PCN, suggesting that 340 

more efficient separation of photogenerated charge carriers was achieved. Meanwhile, 341 

compared with PCN, all the modified samples showed a smaller semicircular Nyquist 342 

plots diameter (Fig. 6b), suggesting a charge transfer resistance, and leading to more 343 
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efficient separation of photogenerated charge carriers. It can be seen that the DP 344 

doping is beneficial for the separation and transfer of photogenerated carriers.  345 

The separation rates of charge carriers in carbon nitride were investigated by 346 

photo-luminescence (PL) test. As shown in Fig. 7a, the peak at 460 nm of PCN was 347 

assigned to the band-to-band layer recombination of photogenerated carriers. 348 

Remarkable PL quenching of this peak was obtained in PCN-DP samples (from 460 349 

nm to 470 nm), indicating the recombination of charge carriers was restricted in PCN-350 

DP samples. Moreover, the pyrazine can be acted as a hyperchannel to transfer the 351 

photogenerated electrons, which was beneficial for electron-holes separation. Time-352 

resolved fluorescence decay spectroscopy (TRPL) was further to demonstrate it. Fig. 353 

7b and Table S4 suggested the lifetime of PCN-DP-0.2 (5.64 ns) was shorter than that 354 

of the PCN (8.34 ns). This decreased lifetime indicated that the exciton dissociation 355 

was improved by pyrazine doping [77]. PL quenching was further examined by the 356 

photographs of PCN and PCN-DP-0.2 powders or their suspensions in water with UV 357 

light illumination. As shown in Fig. 7c, compared with the PCN, the PCN-DP-0.2 358 

displayed much lower intensity of luminescence obviously in powder and suspensions, 359 

which was in consistent with the results of PL [54].  360 

ESR measurements and trapping experiments were carried out to demonstrate 361 

photodegradation mechanism of SMZ by PCN and PCN-DP-0.2. As shown in Fig. 8a, 362 

no signal of DMPO-•O2
- was detected in dark for both PCN and PCN-DP-0.2 samples. 363 

The signal of DMPO-•O2
- (an intensity ratio of 1:1:1:1 signal) was increased with the 364 

increase of irradiation time. Moreover, the intensity signals of DMPO-•O2
- for PCN-365 

DP-0.2 was higher than PCN those of the PCN in 4 min and 8 min visible light 366 

irradiation, respectively. Meanwhile, the signal of DMPO-•OH (an intensity ratio of 367 
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1:2:2:1 signal) was obviously detected in the DMPO water solution for PCN-DP-0.2 368 

(Fig. 8b). However, the signal of DMPO-•OH for PCN was too weak to be detected. 369 

Furthermore, trapping experiments by different scavengers (IPA for •OH, CAT for 370 

H2O2, TEMPOL for •O2
-, and EDTA for h+) were carried out. As shown in Fig. 8c and 371 

8d, the addition of TEMPOL and EDTA inhibited 84.6% and 62.4% of SMZ 372 

degradation, respectively, indicating that the •O2
- and h+ mainly accounted for the 373 

SMZ degradation. About 30% of SMZ degradation was suppressed in the presence of 374 

CAT, suggesting that H2O2 had a positive effect for photocatalytic degradation of 375 

SMZ. IPA showed no significant impact on the SMZ photodegradation. This result 376 

indicated that the main active species were •O2
- and h+. Therefore, the main effect of 377 

pyrazine doping in PCN seems to accelerated the conduction band (CB) electron 378 

transfer to O2 with generating more •O2
- and •OH for reaction. 379 

Combining the above results, the possible pathways of PCN-DP for SMZ 380 

degradation (system I) and H2 evolution (system II) were proposed in Scheme 1. 381 

Evidently, the electronic structure is largely modified by the incorporation of pyrazine 382 

molecules due to the doping can alter the thermal polymerization route. Pyrazine can 383 

act as electron-acceptor to separation the charge carrier combination of PCN-DP. 384 

Under visible light irradiation, the catalyst was excited, and then generated electrons 385 

and holes. In the system I, the photocatalytic degradation of SMZ by PCN-DP was 386 

attributed to reactive oxygen species (such as •O2
-, H2O2 and •OH) and the interfacial 387 

interactions of contaminant with photocatalysts. The distorted structure and widen 388 

visible light absorption enhanced the migration efficiency of photogenerated electrons, 389 

causing a high yield of •O2
-. In addition, the holes can directly decompose the 390 

pollutants. For the water splitting (system II), since the band structure of PCN-DP was 391 

modified, which make more photogenerated carriers generated from it. Pt particles are 392 
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evenly dispersed on the surface of PCN-DP-0.2 sample due to the pyrazine channel. 393 

The synergistic effect of Pt and pyrazine channel induces the high activity of H2 394 

evolution for PCN-DP-0.2 sample.  395 

3.4 Phytotoxicity measurements results 396 

Seed germination and radicle elongation tests are usually used to assess the plant 397 

toxicity of contaminants and contaminated environment [78]. In this study, Chinese 398 

cabbage (Brassica rapa L.) was choose since its seed has the advantages of uniform 399 

size (1-2 mm), rapid germination and is sensitive to antibiotics. In the seed 400 

germination stage, Chinese cabbage seeds began to germinate after 8 h. As shown in 401 

Fig. 9a and Fig. S8, the germination percentage of control and treatments generally 402 

reached over 92% after 24 h of incubation, respectively. The results of the 403 

phytotoxicity experiments exhibited that sulfamethazine (SMZ) solution or 404 

photocatalyst had no universal effect on seed germination stage. This may be ascribed 405 

to seed coat on the embryo of seeds. In the radicle elongation stage, the seed radicle 406 

length in SMZ solution (mean length of 8.89 mm, n=80) was obviously lower than 407 

that the blank sample (mean length of 14.76 mm, n=80) (Fig. 9b and Fig. 9c). 408 

However, the degraded SMZ solution (after photocatalysis by PCN-DP) showed no 409 

inhibition on seed radicle length (mean length of 16.11 mm, n=80). In addition, the 410 

PCN and PCN-DP-0.2 samples showed no influence on radicle elongation. This result 411 

indicated that the toxicity of SMZ polluted water after degradation is greatly reduced, 412 

and the treated water is clean and environmentally friendly. Moreover, the as-413 

prepared photocatalysts are environmentally friendly. 414 

4. Conclusions  415 
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In summary, a highly efficient photocatalyst was prepared via a bottom-up method, 416 

which involves pyrazine doping, thermal-induced exfoliation and 417 

condensation/polymerization. Both morphology and electronic structures of pyrazine 418 

doped PCN were greatly modified via molecule doping of pyrazine. The electron-419 

deficiency pyrazine can acted as a hyperchannel to transfer the photogenerated 420 

electrons, which was beneficial for electron-holes separation. As a result, an overall 421 

enhanced SMZ degradation rate and H2 production rate of PCN-DP were achieved, 422 

which was consistent with the extended visible light absorption. The photocatalytic 423 

degradation of SMZ by PCN-DP was attributed to reactive oxygen species (such as 424 

•O2
-, H2O2 and •OH) and the interfacial interactions of pollutant with photocatalysts. 425 

In addition, Phytotoxicity experiments were conducted, which shows that the toxicity 426 

of sulfamethazine after degradation is greatly reduced and the as-prepared 427 

photocatalyst is environmentally friendly. Although some achievements have been 428 

made, the problem of catalyst recovery is still involved, further optimization is needed.  429 
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Figure captions: 708 

Fig. 1. (a) Powder XRD patterns, (b-c) FT-IR spectra of PCN and PCN-DP-x samples; 709 

high-resolution XPS spectra of (d) survey, (e) C 1s and (f) N 1s for PCN and PCN-710 

DP-0.2. 711 

Fig. 2. SEM images of (a) PCN, (b) PCN-DP-0.1, (c) PCN-DP-0.2, and (d) PCN-DP-712 

0.4. TEM images of (e) PCN and (f) PCN-DP-0.2. 713 

Fig. 3. (a) Solid-state 13C MAS NMR spectra, (b) EPR spectra of PCN and PCN-DP-714 

0.2, (c) UV-vis diffraction reflectance spectra of PCN and PCN-DP samples and the 715 

Tauc plots of PCN and PCN-DP-0.2 (inset), (d, e) Mott–Schottky plots, and (f) 716 

Schematic band structure of PCN and PCN-DP-0.2. 717 

Fig. 4. (a) Photocatalytic degradation of SMZ, (b) degradation rate of SMZ on PCN 718 

and PCN-DP-x samples, (c) LC spectrum of SMZ solution degraded by PCN-DP-0.2, 719 

and (d) Evolution of the product ions and decrease of SMZ in the photocatalytic 720 

degradation of SMZ over PCN-DP-0.2. 721 

Fig. 5. (a) Photocatalytic H2 evolution performance for PCN and PCN-DP-x samples, 722 

(b) cycle measurements of H2 evolution of PCN-DP-0.2, (c) TEM image of Pt 723 

deposited PCN, (d) TEM image of Pt deposited PCN-DP-0.2 and (e) EDS of Pt 724 

deposited PCN-DP-0.2. 725 

Fig. 6. (a) Photocurrent response curves and (b) EIS Nyquist plot of PCN and PCN-726 

DP-x samples.  727 

Fig. 7. (a) Room temperature steady state photoluminescence (PL) emission spectra, 728 

(b) time-resolved fluorescence decay spectra of PCN and PCN-DP-x sample with an 729 
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excitation wavelength of 365 nm, (c) Photographs of PCN and PCN-DP-0.2 powders 730 

and suspensions under 365 nm irradiation. 731 

Fig.8. ESR signals of (a) DMPO-•O2
- adducts in methanol dispersion and (b) DMPO-732 

•OH adducts in methanol dispersion over PCN and PCN-DP-0.2, (c and d) reactive 733 

species trapping experiments of PCN-DP-0.2 under visible light irradiation. 734 

Fig. 9. (a) Effect of SMZ solution and photocatalyst on seed germination for 24 h (n= 735 

160), (b) Effect of SMZ solution and photocatalyst on Chinese cabbage seeds radicle 736 

length for another 24 h (n = 80). Boxes illustrate the first quartile, median and third 737 

quartile of the data. The mean is marked with a dotted line in the box. The ends of the 738 

whiskers represent the 5th percentile and the 95th percentile. Values beyond 1.5 times 739 

the box height are outliers plotted as circles. (c) Micrograph of seed radicle elongation 740 

stage. 741 

Scheme 1. Possible pathway of PCN-DP for SMZ degradation (system I) and H2 742 

evolution (system II) 743 
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Table 1 Surface area and pore volume for PCN and PCN-DP samples. 745 

Samples  Surface area (m2 g-1)  Pore volume (cm3 g-1) Pore diameter (nm) 

PCN 82.87 0.45 2.73 

PCN-DP-0.1 89.96 0.48 2.74 

PCN-DP-0.2 76.45 0.36 3.94 

PCN-DP-0.4 71.39 0.34 2.74 
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