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Experimental details

Chemicals

All chemicals were used as received without further purification. Tetraethyl orthosilicate
(TEOS) and Fe(NOs)2:6H20 were purchased from Sinopharm Chemical Reagent Fe. Pluronic
P123 (EO20PO70EO20, Mn= ~ 5800) and hydrochloric acid (HCl, 37%) were purchased from
Sigma Aldrich Ltd. Potassium hydroxide and potassium chloride were purchased from Aladdin

Ltd. Deionized water was used throughout this study.

Materials synthesis

Synthesis of SBA-15. In a typical process, Pluronic P123 (2.0 g) was dissolved into the aqueous
HCl solution (1.60 M, 75.0 g). Tetraethylorthosilicate (TEOS, 4.25 g) was added and stirred at
40 °C for 24 h, followed by the hydrothermal treatment at 100 °C for 24 h. After filtration and
then drying under ambient conditions, the template-occupied SBA-15 (denoted as TLS) was
recovered. After calcination in flowing air at 550 °C for 3 h, the template P123 was removed to
get the template-free SBA-15 (denoted as TRS).

Synthesis of C-TLS. The support TLS was subjected to heat treatment in an Ar gas stream (200
mL-min!) at a rate of 2 °C-min™! from room temperature to 650 °C, yielding a carbonized

sample named as C-TLS.

Materials characterization

X-ray diffraction (XRD) patterns were recorded on a Bruker D8 Avance diffractometer operated
at 40 kV and 40 mA using a Cu Ka radiation (A=0.15406 nm) at a step width of 2°-min"!. The
N2 adsorption-desorption isotherms at 77 K were measured on a BELSORP-MAX analyzer. All
of the samples were degassed at 393 K for 6 h. The pore size distribution was calculated from
the Barrett-Joyner-Halenda (BJH) method according to the adsorption branch. Fourier
transform infrared (FTIR) spectra were tested with a Nicolet Nexus 470 spectrometer at the
spectra resolution of 2 cm™!. Thermogravimetric (TG) analyses and their derivatives (DTG)
were carried out on a thermobalance (STA-499C, NETZSCH). About 5 mg of sample was
heated from room temperature to 800 °C in a flow of air (20 mL-min™"). X-ray photoelectron
spectroscopy (XPS) analysis was performed using an ESCALAB-2201-XL (Thermo-Electron,
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VG Company) device equipped with an Al Ka X-ray source (hv = 1486.6 eV) at 10 kV and 35
mA, and the binding energies were referred to C 1s at 284.8 eV. The morphology of the
materials was identified by transmission electron microscopy (TEM, JEOL 2100F) operated at
an accelerating voltage of 200 kV and aberration-corrected high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM, Titan Cubed Themis G2300). The
X-ray absorption near edge structure (XANES) of Fe K-edge were performed at the BL11B
beamline of Shanghai Synchrotron Radiation Facility (SSRF). The samples were ground and
daubed uniformly on the unique double-sided carbon adhesive tape, the data were collected in
fluorescence mode and the curves are normalized. The EXAFS spectroscopy measured with
FLY (fluorescence yield) mode was numerically fitted by the real space multiple scattering
program of FEFF9. Note: S¢? is the amplitude reduction factor, according to the experimental
EXAFS fitted with of Fe foil reference by fixing CN as the known crystallographic value.
ARTEMIS evaluates a variety of statistical parameters relevant to the evaluation of the fit. For
example, Ep is rarely more than 10 eV or less than -10 eV, that So?> and o should never be
negative. 6> value in the range between 0.001 and 0.01 will not be got a penalty. ARTEMIS
software thinks any fit which R-factor has 2% or less misfit between data and theory is not

assessed a penalty. The errors were automatically generated by the Athena and Artemis software.

DFT calculations

All quantum chemistry calculations were carried out using the ORCA software package' > with
models of single-atom Fe anchored to graphene flake where the edges were capped by H atoms.
For all structure optimization, the B97-3¢* composite DFT method which is based on the B97
GGA including the D3(BJ) dispersion correction* with three-body contribution, a short-range
bond length correction, and a modified, stripped-down triple-{ basis termed def2-mTZVP. The
resultant structures were verified as energy minima (all positive frequencies) and the free energy
correction was carried out based on the vibrational frequency calculations performed at the
same level. The transition states for O—O bond cleavage were confirmed by NEB-TS method
in ORCA?’. In order to simulate the solvent environment, an implicit solvation model of the

Solvation Model based on Density (SMD)® is introduced for all models.

S3



Table S1. Physicochemical properties of TRS, C-TLS, Fe1@C-TLS and Fe@TRS

SBET Vo Dy ao Fe content
Sample
(m*g™) (cm*g™) (nm) (nm) (Wt%o) *
TRS 991 1.07 7.5 10.85 /
C-TLS 837 0.95 4.6 11.10 /
Fei@C-TLS 698 0.81 4.6 11.10 1.85
Fe@TRS 775 0.80 7.1 10.85 1.87

“The metal contents were determined by ICP-AES.
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Table S2. EXAFS fitting parameters at the Fe K-edge for different samples (So? = 0.81)

Sample Shell CN R(A) o? (A? AEy(eV) R factor
Fe foil Fe-Fe 8 2.4340.00 0.00125 5.30 0.0013
Fe,0; Fe-O 6 1.95£0.00 0.00171 -6.56 0.0035
Fei@C-TLS Fe-C 2.9240.05 1.77£0.05 0.00609 -0.43 0.0142
Fe@TRS Fe-O 4.50+1.57 1.81£0.02 0.01128 0.14 0.0151
Fe-Fe 2.2840.66 3.0240.03 0.01863 1.26
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Table S3. Comparison of the catalytic activity of Fenton-like catalysts

Reaction conditions

sk
Catalyst Pollutant [Catalyst] [Pollutant] [H20:] Efficiency k 1 Ref.
pH (min™)
(g/L) (mg/L) (mmol/L)
) 96% in 30
3%CNTs/Fh Bisphenol A 1.0 30 3.0 10 ) 0.008 7
min
) 100% in 20
30%HTC/Fh  Bisphenol A 1.0 30 3.0 10 . 0.016 8
min
SA-Cr/PN-g- ) 99% in 70
Bisphenol A 0.2 10 7.0 163 0.096 9
C3Ny min
CuFe,04 Sulfanilamide 0.1 0.55 6.5 15 82% inS5h 0.006 10
CUS- 100% in 60
Sulfamethazin 0.5 20 4.0 6 ) 0.009 1
MIL100 (Fe) min
94% in 60
CuCN Tetracycline 0.5 20 7.0 80 ; 0.008 12
min
45FePOM/C 97% in 18
Tetracycline 1.0 20 4.5 10 ; 0.015 13
NNS min
81% in 60
SOH-600 Tetracycline 0.1 74 3.0 3 ) 0.0023 14
min
100% in 60
Fei-NJ/CN  Ciprofloxacin 0.5 10 7.0 2.5 } 0.048 15
min
CuNiFeLa- 100% in 240
Ciprofloxacin 0.25 10 7.0 5 ; 0.013 16
LDHs min
100% in 10
Fe-Pd@C Phenol 0.5 47 5.0 10 ) 0.040 17
min
99% in 30
MIL-88B-Fe Phenol 0.1 50 4.0 15 ] 0.008 18
min
1.0SAFe- 99% in 120
Phenol 0.1 20 3.0 1 } 0.024 19
SBA-15 min
99.7% in 40 This
Fei@C-TLS Phenol 0.1 20 3.0 1 i 0.102
min work
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Table S4. Comparison of substrate residual amounts for Fenton-like catalysts at pH=5

Catalyst pH C/Co Ref.
Fei/O-graphene 5 70% 20
Fei/B-graphene 5 15% 20
FeS@NBCBM 5 15% 21

3%CNTs/Fh 5 10% 7
CUS-MIL-100(Fe) 5 20% 11
Fei@C-TLS 5 10% This work
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Fig. S1. (a) N adsorption-desorption isotherms and (b) pore size distributions of TRS,
Fe@TRS, C-TLS and Fei@TLS samples. Curves are plotted offset for clarity.
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Fig. S2. XRD patterns of TRS, Fe@TRS, C-TLS and Fei@C-TLS samples.
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Fig. S3. TEM images of Fe1@C-TLS.
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Fig. S4. TEM images of Fe@TRS.
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Fig. S5. STEM-EDS elemental mappings of C, O, Si and Fe of Fe1@C-TLS.
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Fig. S6. Particle size distribution diagram of Fe@TRS.
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Fig. S7. TG curves of Fe(NO3);@TLS, Fe(NO3)s@TRS, C-TLS and TLS samples.
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Fig. S8. Single Fe atom with (a) Fe-C3(A), (b) Fe-C3(B), and (¢) Fe-C4 configuration.
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Fig. S9. (a) The degradation of phenol by Fe@TRS and Fei1@C-TLS (reaction conditions: [pH]
=3.0+0.2, [catalyst] = 0.1 g/L, [phenol] =20 mg/L, [H202] = 1000 ppm, [T] =30 °C). (b) The
corresponding kinetic curves for phenol degradation by Fe@TRS and Fe;@C-TLS at 30 °C.
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Fig. S10. The TOC removal efficiency of Fei@C-TLS and Fe@TRS after a 180-minute

reaction.
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Fig. S11. EPR spectra of the Fenton reaction catalyzed by Fe;@C-TLS at 30 °C and 40 °C.
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Fig. S12. Cyclic performance of Fei@C-TLS in the degradation of phenol.
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Fig. S13. XRD patterns of Fe;@C-TLS and Fe@C-TLS after cycle samples.
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Fig. S14. HAAFD-STEM image for the sample of Fei@C-TLS after degradation of phenol at
pH 3.
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Fig. S15. HAAFD-STEM image for the sample of Fei@C-TLS after degradation of phenol at
pH 5.
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Fig. S16. Mechanism diagram of the H>O» adsorption produces *OH process.

S23



100
801 iz -
oo =
o o
= 60| =
=

= 18(H,0) _Ea
E 40 W »
i )
- =

20} 30(NO) N

44(C0,)

200 400 600 800

Temperature (°C)

Fig. S17. TG-MS curves of C-TLS.
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Fig. S18. (a) Normalized K-edge XANES spectra of Fe;@C-TLS, Fe@C-TLS-300 °C, and

Fe20s. (b) Fourier transform k3-weighted EXAFS spectra of Fei@C-TLS, Fe@C-TLS-300 °C,
and Fe;0s3. Fe@C-TLS-300 °C is the sample after heat treatment at 300 °C under argon

atmosphere.
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Fig. S19. IR spectra of TRS and Fei@C-TLS samples (a) before and (b) after heat treatment.
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