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SUMMARY

The mechanism of spontaneous Fe"'/Fe'" redox cycling in iron-centered single-
atom catalysts (I-SACs) is often overlooked. Consequently, pathways for contin-
uous SO, /HO- generation during peroxymonosulfate (PMS) activation by
I-SACs remain unclear. Herein, the evolution of the iron center and ligand in
I-SACs was comprehensively investigated. I-SACs could be considered as a coor-
dination complex created by iron and a heteroatom N-doped carbonaceous
ligand. The ligand-field theory could well explain the electronic behavior of the
complex, whereby electrons delocalized by the conjugation effect of the ligand
were confirmed to be responsible for the Fe"'/Fe'" redox cycle. The possible pyr-
idinic ligand in I-SACs was demonstrably weaker than the pyrrolic ligand in Fe'
reduction due to its shielding effect on delocalized 7 orbitals by local lone-pair
electrons. The results of this study significantly advance our understanding of
the mechanism of spontaneous Fe''/Fe" redox cycling and radical generation
pathways in the I-SACs/PMS process.

INTRODUCTION

Heteroatom doping has been widely conducted to regulate the inertness of carbon-based materials for
better catalytic activity.'® Due to the differences in the electronegativity between C and heteroatoms,
non-metal heteroatom doping, such as N, could create positively charged sites on the negative carbon ma-
trix, rendering a rearrangement of the electronic structure for effective peroxymonosulfate (PMS) activa-
tion.” Recently, atomically dispersed metal sites on the carbon matrix, also known as single-atom catalysts
(SACs), have received increasing attention because of their high activity in various fields."%" Burgeoning
studies also proposed that SACs were effective in PMS activation. Non-radical-dominated mechanism was
widely accepted to contribute primarily to organic pollutants degradation when N-doped carbon was used
for PMS activation.'%"""® However, when it comes to SACs, it was demonstrated that both radical and non-
radical pathways were involved.'”?° The radical pathway of PMS activation usually acquires external energy
or a metallic electron donor, such as heat/radiation or transition metal.”’ Against this background, Co was
deemed the optimum catalyst for the generation of radicals due to the spontaneous Co'"/Co'" redox cycle
when it coexists with PMS .?? Fe is another widely used environmentally friendly catalyst for PMS activation.
However, the PMS activation performance of Fe is largely limited because of the inefficient Fe'"'/Fe' redox
cycle. Various efforts have been made to solve this problem. For example, the photo-Fenton process signif-
icantly facilitated the Fed/Fe® (Fe", n=+2, +3, represents free Fe cations in bulk solution) redox cycle for
better pollutant degradation.”® Hydroxylamine was also proved to be effective in Fe?* generation in
Fenton-like processes due to its strong reducibility.”® It is, thus, demonstrated that external energy or a
chemical reductant is always required. Interestingly, when iron was used as the metal center in SACs
(I-SACs), the continuous generation of radicals suggested a spontaneous Fe"'/Fe'" (Fe"' and Fe" represent
trivalent and bivalent Fe species anchored on the surface of solid phase, respectively) redox cycling. How-
ever, elucidation of the mechanism of PMS activation by I-SACs usually focused on the synergism of the
dual active sites (iron center and adjacent N sites).”” Explanations for the spontaneous Fe'"'/Fe' redox cycle
were invariably ignored.

Notably, the carbon matrix is rich in 7 electrons with a conjugated structure. Due to the conjugation effect
of the carbon matrix, the 7 electrons are highly delocalized in ligands. Considering the coordination
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Figure 1. Distribution and chemical environment of Fe in I-SACs
(A) HAADF-STEM image and EDS mapping of I-SACs.

(B) Normalized Fe K-edge XANES spectra of Fe foil, Fe,O3, FeO, FePc, and I-SACs.
(@)

(D) ¥’Fe M&ssbauer spectra of I-SACs at room temperature.

(E) Wavelets of Fe foil, Fe,O3, FeO, FePc, and I-SACs.

between iron and ligand provided a possible explanation for Fe"'/Fe' redox cycling during the I-SACs/PMS
process, which is very important in understanding the mechanism of iron center redox cycling for PMS acti-
vation. In addition, the pyridinic ligand has been widely used as an acquiescent ligand in I-SACs to inves-
tigate its chemical behavior in various density functional theory studies.”**® However, pyrrolic ligands
might also coordinate with iron in I-SACs, considering the widely existing benchmark chemicals containing
pyrrolic N-Fe bonds, such as iron(ll) phthalocyanine (FePc) and iron porphyrin. Hitherto, the effects of pyr-
idinic and pyrrolic ligands on the catalytic performance of I-SACs are still lacking attention, and inceptive
investigation is needed.

This study carefully explored the electronic structure and chemical properties of I-SACs during the PMS
activation process. The influences of various reaction conditions, identification of reactive oxidation spe-
cies (ROS), the mechanism of PMS activation by I-SACs, and the difference between pyridinic and pyrrolic
ligands in I-SACs were systematically explored. More importantly, a theoretical conclusion with respect to
the redox cycling of the iron center in single-atom catalysts was firstly proposed to provide new insights
into the mechanism of PMS activation by iron-centered single-atom catalysts.

RESULTS AND DISCUSSION

Characterization of catalyst

Field emission scanning electron microscopy image of I-SACs in Figure S1A shows uniformly distributed Fe
sites on the surface of I-SACs. The abundance of Fe is largely lower than N and C, corroborating well with
energy dispersive spectroscopy analysis (Figure S1B). High-angle annular dark-field scanning TEM
(HAADF-STEM) image of I-SACs (Figure 1A) exhibits individually dispersed bright sites on the surface of
the sample. Element mapping revealed that the highly dispersed bright sites were atomic Fe. In addition,
a slightly dispersed ultrafine Fe cluster could also be observed in the HAADF-STEM image. Coordination
complexes formed by Fe cations and 1,10-phenanthroline is effective in separating one iron site from
another and preventing the agglomeration of iron sites during pyrolysis treatment due to the comparative
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k3-weighted Fourier transform spectra from the Fe k-edge EXAFS for Fe foil, Fe,03, FeO, FePc, and I-SACs without correcting phase.
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thermal stability of 1,10-phenanthroline. Therefore, single atomic iron sites on the carbon support could be
formed.?”~*" However, the evaporation of nitrogen from the carbon support is inevitable during the pyrol-
ysis treatment, which caused the formation of slightly agglomerated single atomic iron sites. Therefore, Fe
clusters were slightly generated during the synthesis of the catalyst, which might facilitate the adsorption
performance toward anions.*” Figure S1C presents X-ray diffraction curves of the catalysts, where two
peaks with large widths centered around 24.70° (26) and 43.70° (26) could be attributed to the amorphous
carbon (002) and crystalline carbon (100).** A Fe-containing crystalized phase was absent throughout the
pattern, further proving the size of the clusters is very small. X-ray photoelectron spectroscopy (XPS) anal-
ysis identified the chemical composition on the surface of all samples (Figure S1G and Table S1). Inductively
coupled plasma mass spectrometry analysis evidenced that the content of Fe in I-SACs is about 1.42%
(wt %). The Fe 2p3,» XPS spectrum of I-SACs was located at 711.6 eV, possibly indicating the coexistence
of Fe' and Fe" species (Figure STH). Furthermore, the result showed that the binding energy of Fe 2ps/,
shifted to about 711.0 eV after Ar etching, indicating that divalent Fe significantly dominated in I-SACs.
The O 1s spectrum exhibits slight existence of Fe-O-Fe species (530.4 eV), which amounted to 0.75%.
Moreover, C=0 (531.8 eV) and -OH (533.5 eV) could also be observed in the atomic concentrations of
0.93% and 3.22%, respectively. The N content in I-SACs mainly existed as pyridinic N (399.1 eV), Fe-N
(399.8 eV), pyrrolic N (400.8 eV), and graphitic N (402.0 eV) because of the pyrolysis of nitrogen source
(1,10-phenanthroline) in the precursor.®* As discussed above, the normal carbon framework (hexagonal to-
pological carbon structure) usually exhibited electronicinertness, rendering low catalytic performance. The
successfully doped Fe and N would modulate the electronic structure of the carbon framework, facilitating
its catalytic activity through electron rearrangement.

The Raman spectrum (Figure S1D) manifested two peaks at 1580 and 1360 cm ™', corresponding to graph-
itization of sp2 carbon (G band) and disordered carbon (D band), respectively,gb corroborating the theoret-
ical Raman spectra (Figures S2A-S2F). The intensity ratio of D versus G (Ip/lg = 1.09) demonstrated that
defects might be created through the carbonization of the [Fe(1,1O-phenanthroline)3]2+
transform infrared spectroscopy (FT-IR) spectrum suggested three peaks located at 3440, 3240, and
1630 cm ™" (Figure S1E). According to the deciphering of the corresponding theoretical IR spectrum, the
weak peak positioned at 3240 cm ™" could be assigned to the stretching vibration of C-H at the edge of
the carbon framework (Figures S2H and S2K). Also, the peaks at 1630 cm™" could be assigned to the
stretching vibration of the graphitic carbon framework (Figure S2I and S2L). The strong peak located at
3440 cm™" could be regarded as -OH due to the existence of moisture and surface hydroxyl group. N,
adsorption-desorption analysis revealed that the Brunauer-Emmett-Teller surface area of the catalysts is
48 m?/g with a type-Ill adsorption isotherm (Figure S1F). The occurrence of an adsorption-desorption hys-
teresis at P/Pg of 0.8 demonstrated the coexistence of mesopore and macropore,®® which can be proved
with pore width distribution analysis (24-32 nm, Table S1).

complex. Fourier

Extended X-ray absorption fine structure (EXAFS) and X-ray absorption near-edge structure (XANES) were
conducted to confirm the chemical states and local environment of Fe. The Fe K-edge XANES spectra of
I-SACs (Figure 1B) were located between FeO and Fe,Os3, indicating that the valence of Fe in samples
ranged between +2 and +3. Figure 1C illustrates the Fourier transform (FT) k*-weighted EXAFS spectrum
in R space. Fe-Fe bond at ~2.2 A could not be observed by comparison with the result of Fe foil. A peak
located at ~1.5 A could be assignable to the Fe-N scattering path. The least-square fitting analysis of
EXAFS demonstrated that the first shell of the Fe atom in I-SACs is coordinated with 4 N atoms (Figure S3D
and Table S2). Meanwhile, a peak with very low intensity was located at ~2.4 Ain EXAFS of |-SACs, which is
similar to Fe-O-Fe. Therefore, the existence of a few oxidized Fe clusters could be confirmed in the sample,
corroborating the findings of the HAADF-STEM analysis. The wavelet transform (Figure 1E) results show a
maximum intensity at about 4.3 A~", which is very close to that of FePc (~5.4 A~") but highly differed from
that of Fe foil (8.2 A~"). This result underlined the Fe-N coordination environment, further proving the
atomic dispersion of Fe atoms.*’

In addition, the states of the Fe-N, moieties in I-SACs were further confirmed by % Fe Méssbauer spectra
(Figure 1D and Table S3). The spectrum could be well fitted with three doublets, D1, D2, and D3, with rela-
tive contents of 26.8%, 21.0%, and 52.2%, respectively. The values of isomer shift (IS) and Q splitting (QS) for
D1(IS =0.34 mm/s, QS = 0.85 mm/s) were typically deemed as a Fe center in Fe"-N,-C. However, it was also
reported by Bouwkamp-Wijnoltz*® that an IS = 0.37 mm/s and QS = 0.96 mm/s might be a Fe center in the
Fe'-N,-C structure. D2 (IS = 0.84 mm/s, QS = 2.74 mm/s) has been widely observed and recently identified
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Figure 2. Oxidation performance of the I-SACs/PMS system

(A) Degradation of various contaminants in the I-SACs/PMS system ([I-SACs] = 0.1 g L™, [AAP] = [TCP] = [Phenol] =
[SMX] = [IBU] = [BPA] = [CBZ] = 50 uM, [PMS] = 1.5 mM, [pH] = 6.8 + 0.1, [Temperature] = 25 + 0.3°C).

(B) Kobs of different contaminants degradation in the I-SACs/PMS system under different PMS concentrations ([I-SACs] =
0.1g L~", [AAP] = [TCP] = [Phenol] = [SMX] = [IBU] = [BPA] = [CBZ] = 50 uM, [PMS] = 0.5-2.5 mM, [pH] = 6.8 + 0.1,
[Temperature] = 25 + 0.3°C).

as Fe'-N4-C,*? and D3 (IS = 0.34 mm/s, QS = 1.46) could be assigned to a high spin Fe"-N, ?>*7“° Therefore,
Fe" was the dominant species in I-SACs.

Oxidation performance of the catalyst

Several refractory organic pollutants were used as representative pollutants to investigate the oxidation
performance of the I-SACs/PMS process. Figure 2A demonstrates that 4-acetaminophen (AAP), trichloro-
phenol (TCP), and phenol could be completely degraded within 50 min. Furthermore, sulfamethoxazole
(SMX), ibuprofen (IBU), bisphenol-A (BPA), and carbamazepine (CBZ) could also be degraded with lower
degradation efficiency. The degradation efficiency usually depended on the concentration of coexisted
PMS. The degradation reaction rate of AAP, TCP, phenol, and SMX peaked at a PMS concentration of
1.5 mM. Furthermore, increased PMS concentration (2.5 mM) significantly inhibited the degradation rate
(Figure 2B), which is reminiscent of the quenching reaction of radical/radical and radical/PMS. This result
implied the existence of a radical-involved pathway during the activation reaction.*’ On the contrary,
increased PMS concentration significantly elevated the degradation performance toward I1BU, BPA, and
CBZ. The absence of a negative effect of excessive PMS suggested pollutant degradation by the electron
transfer process caused by the surface-activated PMS.""*"? By using AAP as an example, increasing the
initial pH inhibited the AAP degradation, with a decrease in the reaction rate to its lowest of 0.07 min™"
at the initial pH of 9.67 (Figure S4A). The zero-point charge of I-SACs was measured as 4.4 (Figure S4A
inset), indicating a positively charged surface in solution with a pH lower than 4.4. On the contrary, the sur-
face of the catalyst was negative in higher pH solutions. The electrostatic repulsion between the negatively
charged catalyst surface and PMS anions inhibited the PMS activation under alkaline solution. The leaching
of Fe cations during PMS activation was only 0.37 pg L', which accounts for 0.002% of the total Fe in the
catalyst. Thus, the heterogeneous, rather than homogeneous catalytic behavior of the I-SACs/PMS process
could be confirmed.

Identification of reactive oxidation species

The ROS involved in the oxidation reaction were identified to elucidate the mechanism. Methanol (Meth)
was used to quench SO, and HO- (kso;- meth = 1.1 X 10'M~ " 57" and ko meth = 9.7 X 108M~ 157 1),
whereas tertiary butyl alcohol (TBA) was used as a typical quencher toward HO+ (kyo.18a = 7.6 X
108M~1s=1).** As shown in Figure 3A, Meth exhibited significant inhibition, and the reaction rate
decreased from 0.95 (w/o quencher) to 0.19 min~". TBA also exhibited notable inhibition, with a reaction
rate of 0.17 min~", suggesting SO, " and HO- were widely generated in the I-SACs/PMS process. Electron
paramagnetic resonance (EPR) analysis further revealed that both SO4~ and HO« could be identified (Fig-
ure 3B) by using 5,5-dimethyl-1-pyrolin-N-oxide as a spin-trapping agent,** suggesting the cleavage of
O-O bonds in PMS. The instant signal intensity decreased with reaction time, possibly indicating a gradual
decrease in radical generation. On the other hand, benzoic acid (BA) was always used as an effective probe
toward SO, and HO« because BA could be rapidly oxidized to p-hydroxybenzoic acid (p-HBA) by SO,
and HO- (kgo"‘jBA = 1.2 x 10°M~"'s"'and kno. ga = 6.0 x 10°M~1s71).*> As shown in Figure 3C, about
61% of BA (30.5 uM) was degraded, and about 2.65 uM of p-HBA was generated simultaneously in the
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Figure 3. Identification of reactive active species in the I-SACs/PMS system

(A) Degradation of AAP in the presence of different scavengers in the I-SACs/PMS system ([I-SACs] = 0.1 g L™, [AAP] = 100 uM, [PMS] = 0.5 mM,

[pH] = 6.8 £ 0.1, [Temperature] = 25 £ 0.3°C).

(B) Time evolution of EPR signal by using DMPO spin-trapping agents ([I-SACs] = 0.1 g L', [PMS] = 0.5 mM, [DMPO] = 90 uM, [pH] = 6.8 + 0.1,
[Temperature] = 25 + 0.3°C).

(C) BA degradation and p-HBA generation in the I-SACs/PMS system ([I-SACs] = 0.1 g L™, [AAP] = 100 uM, [PMS] = 0.5 mM, [BA] = 50 uM, [pH] = 6.8 + 0.1,
[Temperature] = 25 + 0.3°C).

(D) I-t curve of the I-SACs/PMS system, the fluctuation was presented by average value ([I-SACs] = 0.2 mg/cm?, [AAP] = 100 uM, [PMS] = 0.5 mM,

[pH] = 6.8 &+ 0.1, [Na;SO4] = 0.1 M, [Temperature] = 25 + 0.3°C, [Init E] = 0.3V, [Sample interval] = 0.1 s, [Run time] = 400 s, [Quiet time] = O's,
[Sensitivity] = 107 A/V).

(E) PMSO degradation and PMSO; generation in the I-SACs/PMS system ([I-SACs] = 0.1 g L~", [AAP] = 100 uM, [PMS] = 0.5 mM, [PMSO] = 50 uM,

[pH] = 6.8 £ 0.1, [Temperature] = 25 £ 0.3°C).

(F) Comparison of PMSO degradation and PMSO; generation in PMS/PMSO system and I-SACs/PMS/PMSO system ([I-SACs] = 0.1 g L', [AAP] = 100 pM,
[PMS] = 0.5 mM, [PMSO] = 50 uM, [pH] = 6.8 £ 0.1, [Temperature] = 25 £+ 0.3°C).

AAP/I-SACs/PMS process. By comparison, the degradation of BA and generation of p-HBA by the PMS
solution were 5.42 and 5.49 uM, respectively. This result indicates a strong oxidation performance of the
system, which not only transforms BA into p-HBA through hydroxylation but also largely degraded the
generated p-HBA.

Furthermore, NaN3 and L-histidine (L-his), the commonly accepted scavengers for "0, elimination
(kig, on, = 2% 10°M~'s~" and kig, oy = 97 % 108M~1s71), exhibited stronger inhibition toward
organic degradation.”® EPR analysis further evidenced the triplet signal by using 2,2,6,6-tetramethylpiper-
idine as a trapping agent, representing the generation of 'O, (Figure S5A). The signal intensity largely
increased with increasing reaction time, indicating that 'O, was widely generated in the I-SACs/PMS reac-
tion. Furthermore, the 'O, signal obtained in I-SACs/PMS with argon aeration was weaker than that in the
I-SACs/PMS system (Figure S5B). Also, the degradation rate sharply decreased accordingly (Figure S5C),
demonstrating that 'O, also contributed to organic degradation.

Elevated IBU, BPA, and CBZ degradation under excessive PMS suggested that the electron transfer from
organic to surface-activated PMS (PMS*) might be also a possible pathway for pollutant degradation.”’ To
explore whether the electron transfer was involved, the electrochemical behavior of the I-SACs/PMS sys-
tem was evaluated. Open-circuit potential analysis (Figure S5D) exhibited the increase of surface potential
once PMS was added into the solution in all groups, indicating that PMS in solution was adsorbed on the
surface of the working electrode coated with I-SACs. According to the previous literature, Fe clusters in the
catalyst might play a non-innocent role toward anion adsorption even though these clusters themselves

iScience 26, 105902, January 20, 2023 5



¢? CellPress

OPEN ACCESS

iScience

A B o D
S=0y ..o Pyridinic pyrrolic 46
Lgomplex Lgomplex K A
-~ i L1y s - 3
= I o BaevHST & iy g
< : 3 - L 05) 10
3 ! = ! Hs i | & & '-’ 1;
£ |isacoriss /\ | £ 886 i T ni] B A e ]
2 L E [ess ' v s dpy dpy | ’ # w58 1.6
5 ! e B ' I-SACs/PMS T g , BSL 46 28.96 28 1 4 5
2 R s "dis i Fo | A Sz )
! 1 > -11.55 --12
» | DI S X
% : [ 4 15
1500 1350 1200 1050 840 860 880 900 800 10001200140016001800 1200 1600 2000 2400 2800
E Wavenumber (cm') Raman shift (cm')  Raman shift (cm!) FMagnetic field/G I-SACs I-SACs/PMS PMS
45 ! 12
.0 = 3 6 [ L
2 2 “3132 7 ‘ 2526 3 4 20
2815930,333¢° 9 2324 2728 5 6
154 .27 48 35_10 22 3637 3829 7 is
28 1% 53 53 5o 20 2135 41 308 it
g 24 ‘:‘54 & a8 20 3440 3931 9
109 237443 403514 1918 3332 1110 L0
@) 21,4241 16 1716 1312
20 17 L 0.4
] 02 - {]9 1514
g 0| [Ego o2
E LT IRRLAL MLINEE
=004 CITITIT 0 e o o koo
LLI B - -0.2
0.2+
L 0.4
ion comple:
0.9 FRb e AERELE : . F-1.2
0 5 10 15 45 50 0 5 10 15

Atom number

Figure 4. Mechanism investigation

(A) ATR-FT-IR analysis of I-SACs, PMS, and I-SACs/PMS system.

(B) In situ Raman analysis of I-SACs, PMS, and I-SACs/PMS process.

(C) Spin state and EPR analysis (at 77 K) of I-SACs.

(D) Molecular orbital energy of pyrrolic-complex/PMS and pyridinic-complex/PMS.

(E) ESP and Mulliken charge population of pyrrolic ligand and corresponding pyrrolic Fe-N coordination complexes.
(

)
F) ESP and Mulliken charge population of pyridinic ligand and corresponding pyrrolic Fe-N coordination complexes.

were not robust catalytic active sites.*® -t curves further showed that a strong current (0.171 x 107> A) was
generated once PMS was added to the solution (Figure 3D), evidencing electron transfer from I-SACs to the
surface-adsorbed PMS. In addition, the addition of AAP to the I-SACs/PMS system instantly decreased the
current generation to 0.126 x 10> A. This phenomenon demonstrated the electron transfer from adsorbed
AAP to PMS* to stabilize the surface potential of the I-SACs/PMS* complex, culminating in the simulta-
neous degradation of AAP. Linear sweep voltammetry analysis obtained the same tendency that the addi-
tion of AAP decreased the current density generated by I-SACs/PMS (Figure S5F). Additional confirmation
was obtained through in situ Raman analysis (Figure 4B). The peak positioned at 892 cm ™" in the PMS so-
lution was ascribed to the O-O bond of PMS. When I-SACs was added to the PMS solution, the peak of the
O-O bond shown in blue shifted from 892 to 886 cm ™', indicating a change in the vibration model of the
O-0O bond in PMS. This result also indicates that PMS was successfully adsorbed on the surface of
I-SACs. More importantly, a new vibration band emerged in the range of 835 to 845 cm™". The newly
appeared vibration band was absent in both the individual PMS solution and I-SACs groups, which could
be assigned to PMS*.*? Attenuated total reflectance Fourier transform infrared spectroscopy analysis
demonstrated the possible cleavage of the S-O bond of PMS when PMS coexisted with I-SACs (Figure 4A),
further indicating that the adsorbed PMS was activated. In addition, these results also suggest the possible
generation pathway of 'O, through O, disproportionation reported in the literature™ (Equation 1).
Furthermore, the self-decay of adsorbed PMS might also contribute to the generation of '0,°! (Equation 2).

disproportionation
- —

20, X0+ (1 =x°0, + 0270 < x<1 (Equation 1)
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SOZ~ + HSOs = — SOZ™ + HSO, ~ + x'Os + (1 — x)°0,0 < x<1 (Equation 2)

Finally, the generation of ferryl species (Fe' = O?*) should be considered.”” Fe'V = O%* is usually generated
via a two-electron transfer process with the cleavage of PMS when it reacts with Fe?*.>* To confirm the
involvement of Fe'V = O2* in the I-SACs/PMS process, methyl phenyl sulfoxide (PMSO) was used as a probe
because Fe' = O%* could oxidize PMSO and generate equivalent methyl phenyl sulfone (PMSO,) through
an oxygen atom transfer process.” As shown in Figure 3E, circa 1.8 uM PMSO was degraded within
5 min. Accordingly, 1.5 uM PMSO; was generated simultaneously, possibly indicating the involvement
of Fe" = O?* in the I-SACs/PMS process. However, it was found that 1.3 uM of PMSO, was generated
when PMS reacted with PMSO in the absence of I-SACs within 5 min, and more than 9.1 uM of PMSO, could
be generated if the reaction time increased to 1 h. Furthermore, about 9.0 uM PMSO, was generated within
1 hin the I-SACs/PMS process, which equaled the transformation ratio by the individual PMS solution (Fig-
ure 3F). By comparison, when Fe?* was used as an activator, more than 15.8 uM of PMSO was degraded and
14.1 uM of PMSO, was generated. Based on the above results, it could be concluded that the slightly
generated PMSO, was caused by the reaction between PMS and PMSQO, rather than I-SACs. More impor-
tantly, the experimental results of PMS/PMSO, Fe?*/PMS/PMSO, and I-SACs/PMS/PMSO system also
suggested that the accuracy of the PMSO-PMSO, method for ferryl species identification in a heteroge-
neous process should be reconsidered.

Mechanisms of ROS generation and pollutant oxidation
Density functional theory calculation

Theoretical calculations were carried out to determine the mechanism of ROS generation in
the I-SACs/PMS process. A Fe-N-C structure was created to mimic the possible atomic cluster of I-SACs
by using iron and pyridinic N-doped carbon matrix as a metal center and ligand, respectively, which has

26-28 . . . . . .
" However, considering the possible coordination between pyrrolic

been widely used in the literature.
N and iron, such as FePc, an atomic cluster with pyrrolic ligand was also considered. The iron center and
ligand should be d?sp®, dsp?, or sp3d? hybridization because the valent electron distribution of ground
state Fe" is [Ar]3d®. The possible orbital state is shown in Figure 4C, suggesting singlet, triplet, and quintet
spin multiplicity. According to Hund's rule and density functional theory (DFT) calculation, the quintet state
possessed the most thermodynamic stability, and the sp3d? hybrid model possessed the lowest formation
energy. Low-temperature solid EPR analysis further confirmed the high spin state of the Fe center witha g

factor of 4.31 (Figure 4C),” corroborated with the Méssbauer analysis.

Electrostatic potential (ESP) analysis shown in Figures 4E and 4F demonstrated the most positive ESP of the
iron center, indicating that the iron center might be favorable for PMS adsorption. Moreover, Mulliken
charge analysis (Figures 4E and 4F) showed that the maximum electron density was located on the nitrogen
sites in the ligand, and the iron center possessed the most positive charge in the cluster. It also could be
observed that the average Mulliken charge of all carbon sites in the ligand was more negative than that in
the iron-ligand coordination complex with a further decreased charge of the iron center. This observation
demonstrated an electron transfer process from the ligand to the metal center.

Frontier molecular orbital theory proposed the importance of the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO).*® The energy gap between HOMO and
LUMO (E__y) usually describes the stability of substances, with smaller E|_y always causing higher chemical
reactivity. Considering the high spin state of the current system, the chemical reactivity was explored by
using the singly occupied molecular orbital (SOMO, Es). For a pyrrolic-type coordination complex, the
Elsw (energy gap between SOMO, and LUMO) of the individual PMS and the complex was 2.84
and 2.38 eV, respectively. After PMS adsorption on the surface of the complex, E| sy decreased to 2.28
eV, indicating the reactivity of PMS adsorbed on the iron center of the complex was considerably increased
(Figure 4D). For a pyridinic-type coordination complex, the E| g4y of PMS decreased to 2.59 eV when it was
adsorbed on the surface of the complex. The lower E|_g(4) of the coordination complex/PMS than individual
PMS demonstrated that I-SACs with both pyrrolic and pyridinic ligands were all capable of PMS activation.
In addition, the higher SOMO, energy of the pyrrolic-type I-SACs also suggested stronger chemical reac-

=1 after

tivity than pyridinic-type I-SACs. Notably, the valent of the iron center would be increased (Fe
electron donation to PMS for radical generation. However, due to the very low redox potential of
Fe''/Fe" (0.8 V), the reduction of Fe'" into Fe' is extraordinarily ineffective.”” For example, Fe?*/PMS

only exhibited a significant oxidation performance in the preliminary stage, which is largely different
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from that of Co?*/PMS due to the Co"/Co" (1.9 V) redox cycle being spontaneous in the PMS solution
(Figure S6A).°® However, the XPS spectrum after reaction emphasized that the center of Fe 2p3/, was still
positioned at a low binding energy (711.2 eV), indicating that Fe atoms still exist in a low redox state
after reaction (Figure STH). Meanwhile, Figure S4B demonstrated the catalytic performance of I-SACs in
consecutive runs, indicating spontaneous Fe'"/Fe' redox cycling during the reaction. By comparison, in
the Fe**/H,0, system, more than 72.3% of Fe** could be reduced into Fe?* due to the reductive capability
of H,O; (Figure S6B). However, the concentration of Fe?* detected in the Fe3*/PMS process was negligible.
This observation emphasized that the spontaneous Fe'"/Fe" redox cycling in I-SACs was not caused by
electron donation from PMS to the active site (Fe'") because PMS is incapable of disproportionation like
H,O,. Therefore, the mechanism of spontaneous Fe'"/Fe' redox cycling is still unclear and should be care-
fully investigated.

Conjugation and electron delocalization

The short-range-ordered carbon framework always possesses a conjugated electronic structure even with
the doping of heteroatom nitrogen. The conjugation effect is also known as the delocalization effect,
namely that 7 electrons in the conjugated electronic structure are free to remove in all C atoms without
the limitation of the transfer distance through delocalized w orbitals. More importantly, any substituent
with stronger electron attraction performance would decrease the 7 electrons wave function in the conju-
gation matrix. Consequently, the electron density in the substituent would be elevated considerably. N
possesses a higher electronegativity (3.07) than C (2.50); the delocalized 7 electrons would be therefore
concentrated on the heteroatom N.

Local orbital locator (LOL) analysis demonstrated that the nitrogen sites possessed the highest 7 electron
density in the conjugation structure. Also, pyrrolic-type ligands possessed higher 7 electron density than
pyridinic-type ligands (Figures 5A and 5B), indicating stronger electron delocalization.®” When iron coor-
dinated with the conjugated N-C matrix, the assembly of delocalized & electrons on the iron center could
be observed, suggesting a decreased redox state of the iron center. In addition, DFT calculation also evi-
denced the high spin state of the iron center (Figures 5C and 5D), corroborating the EPR and Massbauer
spectra. Therefore, it is inferred that the delocalized 7 electrons facilitated the Fe'"/Fe' redox cycling of the
iron center through a ligand-to-metal electron transfer. This inference explains the continuous generation
of radicals in the I-SACs/PMS process. In addition, the density of delocalized electrons on the iron centerin
pyridinic-type I-SACs was largely lower than that of the pyrrolic-type I-SACs, and the spin density in the pyr-
idinic-type I-SACs was also largely dispersed. This observation indicated a stronger performance of the
pyrrolic-type ligand on Fe"/Fe' redox cycling than the pyridinic-type ligand. The total density of states
and partial density of states shown in Figures 5E and 5F demonstrated several overlapped energy states
across the Fermi level, suggesting the effective catalytic performance of the atomic cluster.*”°! The energy
states were all contributed by Fe 3d, C 2p, and N 2p. During the interaction between the adsorbate (PMS)
and iron center, delocalized electrons accepted by 3d orbitals of Fe from the ligand are further back-
donated to the lowest unoccupied molecular orbital.®” The adsorbed PMS are therefore activated for
the generation of radicals by accepting the electrons. For an in-depth assessment of the synergism be-
tween the iron center and ligands for spontaneous Fe''/Fe' redox cycling, the ligand-field theory was
employed.

Ligand-field theory-based explanation of spontaneous Fe''/Fe' redox cycling

The ligand-field theory postulates that a high-spin metal center in a coordination complex usually occurs
when the metal center is coordinated with weak-field ligands. By contrast, a low-spin metal center usually
exists when it is coordinated with strong-field ligands. The coordination complexes created by the metal
and weak-field ligands would cause a high energy eg* (antibonding) orbital and a low energy t,4* (anti-
bonding) orbital, culminating in better electron transfer from ligand to metal. However, coordination com-
plexes created by the metal and strong-field ligands would cause a low energy eg* orbital and high tg*
orbital, resulting in a possible electron transfer from metal to ligand, and therefore inhibiting its electron
donation performance. Considering the high-spin-dominated metal species in I-SACs, it could be deemed
and discussed as a coordination complex that is created by iron and weak-field ligands.

The formation of the weak ligand fields is shown in Figures 5G and 5H. The interaction between the

m-orbital of the ligand and the 3d (t,g) orbital of Fe' formed two new molecular orbitals of the complex,
including a bonding orbital (tog) with low energy and an antibonding orbital (t,4*) with high energy. Since
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Figure 5. Electronic structure analysis of pyrrolic- and pyridinic-ligand and corresponding I-SACs
(A) Localized orbital locator (LOL) analysis of 7 electrons in the pyrrolic I-SACs.

(B) LOL analysis of 7t electrons in the pyridinic I-SAC.

(C) Electron spin density (ESD) of the pyrrolic I-SAC.

(D) ESD of the pyridinic I-SAC.

(E) Total density-of-states (TDOS) and partial density-of-states (PDOS) of the pyrrolic I-SAC.

(F) TDOS and PDOS of the pyridinic I-SAC.

(G) The formation of ligand-field by Fe" 3d and pyrrolic ligand.

(H) The formation of ligand-field by Fe" 3d and pyridinic ligand.

the m-orbital in the ligand possessed lower energy than the 3d orbital of Fe', the delocalized 7 electrons
would first occupy the newly formed t,4 bonding orbital in the coordination complex. Electrons in dyy, dy,,
and d,, of Fe" would then occupy the antibonding orbital (tzg*—>t29*[4]), and electrons in d and d,.
occupied the eg* orbital (eg*—>e9*[2]), giving rise to a weak-field ligand-encircled iron center.

,yZ

The high spin nature of the complex facilitated a “d-d" ligand field transition from t,g** to e4*?.* Notably,
the gaps between eg*[z] and tzg*[‘” is 0.99 eV in the pyrrolic complex, which is considerably smaller than that
of the pyridinic complex (4.07 eV), suggesting a stronger electron donation tendency than the pyridinic
complex. Considering the t,4 orbital is occupied by delocalized 7 electrons, the iron center would work
as a carrier of electrons, culminating in spontaneous Fe"'/Fe' redox cycling and the generation of radicals.

This result substantiates the finding from the XPS analysis. However, it also should be noted that XPS anal-
ysis is still inaccurate for the measurement of the redox state of iron due to the comparatively low signal-to-
noise ratio. Therefore, to find solid experimental evidence for this theory, two coordination complexes
were created in solution by using the same metal center (Fe**) and similar organic ligands (pyrrole/pyridine
monomer to create [Ft—:o(pyrrole)n]?”n and [Fe(pyridine)n]3+). The PMS activation performance of the com-
plexes was subsequently explored. As shown in Figure 6A, more than 45% of AAP was degraded by
[Fe(pyrrole) > "/PMS within 30 min. Furthermore, oxidation performance was observed to gradually
decrease, suggesting that the conjugation structure of the ligand was destroyed or attenuated due to
the continuous electron donation to the iron center. Nonetheless, the oxidation performance recovered
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Figure 6. Reactivity investigation between Fe3* and different ligands

(A) AAP degradation by the [Fe(pyrrole)n]3’”/PMS system in consecutive runs ([Fe**] = 10 uM, [AAP] = 10 uM, [PMS] = 0.5 mM, [pyrrole] = 0.5 mM,

[pH] = 2.0 £ 0.1, [Temperature] = 25 + 0.3°C).

(B) AAP degradation by the [Fe(pyridine).]>~"/PMS system in consecutive runs ([Fe*>*] = 10 uM, [AAP] = 10 uM, [PMS] = 0.5 mM, [pyridine] = 0.5 mM,

[pH] = 2.0 £ 0.1, [Temperature] = 25 + 0.3°C).

(C) Reduction of Fe* into Fe?* in the [Fe(pyrrole),]* "/PMS system in consecutive runs ([Fe**] = 10 uM, [AAP] = 10 uM, [PMS] = 0.5 mM, [pyrrole] = 0.5 mM,
[pH] = 2.0 £ 0.1, [Temperature] = 25 £ 0.3°C).

(D) Reduction of Fe** into Fe?* in the [Fe(pyridine)n]3’"/PMS system in consecutive runs ([Fe**]1= 10 uM, [AAP] = 10 uM, [PMS] = 0.5 mM, [pyridine] = 0.5 mM,
[pH] = 2.0 £ 0.1, [Temperature] = 25 + 0.3°C).

(E) The evolution of delocalized 7 orbitals of pyrrole, pyridine, and their isoelectronic species (cyclopentadiene — pyrrole, benzene — pyridine).

with the continuous addition of pyrrole, which can be attributed to the recharge of active ligands to facil-
itate the Fe3*/Fe?" redox cycling. Similar results were obtained with [Fe(pyridine)n]3+/PMS, whereby about
20% of AAP could be degraded within 30 min, and the oxidation performance was well recovered after the
addition of pyridine when the oxidation performance started to attenuate (Figure 6B). In addition, the dy-
namic transformation of Fe** into Fe®* was evaluated simultaneously. Circa 21% of Fe®* was reduced into
Fe?* once pyrrole was added to the Fe** solution, which gradually increased to 31% after 30 min (Figure 6C).
Further addition of pyrrole significantly facilitated Fe** reduction that more than 62% of Fe** was reduced
into Fe?* in the second round, and 78% of Fe3* was reduced into Fe?" in the third round. Similarly, about
18% of Fe** was reduced into Fe?* once pyridine was added to the solution and increased to 25%
(Figure 6D). This observation underlined an important conclusion that it was difficult for the iron center
to maintain a long-term radical generation performance due to the attenuation of delocalized 7 orbitals
in the ligands. I-SACs possessed a similar electronic structure to the complex discussed above, and there-
fore the catalytic performance of I-SACs in the radical pathway could not be maintained for a long time as
well (the non-radical pathway might not be seriously influenced due to the different mechanism). In
addition, the comparatively low Fe?* generation and PMS activation performance of [Fe(pyridine),|*>*
also supports the previous discussion of the ligand field.

Finally, the conjugation states of pyrrolic and pyridinic ligands were investigated (Figure 4E) by using a pyr-
role/pyridine monomer and corresponding isoelectronic species (cyclopentadiene for pyrrole and ben-
zene for pyridine). Cyclopentadiene was shown to exhibit a weaker delocalized w orbital (—11.99 eV)
than benzene (—10.09 eV) because the C1 in cyclopentadiene is an sp® equivalent hybridization and all
the C atom in benzene are sp? equivalent hybridization. When N substituted C1 sites to form pyrrole
and pyridine from cyclopentadiene and benzene, respectively, the hybridization of the N1 site in pyrrole
was transformed into an sp? equivalent hybridization, resulting in an extension of the delocalized 7 orbital
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and elevated orbital energy (—11.05 eV). On the contrary, the delocalized = orbital was limited with
decreased energy of —11.08 eV in pyridine and, so, C4 escaped from the conjugation simultaneously
when compared with benzene. This phenomenon was caused by inequivalent sp? hybridization of N1
that two lone-pair electrons were populated locally, which could not participate in the conjugation. The
lone-pair electrons would exhibit a strong shielding effect (electrostatic repulsion), causing inhibition in
the synergism between the Fe center and delocalized 7 orbital to N1 sites.** Similar shielding and repul-
sion are absent in pyrrole. Therefore, the spontaneous Fe**/Fe®* redox cycle would be inhibited to a
certain extent when iron coordinated with pyridine, further explaining the lower catalytic performance of
[Fe(pyridine)n]3+ than [Fe(pyrrole)n]3’”. In addition, it also could be inferred that pyridinic compounds
possessed stronger coordination performance with iron than pyrrolic compounds, according to the
ligand-field theory. Therefore, the possible pyrrolic ligands might be favorable in elevating the catalytic
performance of I-SACs, which should be considered in future studies.

Conclusions

Iron-centered single-atom catalyst (I-SACs) usually exhibits impressive PMS activation performance for
organic pollutant degradation. The widely generated SO, and HO+ in I-SACs/PMS process are still lack-
ing investigation to explain the facilitated Fe'"'/Fe' redox cycle in I-SACs. This study demonstrated that the
spontaneous Fe'"'/Fe' redox cycle in I-SACs could be well explained by the ligand-field theory. The nitro-
gen-containing carbon framework coordinated with iron to create a weak-ligand field, culminating in a
ligand-to-metal electron transfer due to the delocalized = orbital in the ligands. Consequently, the high
spin iron center could be maintained in a low redox state, further facilitating PMS activation for the gener-
ation of SO, /HO-. The pyrrolic ligand proved to be highly favorable for PMS activation than the pyridinic
ligand due to its weaker coordination performance with iron, which is very important for the design and
synthesis of single-atom catalysts in the future. Overall, the results of this study considerably advance
our understanding of the mechanism of PMS activation by iron-centered single-atom catalysts. The roles
of the conjugation effect and the delocalization of electrons in the ligands of SACs should be the focus
of further research for better evolution of advanced oxidation processes.

Limitations of the study

Fe'/Fe" redox cycling in I-SACs was proved to be spontaneous due to the ligand-field effect, which is
responsible for the generation of sulfate and hydroxyl radicals when I-SACs was used as a catalyst for per-
oxymonosulfate activation. Effective degradation of organic pollutants always required a significant gen-
eration of radicals. Therefore, the long-time Fe''/Fe" redox cycling in I-SACs was favorable during the
degradation process. However, the electronic structure attenuation of the ligand during the reaction is
inevitable due to the continuous electron donation from the ligand to the metal center, suggesting a pri-
mary difficulty in self-sustaining the spontaneous Fe''/Fe" redox cycling without external energy. The
degradation of organic pollutants would be limited by the attenuation of the ligand-field effect. Therefore,
I-SACs coupling with external energy might be a promising method for the effective degradation of
organic pollutants, and the role of the ligand-field effect in the presence of external energy requires further
investigation.
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Chemicals, peptides, and recombinant proteins

Nafion 117 solution

Bisphenol A (BPA)

Sodium sulfate anhydrous (Na2SO4)

Pyrrole

Iron (Il) Acetate tetrahydrate

4-Acetamidophenol (AAP)

2,4,6-Trichlorophenol (2,4,6-TCP)

Phenol

Sulfamethoxazole (SMX)

Ibuprofen (IBU)

Carbamazepine (CBZ)

Potassium monopersulfate triple salt (PMS)

2,2,4,6-Tetramethyl-4-piperidinol (TEMP)

5,5-Dimethyl-1-pyrroline N-oxide (DMPQ)

Methyl phenyl sulfoxide (PMSO)

Methyl phenyl sulfone (PMSO,)

1,10-Phenanthroline

Sodium hydroxide (NaOH)

Acetic acid

Potassium bromide (KBr)

Dimethyl sulfoxide (DMSO)

Absolute alcohol

Tert-Butyl alcohol (TBA)

Shanghai Aladdin Bio-Chem
Technology Co., LTD

Shanghai Aladdin Bio-Chem
Technology Co., LTD

Shanghai Aladdin Bio-Chem
Technology Co., LTD

Shanghai Macklin Biochemical
Technology Co., LTD

Shanghai Macklin Biochemical
Technology Co., LTD

Shanghai Macklin Biochemical
Technology Co., LTD
Shanghai Macklin Biochemical
Technology Co., LTD

Shanghai Macklin Biochemical
Technology Co., LTD

Shanghai Macklin Biochemical
Technology Co., LTD

Shanghai Macklin Biochemical
Technology Co., LTD

Shanghai Macklin Biochemical
Technology Co., LTD

Shanghai Macklin Biochemical
Technology Co., LTD

Shanghai Macklin Biochemical
Technology Co., LTD

Shanghai Macklin Biochemical
Technology Co., LTD

Shanghai Macklin Biochemical
Technology Co., LTD

Shanghai Macklin Biochemical
Technology Co., LTD

Tianjin Kemiou Chemiical
Reagent Co., LTD

Tianjin Kemiou Chemiical
Reagent Co., LTD

Tianjin Kemiou Chemiical
Reagent Co., LTD

Tianjin Kemiou Chemiical
Reagent Co., LTD

Tianjin Kemiou Chemiical
Reagent Co., LTD

Tianli Chemical Reagent Co., LTD
Tianli Chemical Reagent Co., LTD

CAS:31175-20-9

CAS:80-05-7

CAS:7757-82-6

CAS:109-97-7

CAS:3094-87-9

CAS:103-90-2

CAS:88-06-2

CAS:108-95-2

CAS:723-46-6

CAS:15687-27-1

CAS:298-46-4

CAS:70693-62-8

CAS:2403-88-5

CAS:3317-61-1

CAS:1193-82-4

CAS:3112-85-4

CAS:66-71-7

CAS:1310-73-2
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CAS:7758-02-3
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CAS:64-17-5
CAS:75-65-0
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Benzoic acid (BA)
p-Hydroxybenzoic acid (p-HBA)
Nitric (HNO3)

L-histidine (L-his)
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Acetonitrile

Tianli Chemical Reagent Co., LTD
Tianli Chemical Reagent Co., LTD

Guangdong Guanghua
Sci-Tech Co., LTD

Shanghai Lanji technology
development Co., LTD

Thermo Fisher Scientific
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CAS:65-85-0
CAS:99-96-7
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CAS:71-00-1

CAS:67-56-1
CAS:75-05-8

Software and algorithms

OriginPro 2018 Origin Lab https://originlab.com
Power point Microsoft 365 https://microsoft.com
Word Microsoft 365 https://microsoft.com
Gaussian 16 W.1B Gaussian, inc. https://gaussian.com
GaussView 6 Gaussian, inc https://gaussian.com
Athena Demeter https://bruceravel.github.io
Artemis Demeter https://bruceravel.github.io
Hama Fortran https://www.esrf.fr/
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Shengjiong Yang (yangshengjiong@163.com).

Materials availability

This study did not generate new unique regent.

Data and code availability
@ All data reported in this paper will be shared by the lead contact upon request.

® This paper dose not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

o All datasets used to generate the results are available in the main article. Further details could be ob-
tained from the corresponding author on reasonable request.

METHOD DETAILS

Preparation of catalysts

I-SACs were synthesized through the following procedure: iron (Il) acetate tetrahydrate (62.1 mg) and 1,10-
phenanthroline monohydrate (707.9 mg) were rapidly dissolved in 10 mL of ethanol, and then magnetically
stirred for 20 min at 25°C to obtain a homogeneous solution. Subsequently, carbon black (2.0 g) was added
to the solution, and the mixture was heated in a water bath at 80°C for 4 h under continuous stirring. The
resultant was then dried at 80°C in the air for 48 h to remove residual ethanol and obtain a precursor. The
precursor was further placed in a tube furnace, and pyrolyzed at 600°C for 2 h at a ramp of 10°C min~"in an
N, atmosphere to obtain |-SACs.

Characterization of catalysts

The information of phase surface and element division were collected by field emission scanning electron
microscopy (FESEM, ZEISS GeminiSEM 500, GER) and high-angle annular dark-field scanning TEM
(HAADF-STEM, FEI, Themis 2). X-ray diffraction (XRD) patterns for phase and crystallite analysis were
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collected (10-80°, 0.02°/step, 0.05 seconds/step) by a Rigaku Ultimate IV diffractometer (Cu-Ka) at room
temperature. Surface functional groups of samples were detected with a Nicolet iS50 Fourier transform
infrared spectroscopy (FT-IR, Thermo Scientific, USA). ATR-FT-IR spectra were also acquired on Nicolet
iS50 (Thermo Scientific, USA) with Thermo Scientific OMNIC software. X-ray photoelectron spectroscopy
(XPS) were used for valent state investigation through ESCALAB 250Xi spectrometer (Thermo Scientific,
USA) equipped with a pass energy of 30 eV with a power of 100 W (10 kV and 10 mA) and Al Ka X-ray
(hv = 1486.68 eV) source. N, adsorption-desorption isotherms of all carbon catalysts were evaluated at
77 Kby a surface area and porosity analyzer V-sorb 2800 (Gold APP Instruments, China). The specific surface
area (Sget) was calculated according to the Brunauer-Emmett-Teller equation. The pore volume was calcu-
lated through the Barrett-Joyner-Halenda (BJH) method. Raman spectra were recorded by DXR 2xi
(Thermo Scientific, USA). Electron paramagnetic resonance (EPR, Bruker EMXmicro-6/1) was used for the
spinning trap experiments. The content of Fe was detected by Inductively coupled plasma mass spectrom-
etry (ICP-MS, Agilent-7800, USA). 5’Fe M&ssbauer spectra (MFD-500AV-02, Topologic Systems, Inc, Japan)
was used to identify the valence state and spin state of Fe in catalyst. X-ray absorption fine structure (XAFS,
BSRF, China) was conducted to demonstrate the existence of possible atomic structure of the samples.

Degradation of pollutions

Pollutions degradation tests were conducted in 120 mL beakers. Each pollution solutions were prepared at
given concentrations and adjusted to the required pH with 0.1 M H,SO4 and NaOH. 10 mg of catalysts were
added to the solutions and dispersed through magnetic stirring, and the water is deionized water (18.2 MQ)
from a Milli-Q system in this contribution. Different amounts of PMS were then added to the solutions to
initiate the oxidation reaction. At given time intervals, 1.0 mL samples were collected, filtrated with a
0.22 um membrane and immediately quenched with 0.5 mL methanol. The concentrations of pollutions
were measured with an ultra-high-performance liquid chromatography (UHPLC, Thermo Ultimate 3000)
with a diode array detector detector and a Thermoscientific syncronis C18 column (100 mm * 2.1 mm).
The mobile phase, flow rate and detecting wavelength were listed in Table S4.

Electrochemical measurements

All electrochemical measurements were performed on an Electrochemical Workstation (CHI660E) through
three-electrode mode. Saturated calomel electrode (saturated with 3 M KCI) was used as the reference
electrode, Pt wire electrode was used as the counter electrode, and glassy carbon electrode was employed
as working electrode. 100 mM Na,SO, solution (100 mL) was prepared as electrolyte. Typically, catalysts
(4 mg) were dispersed in 1 mL of ethanol (containing 0.03 mL of 5.0 wt % Nafion) under ultrasonic agitation
to form homogeneous catalyst ink. Then 10 uL of the ink was collected and dropped on the surface of the
glassy carbon electrode (5 mm diameter, 0.196 cm?) and dried at room temperature. In Open Circuit Po-
tential analysis.®® Ag/AgCl electrode was used as the reference electrode.

Computations

Density functional theory (DFT) calculation was conducted by using Gaussian 16 W.1B quantum chemical
software package.®® The B3LYP-D3 method with Grimme'’s dispersion correction was used in the basis set
of 6-31+G(d,p) for all elements.®” Considering the negligible relativistic effect of the fourth-period transi-
tion metals, pseudo-potential for Fe was not used to better investigate electron delocalization in the
coordination complexes. All atoms were free to move during geometry optimization. The edge of the car-
bon matrix was terminated with H atoms. The electrostatic potential, spin density, and behavior of & elec-
trons-related orbitals were analyzed by using the Multiwfn package.®®¢’

QUANTIFICATION AND STATISTICAL ANALYSIS

Figures represented averaged or representative results of multiple independent experiments. Analyses
and plots were performed with Origin.

ADDITIONAL RESOURCES

There are no additional resources needed to be declared in this manuscript, additional requests for this can
be made by contacting the lead contact.
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