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S1. Chemicals

FeCls-6H20, Bi(NOs)3.5H:0, 1,4-benzenedicarboxylic acid (1,4-BDC), potassium iodide, N,
N-dimethylformamide (DMF), melamine, methanol (MeOH), sodium azide (NaN3), tert-Butyl
Alcohol (TBA), absolute ethanol, p-benzoquinone, triethanolamine, and isopropyl alcohol were
purchased from Siyaku Chemical Reagent Co. ,Ltd., Japan. All reagents used were analytical grade
reagents.
S2. Synthesis of FeNx-C Catalysts

In a typical synthesis, the Fe-MOF was mixed with melamine at a mass ratio of 1.3, 1:5 and
1:7, and then fully ground in an agate mortar. After that, the mixture was transformed into a quartz
boat and then placed in a tube furnace. Before calcination, the tube furnace was purged with
nitrogen (N2) for 30 min and then the mixture was calcined for 3 hours at 500, 600 and 700 °C
under N2 flow. After cooling naturally to room temperature, the final iron-based catalysts (marked
as FeNx-C-X-T, X=3, 5, 7; T=500, 600, 700) were obtained. Additionally, the metal-free N-C
catalyst (NC) was also prepared with the similar process without addition of iron source.
S3. Characterization

X-ray diffraction (XRD) patterns were obtained from an X-ray diffractometer with Cu Ka
radiation, then were applied to evaluate the crystal structure of the samples. The Fourier transform-
infrared (FT-IR) spectra were obtained using an FT-IR optical spectrometer (Nexus 670) in the
range 500-3500 cm™. The morphology and composition of catalysts were analyzed by transmission
electron microscopy (TEM, JEM-3200FS) and energy-dispersive X-ray spectroscopy (EDX).
Atomic-resolution high-angle annular dark-filed scanning TEM (HAADF-STEM) images were
recorded by FEI Theims Z measurement. The X-ray absorption fine structure spectra (Fe-K edge)

were measured on the 1 W1B station in Beijing Synchrotron Radiation Facility (BSRF). Data were
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collected through a fixed-exit double-crystal Si (111) monochromator. The obtained the data were
analyzed by Athena and Artemis. Surface electronic states were recorded by X-ray photoelectron
spectroscopy (XPS, VG MultiLab 2000). The N> adsorption-desorption measurements were
analyzed by the nitrogen adsorption apparatus (ASAP 2020, USA). Electrochemical impedance
spectroscopy (EIS) and current-voltage curve (CV) were analyzed in a three-electrode system of
the CHI-600E electrochemical workstation (Shanghai Chenhua, China). The total organic carbon
(TOC) was analyzed using a multi N/C 3100 analyzer. >’Fe Mossbauer spectra of Fe-MOF and
FeNx-C catalysts were obtained using °’Co (Rh) y—ray radioactive source maintained at room
temperature (298 K) and low temperature (77 K). EPR spectra were recorded using a Brucker ESR
A300-10/12 spectrometer at room temperature and low temperature (77 K).

For the detection of PMSO and PMSO: molecules, Liquid chromatography was performed
using an ACQUITY UPLC System (Waters Corp., Milford, USA). The analytical column used
were HSS-3 column (2.1x100 mm, Sum particle diameter) maintained at 30 °C. Mobile phase A
and B are water and acetonitrile containing 0.1% formic acid, respectively. Samples (1 puL) were
injected and analyzed under isocratic condition consisting different concentration of mobile phase
B at a flow rate of 0.5 mL/min. LC-MS/MS analysis was performed on AB Sciex Qtrap® 5500
instrument (AB Sciex Pte. Ltd, Foster City, CA) with an ESI Turbo V ion spray source operating
in positive mode and detected by multiple reaction monitoring (MRM). Nitrogen was the only gas
used. The ion spray voltage was set at 5500 V, source temperature at 550 °C, curtain gas (CUR) at
25 psi, nebulizer gas (GS1) at 60 psi, and de-solvation gas (GS2) at 70 psi. Collision gas (CAD)
was set at Medium. Compound related MS parameters were set as follows: ion pair 141.1/123.9
was detected for PMSO, while 156.8/79.0 was monitored for PMSO,. Dwell time was set at 50 ms

for all ion pairs. The de-clustering potential (DP) was set at 60 V for PMSO and 40 V for PMSO.,
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collision energy (CE) at 25 V for PMSO and 15 V for PMSO., entrance potential (EP) at 10 V and
collision exit potential (CXP) at 13 V. Signal acquisition and peak integration were performed via
Analyst® 1.6 software.
S4. Evaluation of Catalytic activity

The catalytic activity of as-synthesized catalysts was measured via decomposition of
bisphenol A (BPA), phenol, methylene blue (MB), Rhodamine B (RhB) and carbamazepine (CBZ).
Specifically, 0.2 g/L catalyst was first added into 20 mg/L BPA solution and stirred for 60 min to
establish absorption—desorption equilibrium. After that, the Fenton-like reaction was initiated by
adding 0.5 mM PMS solution. As the reaction proceeded, 0.3 mL aliquots were withdrawn at
certain time intervals and then measured by high-performance liquid chromatography (HPLC).
The detailed detection methods for BPA, phenol, MB, RhB, CBZ are shown in Table S1.
S5. Computational Details

Density functional theory (DFT) calculations were performed to calculate the spin-
polarization density using the Perdew-Burke-Ernzerhof (PBE) formulation18. The projected
augmented wave (PAW) potentials19 and a plane wave basis with a kinetic energy cutoff of 450
eV were used to describe the ionic cores and valence electrons. The adsorption energies (Eads)

and free energy (AG) for reaction steps were also calculated.
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Figure S1. XRD patterns of the as-prepared FeNy-C-5-500, FeNx-C-5-600 and FeNx-C-5-700 catalysts
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Figure S2. XRD patterns of the as-prepared FeNy-C-3-600 and FeNx-C-7-600 catalysts

The X-ray diffraction pattern (XRD) of the FeNy-C-3-600 and FeNx-C-7-600 samples also
only exhibited two representative peaks located at 27.5 and 44.5°, which were assigned to the
graphitic carbon (JCPDS No. 46-0945). These results are in accordance with the FeNx-C-5-600

material, indicating similar structures in these three samples.
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Figure S3. TG curves of Fe-MOF/melamine precursor in N2 atmosphere

Thermogravimetric analysis (TGA) was performed to explore the pyrolysis process of
FeNx.C-600 (Fe-MOF/melamine=1: 5). During pyrolysis, the slight mass loss at a temperature
below 250 °C was due to the release of adsorbed water!. Further increasing temperature led to
catalyst decomposition, rapidly releasing iron species, and the final decomposition was completed
at 665 °C. During this process, the structure of N-containing melamine could rearrange and
generate the tri-s-triazine moiety, accompanied by the formation of reducing gas such as NHs?.
Owing to the release of iron species in Fe-MOF and the strong coordination between N atoms and
iron ions, the iron species can be efficiently captured by the melamine and tri-s-triazine molecules
to generate active Fe-Nx species®. After the thermal calcination temperature (~665 °C), it was
evidenced that the precursor converted into FesC species verified by XRD analysis and *'Fe

Maossbauer spectra.
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Figure S4. SEM images of as-synthesized catalysts

SEM images indicate similar sheet-like structural features with a large number of nanopores
in the three catalysts. This porous structure is conducive to mass transport between catalyst and

contaminant, thereby accelerating the kinetics of the Fenton-like reaction.
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Figure S5. TEM images and EDS mapping of FeNy-C-700 catalyst
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Figure S6. Raman spectra of as-synthesized catalysts
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Figure S7. N, adsorption-desorption isotherm and pore size distribution of as-synthesized catalysts

The pore size distribution curves obtained from desorption branch by the Barrett-Joyner-
Halenda model indicated that samples FeNx-C-500/600/700 possessed uniform pore sizes of 8.23,

8.32 and 7.84 nm, respectively.
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Figure S12. Low temperature °’Fe Mossbauer spectra (77K) of sample FeNx-C-600

The low temperature >’Fe Mdssbauer spectra can be also deconvoluted into three doublets.
In comparison with ambient Mdssbauer spectra, both isomer shift and quadrupole splitting values
slightly increased owing to the deceleration in thermal motion upon cooling. These three doublets
with similar parameters to those fitted to the ambient spectra can also be assigned to molecular
FeNs-like sites with ferrous ions in high-spin (D1, $=2), ferric ions in high-spin (D2, $=5/2) and
low-spin (D3, S=1/2) states, demonstrating the similar ambient space group symmetry and same
local coordination environment of iron. Moreover, the low temperature °’Fe Mossbauer spectra
were devoid of any singlet or sextet assignable to nanometer-sized iron particles, ruling out the

existence of measurable levels of iron oxides, iron carbide and zero-valent irons species in the

FeNx-C-600 catalyst.
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Figure S14. Influence of (a) pH, (b) TOC removal rate under different pH conditions, (c) Influence of the Fe-

MOF/melamine ratio in precursors, (d) PMS dosage and (e) FeNx-C-600 catalyst dosage on BPA degradation

in the FeN,-C-600/PMS system. Reaction conditions: catalyst dosage = 0.1-0.4 g/L, [PMS]o = 0.30-1.0 mM,

[BPAJo = 20 mg/L, pHo = 3.1-10.8
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To further achieve optimal reaction conditions and explore the most reactive catalyst, the
influence of pH, PMS concentration, catalyst dosage and the initial ratio of Fe-MOF and melamine
in the precursor were systematically explored. As shown in Figure S14a, in all conditions,
degradation can be achieved more than 80% in only 15 min, illustrating a wide working pH range
of FeNx-C-600 catalyst. The highest efficiency was obtained in range of pH=6.5~10.8. In relatively
acidic conditions, the presence of high proton concentrations inhibited the reaction of sulfate and
hydroxyl radical with BPA pollutant since hydrogen ions could scavenge sulfate and hydroxyl
radicals®. On the other hand, alkaline condition may give rise to the reaction proceed in the positive
direction, which is conducive to the production of reactive species and improving catalytic ability.
The total organic carbon (TOC) removal rates were also measured under different pH value, further
illustrating the admirable catalytic reactivity of sample FeNx-C-600 for BPA degradation. In
comparison with FeNx-C-3 and FeNx-C-7 samples, FeNx-C-5 catalyst showed the highest
degradation rate toward BPA (Figure S11c). It indicated that appropriate amount of melamine
could provide an optimal coordination environment between iron and nitrogen atoms, which
played a significant role in PMS activation and organic pollutant decomposition. The catalytic
efficiency can achieve 97.9% within 15 min under a PMS concentration of 0.5 mM (Fig. S11d),
which only exhibited a slight decrease compared with 0.7 and 1.0 mM. Moreover, with the increase
of catalyst dosage, more active sites can participate in the Fenton-like reaction and accelerate the
oxidation of pollutants®. Nevertheless, it can be noticed that no significant improvement appeared
between 0.2 g/L and 0.4 g/L. Considering the balance between catalytic performance and cost, a
solution with an initial pH value of 6.5 containing 20 mg/L BPA, 0.5 mM PMS and a moderate

catalyst dosage of 0.2 g/L was applied in the following experiments.
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Figure S17. Proposed degradation pathways of BPA in the FeNx-C-600/PMS system

As shown in Figure 3d, S16-17 and Table S1, the product with m/z of 227 is assigned to BPA
substrate. As the degradation time increased, various ring-opening and polymerization
intermediates were detected. Specifically, BPA can be first attacked by the formed reactive species
to generate small molecules such as 2,2-diphenylethanone, 4-isopropylenecatechol and 3,5-bis
(1,1-dimethyl (ethyl)). Meanwhile, owing to the effect of dehydration and rearrangement of
oxidative skeletal, various intermediates including TP11-14 were formed during the catalytic
reaction. Moreover, larger molecular compounds such as TP16-18 were observed due to the
polymerization of generated intermediates and could be also oxidized into small molecules over
the next oxidation process. This is followed by further deep attack via ring-open and cleavage
reaction, several micro-molecules such as TP1-4 were produced and then expected to be finally

mineralized into CO2 and HO.
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Figure S18. (a-b) Influence of various scavenging agents on BPA degradation; (c) DMPO-trapped EPR spectra
of Oz radicals in the FeNx-C-600/PMS system; Reaction conditions: catalyst dosage = 0.2 g/L, [PMS]o = 0.50

mM, [BPAJo = 20 mg/L, pHo = 6.5, [TBA] = 100 mM, [DMSO] = 1.0 mM
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Figure S19. Influence of Oxalate, FeCl, and Fe(NO3)3; on BPA degradation, Reaction conditions: catalyst

dosage = 0.2 g/L, [PMS]o = 0.50 mM, [BPA]o = 20 mg/L, pHo = 6.5, oxalate = 1-100 mM
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Figure S20. Catalytic activity, XRD pattern and TEM image of FeNx-C-600 after HCI poisoned, Reaction

conditions: catalyst dosage = 0.2 g/L, [PMS]o = 0.50 mM, [BPA]o =20 mg/L, pHo = 6.5
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Figure S21. (a-d) PMSO consumption and PMSO; generation in the FeNy-C-600/PMS/BPA system, (e-f)
MS/MS spectra of PMSO and PMSO, (g-h) MS spectra of PMS*0**0/ PMS*®0*0 in FeNx-C/PMS system
and (i-j) MS spectra of PMS*00 in PMS alone system; Reaction conditions: catalyst dosage = 0.2 g/L,

[PMS]o = 0.50 mM, [BPA]o = 20 mg/L, pHo = 6.5, [PMSO] = 10.0 uM
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Figure S22. Fitted >’Fe Mossbauer spectra of as-synthesized catalysts and the correlation between high spin

ferric iron sites and catalytic activity
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As depicted in Figure S22, all the high-spin Fe"', low-spin Fe'"' and high-spin Fe'!' species can
be detected in the FeNx-C-3-600 sample, while the amount of each species was distinctly different
from the FeNy-C-5-600 sample (Table S7). Moreover, with further increasing the melamine dosage,
the low-spin Fe'"' species disappeared in the FeNx-C-7-600 sample and the content of Fe'' phase
increased. This result points to greater release of reducing gas (NHs) via excessive melamine
decomposition and rearrangement, which facilitates Fe'"' species reduction to Fe'' during the
pyrolysis process. According to the catalytic performance, sample FeNx-C-5 exhibited higher
catalytic efficiency than FeNx-C-3 and FeNx-C-7 under the same pyrolysis temperature (600°C),
reflecting the distinct functions of different spin states of iron species towards PMS activation and

BPA decontamination.
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Figure S23. (a) EPR spectra of sample FeNx-C-600 in distilled water and PMS solution under 77K; (b) EIS
Nyquist plots of FeNx-C-500, 600 and 700 catalysts

Electrochemical impedance spectroscopy indicated that sample FeNx-C-600 generated a
relatively small semicircle diameter compared with sample FeNx-C-500, implying lower electron
transfer resistance and higher conductivity. Furthermore, during the BPA decomposition processes,
BPA tended to lose electrons and was thereby oxidized via the generated radical and nonradical
species (high-valent Fe species). Therefore, the current and potential of the catalyst would

experience certain variations in the oxidation process.
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Figure S24. (a) Fitted °>'Fe Mossbauer spectra of MIL-101(Fe) precursor; (b) XRD pattern of 101FeNx-C-600

catalyst; (c) TEM images and EDS mapping of 101FeNx-C-600 catalyst; (d) Catalytic performance for BPA

degradation; (e) Stability of 101FeNx-C-600 for BPA removal, Reaction conditions: catalyst dosage = 0.2 g/L,

[PMS]o = 0.50 mM, [BPA]o =20 mg/L, pHo = 6.5
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Specifically, the MIL-101(Fe) was fully mixed with melamine at a ratio of 1:5 and then
transferred to a tube furnace and calcined at 600°C for 3 h under N> atmosphere. Subsequently,
XRD, HRTEM, XAS and >’Fe Mdssbauer spectroscopy were performed. As depicted in Figure
S23, only characteristic peaks located at 27.5 and 44.5° assigned to graphitic carbon were identified
in the 101FeNx-C catalyst. The absence of particles and distinct lattice distances in TEM and
HRTEM images excluded the existence of iron-based nanoparticles and crystalline species. The
coexistent and uniform distribution of Fe and N on the carbon support were illustrated by EDS
elemental mapping. Furthermore, the edge energy of the Fe K-edge XANES spectrum of sample
101FeNx-C is located between the edge energies of Fe foil and Fe,Os3 (Figure 2a), indicating a
positive valence state of 101FeNx-C between 0 and +3. The EXAFS displayed a major peak at 1.5
A, corresponding to the Fe-N shell. The best fitting parameters for the first coordination shell of
101FeN,-C indicated an average Fe-N coordination number of 4.2 and 2.03 A of Fe-N bond,
indicating the successful construction of an atomic structure model of the 101FeNx-C catalyst. As
shown in Figure S23d-e, sample 101FeNx-C exhibited a comparable catalytic efficiency to the
MIL-53 based FeNx-C catalyst and the TOC removal rate achieved 69.1%. Aside from the catalytic
capacity, approximately 86.2% of bisphenol A removal can still be realized and the total leached
iron was only 0.31 mg/L (far lower than the standard of 2.0 mg/L) after five cyclic experiments,

illustrating the excellent stability of sample 101FeNx-C.
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Figure S25. (a) Fe 2p and (b) N 1s XPS spectra of used FeNx-C-600 catalyst; (c-d) *HSOs in different reaction
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Figure S26. (a) Cycling experiment for BPA degradation; (b) XRD pattern; (c) FTIR spectra of FeNx-C-600

catalyst; (d) Catalytic performance of leached iron towards BPA degradation; () BPA removal rate in tap

water; (f) BPA removal rate in actual wastewater; (g) TOC removal rate in actual wastewater by FeNx-C-600

catalyst over five cycles, Reaction conditions: catalyst dosage = 0.2 g/L, [PMS]o = 0.50 mM, [BPA]o =20

mg/L, pHo= 6.5
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Table S1. Structures and measurement parameters of various organic pollutants

Pollutants

Method

Chemical Formula

Phenol

Bisphenol A (BPA)

Carbamazepine (CBZ)

Methylene Blue

Rhodamine B

Measured by HPLC (C18 column 5 pm, 150 mm*4.6 mm).
The mobile phase consisted of Methanol and water (70:30,
v/v) at a flow rate of 0.8 mL/min with the detection
wavelength at 280 nm. The column temperature was held
at25+0.5 °C.

Measured by HPLC (C18 column 5 pm, 150 mm*4.6 mm).
The mobile phase consisted of Methanol and water (70:30,
v/v) at a flow rate of 1.0 mL/min with the detection
wavelength at 230 nm. The column temperature was held
at 25 + 0.5 °C. The degradation intermediates were

obtained by HPLC-MS.

Measured by UV-vis with the detection wavelength at 285

nm.

Measured by UV-vis with the detection wavelength at 665

nm.

Measured by UV-vis with the detection wavelength at 554

nm.

CsHesO

Ci5H1602

CisH12N20

C16H18CIN3S

C28H31CiN203
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Table S2. Iron content measured by ICP-OES and structural parameters of BET surface area, pore volume and

pore size
Fe wt% BET surface area Pore volume Average pore
Catalyst
(m?/g) (cm3/g) size (nm)
FeNx-C-500 18.3 8.413 0.0271 8.23
FeNx-C-600 591 135.2 0.327 8.32
FeNx-C-700 35.2 460.6 0.907 7.84
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Table S3. Structural parameters of the FeNx-C-600 catalysts obtained from EXAFS fitting

Bond
Coordination | Bond length
Catalyst Shell disorder R factor (%)
number (N?) R(A)P
62 (Az)c
Fe-Fel 8 2.47 0.0049
Fe foil 0.0006
Fe-Fe2 6 2.85 0.0057
FePc Fe-N 4 1.98 0.0055 0.019
FeNx-C-600
Fe-N 4.1 2.06 0.0080 0.020
(MIL-53)
FeNx-C-600
Fe-N 4.2 2.03 0.0087 0.019
(MIL-101)

N, coordination number; °R, distance between absorber and backscatter atoms; °o?, Debye-Waller factor

to account for both thermal and structural disorders; R factor indicates the goodness of the fit
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Table S4. MS analysis of reaction intermediates during the degradation of BPA

Molecular formula Structural formula m/z
Hy
L H3;C——C —OH
C2HeO 46
TP2 HzC——O——CHjs
[
TP3 C7H12 HT—SZE—E(:CHZ 96
CHy
Ce¢HsO THa
TP4 o

—g=—g o 96

TP5 CsHzO2 <\ Cook 112

TP6 CoH100 @% 134
O3

TP7 CoH 1202
152

TPS8 CsHsOs HO—@—é

P9 CisHinO 196

TPI0 CisHi602 227
TPI1 C14H1603 % >—H\ 232
\O

HO'

TPI12 CisH1403 N/ 1
S

TP13 CisH1204 °° 256

TP14 CisHi604 j/ 7 T4 \ﬁ 260

HO om

TPI15 CI4H1208 HOOGWCOOH 308
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TP16 C24H2603 362
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Table S5. Comparison of catalytic reactivity of FeN,-C-600 catalyst with previous reported catalysts during

Catalyst

Fe/NCNFs-9
NoCNT-700
NCNTFs
NC-900
NGC-700
NG
Fesa-N-C
AC/g-C3N4
FeSA-N/C
Fe0.5-N-C
Fe-N-BC

FeNx-C-600

Catalyst
dosage (g
LY
0.4
0.1
0.05
0.2
0.1
0.2
0.4
1.0
0.15
0.1
0.2

0.2

SBET

(m*g)

327
450.0
410.0

331.99
1236.0

99.3
586.9

192
522.3
215.2
362.5

135.2

PMS activation

Pollutant

(mg L%

BPA/20
Phenol/20
BPA/25
BPA/23
BPA/20
Phenol/20
BPA/20
Atrazine/5
BPA/20
BPA/10
Acid range/20

BPA/20
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Removal

rate (%)

100
100
97
90
100
100
99
96
99
97
98

99

Rate
constant
(min)
0.94
0.247
0.216
0.46
1.05
0.071
0.24
0.0376
0.317
0.0556
0.114

0.357

Specific

activity (L min~
1 m—Z)
0.007
0.005
0.010
0.007
0.008
0.003
0.001
0.0002
0.004
0.002

0.001

0.013

Ref.

101
1112
1213
1314
1415
1516

This work



Table S6. Parameters of industrial wastewater sample

Parameters
pH 7.1~7.9

BOD 120

COD 66

TOC 12

Suspended solid 58
Phenolic <01
Cu <0.1
Fe <01
Zn <0.1
Mn <0.1
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Table S7. Summary of the fitted >’Fe Mossbauer parameters and assignments to different Fe species

Catalyst Component IS/mms* QS/mms’? Ho/T Area/% Assignment
D1 0.937 3.041 25.8 Fe'-Na, HS
FeNx-C-500
D2 1.001 2.52 74.2 Fe!' HS
D1 0.974 3.021 50.5 Fe'' -N4, HS
FeNx-C-600 D2 0.345 0.933 37.8 Fe'"'-N4, HS
D3 0.374 1.667 11.7 Fe'''-Ng4, LS
Fe? (Super-
Singlet -0.0625 1.6
paramagnetic Fe)
Sext 0.186 19.6 44.4 FesC
FeNx-C-700
D1 0.277 1.048 22.0 Fe'''l| HS
Pc-type Fe",
D2 0.319 2.505 32.0
intermediate-spin
D1 0.999 2.951 49.3 Fe', HS
FeNx-C-3-
D2 0.345 0.937 235 Fe'', HS
600
D3 0.355 1.867 27.2 Fe'' LS
D1 0.975 3.263 40.7 Fe'', HS
FeNx-C-7-
D2 0.375 1.284 21.9 Fe'', HS
600
D3 1.003 2.311 374 Fe'', HS
FeNx-C- D1 1.19 3.166 31.6 Fe''-Ns, HS
600-Low D2 0.394 1.764 16.4 Fe'''-Ng, LS
temperature D3 0.458 0.971 52.0 Fe!''-Ng4, HS
D1 0.810 3.28 50.0 Fe''-Ng4, HS
FeNx-C-
D2 0.365 0.937 30.6 Fe'''-Ng, HS
600-used
D3 0.395 0.584 19.4 Fe'''-Ng4, HS
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