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The microenvironment regulation of Fe-N, single atom catalysts (SACs) criti-
cally governs peroxymonosulfate (PMS) activation. Although conventional
heteroatom substitution in primary coordination enhances activity, it disrupts
Fe-N, symmetry and compromises stability. Herein, we propose oxygen dop-
ing in the secondary coordination shell to construct Fe-N4-C¢0, SAC, which
amplifies the localized electric field while preserving the pristine coordination
symmetry, thus trading off its activity and stability. This approach suppresses
Fe-N bond structural deformation (bond amplitude reduced from
0.875-3.175 A t0 0.925-2.975 A) during PMS activation by lowering Fe center
electron density to strengthen Fe-N bond, achieving extended catalytic dur-
ability (>240 h). Simultaneously, the weakened coordination field lowers the
Fe=0 o* orbital energy, promoting electrophilic o-attack of high-valent iron-
oxo towards bisphenol A, and increasing its degradation rate by 41.6-fold. This
work demonstrates secondary coordination engineering as a viable strategy to
resolve the activity-stability trade-off in SAC design, offering promising per-

spectives for developing environmental catalysts.

Advanced oxidation processes (AOPs) based on peroxymonosulfate
(PMS) have attracted great attention for pollutant control and envir-
onmental remediation due to their high efficiency in a wide pH range'.
Recently, single-atom catalysts (SACs) with metal-N, (M-N,) sites,
where the metal centers are coordinated with four nitrogen atoms, are
widely used for the PMS activation because of their outstanding cat-
alytic activity, excellent selectivity, and exceptionally high metal utili-
zation efficiency” . The electron donating potential of these M-N, sites
can trigger the PMS activation to produce sulfate radicals (SO47),
hydroxyl radicals (+OH), and high-valence metal-oxo (M"=0), etc.,
thus effectively facilitating the degradation of various organic

pollutants®™*. However, the high bond dissociation energies of O-H
and O-O bonds in PMS pose a significant challenge to their cleavage,
thereby disfavoring the PMS activation at M-N, sites”. Therefore, the
development of high-performance catalysts to promote the PMS
activation is crucial for the effective oxidation of contaminants.
Recently, many strategies have been proposed for the efficient
PMS activation via increasing the density of metal centers or regulating
their local environment surrounding in metal-SACs (M-SACs)* ™.
Among these strategies, the most common one is the partial replace-
ment of N in the first coordination shell with foreign elements, thereby
creating an enhanced localized electric field to facilitate the activation
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of O-H and O-O bonds in PMS***, Unfortunately, this strategy destroys
the symmetric structure of M-N, sites, potentially decreasing their
long-term stability via the accelerated demetallation. For instance, Dai
et al. found that the catalytic activity of Fe-S;N5-C significantly dimin-
ished after two cycles of reaction within 60 min®’. Peng’s group
demonstrated that FeN,O, could remove all paracetamol within
40 min, but complete degradation of paracetamol was not realized
even after extending the reaction time to 180 min at the second reuse
cycle?. Therefore, it is still a great challenge to balance the high activity
and the long durability of SACs for the PMS activation.

Different from the first coordination shell doping, the heteroatom
doping in the second coordination shell of M-N, sites could improve
the catalytic performance of M-N, sites by modulating the electronic
structure of the metal center through d-p long-range interactions, and
simultaneously maintain the M-N, coordination structure***. For
instance, the electron-withdrawing effect of S doping in the second
coordination shell was demonstrated to be beneficial for anchoring
single Fe atoms, significantly enhancing the nitrate electroreduction
activity and stability of Fe-N, sites in comparison with Fe-plate. How-
ever, the influence of S doping shell location on the catalytic stability of
Fe-N, sites was not investigated®. In comparison with nitrate electro-
reduction, the PMS activation imposes much stricter requirements on
the catalytic stability of Fe-N, sites owing to its strong oxidative
environment. Regarding that the electronegativity of O (3.44) is higher
than that of S (2.58), we anticipate that the O doping can reduce the
electron density in the metal center more significantly through d-p
long-range interaction and establish a stronger electric field gradient
around M-N, sites, facilitating the adsorption and activation of nega-
tively charged PMS (HSOs). Meanwhile, the O doping in the second
coordination shell might favor the formation of carbon vacancies
around the metal center and alter the binding ability between the
metal and surrounding coordination atoms, thus suppressing
demetallation.

Herein, we develop a pre-coordination strategy to engineer
heteroatom doping by precisely controlling the substitution of
neighboring first coordination shell N atoms and distanced second
coordination shell C atoms of Fe center, aiming to clarify the effects
of O doping in the first or second coordination shell on the reactivity
and stability of Fe-N, sites through systematical characterization,
degradation experiments, density functional theory (DFT) calcula-
tions and molecular dynamics (MD) simulations. This study sheds
light on the design of SACs with enhanced PMS activation perfor-
mance by addressing the trade-off between activity and sustainable
stability.

Results

Synthesis and characterization

Fe-SACs with oxygen doped in the first (Fe-N,0,-C;o) or the second
shell (Fe-N4-C40,) were synthesized by a pre-coordination strategy
(Fig. 1a). First, we synthesized two core-shell structured carriers with
utilizing silica (SiO,) as the core layer. One of shell layers was com-
posed of nitrogen-doped carbon (N-C) without any oxygen func-
tional groups (SiO,@N-C), while the other consisted of resorcinol-
formaldehyde (RF) enriched with oxygen functional groups
(SiO,@RF) (Supplementary Fig. la-c). Meanwhile, Fe-N/O co-
coordination (I) and Fe-N coordination (II) complexes were pre-
pared using (S, S)-(+)-N, N’-bis(3,5-di-tert-butylsalicylidene)-1,
2-cyclohexanediamin as the N/O precursors and 1,10-phenanthroline
as the N precursor, respectively. Subsequently, complexes (I) and (II)
were deposited on SiO,@N-C and SiO,@RF using the rotary eva-
poration technique, which were then subjected to the processes of
high-temperature pyrolysis and SiO, template removal to obtain Fe-
N»0,-C;0 and Fe-N4-C40,, respectively. Fe-SAC without O-doping (Fe-
N,4-C;0) was also synthesized with the same procedure except for the
deposition of complex (I) on SiO,. For comparison, N/O co-doped

carbon (N/O-C), N-C, and Fe nanoparticles supported on N-doped C
(Fe NPs/NC) were also fabricated (Supplementary Table 1).

All the three Fe-SACs were of ultrathin, uniform, hierarchically
porous hollow structure (Fig. 1b and Supplementary Figs. 1-3), facil-
itating the full exposure of active sites and the mass transfer during the
PMS activation. Their powder X-ray diffraction (PXRD) patterns only
contained one broad peak at 25° corresponding to the (002) plane of
the carbon carrier, without any discernible peaks arisen from crystal-
line iron or iron oxides (Fig. 1c)*®. Meanwhile, the existence of iron
particles was ruled out by their high-resolution transmission electron
microscope (HR-TEM) images and the selected area electron diffrac-
tion (SAED) patterns (Supplementary Fig. 1). Aberration-corrected
high-angle annular dark field scanning electron microscopy (AC-
HAADF STEM) images of Fe-N,;-C40, clearly indicated that bright spots
of sizes, consistent with single Fe atoms (1.002 +0.173 A), were uni-
formly dispersed in the dark O-N/C background (Fig. 1d, e)°, confirm-
ing the atomically dispersion of Fe.

We then checked the electronic structure and coordination
environment of Fe atoms in three Fe-SACs by X-ray absorption fine
structure, X-ray photoelectron spectroscopy (XPS), and *Fe Moss-
bauer spectroscopy. As shown in X-ray absorption near-edge structure
(XANES) spectra (Fig. 2a), the pre-edge peak and absorption edge of
Fe-N,0,-C;o and Fe-N4-C¢0, shifted towards higher energies, accom-
panied by the intensity increase of the white-line peak, indicating that
the O doping altered the coordination environment of Fe centers and
reduced their electron densities™”. Obviously, these changes were
more pronounced in the XANES spectrum of Fe-N,0,-Cy, indicative of
its shorter distance and stronger interaction between O and Fe. The
Fourier-transformed k*weighted extended X-ray absorption fine
structure (FT-EXAFS) spectrum of Fe-N,0,-Cyo revealed a broad and
unsymmetric peak with the peak maximum located at 1.44 A, close to
the Fe-O backscattering, indicating the presence of Fe-N and Fe-O dual
coordination in Fe-N,0,-Cyo (Fig. 2b). Similar results were found in the
recent reports on Fe-N;S;, Co-N,0,, Co-N30;, and Fe-N,0,***% Dif-
ferently, the main peak of Fe-N4-C40, and Fe-N4-C;o were symmetric
and left-shifted to ~1.4 A, belonging to the single Fe-N scattering path.
However, a new peak in the 1-2 A range of R-space appeared in the
spectrum of Fe-N4-C4¢0,, indicating that the different coordination
environments of Fe-N4-C¢0, and Fe-N4-Cyo. These results confirmed
that O was doped into outer coordination shells of n>2 in Fe-N4-C40,.
Moreover, those peaks with R>2 A (pentagram markers) could not be
assigned to Fe-Fe scattering path, because the wavelet transforms
(WT) EXAFS contours of three Fe-SACs samples had only one intensity
maximum corresponding to the Fe-N/O coordination at k value of 5 A*
in the R range of 1-3A (Fig. 2c). Subsequently, quantitative least-
squares fitting of the FT-EXAFS curves revealed that the optimal
coordination numbers of Fe in all three Fe-SACs were approximately 4
(Fig. 2d, Supplementary Fig. 4 and Table 2). The distinction lied in the
fact that Fe-N,O,-C;o encompassed both Fe-N and Fe-O backscattering
paths, thereby confirming the successful construction of a Fe-N/O dual
coordination environment®, while the other two Fe-SACs solely
exhibited Fe-N backscattering paths. As expected, two distinct and
equally proportioned Fe-N bond lengths of 1.91A and 2.09 A were
observed in Fe-N4-C40,, indicating that the two O atoms were doped
into the second coordination shell, consistent with the reported
results of Fe-N4-S, with S doped in the second coordination shell***°,
Contrarily, Fe-N4-C;9 SAC without O doping showed only one set of Fe-
N bonding length at 1.97 A.

We further characterized Fe-N4-C¢0, and Fe-N4-Cyo using “Fe
Mossbauer spectroscopy to elucidate their coordination environ-
ments of Fe. Their deconvoluted ’Fe Mossbauer spectra exclusively
exhibited doublets, without any singlet or sextet associated with a-Fe,
Fe,C, or Fe,O (Fig. 2e, f). According to the isomer shift (&;s,) and
quadrupole splitting (AEq) values, *’Fe Mossbauer spectrum of Fe-N,-
C40; could be well fitted with three doublets (D1-D3), corresponding
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Fig. 1| Synthesis and characterization of Fe-SACs. a Schematic diagram of the Fe-N,-C¢0, synthesis. b TEM images of Fe-N4-C40,. ¢ PXRD pattern of different catalysts.
d HADDF-STEM images of Fe-N4-C40,. e The particle size of Fe in Fe-N4-C4O,. Source data are provided as a Source Data file.

to medium-spin (MS) Fe"N,,, (D1), medium-spin (MS) Fe"N,,, (D2),
and high-spin (HS) N-Fe'"N,., (D3), respectively (Supplementary
Table 3)**~%, wherein Fe-N,,, represents the defective Fe-N, site in the
non-intact graphite layer structure (Supplementary Fig. 5). In contrast,
four different doublets (D4-D7) could be identified in Fe-N,4-C;o, which
were assigned to low-spin (LS) Fe"N,/C (D4), LS Fe"N,/C (DS), MS
Fe'N,/C (D6), and HS Fe"N,/C (D7), respectively>*>*®. The relatively
higher intensity ratio of D-band to G-band (/p/lc=1.07) in Fe-N4-Cs0,
than that of Fe-N4-Cyo (0.94) evidenced that the O doping created
more defects (Supplementary Fig. 6). Meanwhile, the presence of Fe-N
and N-O bonds were also confirmed by HR-XPS spectra of Fe 2p, N 1s,
and O 1s in Fe-N4-C¢O, (Supplementary Figs. 7-8). Therefore, we
concluded that two O atoms were doped in the second coordination
shell of Fe-N4-Ce0,.

Considering the presence of doped O atoms in the second coor-
dination shell of Fe-N4-C¢0,, we constructed three possible Fe-N4-C40,
models using DFT (Fig. 2g). Specifically, the two O atoms could be
situated at either ipsilateral a and b positions (configuration I), or
ipsilateral b and c positions (configuration II), or opposite b and d
positions (configuration Ill) within the second coordination shell,
respectively. However, the optimization of configuration I led to the
connection of C atoms at positions ¢ and d, which contradicted the Fe-
Ny structure and consequently resulted in its exclusion. The stability
of configuration Il was significantly lower than that of configuration III,
despite its conformity to the requirements for the Fe-N,., structure.
Therefore, configuration Il was selected as the Fe-N,-C40, model in
this study. The formation of configuration Il could be attributed to the
thermal rearrangement of atoms during pyrolysis (Supplementary
Fig. 9). The stably coordinated Fe-N precursor prevented O atoms
entering the first coordination shell, and providing more opportunity

for them to replace C; atoms in the second coordination shell of Fe-N,.
Subsequently, the eight-electron rule and high electronegativity of the
O atoms led to the loss of a linkage of the C, atoms and a deviation in
Fe-N bond length?®. Eventually, the collision of C, atoms with N,
molecules in irregular thermal motion would lead to their release from
the catalyst surface to form carbon vacancies (CVs), accompanying
with a configuration transformation from Fe-N4 to Fe-N,.,. Different
from Fe-N4-Cyo, Fe-N4-C40O, possessed much enhanced Lorenz curve
signal, indicative of more unpaired electrons in Fe-N4-C¢O, (Fig. 2h),
which contributed to improving the electron transfer efficiency during
the catalytic reaction. The increase in unpaired electron could be
attributed to the O introduction and the CVs formation. The O intro-
duction could effectively weaken the ligand field, increasing the spin
state and the number of unpaired electrons in the Fe center (Supple-
mentary Table 3). The CVs formation via the loss of C atoms would
leave extra electrons redistribute among neighboring C atoms to form
more unpaired electrons®*®. Furthermore, the natural population
analysis (NPA) charge and partial density of state (PDOS) analysis
revealed that the O doping in the second coordination shell reduced
the electron density of Fe atom and narrowed its d-band width via
changing the electronic structure of N ligand (Fig. 2i and Supplemen-
tary Fig. 10)***°, thus shifting the d-band center of Fe in Fe-N4-C40,
(-1.842eV vs —2.137 eV for Fe-N4-Cyo) closer to the Fermi level (E;)
(Fig. 2i), and enhancing the intrinsic reactivity of Fe-SAC towards the
PMS activation.

PMS activation and pollutant degradation

We utilized DFT calculations to investigate the influence of O doping
on the PMS activation and the reactive oxygen species (ROS) forma-
tion, and employed an asterisk (*) to denote the surface adsorbed
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species and 0;/0,/05 to represent the three different types of oxygen
atoms in PMS (Supplementary Figs. 11-12). As expected, the higher
positive charge of Fe center and its surrounding strong local electric
field in Fe-N,0,-C;o promoted the PMS adsorption and triggered the
rapid cleavage of peroxide (0,-O3) bond (Fig. 3a), while the low elec-
tron density of Fe center facilitated its robust interaction with O/O,/
03, delocalizing Fe atom from the carrier plane and elongating the Fe-N
and Fe-O bonds to 2.161-2.826 A to potentially result in demetallation.
However, the reduction of positive charge on Fe centers and their
surrounding local electric field in Fe-N4-C¢O, and Fe-N4-Cyq failed to
satisfy the requirements for direct breakage of 0,-O3 bond induced by
their PMS adsorption, and thus might form complexes (1), (II), and (III)
with PMS via O;, O,, and Os, respectively (Fig. 3a and Supplementary

Fig. 11), while the activation of the 0,-O; bond only occurred in com-
plex (Ill). Therefore, complex (llI) was adopted for the following
calculations.

Subsequently, the formation of high-valent iron-oxo (Fe"=0) and
radicals in the three Fe-SACs/PMS systems was explored theoretically.
As shown in Fig. 3b, c, it was also thermodynamically feasible for the
generation of Fe" = O in the Fe-N,0,-C,o/PMS system via the traditional
pathway of *(I) > *PMS (II) > *OH (llI) > *OH*OH (IV) > transition state
(TS, V) > *O*H,0 (VI) > *O (VII)*.. Differently, the appropriate distance
between O; and H of *PMS(Fe-N4-C40,) and *PMS(Fe-N,-C,o) facilitated
the formation of intramolecular hydrogen bonds, and the interaction
between Fe and O; weakened the 0,-O5; and O5-H bonds, thus favoring
their cleavage to produce Fe" =0 through the non-classical coupled
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diagram of the CEPT. Source data are provided as a Source Data file.

electron-proton transfer (CEPT) pathway (Fig. 3d, e and Supplemen-
tary Fig. 12)”. In this pathway, protons were easily transferred from O;
to Oy, and the two remaining electrons in the O; 2p orbital would be
coupled with the two electrons of Fe to form the Fe=0 bond. Notably,
the distantly doped O and CVs promoted the PMS adsorption by
lowering the adsorption energy from -0.21eV for Fe-N4-Cio to
-0.46 eV for Fe-N4-C40, (Supplementary Fig. 12), and affected the
*PMS structure by providing a moderately enhanced local electric field,
including elongated 0,-05 (1.494 A for Fe-N4-C¢0, vs 1.480 A for Fe-N,-
C10) and Os-H (1.026 A for Fe-N4-C40, vs 1.017 A for Fe-N,-Cy0) bonds,
as well as a reduced distance between O; and H (1.650 A for Fe-N4-C0,
vs 1.698 A for Fe-N,-Cio). These changes effectively improved the
thermodynamic (-2.31eV for Fe-N4-C¢0, and -1.57 eV for Fe-N4-Cyo)
and kinetic possibilities of the Fe-N4-C40,/PMS system for the Fe"=0
generation via CETP pathway. Finally, the thermodynamic feasibility of
radical formation in three Fe-SACs/PMS systems through the single
electron transfer pathway was calculated, obeying the trend of Fe-
N,0,-C;0/PMS with Gibbs free energy (AG) of —1.21 eV > Fe-N,4-C,0/PMS
with AG of —0.70 eV >Fe-N4-C¢0,/PMS with AG of -0.41eV (Supple-
mentary Fig. 13). However, the significantly lower AG associated with
the Fe"'=0 formation (-2.94 eV for Fe-N,0,-C;o, —2.31€eV for Fe-N4-
C40,, —1.57 eV for Fe-N4-Cy0) suggested that the Fe" = O formation was
much easier than that of radicals in three Fe-SACs/PMS systems.

We then evaluated the PMS activation performance of Fe-SACs by
the bisphenol A (BPA) removal, and found that the O doping sig-
nificantly enhanced the activity of Fe-SACs and N/O-C, while Fe-N4-
C60; exhibited the best catalytic activity among the three Fe-SACs
samples (Fig. 4a and Supplementary Fig. 14). BPA could be completely

removed in 30 s with a pseudo-first-order rate constant (k) as high as
13.299 min™ at 0.1 mg mL™ of Fe-N,4-C¢0, and 400 uM of PMS (Fig. 4a
and Supplementary Fig. 15). Impressively, the BPA removal perfor-
mance of Fe-N4-C40, even surpassed those of homogeneous Fe”,
commercial Fe;0,4 and Fe NPs/NC, nZVI/kaolinite, and other reported
M-SACs (Fig. 4b and Supplementary Fig. 16). More importantly, Fe-N4-
C¢0, displayed broad pH compatibility and maintained >85% con-
taminant removal efficiency under high-concentration inorganic ions
interference and common water matrices (Supplementary Fig. 17).
Moreover, the Fe-N4-C¢0,/PMS system could effectively remove var-
ious pollutants (Supplementary Table 4), but their degradation rates
were affected by their structures. For example, electron-rich phenolic
pollutants such as 2, 4-dichlorophenol (2, 4-DCP), p-chlorophenol (4-
CP), and phenol (PE) were completely degraded within 1.5 min, with
the pseudo-first-order rate constant (k) ranging from 5.522 to
10.877 min™ (Supplementary Fig. 18). Nevertheless, contaminants with
electron-withdrawing groups, such as p-nitrophenol (PNP), fipronil
(FP), p-nitrobenzyl alcohol (PNBA), and p-nitrobenzaldehyde (PNBD),
were difficult to be completely degraded within 20 min even at a high
PMS concentration of 3mM, and the k values were as low as
0.0944-1.6274 min™.. The high selectivity towards electron-rich pol-
lutants indicated that non-radical reactive oxidation may be dominant
in this system*.,

Notably, the activities of N/O-C and N-C were significantly lower
than those of the three Fe-SACs (Supplementary Fig. 14), thus con-
firming that atomically dispersed Fe sites play an indispensable role in
the effective PMS activation. Therefore, the specific activity of indivi-
dual Fe site was further investigated, and the BPA turnover frequency
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Fig. 4 | Activity and stability evaluation of Fe-SACs. a The degradation of BPA in
different catalysts-activated PMS systems (inset: corresponding pseudo-first-order
rate constant of BPA removal). The error bars represent the standard deviation
derived from two repeated experiments. Experimental conditions: [Catalysts] =
0.1gL?, [BPA] =50 uM, [PMS]o =400 uM, T =25°C, pH=7. b The catalyst dose-
pollutant concentration normalized kinetic rate constant (k-value) of BPA removal
in different catalysts/PMS systems. ¢ Continuous operation test of BPA degradation
in the continuous flow system. Average flow rate: 45L m?h?, catalyst dosage:

20 mg. d The adsorption rate of Fe-SACs on BPA at different dosages. The deme-
tallation rates of different Fe-SACs after (e) continuous removal of BPA for 120 h
and 240 h and (f) 36 h of corrosion by strong acids/bases. g Fe-N and Fe-O radical
distribution function profiles of Fe-SACs at 25 °C. h Snapshots of Fe-SACs obtained
from MD simulations at 25 °C. The initial configuration and an intermediate state
are provided to show the elongation of the Fe-N/Fe-O bond as marked by the
yellow box. Source data are provided as a Source Data file.

(TOF) of Fe sites was in the order of Fe-N,0,-C;o > Fe-N4-C¢0, > Fe-Ny-
Cy0, which suggested that the O doping in the first coordination shell
could enhance the activity of Fe sites more effectively than the O
doping in the second coordination shell (Supplementary Fig. 19). This
is attributed to the doped oxygen in Fe-N,0,-Cy significantly reduced
the electron density of the Fe center and created a stronger local
electric field around it via direct interactions and disruption of the Fe-
N4 symmetric coordination structure, thus enhancing the adsorption
and activation of negatively charged PMS, consistent with theoretical
calculations. Although the TOF of iron sites in Fe-N,0,-C;o was 10.6
times higher than that in Fe-N4-C40,, the iron content in Fe-N,0,-Co
(0.196 wt%) was only 7.5% of that in Fe-N4-C4O, (2.63 wt%, Supple-
mentary Table 5), resulting in the lower apparent activity of the former
(Fig. 4a). Next, we attempted to increase the Fe content of Fe-N,0,-C;o
by increasing the proportion of Fe precursors, which instead resulted
in its significant metal agglomeration and catalytic reactivity decrease

(Supplementary Fig. 20), suggesting that the O doping in the first
coordination shell disfavored the stability of high-loading Fe single
atoms. Subsequently, continuous catalytic BPA degradation experi-
ments were carried out to examine the stability of Fe-SACs during the
reaction (Fig. 4c), which revealed the most robust stability of Fe-Ny-
C¢0, among the three Fe-SACs, even though its BPA adsorption
capacity was not as good as that of Fe-N,0,-C;q (Fig. 4d). After 120 h of
continuous treatment, the iron leaching ratio of Fe-N4-C4O, was
merely 8.0%, much lower than those of Fe-N,0,-C,q (67.4%) and Fe-N,-
Cio (30.5%) (Fig. 4e). Strikingly, the reactivity of Fe-N4-C¢O, did not
decline after 240 h of reaction and its structure kept almost unchanged
even after 500 h of operation (Supplementary Figs. 21-24 and Table 6).
Considering the complexity of pH in different waters, we also mon-
itored the iron leaching of three Fe-SACs under extreme acidic and
basic conditions (Fig. 4f), and found that the Fe leaching rate of Fe-N,-
C¢0, was even less than that of Fe-N,4-Cy at acidic pH and almost the
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same as that of Fe-N4-Cyg in alkaline solution. Additionally, the deme-
tallation rate of Fe-N,0,-C;o was much higher than that of Fe-N4-Cyq,
with a factor of 4.5 or 99 under acidic or alkaline conditions. Therefore,
the O doping in the first coordination shell significantly enhanced the
activity of single-atom metal sites at the expense of their stability, but a
well-balanced relationship between activity and stability of single-
atom metal sites could be achieved by rationally designing the Fe-SAC
coordination configuration with the O doping in the second coordi-
nation shell.

Regarding that the demetallation of Fe-SACs initiates from the
elongation and breakage of Fe-N/O bonds, MD simulations were
conducted to explore the structure-dependent stability of Fe-SACs in
terms of Fe-N/O bond length fluctuations. A relatively shorter Fe-N/O
bond length and a narrower range of fluctuations indicate the stable
Fe-N/O bonds of the catalyst with less demetallation tendency during
reactions. The thermal vibrations of Fe-N/O bond of the Fe-N,0,-C;,
Fe-N4-C¢0,, and Fe-N4-Cyo could be visualized in Supplementary
Movies 1-3, respectively. As shown in Fig. 4g, h, the radial distribu-
tion function (RDF) of Fe-N/O, denoted as gge.n/o(r), wWas obtained by
calculating and counting the frequency of the occurrence of N/O
atoms at a distance r from Fe atom. At room temperature, the gr.n(r)
of Fe-N4-Cjo SAC contained four distinct peaks in the range of
0.875-3.175 A. However, the fluctuations of N (1.775-3.525A) and O
(1.775-3.175A) in Fe-N,0,-C;o SAC were farther away from the Fe
center, which indicated that the destruction of its symmetric coor-
dination structure weakened the Fe-N and Fe-O bonds, thereby
increasing the demetallation tendency. Fascinatingly, the thermal
motion amplitude of Fe-N bonds in Fe-N4;-C¢O, decreased to
0.925-2.975A, revealing its much stronger Fe-N bond to resist
external perturbations. These results further illustrated that the O
doping in the second coordination shell could reinforce the inter-
action between Fe single atoms and coordinating N atoms by redu-
cing the electron density of Fe, effectively inhibiting the leaching of
Fe atoms during the PMS activation.

Mechanism investigation

We subsequently investigated the reactive species generated in the
three Fe-SACs/PMS systems. The contribution of superoxide radicals
(0,7) to the BPA degradation was first excluded through the super-
oxide dismutase (SOD) quenching experiments and electron para-
magnetic resonance (EPR) measurements (Fig. 5a and Supplementary
Fig. 25a). The presence of methanol (MeOH) only slightly inhibited the
BPA degradation in the three Fe-SACs/PMS systems, indicative of weak
contribution of SO,~ and *OH to the BPA degradation (Fig. 5a and
Supplementary Table 7). When using 5,5-dimethyl-1-pyridone-N-oxide
(DMPO) as a trapping agent, only a signal of DMPO oxides (DMPOX)
was observed in the three Fe-SAC/PMS systems, which might be ori-
ginated from oxidation of DMPO by Fe" = O or other non-radical spe-
cies, without the appearance of *OH and SO, signals (Supplementary
Fig. 25b-d). The above results revealed that non-radical oxidation
pathways such as electron transfer process (ETP), Fe"Y=0 or singlet
oxygen (*0,) oxidation mainly took place in these systems, while the
inhibitory effect of MeOH may not be solely attributed to the radicals
quenching, but to its competitive adsorption on Fe-SACs with BPA
and/or its competitive reaction with other ROS, such as Fe" = 0*2. The
relatively weak inhibition effects of methyl phenyl sulfoxide (PMSO) on
Fe-N4-C1o/PMS (35.1%) and Fe-N,0,-C1o/PMS (36.8%) systems sug-
gested the dominant role of ETP or 'O, oxidation process, rather than
the Fe"Y=0 oxidation, in these two systems. Surprisingly, PMSO was
found to suppress 84.1% of BPA degradation in the Fe-N4-C¢0,/PMS
system, demonstrating that the doping of O in the second coordina-
tion shell could shift the BPA degradation pathway from the ETP or 'O,
oxidation process to the Fe" = O counterpart. Furthermore, the MeOH
and PMSO quenching experiments further confirmed that Fe" = O was
the dominant species for the degradation of 2, 4-DCP, 4-CP, PE, PNP,

FP, PNBD, and PNBA (Supplementary Figs.26-28). Notably, the higher
degradation rates of electron-rich phenolic pollutants in this system
were attributed to their high electron density environment, which
facilitated the electrophilic attack by Fe"Y = 0***, Given that the reac-
tions of PMSO with «OH, SO, and Fe" = O would form different pro-
ducts (Egs. S15-S17), where PMSO can be oxidized to methyl phenyl
sulfone (PMSO,) through the oxygen atom transfer (OAT) pathway by
FeV=0, we utilized the PMSO oxidation to further check the genera-
tion of radicals and Fe" = O®. It was observed that the consumption of
PMSO in the Fe-N,0,-C;o/PMS system was significantly lower than that
in the Fe-N4-C10/PMS and Fe-N4-C¢0,/PMS systems, suggesting that
*PMS was the primary reactive species in the Fe-N,0,-C;o/PMS system,
rather than radicals and Fe"¥ =0 (Supplementary Fig. 29). Meanwhile,
the conversion of PMSO, in the Fe-N4-C;o/PMS and Fe-N4-C¢0,/PMS
systems was close to 100%, confirming that Fe" = O was predominantly
generated in these two systems rather than radicals. Furthermore, an
isotropic signal at g =2.0025/2.0027, attributed to the Fe 3d’ orbitals
with large zero-field splitting and unpaired electrons, was detected in
the Fe-N4-C40; and Fe-N4-C;q systems. This EPR signal was enhanced
and also shifted to a lower value by the PMS activation, reconfirming
the presence of Fe"=0 (Fig. 5b)®.

Subsequently, we investigated the ETP and the 'O, oxidation
processes in the three Fe-SACs/PMS systems. The addition of 2, 2, 6,
6-tetramethylpiperidine (TEMP) did not significantly inhibit the BPA
degradation (Fig. 5a), and the replacement of H,0 with D,0 did not
enhance the 2, 2, 6, 6-tetramethylpiperidine-N-oxyl (TEMPO) signal
(Supplementary Fig. 30), indicating the negligible contribution of
10,%. After excluding radicals and FeV=0 interference, the pH-
dependent degradation rate changes of BPA and 2, 4-DCP in the Fe-
SACs/PMS system were completely different from those in the 'O,
oxidation system (Supplementary Fig. 31). These results ruled out the
10, generation®®*. Subsequently, in-situ Raman spectroscopy and
chronopotentiometry tests were conducted to further check the
interaction between Fe sites and PMS, as well as the electron transfer
processes (Supplementary Fig. 32). We observed three distinct peaks
at 880, 980, and 1061 cm™ in the PMS solution, corresponding to the
stretching vibrations of 0-0, S04, and SO5", respectively'®. The 0-O
and SO;3™ peaks decreased drastically, while SO,*> peaks increased
significantly upon addition of Fe-SACs, indicating the rapid PMS
activation. Meanwhile, two new peaks emerged at 820 cm™ and
840 cm™, along with a red-shift of the SO5;™ characteristic peak, sug-
gesting the formation of *PMS complexes and FeV=0, as well as
electron donation from Fe sites to PMS***°, which were further
confirmed by the first increased and subsequent decreased trend of
open-circuit potential of Fe-SAC electrode upon the addition of PMS
and BPA*°, Consequently, we conclude that the ETP pathway engaged
in the BPA degradation in the three Fe-SACs/PMS systems, where Fe-
SACs mediate the electron transfer from BPA to PMS. Notably, Fe-
N,0,-Cio and Fe-N4-C¢0, possessed the stronger potential fluctua-
tions than Fe-N4-Cyo after the addition of PMS and BPA, suggesting
that the O doping in either the first or second coordination shell
could promote the ETP. This is because the doped O could reduce
the energy of the lowest unoccupied molecular orbital (LUMO) in the
*PMS complexes by modulating the molecular orbital energy levels
and electron distributions of the Fe-SACs, which narrowed the
energy gap with the highest occupied molecular orbital (HOMO) of
BPA, thus effectively facilitating the transfer of electrons from BPA to
PMS (Supplementary Fig. 33).

We then quantified the steady-state concentrations of different
ROS through measuring the competition kinetics between ROS and
probe compounds to deeply investigate the effect of O doping in the
second coordination shell on the catalytic process and the FeV=0
reactivity (Fig. 5c-e, Supplementary Fig. 34, Tables 8-9). As illustrated
in Fig. 5c, the steady-state concentrations of Fe" =0 produced in the
Fe-N4-C;o/PMS and Fe-N4C40,/PMS system were 1.09 x10° and
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Fig. 5 | Mechanistic interrogation of Fe-SACs/PMS system: identification of
reactive species and simulation of Fe" = O electronic structure. a Effect of
scavengers on BPA degradation in the Fe-SACs/PMS system. The error bars
represent the standard deviation derived from two repeated experiments.
Experimental conditions: [BPA] =50 uM, [catalysts] = 0.05 g L™, [PMS]o =400 pM,
T=25°C, pH=7, [SOD]=100 U mL™, [MeOH/PMS] =1000, [PMSO/PMS] =100,
[TEMP] = 0.24 mM. b EPR spectra of Fe-SACs and Fe-SACs/PMS. ¢ The steady-state
concentrations of different ROS in the Fe-SACs/PMS system (inset: the steady-

state concentrations of «OH and SO, ™). d The second-order reaction rate between
BPA and Fe" =0 in the Fe-SACs/PMS system. e The observed reaction rate con-
stants of ROS and BPA in the Fe-SACs/PMS system (inset: the oxidation con-
tributions of different ROS to BPA degradation). f The molecular orbital
composition and energy level of Fe" = 0”. The above illustration displays only the
orbitals in the vicinity of the LUMO orbital. The N-Fe-N axis in Fe" = O(Fe-N4-C¢05)
where N is directly connected to O is defined as the x-axis. Source data are
provided as a Source Data file.

1.71x10°mol L7, respectively, which were 7-8 orders of magnitude
higher than that of «OH and SO, ", strongly validating that Fe-N4-C;o/
PMS and Fe-N,4-C¢0,/PMS were more likely to produce Fe"¥ = O species
rather than radicals, consistent with theoretical predictions. However,
the second-order reaction rate constant of Fe" = O species produced in
the Fe-N4-C,0/PMS system with BPA was only 1.08 x10°M™’s™, much
lower than that of the radicals (1.37 x 10°-1.7 x 10"°°M* s%)*"%*, render-
ing the contribution of Fe" =0 to the BPA oxidation to be only 8.4%,
much lower than those of ETP (60.0%) and radical oxidation (31.6%)
(Fig. 5d, e and Supplementary Tables 8-9). These facts suggested that
the Fe" = O species produced in the Fe-N,-C;o/PMS system possessed
low reactivity towards BPA. Surprisingly, the second-order reaction
rate constant of Fe"=0 species produced in the Fe-N4-C¢0,/PMS
system with BPA increased to 4.6 x10*M™s™, 41.6-fold that of Fe-N,-
C1o/PMS (Fig. 5d), suggesting that the O doping in the second

coordination shell could significantly increase the reactivity of Fe=0
towards BPA. Consequently, the contribution of Fe"Y=0 to the BPA
removal sharply increased to 82.74% in the Fe-N4-C¢0,/PMS system.
Theoretically, either 1*(d.;,Pxy) Or 0*(d,2-p,) antibonding
orbitals at the Fe = O fragment in Fe" =0 could receive foreign elec-
trons to disrupt the Fe=0O bond, triggering the terminal O transfer and
the substrate oxidation (Supplementary Fig. 35a). The Mdssbauer
spectroscopy indicated the O doping and the CVs generation could
significantly increase the spin state of Fe-N4-C¢O, (Supplementary
Fig. 35b). According to the ligand field theory, the metal center typi-
cally possesses a high spin state when it is coordinated with a weak-
field ligand and vice versa. Therefore, the enhanced spin state indi-
cated that the O doping and the CVs generation could effectively
weaken the strength of coordination field, resulting in a decrease in the
energy of the Fe 3d orbitals to further reduce the orbital energy of
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Fe=0 fragment in Fe"'=0, and improving the oxidative reactivity of
Fe"=0. Subsequently, we employed DFT calculations to clarify the
increased intrinsic reactivity of Fe'Y=0 produced in the Fe-N4-C¢0,/
PMS system. As shown in Fig. 5f, the Fe" = O produced in the Fe-N4-C;o/
PMS system possessed the 1- and o-attack pathways for the pollutants
oxidation. Its Fe/O (dx.,,Px/Py) T* (B) orbitals (-2.023 eV) and (d,-p,)
o* (o) orbitals (-1.986 eV) could accept electrons from pollutant sub-
strates, thereby reducing the bond order of Fe=0 and favoring the
terminal O transfer. In the T-attack pathway, the pollutants needed to
overlap orbitals from a direction perpendicular to the Fe=O bond,
which resulted in a spatial collision between the pollutants and the
equatorial ligands of Fe" = O produced in the Fe-N4-C;0/PMS system. In
the o-attack pathway, its (d,.-p,) o* (o) orbital had a high energy
(-1.986 eV), requiring a considerable energy barrier to be overcome to
initiate o-attack. Overall, the two reaction pathways of Fe"V=0 pro-
duced in the Fe-N4-C;o/PMS system exhibited moderate reactivity
towards pollutant. For the Fe" =0 produced in the Fe-N4-C40,/PMS
system, the orbital components became more complicate and the
orbital energy levels were significantly lowered due to the doping of
oxygen atoms and the decrease of ligand field intensity. Among them,
the energies of its (d,2-p,, d._j._Leq) 0* (B) and (d,.-p,, Leq) 0* (x)
orbitals were respectively reduced to -4.527 eV and -2.636 eV, sig-
nificantly lower than that of its (dy,-p,) T* (B) orbital (-2.620 eV). As a
result, the electrons of the pollutant could fill the low-lying o* orbitals
of Fe"=0 produced in the Fe-N4-C40,/PMS system along the Z-axis
without steric hindrance, which facilitated the formation of the
pollutant-O-Fe collinear transition state, thereby accelerating the
reaction between the pollutant with Fe" = 0.

Finally, we determined the main intermediates in the degra-
dation process by liquid chromatography-mass spectrometry (LC-
MS) and gas chromatography-mass spectrometry (GC-MS) techni-
ques (Supplementary Figs. 36-39, Tables 10-11), and proposed two

potential BPA degradation pathways in the Fe-N4-C50,/PMS system
(Supplementary Fig. 40, details can be found in the Supporting
Information). In these two pathways, BPA was oxidized by Fe'Y¥=0
through the OAT reaction, electrophilic addition, and H-abstrac-
tion/O-rebound mechanisms (Fig. 6). The core of these three oxi-
dation mechanisms was the filling of pollutant electrons into the
low-lying o* orbitals of Fe/O to form pollutant-O-Fe intermediates,
thus realizing the oxidation of pollutant and the reduction of
Fe"V = 0. Notably, the decrease of total organic carbon (TOC) in BPA
solution reached as high as 90% in 2 min when the concentration of
Fe-N4-C¢0, SAC was 0.1g L7, and it was close to 80% in 2 min even
when the catalyst concentration was reduced by half (Supplemen-
tary Fig. 41), which indicated that the Fe-N4-C¢0, SAC exhibited a
good performance in AOPs, which was able to cause the organic
compounds to be degraded into harmless ones completely and
reduce the environment impact.

Discussion

In summary, we reported the synthesis of Fe-N4-C¢0, SAC by sub-
stituting C in the second coordination shell of Fe-N, sites with O and
demonstrated Fe-N4-C4O, sites could activate PMS more efficiently
and stably by providing an enhanced localized electric field without
destroying their symmetric coordination structure in the first coordi-
nation shell. The O doping in the second coordination shell could
enhance the strength of the Fe-N bond by reducing the electron den-
sity of Fe center and weaken the amplitude of Fe-N bond during the
PMS activation, therefore effectively preventing the demetallation of
Fe-N, sites. More importantly, this O doping also lowered the energy of
Fe=0 o* orbitals by weakening the coordination field to promote the
electrophilic c-attack of Fe" =0 towards electron-rich contaminants.
This work sheds light on the importance of second coordination shell
doping in enhancing the stability of Fe-N, SAC and offers a design
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strategy to address the trade-off between high activity and durable
stability in SAC preparation.

Methods

Materials and chemicals

Oxone (2KHSOs-KHSO,4-K,S04, active oxygen >4.50%) and BPA (AR)
were supplied by Shanghai Aladdin Biochemical Technology Co., Ltd
(Shanghai, China) and Sinopharm Chemical Reagent Co., Ltd (Shang-
hai, China), respectively. Details of the other chemicals are presented
in Supplementary Method 1. All chemicals were used as received and
dissolved by ultrapure water (18.25MQ cm™).

Catalyst preparation

For the synthesis of Fe-N4-C40, SAC, FeCl,-4H,0 (0.5 mmol) and 10-
phenanthroline monohydrate (2 mmol) were ultrasonically dispersed
in 60 mL absolute ethanol to obtain Fe-N coordination complex (I).
Then, SiO,@RF (3 g) was added to the solution and stirred under reflux
at 60 °C for 4 h. Next, the pre-prepared complex (I) was deposited on
SiO,@RF by reduced pressure evaporation at 50 °C. The dried solid
was then heated to 700 °C (calcined for 2 h) at a rate of 2°C min™ in an
N, atmosphere. Subsequently, the resulting black solid was dispersed
into 100 mL 5wt % HF and stirred at room temperature for 4 h to
remove SiO,. This procedure was repeated three times. Afterward, the
solid was washed repeatedly with a large amount of ultrapure water
until the filtrate reached neutral pH. Finally, the dried black powder
was recorded as Fe-N4-C40, SAC. For the synthesis of Fe-N,0,-C;o SAC,
the steps remained consistent with those of Fe-N4-C40, except that 10-
phenanthroline monohydrate and SiO,@RF were replaced by (S,S)-
(+)-N,N"-bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanediamin and
SiO,@N-C, respectively. For the synthesis of Fe-N4-Cio, the steps
remained consistent with those of Fe-N4-C40, except for the deposi-
tion of complex (I) on SiO,.

The synthesis of carriers (SiO,, SiO,@RF, and SiO,@N-C) and
other catalysts (Fe-NPs/NC, N/O-C, and N-C) were included in Supple-
mentary Method 2. The specific amounts of each reagent used in the
catalyst synthesis process are presented in Supplementary Table 1.

Characterization of the catalysts

The characterization methods including Field emission scanning
electron microscope (FESEM), HR-TEM, PXRD, XPS, Raman, induc-
tively coupled plasma optical emission spectrometry (ICP-OES),
Brunauer-Emmett-Teller (BET), AC-HAADF STEM, X-ray absorption
spectra (XAS), EPR, and ¥Fe Mossbauer spectroscopy are described in
Supplementary Method 3.

Experiment procedures

The degradation experiments of BPA, as well as the effects of PMS
dosages (100-500 pM), catalyst dosages (0.01, 0.02, 0.05, 0.1 mgmL™),
pH (pH=2-10) coexisting ions (CI, HCO5"), and quenchers on BPA
degradation are described in Supplementary Method 4.

Analytical methods

The analytical methods for the target compounds, including liquid
chromatography (LC), liquid chromatography-mass spectrometry (LC-
MS), and gas chromatography-mass spectrometry (GC-MS), are
detailed in Supplementary Method 5.

EPR analysis for Fe" =0

20 mg of Fe SAC was mixed with 50 pL of pure water or saturated PMS
solution, and subsequently transferred to a quartz tube for EPR ana-
lysis. All EPR tests were performed at 77k.

Calculation formula
The calculation formulas for apparent rate constants (k), TOF, k-value,
and TOC are presented in Supplementary Method 6.

Electrode preparation
The preparation method for the Fe-SAC electrode is detailed in Sup-
plementary Method 7.

Steady-state concentration and contribution of ROS

The experimental methods and formula derivation for the quantitative
assessment of ROS steady-state concentration and their contribution
to BPA degradation are detailed in Supplementary Method 8.

Long-term stability test

The Fe-SAC suspension was deposited on a Mixed Cellulose Esters
(MCE) membrane (pore size =0.45pm, D.25mm) through filtration
and then placed in afilter (i.D. 25 mm). The effective membrane area of
the Fe-SAC/MCE composite microfiltration membrane is 1.33 cm? and
the loading capacity of the catalyst is 15.03 mg cm™. Next, the Fe-SAC/
MCE filter and peristaltic pump are used to form a continuous flow
reactor to evaluate the long-term stability of Fe-SAC.

Theoretical

The theoretical calculations were performed using Gaussian
16 software’* and Multiwfn 3.8 program®~° on the basis of DFT. The
dynamic simulations elucidating the material's dynamic behaviors
were conducted through the application of Born-Oppenheimer
molecular dynamics (BOMD) simulations, as implemented within the
openly accessible CP2K/Quickstep package (Supplementary
Method 9).

Data availability
All study data are included in the article and Supplementary Informa-
tion. Source data are provided with this paper.
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