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S1 Experimental Section

Materials and chemicals: Zinc (Zn) powder, melamine, dicyandiamide, thiourea,
hydrochloric acid (HCI), p-benzoquinone and ethanol were supplied by Sinopharm Chemical
Reagent Co., Ltd.. Tetracycline, cyanamide, furfuryl alcohol, potassium peroxymonosulfate
(PMS, 98 wt%), 5,5-dimethyl-pyridine N-oxide (DMPO, 97 wt%) and 2,2,6,6-
tetramethylpiperidine (TEMP, 99 wt%) were purchased from Aladdin (China) Reagent Co.,
Ltd. All chemicals were of analytical grade and used as received without any purification in
all experiments.

Preparation of porous ultrahigh nitrogen-doped graphene (NRG) samples: NRG samples
were synthesized via the pyrolysis of different N-rich organics (melamine, dicyandiamide or
thiourea) at the assistance of zinc catalyst. In a typical procedure, 4 g melamine and 2 g Zn
were completely mixed by grinding in an agate mortar. The obtained mixture was added into
a combustion boat and annealed at 900 °C in argon (Ar) atmosphere for 2 h with a ramp rate
of 10 °C/min. To remove the catalyst, the pyrolysis product was leached overnight using an
aqueous solution of 1 M HCI, washed with Milli-Q water several times, and then dried at 60
°C in a vacuum oven. The catalysts prepared with melamine, dicyandiamide and thiourea
were donated as NRG-ME, NRG-DI and NRG-TH, respectively. Taking ME as a
representative N-rich organics, the effects of pyrolysis temperature (700, 800, 900 and 1000
°C), mass ratio of melamine to Zn (1:1, 2:1, and 5:1) and ramp rate of pyrolysis (5, 10, 20 and
30 °C/min) on NRG formation were investigated. If one parameter was regulated, the other
parameters were identical to the as-prepared NRG-ME (2:1, 900 °C and 10 °C/min). The

samples prepared at 700, 800, 900 and 1000 °C were donated as NRG-700, NRG-800, NRG-
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900 (ME) and NRG-1000, respectively. The samples prepared with mass ratio of 1:1, 2:1 and
5:1 were donated as NRG-1:1, NRG-2:1 (ME) and NRG-5:1, respectively. The samples
prepared with the ramp rate of 5, 10, 20 and 30 °C/min donated as NRG-5, NRG-10 (ME),
NRG-20 and NRG-30, respectively.

Preparation of ZnNCN: Pure ZnNCN was synthesized based on other report.!
Specifically, 12.0 g ZnCl, was dissolved into 90 mL H,O under magnetic stirring.
Subsequently, 12.5% ammonia solution was added dropwise into the above solution until the
formation of white precipitate. Then, 25% ammonia solution was added to dissolve the
precipitate. Followingly, 60 mL cyanamide solution (0.1 g/mL) was added into the above
zinc-containing solution. After 3 h reaction, the white precipitate was filtered, washed with
water and dried at 60 °C for 12 h to obtain ZnNCN.

Measurement and Instruments: The phase structures of all samples were investigated on
a Philips/X' Pert PRO X-ray powder diffractometer (XRD) using CuKa radiation (A=1.5418
A). The surface functional groups were detected by Fourier transform infrared (FT-IR) spectra
conducted on a Bruker VERTEX70 spectrometer with a KBr beam splitter. The Raman data
were measured on a LabRAM HR800 Raman spectrometer using the excitation wavelength of
532 nm. The morphologies of materials were characterized by a NanoSEM 450 scanning
electron microscope (SEM) with accelerating voltage of 10 kV. The structural texture and
element distribution were observed by a JEM-2100F field-emission transmission electron
microscope (TEM) equipped with an energy-dispersive X-ray spectroscopy (EDX). The
chemical information of materials was measured using X-ray photoelectron spectroscopy

(XPS) conducted on a Kratos/Axis Ultra DLD-600 W spectrometer. Brunauer-Emmett-Teller
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(BET) surface area of the obtained materials was collected by a Micro meritics ASAP 2020M
surface area analyzer with nitrogen adsorption at -196 °C. The reactive oxidative species
(ROSs) were investigated by electron paramagnetic resonance (EPR) on a Bruker A300
spectrometer using DMPO and TEMP as trapping agents.

Degradation performance of NRG samples: The catalytic degradation was carried out in
a 250 mL beaker which contained 200 mL of 20 mg/L tetracycline solution and 4 mg of NRG.
After adding 0.5 mL of fresh PMS (48 mg/mL) solution into the mixture, the degradation
reaction was initiated. About 3 mL of mixture was taken out and filtered through a 0.22 pm
pore-size syringe at different time intervals to detect the concentration of residual organics.
The concentrations of tetracycline was analyzed by high performance liquid chromatography-
mass spectrometry (HPLC, Agilent, 1260-Infinity) at a detection wavelength of 368 nm.?
Selected quenching agents (EtOH, pBZQ and FFA) were used to identify the reactive
oxidative species (ROS) generated in the reaction process. The degradation process was fitted

by the first-order kinetic model, obeying the following formula (Eq.1):

C
In (—) = —kt
Co (1)

Where C) is the initial tetracycline concentration, C is the concentration at a certain time t
during the degradation, and £ is the reaction rate constant.

Density functional theory (DFT) calculations: Adsorption of PMS on different N-doped
graphene was calculated via DFT based on a C4,H;¢ model for pristine graphene. Vienna ab-
initio simulation package (VASP) was used to carried out calculations with the perdew-burke-
ernzerhof (PBE) exchange correlation functional.? DFT-D3 method was utilized to describe

van der Waals interactions.* The cut off energy was 400 eV and the interactions between the

4



89 atomic cores and electrons were described by the projector augmented wave (PAW) method.>
90 The sizes of unit cell for pyrrolic, pyridinic, and graphitic N-doped graphene were 25x25%15
91 A, and all these structures were optimized until the force on each atom was less than 0.02
92 eV/A. The Brillouin zone was only sampled by gamma point. (3x3x5) K-point was used to
93 calculate the electronic structures.
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106 S2 Supporting Figures

107
108 Fig. S1. SEM images of a) NRG-ME, b) NRG-DI and ¢) NRG-TH
109
110
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112 Fig. S2. a) Raman spectra, b) XRD patterns and c¢) FT-IR spectra of NRG samples.
113



a) NRG-700
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114
115 Fig. S3. a)-d) SEM images of NRG samples. ¢)-h) TEM images of NRG samples prepared at

116 different temperature.
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118 Fig. S4. a) Raman spectra, b) XRD patterns and c¢) FT-IR spectra of NRG samples prepared at
119 different temperature.
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Fig. S5. a-c) SEM images and d-f) TEM images of the products obtained at different

melamine/Zn mass ratio.
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141

142 Fig. S7. a-d) SEM images and e-h) TEM images of the products obtained at different ramp

143 rate.
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Fig. S8. a) Raman spectra, b) XRD patterns and ¢) FT-IR spectra of NRG samples prepared at

different ramp rate.
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Fig. S26. a) pyridinic N, b) pyrrolic N, ¢) oxidized N, d) C=0, e) O-C=0 and f) C-O amount

versus normalized TEMP-'0, EPR intensity.
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418 S3 Supporting Tables

419 Table S1 Chemical properties of nitrogen-doped graphene prepared by different methods.

Precursor Material Total N content Method Ref.
(at%)
Ni/B/Si10,/Si NG 0.95 CVD 6
Ni3oMny + pyridine NG 1.10 CVD 7
Acetonitrile NG 1.40 CVD 8
Ni + benzene + pyridine NS500 2.90 CVD K
Ni + CHy4 NG 2.00 CVD 10
Azafullerence NG 1.80 CVD 1
Graphene NG 1.35 Plasma treatment 12
Graphene NG 1.00 Ion implantation 13
NH; + pyridine + H, + He NG 1.40 Arc discharge 14
g-C3N, NG 0.70 Ball milling 15
GO + NH; NG 5.00 Prolysis 16
Triethylene glycol + NizgMn7g N-MG-600 5.83 Prolysis 17
GO + NH; N-GF 6.80 Prolysis 18
GO + zinc gluconate + urea N-C@G-900 4.20 Prolysis 19
GO + cyanamide C-NGNSs-900 9.90 Prolysis 20
g-C3Ny + zine N-FLG-900 14.65 Prolysis 21
Melamine NRG-ME 15.04 Prolysis This work
Dicyandiamide NRG-DI 13.63 Prolysis This work
Thiourea NRG-TI 14.33 Prolysis This work
420
421
422
423
424
425
426
427
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428 Table S2 The catalytic performance comparison of recently reported catalysts for tetracycline

429 degradation. The turnover frequency (TOF) was calculated via dividing the reaction rate

430 constant of organics degradation by the catalyst concentration 22 23,

Catalyst amount tetracycline ~ PMS/H,0, Remove TOF Ref.
(g/L) concentration amount efficiency (g'emin")
(mg/L) (mM)
FeSe, (0.1) 20 PMS (0.1) 82% (120 min) / 24
H-450CoMnO,@NC (0.1) 13 PMS (0.3) 88.9% (30 min) 1.83 %
CuFeO2/BC-1.0 (0.5) 20 H,0,(50)  88.4 % (300 min) 0.01 26
PGBF-N (0.1) 20 PMS (1.0)  96.5% (150 min) 0.02 27
C@FONC (0.5) 150 H,0,(5.0)  97.0% (120 min) 0.01 2
Fe/O-dopedg-C;Ny (0.1) 10 PMS (1.0) 95% (6 min) / 2
5%Ca-Fe,05(0.5) 10 PMS (3.3) 95% (120 min) / 30
a-FeOOH-HA (1.0) 20 H,0, (1.0) 98% (30 min) 0.12 3
SOH-600 (0.15) 50 H,0, (1.6) 80% (240 min) 0.03 32
[1Fe;(HITP), (0.4) 20 H,0,(40.0)  96.7% (30 min) / 3
[1CNF-4 (0.5) 21 / 64.2% (70 min) 0.03 34
[Agl(5%)/Ce0, (0.3) 40 / 88.1% (180 min) 0.03 »
[00CTOC/BaTiOs/CusS (0.2) 10 / 100% (60 min) 0.44 36
[11.0 %CTQDs/BWO (0.05) 20 / 91.5% (135 min) 0.29 37
OCALTCT-15 (1.0) 10 / 96.7% (60 min) 0.05 3
[Ag/Ag;PO4/BiVO4/RGO(0.05) 10 / 95.0% (60 min) / 3
[13D-PDI (0.5) 20 / 80% (150 min) 0.02 40
0ZI1S@P20 (0.2) 20 / 99.9% (60 min) 0.04 4l
[1CuS4-ZIS (0.5) 20 / 90% (40 min) 0.12 a2
NRG-20 (0.02) 20 PMS (0.1) 98.2% (30 min) 5.50 This work

431 [represents that the reaction was carried out under light irradiation.

432

433

434

435
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436 Table S3 Amount of different N configurations in NRG samples.

Npy/Nt  Npy/Nrp Ng/Nr No/Nt Npy Np: N, No

Sample
(%) (%) (%0) (%) (at%) (at%)  (at%)  (at%)
NRG-ME 32.26 25.84 31.79 10.11 4.84 3.88 4.77 1.52
NRG-DI 43.93 19.60 31.12 5.35 5.99 2.67 4.24 0.73
NRG-TI 39.07 37.85 16.18 6.90 5.60 5.42 2.32 0.99
NRG-700 33.59 43.12 5.42 17.88 10.17 13.06 1.64 5.41
NRG-800 38.75 39.68 18.43 3.14 7.74 7.93 3.68 0.63
NRG-900 32.26 25.84 31.79 10.11 4.84 3.88 4.77 1.52
NRG-1000 44.34 5.70 48.79 1.17 2.35 0.30 2.59 0.06
NRG-1:1 40.02 33.28 20.36 6.34 5.79 4.81 2.94 0.92
NRG-2:1 32.26 25.84 31.79 10.11 4.84 3.88 4.77 1.52
NRG-5:1 47.58 29.35 20.04 3.03 5.67 3.50 2.39 0.36
NRG-5 37.51 41.38 18.95 2.16 5.64 6.22 2.85 0.32
NRG-10 32.26 25.84 31.79 10.11 4.84 3.88 4.77 1.52
NRG-20 32.32 19.32 46.06 2.30 3.43 2.05 4.89 0.24
NRG-30 41.78 13.01 44.95 0.27 4.48 1.40 4.82 0.03

437 * Npy, Np, Ng, No, and Np represents pyridinic, pyrrolic, graphitic, oxidized and total N amount,
438 respectively.

439

440

441

442

443

444

445
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446 Table S4 Organic contents in P-T samples.

Sample Weight of Weight of Weight of precursor Organic proportion

precursor (g) precursor after after pyrolysis and acid In P-T

pyrolysis (g) washing (g) (%)

P-340 10.0 4.8 1.1 23

P-660 10.0 4.2 1.0 24

447
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451
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