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Abstract

Atomically dispersed metal on nitrogen-doped carbon matrices have delivered
extensive interest in the removal of refractory organic pollutants. However, thorough
exploration of the particular structure for each active site and specific effects of these
sites still remains elusive. Herein, a Fe-pyridinic N4 structure in a single-atom catalyst
(FeNx-C) was constructed using a facile pyrolysis strategy and exhibited superior
catalytic activity in peroxymonosulfate (PMS) activation towards organic contaminants
oxidation. The various Fe-species and relative amounts of each Fe site in the FeNx-C
catalyst were validated using X-ray absorption spectroscopy and °>’Fe Mdssbauer
spectroscopy, which show critical dependencies on the precursor ratio and calcination
temperature. The positive correlations between relative content of high-spin state
species (Fe'l and Fe'") and catalytic performance were found to determine the reactive
species generation and electron-transfer pathway in the FeNx-C/PMS system. Moreover,
catalytic performance and theoretical calculation results revealed that the Fe''-Ny4 in
high spin state (§=2) tends to activate PMS to form sulfate and hydroxyl radicals via a

one-electron transfer process, while the Fe'"

-N4 moiety (5=5/2) is prone to high-valent
iron species generation with lower free energy. Benefiting from finely-tuned active sites,
a single-atom FeNx-C catalyst achieved favorable applicability in actual wastewater
treatment with efficient resistance of common water matrix. The present work advances
the mechanistic understanding of spin-state-dependent persulfate activation in single-

atom catalysts and provides guidance to design superior catalyst based on spin-state

descriptions.
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Synopsis: A novel and precise spin-state dependent mechanism for wastewater
treatment via peroxymonosulfate activation using single-atom Fe—N moieties was first

proposed.
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Introduction

The extensive use of antibiotics, pharmaceuticals, organic dyes and industrial
chemicals has released increasing amounts of organic contaminants in the environment,
posing a great threat to the ecological environment and human beings'. Reactive oxygen
species-based advanced oxidation processes (AOPs) have exhibited significant
potential in the broadband abatement of refractory pollutants in aqueous systems> >.
Among these, persulfate-mediated Fenton-like processes including peroxymonosulfate
(PMS) and peroxydisulfate (PDS) are attracting enormous interest owing to the
generated highly oxidative oxygen species such as sulfate radicals, hydroxyl radicals
and superoxide radicals*. By cleaving O-O bonds in PMS molecules via electron and
energy transfer processes, the most commonly reactive species of sulfate radicals (E°
(SO42—/S04*")) = 2.60~3.10 Vnug) and hydroxyl radicals (E° («OH/OH")) = 1.90~2.70
VnuE) can be formed and further attack organic compounds’. Different from hydrogen
peroxide (H202), PMS can also directly oxidize pollutants without radical participation®.
However, the relatively low steady-state concentration of these species and rapid
consumption by impurity substances in water and wastewater still limit PMS activation
and decontamination efficiency.

Among various transition metals (Co, Fe, Cu and Mn), Fe-based Fenton-like
catalysts have developed extensive and persistent interest owing to their low toxicity
and cost, efficient ability and environmental sustainability’. Recently, the atomically

dispersed single-atom catalysts (SACs) have exhibited promising potential in advanced
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oxidation processes by virtue of the high degree of dispersion of metal sites, single-
atom utilization, distinct electronic structure and excellent catalytic capacity®!°. For
instance, Gao and co-workers'' prepared single iron atoms via a cascade anchoring
method as a superior catalyst to activate PMS toward bisphenol A degradation. Guan et
al.'? also demonstrated that single Fe atoms dispersed on carbon nanotubes showed
excellent and selective reactivity for organic contaminants over a wide pH range for
which FeN4=0 intermediate was the predominant oxidant over Fe-Ny sites. Despite the
process of iron single atom in Fenton-like reaction, the catalytic mechanism behind
reactive species generation and active sites is still under clarified.

It is well known that catalytic ability of SACs is strongly correlated with transition
metal species, especially Fe-Nx moieties, which is at the heart of most Fenton-like
reactive sites. Very recently, the transition metal sites with different spin states were
considered as important aspects for explaining the excellent catalytic performance'’.
For instance, Long et al'®. reported that Co-N—CNTs catalyst with a high spin state
favored the PMS adsorption and promoted oxidation ability towards pollutant

degradation. Jiang et al'>

. demonstrated that electronic spin moment is nearly linear
related to the catalytic capacity of Fe-SACs during ORR reaction. Although recent
processes have proposed that spin states played essential roles in catalysis process, the
exact identity of the structure for each iron-based species with different spin states, their

specific effect in Fenton-like reactions and in-depth mechanisms behind Fe'¥"V=0 and

radical species generation are still urgently in need of exploration and clarification.
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Herein, a single-iron atom catalyst with Fe-Nx configuration was fabricated using
a one-step pyrolysis process. The single-atomically dispersed iron species on nitrogen-
doped carbon and Fe-pyridinic N4 moiety were verified as the main active structure by
a series of analytical techniques and density functional theory (DFT) calculations. In
contrast to previous research, five specific iron-based species with different spin states
in FeNi-C catalysts were finely tuned and clearly observed by XAS and °’Fe Mdssbauer
spectroscopy. During PMS activation and bisphenol A oxidation, only two of these
species (high-spin Fe!' §=2 and Fe'! §=5/2) significantly contributed to the efficient
Fenton-like catalytic performance. The exact process for free radicals and high valent
species generation by reactive high-spin Fe!'/Fe!'' was systematically explored and
proposed. This work provides a novel and deeper understanding of the particular role
for each iron site toward PMS activation and inspires oriented regulation and design of
superior catalysts for future environmental remediation.
Experimental Section

Details of all chemicals, materials and preparation methods are listed in the
Supporting Information.
Results and discussion
Structural analysis of catalysts

The synthesis procedure of FeNx-C catalysts was demonstrated in Figure 1a via a
one-step pyrolysis strategy. The optimal precursor ratio was fixed at 1:5 based on the

catalytic capacity (vide infra). Three different temperatures (500, 600, 700°C) were
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selected to prepare FeNx-C materials and the chemical structures of this series of
catalysts were systematically explored. As shown in Figure S1, the X-ray diffraction
pattern (XRD) of the FeN,-C-600 sample exhibited only two representative diffraction
peaks located at 27.5 and 44.5°, which were assigned to the graphitic carbon (JCPDS
No. 46-0945). It is worth noting that no additional peaks corresponding to metallic iron
or iron oxides were detected, excluding the existence of large crystalline iron-based
nanoparticles. Distinctly different from sample FeNx-C-600, sample FeNx-C-700
showed obvious diffraction peaks from Fe3C phase. TEM and HRTEM images clearly
show the presence of plenty of small nanoparticles (3~5 nm) in FeNx-C-700 catalysts
(Figure S5), while no visible particles or clusters can be observed in FeNx-C-600
samples (Figure 1b). Numerous bright spots with high density dispersed over the N-C
matrix were clearly observed in high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) images, validating the formation of atomic iron
atom in FeNx-C-600 sample. Energy dispersive X-ray spectrometry (EDX) elemental
mapping reveals the highly homogenous distribution of Fe and N elements supported
by the C-N substrate layer. Moreover, the Raman spectra show only two characteristic
bands at 1348 and 1580 cm™! corresponding to the defects and planar motion of sp*-
hybridized carbon!® (Figure S6). The relatively high In/Ig ratios demonstrate the defect-
rich structures in all as-synthesized catalysts'’. The type-IV N, adsorption-desorption
isotherm curves and correlative pore distributions (Figure S7) corroborated the

presence of micro- and mesopores in the catalysts and the specific surface areas (Table
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134 FeN,-C Catalyst

135

136 Figure 1. (a) Synthesis process of FeN,-C catalysts; (b) TEM images; (c) HAADF-STEM image
137 and (d) energy-dispersive X-ray mapping of FeNx-C-600 catalyst

138 Chemical state and coordination environment of FeN,-C catalyst

139 The chemical state and local coordination environment are essential to the
140  exploration of catalytic reaction. The Fe 2p XPS spectra of FeNx-C catalysts (Figure
141  S8) revealed two characteristic peaks at ~710 and 724 eV, assigning to Fe 2ps3» and Fe
142 2pin'. As depicted in Figure 2a and Figure S10, the Fe K-edge X-ray absorption near
143  edge structure (XANES) spectrum of sample FeNx-C-600 indicated the energy
144  absorption threshold (edge) energy is located between those of Fe foil and Fe,O3
145  references, indicating that the Fe atoms in the FeNy-C-600 sample possess a positive
146  charge between Fe and Fe**. It can be found that XANES spectrum of sample FeNx-

147  C-600 was very similar to the FePc reference, which might be derived from the
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predominance of Fe-N4 coordination sites in the FeNx-C-600 sample. The Fourier
transform (FT)- extended X-ray absorption fine structure (EXAFS) curve of sample
FeN,-C-600 exhibited only a strong peak at ~1.5 A (Figure 2b), corresponding with the
Fe-N configuration'®. The fitting parameters of the first coordination shell illustrated an
average Fe-N coordination number of 4.1 and an average Fe-N bond length of 2.06 A.
To further confirm the combination environment, possible Fe-Nx coordination models
including pyridinic N, pyrrolic N and graphitic N were explored using DFT calculations.
As shown in Figure S11, the lowest formation energy was found in the structure of Fe-
pyridinic N, signifying that pyridinic N is more conducive to occupying the isolated
Fe atoms with a four-coordinated site. Based on the DFT calculations and EXAFS
results, Fe single atoms coordinated with an average of four pyridinic N atoms is the
main configuration in FeNx-C catalysts.

S"Fe Mossbauer spectroscopy is an excellent technique for identifying different
iron-based materials via recoil free absorption of y-rays using °>’Fe nuclei. Our previous
study showed that the >’Fe Mdssbauer spectrum for pristine MOF precursor was
composed of one doublet consistent with 100% Fe! species in an octahedral geometry?.
After calcination at different temperatures, the >’Fe Mdossbauer spectra for FeNy-C
catalysts indicated the presence of different Fe species and coordination environment
(Figure 2c-f and Table S7). Specifically, the Mdssbauer spectra for both samples FeNx-
C-500 and FeNx-C-600 can be only fitted with doublet and no singlet and sextet,

excluding the existence of zero-valence Fe crystalline phases. On the contrary, not only
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doublets but also singlets and sextets assigned to Fe’ and Fe;C species®! were clearly
detected in the FeNx-C-700 sample, which is in good accordance with the results of
XRD and XPS. For the FeNx-C-500 sample, the two doublets with larger IS ( isomer
shift, > 0.80 mm/s) and QS (quadrupole splitting) values, can be assigned to the high-
spin Fe!' species (S=2)*!. The spectrum for sample FeNx-C-600 can be fitted robustly
with three different doublets (D1, D2, D3). Among these, the D1 exhibited similar
parameters to the doublet in the spectrum for sample FeNx-C-500, and is assigned to
high-spin Fe'-Nj sites (S=2). D2, with a relatively low QS value (0.3~1.0 mm/s) and
an IS value of ~0.34 mm/s was ascribed to high spin Fe'-Ny sites (§=5/2) with an
octahedral structure due to the pulling force between Fe atoms and Ni plane> 23
Different from D2, D3 exhibited a similar isomer shift value (~0.37 mm/s) but a much

higher QS value (~1.67 mm/s), which can be assigned to low spin Fe'!l

-N4 species
(S=1/2)**. In the spectrum for the FeNx-C-700 sample, approximately 22.0% high-spin
Fe'! (S=5/2) was still preserved, suggesting the relative stability of this structure at
higher pyrolysis temperatures. Additionally, a similar IS value and larger QS value (D2)
than for high-spin Fe-Njy structures attributed to the appearance of medium-spin ferrous
species (S=1), which is close to the configuration of ferrous iron phthalocyanine.
Concurrently, iron carbide and zero valent iron nanoparticles are formed and aggregated,
accompanying the destruction of the low-spin ferric structure, which is consistent with

TEM images and XRD patterns. To further explore the coordination of iron and nitrogen

in sample FeNx-C-600, low temperature °’Fe Mdssbauer spectroscopy was performed
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at 77K (Figure 2f). Notably, both room temperature and low temperature °’Fe
Mossbauer spectra were devoid of any singlet or sextet assignable to nanometer-sized
iron particles, ruling out the existence of iron oxides, iron carbide and zero-valent irons
species in the FeNx-C-600 catalyst®>. On the basis of these results, it can be concluded
that atomically dispersed iron atoms coordinated with four pyridinic nitrogen atoms in

the FeNx-C catalyst was successfully fabricated.
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Figure 2. (a) K-edge XANES spectra of sample FeNx-C-600, Fe,0s3, Fe foil, FePc, (b) Fourier
transforms of the k*-weighted K-edge EXAFS spectra of sample FeN,-C-600, Fe foil, FePc, (c-f)
Room temperature and low temperature °’Fe Mdssbauer spectra of samples FeN-C-500/600/700

Evaluation of catalytic activity of FeNy-C catalysts

The adsorption and decomposition toward bisphenol A (BPA) were evaluated using
as-synthesized FeNy-C catalysts. As depicted in Figure 3a, PMS alone and NC catalyst
exhibited negligible activity toward BPA decomposition. In comparison with sample
FeNx-C-600 (99.5%), only 16.9% and 59.5% of BPA were removed by FeNx-C-500 and
FeNx-C-700, respectively. The pseudo-first-order kinetic rate constant of sample FeNx-
C-600 exceeded those of samples FeNx-C-500 and FeNx-C-700 by factors of 16.23 and
9.92, respectively (Figure S15a). Moreover, the precursor ratio (Fe-MOF/melamine) at
1:5 exhibited a more rapid BPA removal than the other two mixing ratios (1:3 and 1:7,
Figure S14c). The distinct difference in the Fenton-like ability between these FeNx-C
catalysts may be ascribed to the differences in surface area and pore structure, different
Fe-species (Fe%, Fe;C, Fe-N, Fe-O, etc.) and iron coordination environments?®. To better

understand the relationship between reactivity and surface properties, a specific activity
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(k-specific), through normalizing the rate constant by the catalyst concentration and
specific surface area'!, is applied to reveal the truly intrinsic capacity of FeNx-C
catalysts. Notably, the k-specific value of sample FeNx-C-600 (0.013 L m™ min™') is 2.0
and 22.8 times higher than for samples FeNx-C-500 (0.0065 L m™ min™') and FeNy-C-
700 (0.00057 L m™ min'), as well as those previously reported Fenton-like catalysts
(Table S5), highlighting the superior catalytic performance of single iron atom
decorated catalyst for PMS activation. Furthermore, more than 90% of BPA and phenol
degradation can be removed, while only 14.3% of carbamazepine (CBZ), 48.5% of
methylene blue (MB) and 44.2% Rhodamine B (RhB) were totally decomposed into
carbon dioxide and water (Figure S13b-d), implying a certain level of selectivity
towards different aromatic organic pollutants decontamination. Moreover, Figure 3b-c
showed that the FeNx-C-600/PMS system could maintain a stable and superior catalytic
ability not only in the presence of various anion ions but also for the degradation of
BPA in tap water and actual wastewater, indicating a robust resistance to the background
matrix. These phenomena indicated that there might be other dominantly reactive
oxidizing species instead of radicals in the FeNx-C-600/PMS system. Apart from
degradation efficiency, approximately 75% of total organic carbon (TOC) can be totally
removed within 30 min, indicating outstanding decomposition capacity. The detailed
decomposition intermediates of BPA in treated solution were detected using mass
spectrometry and the possible degradation pathway was correspondingly proposed

(Figure S16-17), implying the superior catalytic capacity of FeNx-C-600 catalyst.
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Figure 3. (a) Kinetics of BPA degradation via PMS activation with as-synthesized catalysts; (b)
Influence of various anions on BPA degradation in the FeN,-C-600/PMS system; (c) Kinetics of
BPA degradation in tap water and actual wastewater via PMS activation with FeNx-C-600 catalyst;
(d) Mass spectrometry chromatogram for BPA degradation in FeNy-C-600/PMS system. Reaction
conditions: catalyst dosage = 0.2 g/L, [PMS]o = 0.50 mM, [BPA]o =20 mg/L, pHo = 6.5, [CI']o =
[NOs]o = [PO4*]o = [CO3*Tp = 10.0 mM

Identification of active species and sites

To explore the contribution of radical species in the FeNx-C-600/PMS system,
scavenging experiments and electron paramagnetic resonance (EPR) spectroscopy
measurements were conducted. Herein, methanol (MeOH) and tert-butyl alcohol (TBA)

were chosen as quenchers for scavenging *OH/SO4™ and *OH species, respectively?’.
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As depicted in Figure S18, the MeOH, at the concentration 400 times of PMS, exhibited
a slight inhibition of BPA degradation, demonstrating that *OH/SO4™ are not the major
active species. Moreover, the insignificant inhibition effect of TBA further supported
this hypothesis. As shown in Figure 4, no EPR signal was detected with catalyst alone.
In contrast, an intensive signal from 5,5-dimethyl-1-pyrroline N-oxide DMPO-<OH
adduct and DMPO-SO4™ adduct appeared after 5 min in the FeN,-C-600/PMS system
compared with PMS alone, implying that the generated *OH/SO4" radicals do
contribute to BPA decomposition but they are not the dominant oxidant species during
the Fenton-like reaction. In addition to the singlet oxygen, triplet signals with similar
intensity of TEMPO adduct (2,2,6,6-tetramethyl-4-piperidine-N-oxyl) were observed
for PMS alone and the FeNx-C-600/PMS system after Smin, excluding the formation
of 'O, during PMS activation and BPA degradation. Moreover, the weak intensity of
DMPO-0O>" signals in EPR spectra (Figure S18c) was similar to that of PMS alone
system, further excluding the formation of O~ radicals in FeNx-C-600/PMS system.
The N-doped carbon and Fe atoms coordinated with N-doped carbon material, have
been reported to play essential roles in Fenton-like reactions®. As expected, the
addition of oxalate evidently depressed the catalytic performance (Figure S19a),
verifying the important role of iron sites for PMS activation and pollutant
decomposition. Furthermore, DFT calculations were performed to explore PMS
adsorption on these possible catalytic sites. As shown in Figure 4c, the adsorption

energy on Fe-pyridinic Ns-C, pyridinic N-C, Fe-pyrrolic N4-C, pyrrolic N-C and Fe-
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graphitic N4-C were calculated to be -1.471, -0.729, -0.932, -0.455 and -0.174 eV,
respectively. The O-O bond length (lo-o) in PMS was 1.562, 1.438 and 1.490 A after
adsorbing on the Fe-pyridinic N4-C, Fe-pyrrolic N4-C, and Fe-graphitic Ni-C,
respectively, which were obviously elongated compared with pure PMS molecules
(1.410 A)''. Tt is noted that Fe-pyridinic N4-C interacts more strongly with HSOs™ in
PMS molecules compared with other configuration models due to the larger adsorption
energy and longer O-O bond length. Moreover, the order of the Bader charge followed
Fe-pyridinic N4 > Fe-pyrrolic N4 > pyridinic N4 > pyrrolic N4 > graphitic N4 > Fe-
graphitic N4 (Figure 4c), further confirming that PMS molecule is prone to bond with
Fe-pyridinic N4 moiety rather than nitrogen doped carbon material, which obviously
accelerated the charge transfer in the FeNy-C/PMS system. The control homogenous
experiments with the addition of FeCl, and Fe(NOs)3 (1.87 umol, the equal Fe content
of sample FeNx-C-600) were carried out (Figure S19b). As expected, the negligible
effects of FeCl, and Fe(NOs)3; completely validate the reactive sites for this Fenton-like
reaction are Fe-pyridinic N4 moiety and not Fe ions. Additionally, acid etching
treatment of FeNx-C-600 catalyst was performed to remove the possible existence of
surface Fe clusters or tiny nanoparticles rather than Fe-Nx species. With soaking in 2M
HCI 60 °C for 3h, the negligible change in XRD pattern, TEM images and insignificant
suppression of BPA removal rate (Figure S20) validate the dominant composition and
active site of Fe-Ny in the FeNx-C-600/PMS system.

The previous studies reported Fe''/Fe!' single atom attached to various carbon
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materials can efficiently activate PMS or H,O, to generate high-valent iron species
(marked as HFeS)**!. Considering the faint contribution of SO4"/*OH radicals, the
confirmation of HFeS becomes indispensable in the FeNx-C-600/PMS/BPA system. To
quantitatively analyze the HFeS species, methyl phenyl sulfoxide (PMSO) and methyl
phenyl sulfone (PMSO2) MS spectrometry were conducted and the corresponding
spectra are illustrated in Figure S21. It can be clearly observed that abundant PMSO>
was detected and the intensity of PMSO; gradually increases with time, and finally
levels out at a yield of around 75%. Furthermore, 20 isotope-labeled products were
detected using ultra-performance liquid chromatography coupled with high resolution
time-of-flight mass spectrometry (UPLC-TOF-MS) via the oxygen atom exchange
process between H2'80 and high valent iron species (Figure S21 g-j). Two characteristic
peaks observed at m/z 157.0321 and 159.0361 in the MS spectrum are assigned to the
PMS!00 and PMS!0 0. Moreover, two prominent peaks with m/z 78.9853 and
80.9894 represented the characteristic fragments of PMS'?®0*0 ([M-CsHs]*) and
PMS®0 0 ([M-CsHs]*) can be also detected in FeNx-C/PMS system. Contrarily, only
fragment of PMS'®0*®0 but no PMS*0®0 was detected in PMS alone system,
verifying the successful integration of 0 to PMSO, using as-prepared FeNy-C
catalyst®> 3>, On the basis of these analysis, the relatively high selectivity towards
phenolic organic pollutants and the significant inhibition of various anion ions can be

reasonably explained by the electrophilic addition reaction via dominant HFeS species.
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(c) The adsorption energy on different FeNy-C and N-C sites and the corresponding O-O bond
length in PMS and Bader charge after PMS adsorption. Reaction conditions: catalyst dosage = 0.2
g/L, [PMS]o = 0.50 mM, [BPA]o =20 mg/L, pHo = 6.5

To understand the specific reaction process in the FeNx-C-600/PMS system, in situ
Raman spectra were carried out. As depicted in Figure 5a, the peak located at 1060 cm”
l'is assigned to the HSOs™ in PMS, while the peak at 982 cm™ represents the S=O bond
in SO4* with symmetric stretching vibration®*. Notably, the 1060//os2 value significantly
decreased from 1.02 to 0.68 in the corresponding FeNx-C/PMS system, demonstrating
the rapid conversion of HSOs™ into SO4*" via the intense interaction between PMS and

Fe-Njy sites. Moreover, the dynamic PMS concentration was detected via potassium
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iodide spectrophotometry®. It can be observed that the PMS concentration gradually
declined with increasing reaction time and the tendency was almost synchronous with
the BPA degradation process (Figure 5b), amply validating the surface chemical
evolution of Fe-N sites for PMS decomposition rather than adsorption.

Considering that °’Fe Mdssbauer spectroscopy can particularly distinguish various
Fe phases with similar structure but in different oxidation and spin states, the effects of
different Fe sites in FeN4 moiety for radical generation, high-valent species formation,
PMS activation and BPA decomposition were systematically investigated in this work.
According to the specific catalytic activity as well as their relative content in Mdssbauer
spectra, the intermediate-spin Fe' species (S=1) can be first excluded from being
dominant species. The medium-spin configuration was caused by the interaction of
central Fe ions (S=1) with four nitrogen atoms, which are bonded with the surrounding
carbon atoms yielding in pseudo-6-fold-octahedral coordination of iron®>. The fully
filled 3d.? orbitals in Fe! sites make it difficult to approach peroxymonosulfate and
pollutant molecules. Furthermore, this intermediate-spin Fe!' coordination (relative
amount of 32.0%) only exists in the FeNx-C-700 catalyst, for which the specific activity
was just 0.00057 L m? min!, excluding a major contribution of this specie to the
Fenton-like activity. For the high-spin Fe!' species (§=2), its larger IS value
demonstrates a higher density of 3d electrons. Although its relative amounts in samples
FeNy-C-5-500, FeNx-C-3/5/7-600, were highest, here it did not contribute the most to

BPA degradation. This is because decreasing the pyrolysis temperature to 500°C



345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

improved the relative Fe content present in high-spin Fe! state, without obviously
increasing the catalytic performance. However, considering the higher specific activity
compared with sample FeNy-C-700, the high-spin Fe! species in sample FeNx-C-500
did provide a certain enhancement in PMS activation and BPA decomposition. This
might be ascribed to high-spin Fe!' configuration with $=2 and 3d.? orbital occupied by
single electron being conducive to directly activate PMS via electron transfer
pathways®. Notably, by comparing the Fenton-like activity with the relative abundance
of each Fe component, the superior catalytic activity of FeNx-C catalyst closely
correlates with its relatively larger amount of high-spin Fe''' species (S=5/2), with a
coefficient of determination R? of 0.995 (Figure S22e-f). In comparison with sample
FeNx-C-3-600, the higher HS Fe' and lower LS Fe'' phase in sample FeNx-C-5-600
resulted in excellent catalytic efficiency toward BPA removal, which can be also
identified by the FeNx-C-7-600 catalyst. When the calcination temperature increased to
700 °C, the relative content of high-spin Fe'" in sample FeNx-C-700 was only 22.0%,
far below the content in sample FeNy-C-5-600. The relative content of high-spin
Fe'/Fe' was positively correlated with the catalytic capacity, indicating that the
efficiency of PMS activation and BPA oxidation was governed by the spin state of Fe-
Ny sites owing to the space electronic configuration differentiation in d orbitals.
Generally, the high-spin state of Fe-Nx sites with large magnetic moments is conducive
to participating in 6-bonding with PMS molecule via overlapping with O 2p orbitals*®,

thereby improving PMS adsorption ability, promoting the oxidation potential and
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accelerating electron transfer during the Fenton-like reaction. In contrast, the structure

of low-spin Fe'' is highly saturated and the number of unpaired electrons with the same

spin direction is the smallest*®

, making it difficult to be a reactive site. Moreover, the
newly formed Fe;C (44.4%) and Fe® (Super-paramagnetic Fe, 1.6%) in FeNx-C-700 are
unlikely to significantly improve the pollutants removal efficiency, excluding the
dominant role of these species in the FeNx-C/PMS/BPA system.

Furthermore, DFT calculations were undertaken to shed light on the pathway of
PMS activation into SO4-", ‘OH radicals and Fe(V)=0 complex via the proposed Fe-
pyridinic N4 configurations with different spin-state. The energy profiles and
corresponding intermediate structure were shown in Figure 5c-d. Considering that
single-electron, two-electron and oxygen atom transfer pathways’’ may occur
simultaneously in the FeNy-C/PMS system, multiple binding configurations and the
corresponding free energies were calculated. When the PMS molecule was adsorbed on
the Fe-pyridinic N4 sites, it can be rapidly activated and subsequently generate
intermediate (II) and transition state (TS), and finally form reactive oxygen species
(SO4-, -OH, Fe(V)=0). As depicted in Figure 5c, the Gibbs free energies for formation
of SO4 7, -OH radicals were much lower than the reactant, demonstrating that it is
thermodynamically favorable. Among them, the most favorable active site for SO4-,
-OH radical formation with the lowest Gibbs free energy was high-spin Fe'' rather than

the Fe"-N4 moiety. Contrarily, the free energy for generating high valent iron species

Fe(V) by Fe''-N4 is about 0.59 and 0.64 eV, which is an endothermic process and cannot
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happen automatically under ambient conditions. Different from Fe'-N4 moiety, the
energy barrier for Fe(V)=0 complex formation is easier to overcome by high-spin Fe'!l-
Ny sites, which is an exothermic reaction and favorable in thermodynamics and kinetics.
In other words, the high spin Fe'! $=5/2 and Fe'' $=2 sites are much more reactive to
bond with PMS to generate Fe(V)=0 complexes and SO4-, -OH radicals, respectively,
which is consistent with the experimental results.

Low temperature EPR measurement, which could provide detailed information of
iron species with half-integer spin and the potential presence of high valent iron
components in the redox reaction®®, was carried out at 77K. As shown in Figure 5e and
Figure S23a, an isotropic signal at g=2.0034 was detected in the FeNx-C-600/H,O
system, ascribed to the partial 3d° orbitals of Fe'" with large zero-field splitting and
unpaired electrons®. Notably, after mixing PMS with FeNx-C-600 catalyst, the
intensity of this signal was enhanced and exhibited a positive shift to a lower value.
This phenomenon was consistent with the previous report by Dashdorj et al.,*’ likely
originating the generation of FeV=0 via oxidizing high-spin Fe'' sites (S=5/2) during
PMS conversion process. Additionally, a broad isotropic signal at g=4.282 originating
from rhombic high-spin ferric species was also clearly detected®. In comparison with
the deionized water system, the increased intensity of ferric sites after addition of PMS

demonstrated more production of Fe'!

species, which are mainly derived from the redox
characteristics of Fe'/Fe'" and Fe"/FeV during activation of PMS via atomically

dispersed iron-N sites. Moreover, the current density displayed an obvious drop with
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the addition of PMS (Figure 5f), likely ascribed to electron redistribution owing to the

interaction between PMS and the surface of the catalyst. The subsequent introduction

of BPA provoked a remarkable decline in current density, indicating the occurrence of

electron transfer between BPA, PMS and FeN-C-600 catalyst.
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Figure 5. (a) In situ Raman spectra of FeN,-C-600/PMS system measured at different reaction

times; (b) Variation of PMS concentration and BPA removal rate in the FeNyx-C-600/PMS/BPA
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system; (c-d) Reaction pathways of SO4-", ‘OH radicals and Fe(V)=0 generation at different spin
state Fe sites; (e) EPR spectra of FeN,-C-600 in distilled water and PMS solution under 77K; (f)
Current response at the FeNx-C-600 coated working electrode; Reaction conditions: catalyst
dosage = 0.2 g/L, [PMS]o = 0.50 mM, [BPA]o = 20 mg/L, pHo = 6.5

On the basis of experimental results and theoretical calculations, the overall
mechanism for PMS activation and pollutant oxidation using FeNx-C catalyst was
proposed in Figure 6. The PMS molecule could first react with Fe-pyridinic N4 moieties
including Fe'"Ny and Fe'"'Ny sites to form FeNx-(HO)OSOs™ intermediates. Due to that
PMS can be decomposed via cleavage of the O-O bond, and the formed Fe!'N-
(HO)OSOs3™ was further activated to generate SO4 ™ radicals via a one-electron transfer,
while the Fe'"'Nx-(HO)OSO;™ could form high-valent species (Fe'=0 complex) via a
two-electron and O-atom transfer*!. The SO4-" radicals can further react with H,O in the
solution to yield -OH. Benefiting from the effect of predominant high-valent iron
species and supporting SOs~ and -OH radicals, bisphenol A can be efficiently
decomposed into small organic substrates, CO> and H>O. Owing to the consumption of
transient FeY=0 complex by bisphenol oxidation, the Fe" can be reduced and

transformed into Fe'!

, achieving redox circulation between Fe¥ and Fe''. After the
Fenton-like reaction, the relative content of Fe' and Fe'"' remains almost unchanged, as
demonstrated by °’Fe Mdssbauer spectroscopy (Figure S22c) and Fe 2p XPS

spectroscopy (Figure S25a), demonstrating an efficient conversion of Fe'''/Fe' and

FeV/Fe in the FeNx-C/BPA/PMS system.
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Figure 6. Proposed mechanism behind PMS activation over FeNx-C-600 catalyst toward organic
pollutants decomposition

To furnish evidence of the universal applicability of this preparation strategy and
mechanistic exploration, a similarly structured Fe-MOF, named MIL-101(Fe) was
chosen as a precursor to synthesize single atom catalyst using a procedure being parallel
to that of the MIL-53 based FeNy-C sample. The XRD, HRTEM, XAS results indicated
the successful construction of an atomic structure model of the 101FeN-C catalyst
(Figure S24). The °’Fe Mdssbauer spectra of 101FeNx-C can be deconvoluted into three
doublets based on IS and QS values (Figure S22d), which are assigned to the Fe-N4
moieties with different local coordination structures (high-spin Fe'' $=2, high-spin Fe'!
S=5/2 and low-spin Fe!'' species $=1/2). The coordination of these three components
was similar to the MIL-53 based FeNx-C sample, indicating the existence of similar Fe

single atomic structures. Notably, the relative amount of high-spin Fe'' is close to that

in the MIL-53 based FeNx-C, while high-spin Fe'' site is lower and low-spin Fe' is
larger than for the MIL-53 based FeNx-C sample (Table S7). This phenomenon could

explain the slightly decreased removal efficiency of BPA by sample 101FeNx-C
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(k=0.268 min') compared with MIL-53 based FeNx-C (k&=0.357 min!), further

M and supporting effect of high-spin Fe!!

validating the dominant role of high-spin Fe
during the Fenton-like reaction.

In view of the durability and practicability, a continuous batch experiment was
conducted. With the number of cycles increased, approximately 89.8% BPA
degradation efficiency can be still achieved by sample FeNx-C-600 (Figure S26). The
total leached iron (0.37 mg/L) did not give rise to significant catalytic ability towards
PMS activation and BPA degradation (Figure S26d). The XPS spectrum of sample
FeNx-C-600 indicated that the relative amounts of N and Fe slightly decreased (Figure
S25), while O content increased after cyclic experiments. These results illustrate that
the attenuation of removal efficiency might be ascribed to the slight loss of Fe and N
content'!, resulting in a reduced number of active sites for PMS activation and pollutant
degradation, which is consistent with the result of >’Fe Mossbauer spectra of used
catalysts (Figure S22). Furthermore, XRD pattern and FTIR spectra (Figure S26b-c)
signify the highly stable crystal structure and no other Fe species aggregation on the
catalyst surface. The practicability of sample FeNx-C-600 toward BPA decontamination
in tap water and realistic industrial wastewater was also tentatively evaluated.
Wastewater was collected from the effluent of the Tokyo Sewerage system in Tokyo,
Japan. The parameters of the wastewater were summarized in Table.S6. As depicted in

Figure S26d-e, sample FeNx-C-600 still fulfilled high removal efficiency of BPA in

actual wastewater and tap water via PMS activation. Considering the extremely low
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concentration of metallic ions in the wastewater sample, the outstanding catalytic
performance for BPA oxidation was mainly contributed to the catalyst itself, which
confirm the distinct advantage of catalyst FeNx-C-600 in engineering to remediate
actual wastewater.
Environmental Implications

A single-atom iron catalyst with Fe-pyridinicN4 configuration was successfully
synthesized using a facile pyrolysis strategy in this work. As a PMS activator, catalyst
FeNx-C-600 delivered superior catalytic activity for refractory organic pollutant
decomposition, for which the specific activity was much higher than the control
experiments and various previously reported heterogeneous catalysts. Moreover, the
robust stability and efficient applicability in practical wastewater remediation clearly
demonstrate its potential to be a candidate in future environmental remediation. The
positive correlation between relative contents of high-spin state species (Fe'' $=2 and
Fe'' §=5/2) and catalytic performance was strongly evidenced by °’Fe Mdssbauer
spectroscopy and DFT calculations, which determined the reactive species generation
and electron-transfer pathway in the FeNx-C/PMS/BPA system. Therefore, a thorough
understanding of the spin-state dependent mechanism for PMS activation over single
Fe atoms was discerned in this work. These findings highlight in detail the exact
identifies of the various iron coordination sites and the specific catalytic pathways of
these sites during PMS conversion and compounds decontamination, providing

valuable guidance to design strategies toward promoting catalytic capacity in future
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real-world applications.
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Details of chemicals, synthesis and characterization of catalysts; analytic methods;
XRD patterns; TG curve; SEM and TEM images; Raman spectra; N> adsorption-
desorption isotherm; XPS, XAS and *’Fe Mdssbauer spectra; DFT calculation result;
catalytic performance of pollutants; influence of different parameters; UPLC/MS
spectra and BPA degradation pathway; scavenging test result; PMSO consumption and
PMSO, generation; ERP spectra; cycling experiment; characterization of 101FeNy-C-
600 catalyst; TOC removal efficiency; BPA degradation in actual wastewater;
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