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Abstract

Polymeric carbon nitride (PCN) has become the most promising metal-free
photocatalysts but its activity is low. Molecule doping of PCN has been proved to be
an effective strategy to achieve high photocatalytic performance. Herein, we report a
bottom-up method to synthesize modified PCN, which includes 2,5-dibromopyrazine
doping, thermal-induced exfoliation and condensation/polymerization. The
incorporation of electron-deficiency 2,5-dibromopyrazine into the PCN framework
can effectively tune the electronic structures and improve the charge-carrier
separation. In addition, the incorporation of 2,5-dibromopy ed significant
structural changes from planar symmetric to distortion. The ed pyrazine doped
PCN showed a reaction rate enhancement o fold for the degradation of
sulfamethazine compared to that of convent% based PCN. Further reactive

species and degradation intermediatew

generated during the photocatalytic ®s, which could lead to the decomposition,

studies, indicated that «O»> was

and finally mineralization mgthazine. 2,5-Dibromopyrazine doped PCN also

leads to a 6.3-fold im in Hz generation with the visible light. Especially,

phytotoxicity ex showed that the toxicity of sulfamethazine after

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

friendly.

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

Photocatalytic H> evolution; Sulfamethazine degradation.
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1. Introduction

In recent years, micro-pollutants (i.e. antibiotics and endocrine disrupting
chemicals) in aquatic environments have attracted increasing concerns [1, 2].
Sulfamethazine (SMZ) is a typical sulfonamide antibiotic that is intensively used in
medicine, aquaculture, livestock and poultry farming [3, 4]. Studies indicated that
about 30%-90% of sulfonamides drugs or its metabolites are released through urine
and excrement into the surface and subsurface water bodies, which can become a
potential risk to human health [5, 6]. Photocatalytic water treatment as a green and
sustainable advanced oxidation process has great potentt eljoving organic

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

has been regarded as a sustainable way to solve thg-8gergy crisis [11, 12]. Therefore,

it is urgent to explore effective and stable@ lyst for hydrogen evolution
reaction and water purification. In the w es, many semiconductor materials,
such as TiO2, CdS, Bi,WOe, Biy nd polymeric carbon nitride (PCN), have

been explored for photocatt) agglonS under UV and visible light irradiation [13-

19]. ()

Among theseNovel photocatalysts, PCN has attracted much attention due to the
suitable band structure and the appropriate optical absorption [20-25]. It also exhibits
excellent chemical stability. PCN has been extended studied in photocatalytic
degradation, water splitting and inactivation of microorganism due to its low cost and
nontoxicity characters [26-30]. However, PCN as a typical polymer, the local
structure was rather disordered and the exciton binding energy was high, leading to
the insufficient separation of charge carriers. Moreover, the light adsorption edge of
pristine PCN is below 460 nm. So, the photocatalytic application of PCN has been

3
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limited by these above demerits [31, 32]. Enormous efforts have been explored to
improve the photocatalytic activity of PCN, which including element doping,
coupling with other semiconductors, and molecular doping copolymerization [33-38].
Especially, molecular copolymerization is a unique and effective method that can
modify the structure and properties by introducing organic molecules into the PCN

framework.

Recently, copolymerizing similar aromatic structure with PCN precursors has
been a typical molecular assembly method to extend the m electrons of the PCN
aromatic system and modulate the electronic band structge; to affect its

photocatalytic activity [39-42]. Some organic molecules ha employed to dope

into PCN like benzene-based molecules, thiop -based molecules and nitric

heterocyclic-based molecules and many mor an et al. developed aromatic
ring substituting doping PCN by usi% nd 2, 4, 6-trichlorophenol as the
precursors [48]. The hydrogen evol e (HER) of modified PCN reached as high
as 12.543 mmol h™* g2, whiglayi r than that of pristine CN (1.071 mmol h ™t g%).
Li et al. prepared pyri Qd PCN by using urea and 2, 4-diaminopyrimidine as
co-monomers [49 ’Qnded light adsorption and the enhanced charge transport
of pyrimidine-dope® PCN resulted in the enhancement of HER activity (from
0.46mmolh™*g™? to 2.8mmolhtg™?). However, it should be noticed that the
research studies focused on limited skeletal structures (i.e. aromatic, pyrimidine) and
applied in HER, more heterocyclic structure like pyrazine chemicals should be
explored. Pyrazine and its derivatives have been used as acceptor co-monomers in
donor-acceptor semiconducting polymeric materials. Therefore, it was expected that

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

positive effect on photocatalytic reactions.

In this context, urea and 2,5-dibromopyrazine was chosen as the precursors for
prepared pyrazine-modified PCN photocatalysts (denoted as PCN-DP). Compared
with other precursors, urea-derived PCN has a high degree of polymerization and
shows the best photocatalytic performance. The dibromo group in 2,5-
dibromopyrazine as the co-monomer was able to react with urea and then
incorporated into the PCN framework. After incorporating 2,5-dibromopyrazine into
the framework of PCN, the PCN-DP sample exhibite gey visible light

absorption range, suppressed electron-hole recombination promoted charge

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

organic pollutants and hydrogen evolution. n, the phytotoxicity of the
wastewater (before and after photoc

evaluated to illustrate the toxicit: egradation products and photocatalysts to

the plants as this relates to t water.

2. Experimental ctiQ

2.1 Catalysts preparation

atment) and photocatalysts were

The typical bulk carbon nitride was obtained by a traditional polymerization as
reported previously [35]. Typically, 10 g of urea (99%, AR) were added into a
ceramic crucible with a cover and heated to 550 <C with a heating rate of 5 < min*!
and kept for 2 h in air condition. The obtained product was then further heated to

550 <T for another 2 h with a ramp rate of 10 < min™. After cooling to room
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temperature, the obtained product was washed with distilled water. The yellow

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

The PCN-DP samples were prepared from bottom-up method by thermal-
induced exfoliation and polymerization. Typically, 10.0 g of urea and a series of 2, 5-
dibromopyrazine (0.1 g, 0.2 g, and 0.4 g) were fine mixed in 3 mL ethanol by ball
milling. The obtained mixed precursors were put into a ceramic crucible with a cover
and heated to 550 <T with a heating rate of 5 T mintand kept for 2 h in air. The
obtained product was then further heated to 550 <C for another 2 h with a ramp rate of
10 T mint. The final product was dried at 70 <C after wae nd denoted as

PCN-DP-x, where x indicates the amount of DP (x=0.1 g, O\ 0.4 g).

2.2 Characterization

The crystal phase of samples wer&%’d by Rigaku D/max-2500 X-ray
= 0.15406 nm). The morphology of

diffraction (XRD) with Cu Ka ra
samples was collected by scan n microscopy (SEM, FEI Helios NanoLab

600i) and transmission e@ microscopy (TEM, FEI tecnai G2F20 electron
microscope). FOegr t@ﬂm infrared spectroscopy (FTIR) spectra were measured
on BIORad FTS 608 spectrometer in the range of 500-4000 cm™. The chemical states
were obtained at X-ray photoelectron spectra (XPS, ESCALAB 250Xi). The light
absorption was analyzed on UV-vis diffuse reflectance spectra (DRS, Cary 300).
Steady room temperature photoluminescence (PL) spectra were conducted in a Perkin
Elmer luminesence spectrometer (LS 50 B) with the excitation wavelength of 365 nm.
The electron paramagnetic resonance (EPR) of solid and liquid samples was

performed on Bruker ER200-SRC spectrometer.

2.3 Photocatalytic performance evaluation
6
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The photocatalytic system was set up in a photochemical reactor under visible
light irradiation. The model pollutant used was sulfamethazine (SMZ) [50]. A typical
sequence test contained 25 mg catalyst and 10 mg L™ SMZ in 50 mL of water
solution. The mixed solution was stirred without light for 1 h to obtained the
adsorption and desorption equilibrium. Then, the reactor was irradiated by a 300 W
Xenon lamp with a 420 nm cutoff filter. 1 mL suspension was extracted from the
reactor in every 15 min and centrifuged at a certain amount of time. The concentration
of SMZ was detected by high-performance liquid chromatography (HPLC, Agilent

1260 infinity) with the Cig column (4.6 %150 mm). The HPL< aEnaIysis was carried

out using an eluent of water and acetonitrile (65:35, v/vdor e flow rate of

eluent was 1 mL min' and the detection waveleng
of degradation products was detected by high-péd yice liquid chromatography-
mass spectra (HPLC-MS) and the me@\ed in Text S1. In addition, the
photocatalytic hydrogen evolution te r ailed in Text S2.

2.4 Photoelectrochemical mg %t

The PCN and PCEl-DP, trodes were prepared by drop-coating method . 3 mg

was set a»265 nm. The analysis

of catalyst was d in 1 mL of 0.5% Nafion-ethanol solution, and then the
solution was under sonication for 2 h. The obtained mixture was dropped onto the
clean F-doped tin oxide (FTO) glass with an effective area of 1 cm < 1 cm. The
electrode was then put into muffle furnace for 2 h calcination at 130 <C. After cooling
to room temperature, the working electrodes, the Pt plate electrode (40 < 0.55 mm,
99%), and the Ag/AgCl electrode were immersed in 0.2 M Na>SO4 aqueous solution
in a three-electrode cell. The test was performed on a CHI 660D workstation. The

visible light was offered by a 300 W xenon lamp with a 420 nm cutoff filter. The
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photocurrent responses of the samples upon light on and off were measured.
Electrochemical impedance spectroscopy (EIS) was performed in 100 mL of 0.2 M
Na>SOs aqueous solution with 0 V of applied voltage. A Mott-Schottky plot was

obtained at a frequency of 900 and 1000 Hz.
2.5 Phytotoxicity test

The phytotoxicity of samples was determined by seed germination and radicle

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

methods of Luo et al [51]. Five samples were tested, which gagluding pure water,
SMZ solution (10 mg L, before photocatalytic), SMZ soXion (D mg L7, after

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

water was used as the control in the tests. After j face of seeds being cleaned,
160 individuals were put onto a piece of p ed by 5 mL samples in a 90-mm

Petri dish for a time. They were keptg bator at 25°C in the dark. After the

first incubation stage (24 h), the seeds were recorded to calculate the seed
germination rate. And then@0 g ating seeds with similar sizes were selected and

then transferred fo a %ate containing the same samples for four times. After

another 24 h, the r e yength was measured.
3. Results and discussion
3.1 Photocatalyst characterization

Typically, PCN was obtained from urea, while PCN-DP-x was prepared from
urea and 2, 5-dibromopyrazine (x represents the mass of 2, 5-dibromopyrazine,
ranging from 0.1 to 0.4 g). The XRD patterns of PCN and PCN-DP-x samples are

shown in Fig. 1la. The typical XRD peaks at 13.2°and 27.7 <corresponding to (100)

8
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inter-planar packing of s-triazine units and (002) interlayer stacking were obtained for
PCN and PCN-DP-x [52]. Compared with PCN, the intensity of two peaks for PCN-
DP was weakened, suggested that the long-range order in atomic arrangements has
been destructed by molecular doping and re-calcination [53]. Moreover, the results of
FT-IR (Fig. 1b) further confirmed the molecule doping of pyrazine. The FT-IR bands
at 1200-1600 cm™, 810 cm™ can be ascribed to the distinctive aromatic C-N
heterocycles and triazine units of PCN [41, 54, 55]. High resolution FT-IR was
recorded for PCN and PCN-DP samples (Fig. 1c). Among those peaks, typical peak of
PCN likes 1510 cm™ gradually towards the longer wavenum%l the increased
addition of pyrazine. It could be caused by an interactioneggt pyrazine group
and the intrinsic structure of PCN [56, 57].

Organic elemental analysis (OEA) was p 0 confirm the introduction of
DP in carbon nitride framework (Table It xpected that the C/N atomic ratio
would be increased slightly if the D‘i:;?oorated successfully. The C/N atomic ratio
of PCN-DP-0.2 slightly incr @o ast to PCN (from 0.65 to 0.68). In order to
further study the local [ mical environments of PCN and PCN-DP samples,
XPS analyses we Qut. Carbon, nitrogen, and little amounts of oxygen were
observed in the speytra of PCN-DP-0.2 (Fig. 1d). Of notice was the absence of
bromide characteristics that indicated successful elimination of copolymerization. The
C 1sand N 1s of PCN and PCN-DP-0.2 are exhibited in Fig. 1e and f, respectively.
The C 1s of samples could be separated into two peaks at 288.3 and 284.7 eV. These
peaks were assigned to the N-C=N bonds and the C-C bonds. After pyrazine doping,
the percentage of C-C bonds to all carbon increased from 4.0% (PCN) to 12.6%
(PCN-DP-0.2), which indicated that other carbon source had incorporated into the

carbon nitride system [58]. On the other hand, the N 1s spectra were fitted into three
9
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major peaks at 398.4, 399.8, and 400.9 eV, which correspond to C-N=C for the s-
triazine, the tertiary nitrogen, and the C-N-H bonds, respectively [59]. A slightly
increased of C/N atomic percentage from 0.74 for PCN to 0.79 for PCN-DP-0.2 was
also identified by XPS (Table S1), indicating that pyrazine ring has been incorporated

in PCN framework successfully.

The morphology change of PCN and PCN-DP-0.2 can obtain by SEM and TEM,
as shown in Fig. 2. PCN showed a smooth sheet-like morphology (Fig. 2a), while
PCN-DP samples exhibited coral-like and hierarchical network structure (Fig. 2b, 2c
and 2d). These results show that the incorporation of a s t of DP could

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

more n-n* transitions from the edge nitrogen atonMto the conduction band, which
might also benefit for the visible photon absorgeeg’ dition, the EDS of PCN-DP-
0.2 show the distribution of C and N t%ount of Br (Fig. S1). The TEM
image further indicated the nanoshet % and pore structural of PCN-DP-0.2. Fig. 2e
exhibits that the PCN sampl %@
illustrates that the simi @

r of PCN-DP-0.2 sample with some irregular pores

sl of several thin layers. Fig. 2f and Fig. S2

(the average dia 942.7 nm). The thin layer and porous structure of PCN-
DP-0.2 are benefici® to the absorption of light, provide more reactive reaction sites
for the reactive species, and improve the photocatalytic activity. N> adsorption-
desorption measurements further supported the structural changes in PCN-DP
materials. Moreover, it was found that all samples matched mesoporous structures due
to the typical IV behaviors with H1 type hysteresis loops (Fig. S3). The specific
surface areas are 82.87, 89.96, 76.45, and 71.39 m?g* for PCN, PCN-DP-0.1, PCN-
DP-0.2, and PCN-DP-0.4, respectively. It can be found that the moderate doping of

DP can improve the surface area of PCN. However, when further increasing amount
10
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of DP, the specific surface area of PCN-DP-x were decreased. This is mainly because
excessive DP may destroy the inherent structure units of PCN and cause pore collapse,
which could be examined by the reduction of pore volume from 0.48 to 0.35 cm® g

(Table 1).

The solid-state *C nuclear magnetic resonance (NMR) spectra of PCN, and
PCN-DP-0.2 (Fig. 3a) exhibited two strong peaks at 156.6 and 164.5 ppm, which
corresponded to the C-(N)s group and NH2-C(N)2 group in the heptazine units,

respectively [60]. Interestingly, a peak at 163.0 ppm in the 3C NMR spectra was

found in PCN-DP-0.2 sample, which indicated carbon engjt indered. This
distinct signal change indicates that the local chemical en of carbon nitride
are changed and the structural of PCN-DP-0.2 is symmetric [61]. Moreover, the
electronic band structure of catalysts was studi spectra. As shown in Fig. 3b,
PCN and PCN-DP-0.2 showed a para sorption signals centered at a g
value of 2.0036 in the magnetlc fiely 60 to 3360 G, which was attributed to the
presence of unpaired electro trlde and an electron trapped on defects [52,
62]. The EPR signa @ DP-0.2 was higher than PCN, indicating the
concentration of i ctrons of PCN can be increased by pyrazine doping [63,

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

It was expected that the incorporation of pyrazine into PCN might bring the
modification of optical response. UV-Vis diffuse reflection spectra of the PCN and
PCN-DP-x samples are shown in Fig. 3c. The adsorption edge of PCN was around
460 nm, which originated from the m-n* electron transitions in the conjugated
aromatic ring system. With the incorporation of DP, there are slight absorption tails in

the range of 460~700 nm. The absorption tail gradually enhanced with the increased

11
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addition of DP. This new band may ascribed to the n-7* electron transition involving
the lone pairs [65]. Besides, the color change from yellow to brown suggested that the
band gap was changed in PCN-DP samples. The band gap energy of PCN and PCN-
DP-0.2 samples were measured to be 2.64 eV and 2.53 eV according to the Tauc plots
(inset Fig. 3c), respectively. This reduced band gap of PCN-DP-0.2 indicated that this
material effectively harvest wide range of visible light to produce more
photogenerated charge carriers. This above change indicates that the introduction of
pyrazine group can effectively improve visible light absorption and enhance the

concentration of unpaired electrons, leading to the improved phgftocatalytic activity.

In addition, the conduction band position and and position are

important for photocatalytic reaction. The flat bandNptential was measured by Mott—

Schottky plots. As shown in Fig. 3d and 3e, d potential (Es) of PCN and
PCN-DP-0.2 were -1.41 V and -1.28 A Cl. Through the Nernst equation

conversion, the Es, of PCN and PAR-DMN0.2 were -0.86 eV and -0.73 eV vs. NHE

gap value, the valence band position of PCN and

[66]. Therefore, the condu PCN and PCN-DP-0.2 were -1.16 eV and -
1.03 eV. According tq

PCN-DP-0.2 wer Qnd 1.5eV. The band structure of PCN and PCN-DP-0.2
was given in Fig. 3fMt can be seen that the pyrazine coupling has effectively induced
down-shift of VB position and CB position, respectively, thus decreasing the band
gap energy. Although the CB position of PCN-DP-0.2 was decreased, but it still has

enough reduction potential to induce the photocatalytic reaction.
3.2 Photocatalytic activity

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

photocatalytic activity, photocatalytic degradation of sulfamethazine (SMZ) were

12
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carried out over as-prepared samples. SMZ was chosen as the model pollutant since
the SMZ is not photolyzed by visible light [67-69]. Our previous studies indicated that
the adsorption capacity of carbon nitride for SMZ was negligible [43, 62]. The control
experiments and PCN samples were performed in Fig. 4a. When the mass of DP was
0.2 g, 99% of SMZ could be degraded by the PCN-DP-0.2 under visible light
irradiation in 60 min. By contrast, the pristine PCN only degraded 75% of SMZ under
the same condition. The corresponding pseudo-first order Kinetic curve is exhibited in
Fig. 4b. The apparent SMZ removal rate constants for PCN, PCN-DP-0.1, PCN-DP-
0.2, and PCN-DP-0.4 were 0.023 min, 0.051 mint, 0.087 %d 0.065 min™,

respectively. The degradation rate for PCN-DP-0.2 was han that of the

PCN. After normalized with their BET specific surdgce areas, thve activity of PCN-DP-

0.2 (1.14 mg min m) was still higher than those @ N (0.27 mg mint m2), PCN-

DP-0.1 (0.57 mg min* m?), and PCN- 0.91 mg min m?) [70]. Moreover,

compared with some existing phot e Bi,WOs, Bi2017Cl2, g-C3Ny), the

PCN-DP-x generally showed e tocatalytic activity (Table S2).

Liquid chromatog spectrometer (LC-MS) was used to identify the
degradation pro QZ and two major intermediates were found. The LC
spectra indicated thaWthe peak intensity of SMZ (t=9.427 min) was decreased with the
reaction time prolonging (Fig. 4c). The peak at 1.229 min and 2.283 min may be
attributed to the degradation intermediates of SMZ. Detailed MS graph was provided
in Fig. S4. As shown in Fig. 4d, the product ion at m/z 279 was the SMZ. The one
intermediate P1 was m/z 215, corresponding to 4-(2-imino-4,6-dimethylpyrimidin-
1(2H)-yl) aniline. This product was generated by smiles-type rearrangement followed

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

The concentration of m/z 215 was formed in the first 15 min. When the reaction
13
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progressed, the concentration of P1 was remained stable in 15-45 min, and then
decreased in 60 min. The other important intermediate P2 was m/z 124, corresponding
to 2-amino-4,6-dimethylpyrimidine. The formation of P2 was formed by sulfonamide
bond cleavage since the sulfonamide antibiotics can oxidized by reactive oxygen
species. The concentration of P2 was produced rapidly, but they keep constant in a
low level with the time prolonging. The proposed SMZ degradation products were

presented in Table S3.

Previous studies indicated that the solution pH could influence the generation of
oxidative species in the photodegradation process. Fig gmNCated that the
degradation rates of SMZ were increased with the augmeniQs initial pH. At low
pH conditions, *O2" may prefer to combine with HN form H2O>, which inhibits the
degradation of SMZ [72]. Fig. S6a showed t degradation rate by PCN-

DP-0.2 was slightly dropped from 0.08 Zq@in .078 min'* after four cycles. This

decrease of degradation efficiency g

the active sites of catalyst. I:a@ s

haracterized by XRD, TEM and XPS. As shown in

ibute to the degradation products covering

er cycle photocatalytic reactions, the used

PCN-DP-0.2 sample Wg
Fig. S6b-f, no no nges in the crystal, morphology, and surface structure are
found, which sugge¥s the high stability of pyrazine modified photocatalyst in the

SMZ degradation system.

This modification strategy was also enhances the photocatalytic H> evolution
activity since more photoelectrons are available over pyrazine doping PCN [73]. As
shown in Fig. 5a, all samples are active for H> evolution with visible light
illumination. The optimized sample (PCN-DP-0.2) exhibited best photocatalytic

efficiency among all photocatalysts studied. The average Hz evolution rate of PCN-

14
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DP-0.2 reaching up to 63 pumol h?, is almost 6.3 times in comparison with that of
pristine PCN (10 pumol h™!). When excessive pyrazine was doped, an adverse effect
about H evolution was emerged due to the excessive foreign units may destruct the
conjugated framework. The stability of PCN-DP-0.2 was evaluated for a long-term
photocatalytic reaction (Fig. 5b), in which slight decrease of photocatalytic activity
was observed after four cycles, indicating PCN-DP-0.2 possessed excellent stability.
The TEM image of PCN-Pt and PCN-DP-0.2-Pt was presented in Fig. 5¢ and Fig. 5d-
e, respectively, which indicated that the Pt particles of small size are much more

evenly dispersed on the surface of PCN-DP-0.2 sample. Furt% the results of
d

XPS and TEM image for the fresh and used PCN-D aaatd that the as-

prepared sample are chemically stable (Fig. S7). €hese abov results indicated that
our strategy was simple and the as-prepared photo @ have higher photocatalytic

activity [74, 75].

3.3 Mechanism of the enhanced photy

@t electrical conductivity. So, we think that

Carbon materials hag
pyrazine in the structu@e of can act an electron channel and quicker transfer the
electrons than the | layer. The efficient separation of electron-hole pairs was
further demonstrated by photocurrent measurements and electrochemical impedance
spectroscopy (EIS) [76]. Fig. 6a showed that both samples exhibited stable
photocurrents during the light on and off cycles. Among these samples, the
photocurrent of PCN-DP-0.2 was 3 times higher than that of the PCN, suggesting that
more efficient separation of photogenerated charge carriers was achieved. Meanwhile,
compared with PCN, all the modified samples showed a smaller semicircular Nyquist

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

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

The separation rates of charge carriers in carbon nitride were investigated by
photo-luminescence (PL) test. As shown in Fig. 7a, the peak at 460 nm of PCN was
assigned to the band-to-band layer recombination of photogenerated carriers.
Remarkable PL quenching of this peak was obtained in PCN-DP samples (from 460
nm to 470 nm), indicating the recombination of charge carriers was restricted in PCN-
DP samples. Moreover, the pyrazine can be acted as a hyperchannel to transfer the
photogenerated electrons, which was beneficial for electro aration. Time-
resolved fluorescence decay spectroscopy (TRPL) was fu emonstrate it. Fig.
7b and Table S4 suggested the lifetime of PCN-DP-W2 (5.64 ns) was shorter than that
of the PCN (8.34 ns). This decreased lifetimgg that the exciton dissociation
was improved by pyrazine doping [77] ;u%

ing was further examined by the

photographs of PCN and PCN-DP-G '@ ders or their suspensions in water with UV

light illumination. As show:':@?c, compared with the PCN, the PCN-DP-0.2

displayed much IowerVO luminescence obviously in powder and suspensions,
which was in con ¥ the results of PL [54].

ESR measurements and trapping experiments were carried out to demonstrate
photodegradation mechanism of SMZ by PCN and PCN-DP-0.2. As shown in Fig. 8a,
no signal of DMPO-+O> was detected in dark for both PCN and PCN-DP-0.2 samples.
The signal of DMPO-+O>" (an intensity ratio of 1:1:1:1 signal) was increased with the
increase of irradiation time. Moreover, the intensity signals of DMPO-+O2" for PCN-
DP-0.2 was higher than PCN those of the PCN in 4 min and 8 min visible light

irradiation, respectively. Meanwhile, the signal of DMPO-+OH (an intensity ratio of
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1:2:2:1 signal) was obviously detected in the DMPO water solution for PCN-DP-0.2
(Fig. 8b). However, the signal of DMPO-+OH for PCN was too weak to be detected.
Furthermore, trapping experiments by different scavengers (IPA for *OH, CAT for
H>0., TEMPOL for *O>", and EDTA for h*) were carried out. As shown in Fig. 8c and
8d, the addition of TEMPOL and EDTA inhibited 84.6% and 62.4% of SMZ
degradation, respectively, indicating that the *O2” and h* mainly accounted for the
SMZ degradation. About 30% of SMZ degradation was suppressed in the presence of
CAT, suggesting that H-O> had a positive effect for photocatalytic degradation of

SMZ. IPA showed no significant impact on the SMZ photod%on. This result
e

indicated that the main active species were *O2 and h*. r main effect of
pyrazine doping in PCN seems to accelerated tig conductid band (CB) electron

transfer to Oz with generating more *O2” and *OH % ion.

Combining the above results, the s%athways of PCN-DP for SMZ
degradation (system 1) and H; evd @ (system II) were proposed in Scheme 1.
Evidently, the electronic stru @rg modified by the incorporation of pyrazine
molecules due to the dgye Qﬂlter the thermal polymerization route. Pyrazine can
act as electron-a eraration the charge carrier combination of PCN-DP.
Under visible light Wadiation, the catalyst was excited, and then generated electrons
and holes. In the system 1, the photocatalytic degradation of SMZ by PCN-DP was
attributed to reactive oxygen species (such as *O2", H2O> and *OH) and the interfacial
interactions of contaminant with photocatalysts. The distorted structure and widen
visible light absorption enhanced the migration efficiency of photogenerated electrons,
causing a high yield of <Oz In addition, the holes can directly decompose the
pollutants. For the water splitting (system I1), since the band structure of PCN-DP was

modified, which make more photogenerated carriers generated from it. Pt particles are
17
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evenly dispersed on the surface of PCN-DP-0.2 sample due to the pyrazine channel.
The synergistic effect of Pt and pyrazine channel induces the high activity of H>

evolution for PCN-DP-0.2 sample.

3.4 Phytotoxicity measurements results

Seed germination and radicle elongation tests are usually used to assess the plant
toxicity of contaminants and contaminated environment [78]. In this study, Chinese
cabbage (Brassica rapa L.) was choose since its seed has the advantages of uniform

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

germination stage, Chinese cabbage seeds began to germina . As shown in

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

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

phytotoxicity experiments exhibited that@'n hazine (SMZ) solution or
photocatalyst had no universal effect g &minaﬁon stage. This may be ascribed
to seed coat on the embryo of sgagg. radicle elongation stage, the seed radicle
length in SMZ solution ( @of 8.89 mm, n=80) was obviously lower than
that the blank samplq (megn—Tength of 14.76 mm, n=80) (Fig. 9b and Fig. 9c).
However, the deg MZ solution (after photocatalysis by PCN-DP) showed no
inhibition on seed radicle length (mean length of 16.11 mm, n=80). In addition, the
PCN and PCN-DP-0.2 samples showed no influence on radicle elongation. This result
indicated that the toxicity of SMZ polluted water after degradation is greatly reduced,

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

prepared photocatalysts are environmentally friendly.

4. Conclusions
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In summary, a highly efficient photocatalyst was prepared via a bottom-up method,
which  involves  pyrazine  doping, thermal-induced  exfoliation  and
condensation/polymerization. Both morphology and electronic structures of pyrazine
doped PCN were greatly modified via molecule doping of pyrazine. The electron-
deficiency pyrazine can acted as a hyperchannel to transfer the photogenerated
electrons, which was beneficial for electron-holes separation. As a result, an overall
enhanced SMZ degradation rate and H> production rate of PCN-DP were achieved,
which was consistent with the extended visible light absorption. The photocatalytic

degradation of SMZ by PCN-DP was attributed to reactive o€g§n species (such as

*0O2, H202 and *OH) and the interfacial interactions of U photocatalysts.

In addition, Phytotoxicity experiments were conduged, whichshows that the toxicity

of sulfamethazine after degradation is great ced and the as-prepared
photocatalyst is environmentally frlend some achievements have been
made, the problem of catalyst recov olved further optimization is needed.
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Figure captions:

Fig. 1. (a) Powder XRD patterns, (b-c) FT-IR spectra of PCN and PCN-DP-x samples;
high-resolution XPS spectra of (d) survey, (e) C 1s and (f) N 1s for PCN and PCN-

DP-0.2.

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

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

Fig. 3. (a) Solid-state >*C MAS NMR spectra, (b) EPR spectra of PCN and PCN-DP-
0.2, (c) UV-vis diffraction reflectance spectra of PCN and PC@-DE samples and the
Tauc plots of PCN and PCN-DP-0.2 (inset), (d, e) — plots, and (f)

Schematic band structure of PCN and PCN-DP-0.

Fig. 4. (a) Photocatalytic degradation of SM dation rate of SMZ on PCN

and PCN-DP-x samples, (c) LC spectru SMZ¥Solution degraded by PCN-DP-0.2,
and (d) Evolution of the product d decrease of SMZ in the photocatalytic

degradation of SMZ over P 0.

Fig. 5. (a) Photocataly@volution performance for PCN and PCN-DP-x samples,
(b) cycle measur of H> evolution of PCN-DP-0.2, (¢) TEM image of Pt
deposited PCN, (d) TEM image of Pt deposited PCN-DP-0.2 and (e) EDS of Pt

deposited PCN-DP-0.2.

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

DP-x samples.

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

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

and suspensions under 365 nm irradiation.

Fig.8. ESR signals of (a) DMPO-+O> adducts in methanol dispersion and (b) DMPO-
*OH adducts in methanol dispersion over PCN and PCN-DP-0.2, (c and d) reactive

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

Fig. 9. (a) Effect of SMZ solution and photocatalyst on seed germination for 24 h (n=
160), (b) Effect of SMZ solution and photocatalyst on Chinese cabbage seeds radicle

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

quartile of the data. The mean is marked with a dotted line inNRe box.ghe ends of the

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

the box height are outliers plotted as circles. (c) M} ph of seed radicle elongation

stage. @
Scheme 1. Possible pathway of PQ SMZ degradation (system 1) and Ha

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

Samples Surface area (m?g)  Pore volume (cm®g™)  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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