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Coordination engineering of high-valent Fe(IV)-oxo (Fe"=0) is expected to

break the activity-selectivity trade-off of traditional reactive oxygen species,
while attempts to regulate the oxidation behaviors of heterogeneous Fe'Y=0
remain unexplored. Here, by coordination engineering of Fe-N, single-atom
catalysts (Fe-N, SACs), we propose a feasible approach to regulate the oxida-
tion behaviors of heterogeneous Fe'Y=0. The developed Fe-N, SACs/perox-
ymonosulfate (PMS) system delivers boosted performance for Fe"V=0
generation, and thereby can selectively remove a range of pollutants within
tens of seconds. In-situ spectra and theoretical simulations suggest that low-
coordination Fe-N, SACs favor the generation of Fe'Y=0 via PMS activation as
providing more electrons to facilitate the desorption of the key 'SO4H inter-

mediate. Due to their disparate attacking sites to sulfamethoxazole (SMX)
molecules, Fe-N, SACs mediated Fe"V=0 (Fe"YN,=0) oxidize SMX to small
molecules with less toxicity, while Fe'YN,=0 produces series of more toxic azo
compounds through N-N coupling with more complex oxidation pathways.

The intensification of organic micropollutants has caused severe
threats to clean water supply, one of the Sustainable Development
Goals (SDGs). Fenton-like reactions can produce highly reactive
oxygen species (ROSs), providing a promising solution for water pol-
lution control*”. Efficient water treatment needs to satisfy selectivity
and safety requirements simultaneously®’. The former means the
selective degradation of target pollutants from complex water matrix,
while the latter requires lower toxicity of degradation products.
Radicals including hydroxyl radicals (*OH) and sulfate radicals (SO4™)
feature strong oxidizing ability and can detoxify pollutants via
mineralization, while the practical application of these radicals is
severely hindered by poor selectivity®™°. Singlet oxygen (‘0,), an

important non-radical ROSs with mild oxidation ability can selectively
degrade target pollutants, but the products or intermediates are
sometimes highly toxic" ™. As such, the trade-off between the activity
and selectivity of traditional ROSs is the current bottleneck in the field
of water treatment.

High-valent Fe(IV)-oxo (Fe"0), a key ROSs ubiquitously existing in
bio-enzyme'*", has been extensively probed in Fenton-like reactions in
the last few years'®"”. Sharply different from these ROSs prevailing in
bulk water'®, Fe"=0 is an interfacial ROSs and the properties of Fe"=0
greatly depend on its coordination microenvironment”. As such,
coordination regulation of Fe=0 is expected to improve oxidation
ability and manipulate oxidation pathways without sacrificing
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selectivity. Besides, as compared with the mentioned ROSs above,
Fe'V=0 features lower oxidation potential (Eo(Fe*'/Fe*) =2.0 V), longer
lifetime (~7s, at pH=3), and higher steady-state concentration
(>9.76 x107° M)*. These features endow Fe"=0 with great promise for
efficiently and selectively degrading target pollutants with minimized
interference from the water matrix. To date, homogeneous Fe'Y=0 with
multivariate coordination structures has been harvested by engineer-
ing the ligands of Fe complexes, which demonstrates ligands-depend
oxidation behaviors”. However, the wide application of homogeneous
Fe"=0 endures the dilemmas of poor stability and recyclability. Con-
sequently, the controllable generation of heterogeneous Fe"=0 with
the desired structure is of great significance for efficient water treat-
ment, yet remains an unexplored field.

Single-atom catalysts (SACs), characterized by the utmost atomic
utilization efficiency and approximately uniform atomic environment,
are one of the most promising candidates for Fenton-like reactions* >,
In the classical SACs, the metal sites (M) are usually coordinated by N
atoms in a formula of M-N,. Hence, the number of N atoms plays a
decisive role in regulating the catalytic performance®*, However, for
the most popular SACs coordinated with four N atoms, the symme-
trical planar structure of M-N, leads to a symmetrical electron dis-
tribution, which is not beneficial to the adsorption and activation of
reactants, thus deteriorating the catalytic performance” *. For
instance, Zhang et al. demonstrated that only Fe-N, sites with the
rigorous Fe;-Fe; distance (4-5A) can transform the Fe-N,-PMS to
Fe"O, and the dosing enough PMS is another prerequisite®. Reducing
coordination number is capable of creating unsaturated metal struc-
tures (M-N,, x =2~3) and breaking the symmetry, thus facilitating the
formation of key reaction intermediates (e.g. *COOH) and the deso-
rption of target products via lowing the free energy barriers® >, which
is expected to manipulate the catalytic properties of Fe sites. Besides,
Fe-N, SACs mediated Fe"=0 with various coordination numbers
(denoted as Fe'YN,=0) provide ideal models for unraveling the rela-
tionship between the coordination and oxidation behaviors of het-
erogeneous Fe"=0. However, attempts to systematically regulate the
generation of ROSs in Fenton-like reactions by microenvironment
engineering of Fe SACs remain scarce.

Here, by altering the coordination number of Fe-N, SACs, we
propose a feasible approach to regulate the generation and oxidation
behaviors of heterogeneous Fe"=0. Three Fe-N, SACs (x =4, 3, 2) have
been synthesized via an H,-assisted pyrolysis strategy at different
temperatures. Fe-N, SACs deliver remarkable performance for Fe"'=0
generation via PMS activation, outperforming its counterparts with
higher coordination numbers and most systems reported so far.
Hence, the Fe-N, SACs/PMS system can selectively remove a range of
pollutants from water within tens of seconds, featuring satisfactory
resistance to environmental interference and desirable compatibility
with water matrices. Theoretically, Fe-N, SACs with lower coordination
numbers are calculated to feature stronger PMS adsorption affinity
and lower energy barrier for Fe"Y=0 generation. Impressively, the oxi-
dation behaviors of heterogeneous Fe'Y=0 can be regulated by altering
their chemical environments. Originating from their disparate inter-
action sites with sulfamethoxazole (SMX) molecules, Fe'""N,=0 tends to
oxidize SMX to small intermediates with less toxicity, while Fe'"N,=O
produces a series of more toxic azo compounds through N-N coupling
and the oxidation pathways are more complex. This work highlights
how the microenvironment of Fe-N, SACs can be used to significantly
tune the generation and oxidation behaviors of heterogeneous Fe"=0,
paving new ways to design powerful heterogeneous Fe"=0 for various
oxidation processes.

Results

Synthesis and characterization of Fe-N, SACs

Target Fe-N, SACs have been constructed by an Hy-assisted pyrolysis
strategy. As illustrated in Fig. 1a, Fe@ZIF-8@C precursor was first

synthesized by the in-situ assembly reaction among zeolitic imidazo-
late framework (ZIF-8), ferric acetylacetonate and carbon black, which
acts as a template, Fe source, and substrate, respectively. Then, Fe-Ny
SACs with diverse N coordination numbers were synthesized by the
pyrolysis of Fe@ZIF-8@C at disparate temperatures (800 °C, 900 °C,
and 1000 °C), followed by the acid treatment to remove any possible Fe
nanoparticles. Of note, it is difficult to disperse evenly in water for the
catalysts prepared without carbon black, implying that carbon black is
essential to obtain highly hydrophilic samples. For comparison,
N-doped carbon (NC) has also been prepared under the similar con-
dition of Fe-N, SACs, except for the addition of ferric acetylacetonate.

The X-ray diffraction (XRD) patterns of the as-synthesized sam-
ples (Supplementary Fig. 1a) depict only two diffraction peaks corre-
sponding to the (002) and (101) planes of carbon, and no diffraction
peaks attributed to metal nanoparticles can be observed. The Fourier
transform infrared spectrometer (FT-IR) spectra of NC and Fe-N, SACs
manifest characteristic peaks of N-H stretching vibration at 3430 cm™
and 588 cm™ (Supplementary Fig. 1b), and other peaks at 2924 cm’,
1618cm™ and 1112cm™ correspond to C-H, C=0, and C-N,
respectively*. As compared with NC, Fe-N, SACs exert an additional
peak at 1260 cm™, which is attributed to the Fe-N bond*, indicating
that Fe atoms are coordinated with N atoms. The N 1.s spectra (Sup-
plementary Fig. 1c) of NC and Fe-N, SACs show four characteristic
peaks at ca. 398.8, 400.8, 401.5, and 403.4 eV, which are ascribed to
the pyridinic N, pyrrolic N, graphitic N, and oxide N, respectively®®. As
compared with NC, a characteristic peak at 399.62 eV appears in all Fe-
N, SACs, which is attributed to the Fe-N bond”. As the pyrolysis tem-
perature increases, the intensity of the Fe-N bond gradually decreases,
indicating a continuous decrease in the number of N in Fe-N, SACs. No
characteristic peak for Fe-O (ca. 530 eV) can be detected in the O Is
spectra of Fe-N, SACs (Supplementary Fig. 1d), ruling out the presence
of FeO,*. There are two peaks at ca. 710.9 and 714.9 eV that can be
labeled in Fe 2p spectra (Supplementary Fig. 1e), corresponding to Fe**
2ps/, and Fe* 2ps, respectively, suggesting that the valance of Fe lies
in +2 to +3. As the coordination number decreases, the valence state of
Fe gradually tends to +2, suggesting that the Fe atoms in Fe-N, SACs
own more electrons than those in their counterparts. The Fe contents
were detected to be 0.37 wt% (Fe-N4 SACs), 0.33 wt% (Fe-N; SACs),
0.35wt% (Fe-N, SACs) by inductively coupled plasma mass spectro-
metry (ICP-MS), and Zn species are barely detectable in the above
samples (Supplementary Table 1). Besides, the three Fe-N, SACs share
similar BET surface areas and pore size distribution (Supplementary
Table 2). The similar Fe content and physics structure are beneficial to
study the role of Fe-N, sites.

As revealed in transmission electron microscopy (TEM) images
(Supplementary Fig. 2), NC and Fe-N, SACs share a similar morphology
with pristine carbon black, while typical dodecahedral nanoparticle
morphology can be observed for Fe@ZIF-8@C. Only wrinkled carbon
substrates without prominent bright spots for metal nanoparticles
could be observed in the TEM and high-resolution TEM images (Sup-
plementary Figs. 3-5) of the three kinds of Fe-N, SACs. The energy-
dispersive X-ray spectroscopy (EDS) mapping indicates that Fe, C, N,
and O are uniformly distributed over the carbon substrate. As revealed
in the aberration-corrected high-angle annular dark-field scanning
TEM (AC HAADF-STEM) images (Fig. 1b and Supplementary Figs. 3-5),
abundant bright metal sites are atomically dispersed on the substrate,
demonstrating the atomic-level dispersion of Fe sites in the resultant
Fe-N, SACs.

To confirm the electronic structures and coordination environ-
ment of Fe-N, SACs, the Fe K-edge X-ray absorption near-edge struc-
ture (XANES) and Fe K-edge extended X-ray absorption fine structure
(EXAFS) were investigated. As shown in Fig. 1c, the XANES curves of Fe-
N, SACs manifest that the Fe near-edge absorption energies are loca-
ted between Fe foil and Fe,03, suggesting that the valance of Fe atoms
is between 0 and +3. Two small pre-edge peaks at 7112.6 and 7114.8 eV
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Fig. 1| The synthesis and characteristics of Fe-N, SACs. a Schematic diagram
displaying the preparation of the Fe-N4 SACs, Fe-N3 SACs and Fe-N, SACs (The
golden sphere represents Fe, and the blue, brown, and pink spheres represent N, C,
and H, respectively). b The AC HAADF-STEM image of Fe-N, SACs (Fe atoms were
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marked with bright yellow circles). ¢ The Fe K-edge XANES spectra of Fe-N, SACs.
d WT-EXAFS plots of Fe-N, SACs. e FT k>weighted Fe K-edge EXAFS spectra of Fe-
N, SACs.

are assigned to Fe?* and Fe*, respectively, further substantiating that
the oxidized state of Fe atoms is located between +2 and +3*. As shown
in Fig. 1d, the main peaks at 5A™ are observed from the wavelet
transform (WT)-EXAFS contour plots of Fe-N, SACs, corresponding to
the Fe-N bond, which is different from the 7.8 A™ of Fe-Fe bond in Fe
foil*®, implying the coordination of Fe and N in Fe-N, SACs. As com-
pared with the Fourier-transformed EXAFS curve of Fe standard sam-
ples (e.g., Fe foil, FeO, and FePc, Supplementary Fig. 6), significant
peaks at 1.52 A are observable in Fe-N, SACs (Fig. le), which can be
ascribed to the scattering path of the Fe-N bond*, and the peaks for Fe-
Fe bond (2.2 A) is absence. These results further verify the single-atom-
level dispersion characteristics of the Fe sites, and the configuration is
Fe-N,. Noticeably, the intensity for the Fe-N peak weakens with pyr-
olysis temperature, which is in line with the gradually declining N
content and Fe-N bond intensity in Fe-N, SACs by XPS (Supplementary
Table 3), further indicating the decreasing coordination numbers of N
in Fe-N, SACs*. To distinctly unravel the coordination configurations,
the quantitative EXAFS fitting analysis in k and R spaces has been
conducted. As shown in Supplementary Table 4, the average N coor-
dination numbers of Fe atoms in Fe-N, are 3.9, 3.1, and 2.3, respec-
tively. The bond length of Fe-N is ca. 2.01 A, 1.97 A and 1.90 A for Fe-N,
SACs, Fe-N; SACs, and Fe-N, SACs, respectively. Based on this, the

configurations of Fe-N, SACs with the coordination number of 4, 3, and
2 are simulated (Supplementary Fig. 7). Moreover, XANES simulations
of the Fe-N, moiety have been carried out. As shown in Supplementary
Fig. 8, all five features (labeled as 1-5) of the detected XANES spectra
for Fe-N, are accurately replicated in the simulation, confirming the
rationality of the built models. Therefore, by regulating the pyrolysis
temperature in the Hy-assisted strategy, Fe-N, SACs with different
coordination numbers (4, 3, and 2) were harvested.

PMS catalytic activation on Fe-N, SACs

Sulfamethoxazole (SMX), a typical sulfonamide antibiotic, was selec-
ted as the target pollution to study the performance of the synthesized
Fe-N, SACs in PMS-based Fenton-like reactions. As shown in Supple-
mentary Fig. 9, in the absence of PMS, the catalysts can only absorb
40% of SMX after the adsorption equilibrium, and there is almost no
difference in their adsorption properties. The efficiency of SMX oxi-
dation by PMS alone is poor (Fig. 2a), while adding NC can improve the
oxidation performance to a certain extent. Notably, SMX can be
completely removed within 60-160 s in the Fe-N, SACs/PMS and Fe-
N3 SACs/PMS systems, and efficiency increases significantly as coor-
dination numbers decrease. The first-order kinetic rate constant (kops)
for SMX degradation in the Fe-N, SACs/PMS system was calculated to
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Fig. 2 | The oxidation activity of Fe-Ny SACs. a, b The SMX removal efficiencies
and the corresponding reaction rate constant in Fe-N, SACs/PMS (Inset: the fitting
plot). ¢ The kya,e Of different catalysts in various PMS-based Fenton-like systems.
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with various anions and NOM. f SMX removal efficiencies in the presence of dif-
ferent actual wastewater in Fe-N, SACs/PMS. [organiclo =10 ppm, [catalysts]y =
0.1gL™, [PMS]o=1.0 mM, [Cl']p =[SO4* 1o =20 mM, [HCO5]p =10 mM, [CO3* 1o =
5mM, [HAlo =5 ppm, pHp = 6.3, pHover = 5.8. The error bars in the figures represent
the standard deviations from triplicate tests.

be 0.088 s (Fig. 2b), which is 5.5, 9.8, and 44 folds higher than that of
the Fe-N; SACs/PMS, Fe-N, SACs/PMS and NC/PMS system, respec-
tively, indicating the crucial role of coordination numbers of Fe-N,
SACs in PMS activation. The tremendously different oxidation prop-
erties between NC and Fe-N, SACs also demonstrate that it is the Fe-N,
sites rather than the N sites or C sites that serve as the active centers in
the Fe-N,SACs/PMS systemes. In different reaction conditions (e.g., the
concentration of PMS and the dosage of catalysts), the Fe-N, SACs/
PMS system delivers higher performance for SMX removal than its
counterparts under corresponding conditions (Supplementary
Figs. 10 and 11), implying the advantage of lower-coordination Fe-N,
SACs in PMS-based Fenton-like reactions. Then, with the mentioned
reaction conditions as parameters, the catalytic performance of the
developed systems is comparatively analyzed. As shown in Fig. 2c and
Supplementary Table 5, the Fe-N, SACs/PMS system delivers the
highest ky..e (the modification value of reaction rate constant) with
relatively less PMS and catalysts for SMX degradation among the
existing advanced systems, further corroborating the outstanding
catalytic property of Fe-N, SACs in PMS-based Fenton-like reactions.
To further evaluate the potential of the Fe-N, SACs/PMS systems
in practical application, Fe-N;, SACs and Fe-N, SACs were selected as
target catalysts owing to their tremendously different performance. As
displayed in Fig. 2d, both Fe-N, SACs and Fe-N, SACs exert excellent
elimination performance for other pollutants, including phenol,
bisphenol A (BPA), p-chlorophenol (4-CP), and tetracycline (TC),
indicating that they can degrade a broad spectrum of micro-pollutants.
However, for both systems, the degradation rate of atrazine (ATZ) was
much lower than that of the other pollutants, possibly because ATZ is
an electron-deficient pollutant. For all selected pollutants, the Fe-N,
SACs/PMS system exhibits a higher performance than its counterparts,
demonstrating that the enhancement of Fe-N, SACs in pollutant
elimination is universal. For the Fe-N, SACs/PMS system, almost all
selected pollutants can be rapidly and completely degraded within one

minute, while there are significant differences in removing disparate
pollutants in the Fe-N, SACs/PMS system, indicating that the ROSs
generated in the Fe-N, SACs/PMS system are more powerful. The
activity of the Fe-N, SACs/PMS system in degrading SMX is hardly
affected by the pH value (2-10) of water (Supplementary Fig. 12). As
shown in Fig. 2e, f, Fe-N, SACs exhibit excellent resistance to coexisting
anions (CI, SO4*, CO5*, and HCO3") and natural organic matter (NOM,
e.g., humic acid), demonstrating high compatibility with water matri-
ces, including tap water, lake water (Guangzhou, China), and Pearl
River water (Guangzhou, China). Besides, there is only slight attenua-
tion in SMX degradation performance and Fe content for Fe-N, SACs
after four cycles (Supplementary Fig. 13 and Supplementary Table 1),
while the chemical composition remained nearly unaltered (Supple-
mentary Fig. 14) and the atomically scattered Fe sites were preserved
(Supplementary Fig. 15), jointly implying good stability of Fe-N, SACs
in this system. The above results distinctly verify the great promise of
the Fe-N, SACs/PMS system in practical water treatment.

Identification of ROSs

To unravel the origin of the catalytic performance, the PMS activation
pathways on Fe-N, SACs have been explored by quenching experi-
ments. First, the addition of potassium thiocyanate (KSCN), a typical
probe to shield Fe atoms*, leads to the deactivation of the Fe-N, SACs/
PMS systems (Fig. 3a and Supplementary Fig. 16), further demon-
strating that the Fe atoms rather than C or N sites act as the active
centers. Then, methyl alcohol (MeOH), furfuryl alcohol (FFA),
L-histidine (L-His), and p-benzoquinone (p-BQ) are employed to iden-
tify the contribution of each ROSs*. As shown in Fig. 3a and Supple-
mentary Fig. 16, almost no discount of SMX removal performance can
be detected after adding MeOH and p-BQ, implying the negligible
contribution of «OH, SO,™, and O,". After the addition of FFA or L-His,
the removal of SMX slightly falls in the Fe-N; SACs/PMS and Fe-N;
SACs/PMS systems, while that of Fe-N, SACs/PMS system hardly
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Fig. 3 | The ROSs in different Fe-N, SACs/PMS systems. a SMX degradation
performance in the presence of radical scavengers. b The EPR signals of 5,5-
dimethyl-1-pyrrolidone-N-oxyl (DMPOX) in the Fe-N, SACs/PMS systems under
different reaction conditions with H,O as the solution (blank, or with MeOH, FFA,
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PMSO and PMSO, generated in *0-labeled or unlabeled Fe-N, SACs/PMS systems.
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200 mM, [trans-stilbenelp = 0.5 mM, [PMSOlo =2 mM, pHo = 6.3, pHoyer = 5.8. The
error bars in the figures represent the standard deviations from triplicate tests.

changed. However, FFA or L-His causes a certain amount of con-
sumption of PMS (Supplementary Fig. 17), suggesting that the inhibi-
tion by FFA or L-His may be derived from the depletion of PMS rather
than the quenching of '0,. To further explore the contribution of '0,,
deuterium oxide (D,0) was employed as the solvent due to the longer
lifetime of '0, in D,0 (22-70 ps) than in H,0 (2.9-4.6 ps)*. However,
the existence of D,0 inhibits the SMX degradation rather than pro-
moting it (Supplementary Fig. 18), further validating the negligible
contribution of '0, in the Fe-N, SACs/PMS systems. The inhibited
performance in D,O may be because D,0 slows the overall kinetics of
aqueous processes*’. Furthermore, the tiny difference in PMS con-
sumption with and without SMX (Supplementary Fig. 19) indicates the
absence of direct electron transfer pathways in these systems*’.
Then, electron paramagnetic resonance spectroscopy (EPR) was
carried out to monitor the ROSs generated in the Fe-N, SACs/PMS
systems. As displayed in Supplementary Fig. 20, either in water or
methanol solvents, no signal of the typical DMPO-<OH or DMPO- SO,
adduct can be detected in the EPR spectra, indicating the absence of
radicals (*OH, SO,4~, and O,") in this work, which is in line with the
results of quenching experiments. The characteristic signal with an
intensity of about 1:2:1:2:1:2:1 can be attributed to 5,5-dimethyl-1-pyr-
rolidone-2-oxyl (DMPOX), which may be attributable to DMPO oxida-
tion by high-valent metals or excessive amount of «OH or '0,".
However, adding MeOH or FFA has little effect on the characteristic
peaks of DMPOX in the Fe-N, SACs/PMS system (Fig. 3b), further
indicating that «OH and 'O, generated in this system were negligible*’.
Besides, for '0,, all Fe-N, SACs/PMS systems emerge equally strong
characteristic triplet peaks of 2,2,6,6-tetramethylproline-'0, (L:11,
TEMP-'0,), which is similar to PMS alone. As such, '0, may originate
from PMS self-cleavage rather than catalytic activation, which con-
tributes little to the SMX degradation in these systems. Besides, the
degradation of 1,3-diphenylisobenzofuran (DPBF, a chemical probe of
10,) has been conducted to further verify the role of '0,*%. As shown in

Supplementary Fig. 21, DPBF can be hardly removed in all Fe-N, SACs/
PMS systems. Therefore, the above results jointly corroborate that
PMS activation over Fe-N, SACs may not produce radicals (e.g., *OH,
S04, and 0,") or '0,.

Adding PMSO can completely quench the DMPOX signal (Fig. 3b)
and Fe atoms serve as the active sites for PMS activation, it is therefore
reasonable to speculate that FeY=0 may be the dominant ROSs. The
transfer reaction of trans-stilbene towards trans-stilbene oxide, a tra-
ditional oxygen atom transfer (OAT) reaction, was used to identify
FeY=0*. As shown in Fig. 3c and Supplementary Fig. 22, as the reaction
progresses, the intensities of trans-stilbene in the Fe-N, SACs/PMS
systems become weaker while the signal for trans-stilbene oxide gra-
dually increases. However, PMS alone cannot cause signal changes,
verifying the generation of Fe"=0 in the Fe-N, SACs/PMS systems. The
maximum values for the consumption of trans-stilbene and the gen-
eration of its oxide are observed in the Fe-N, SACs/PMS systems,
indicative of its merits for the production of Fe"=0. Then, the gen-
eration of Fe"=0 in Fe-N, SACs/PMS systems has been further mon-
itored by in-situ Raman spectra. As shown in Fig. 3d, the PMS solution
alone shows three characteristic peaks at ca. 1060, 980 and 878 cm’,
corresponding to SO3™ (HSOs"), SO4* and 0-O (HSOs") respectively.
After adding Fe-N, SACs, two new characteristic peaks appeared at ca.
847 cm™ and ca. 830 cm™, which are assigned to FeY=O and Fe-N,-
PMS, respectively®®. When H,'*0 was replaced by H,'®0, a redshift of
the characteristic peaks for Fe"=0 could be observed (Supplementary
Fig. 23), further indicating the genaration of heterogeneous Fe'V=0°'.
Noticeably, as the coordination number decreases, the Raman shift of
the characteristic peaks for Fe"=0 and Fe-N,-PMS’ gradually increases,
indicating that heterogeneous Fe“=0 with different coordination
environments are obtained.

Furthermore, since methyl phenyl sulfoxide (PMSO) can be
selectively converted into methyl phenyl sulfone (PMSO,) via Fe"=0
according to OAT reaction®, the concentration of Fe"=0 was

Nature Communications | (2024)15:10032


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-54225-x

quantified by the consumption (A) of PMSO and the yield (n) of PMSO,,
in which n(PMSO,) indicates the yield of Fe"=0 while the ratio of
n(PMSO,)/A(PMSO) relates to the selectivity of Fe“=0O in PMS
activation®. As displayed in Fig. 3e and Supplementary Fig. 24, with the
decrease in coordination number, the production and selectivity of
Fe"=0 increased significantly. Noticeably, the Fe-N, SACs/PMS system
consumes 0.673 mM PMSO and generates 0.669 mM PMSO,, corre-
sponding to the selectivity of Fe=0 up to 99.4%, demonstrating the
admirable yield and selectivity of heterogeneous Fe"=0 in PMS-based
Fenton-like reactions (Supplementary Fig. 25 and Supplementary
Table 6). Introducing SMX into the Fe-N, SACs/PMS system sig-
nificantly inhibits the yield of PMSO, (Supplementary Fig. 26), indi-
cating the crucial role of Fe"=0 in SMX degradation. 0 isotope-
labeling experiments were conducted to provide additional convin-
cing evidence for Fe=0 according to the special oxygen atom
exchange reaction between Fe"=0 and H,O (Supplementary
Fig. 27a)”. As showned in Fig.3f, the Mass spectra (MS) of Fe-N, SACs/
PMS/H,™®0 system exhibits two characteristic peaks at m/z 157.03 and
159.04, which correspond to the PMS“0"0 and PMS™*0*0,
respectively™, verifying the successful integration of 0 to PMSO..
However, only a peak at m/z 15.03 can be detected in the Fe-N, SACs/
PMS/H,O and PMS/H,®0 systems (Fig. 3f and Supplementary
Fig. 27b-d). Thus, the formation of ®*0-labeled PMSO, in the Fe-N,
SACs/PMS/H,®0 system provides conclusive evidence for Fe'V=0.

Then, the steady-state concentration of *OH, SO,~, O,", '0, and
Fe"=0 in the Fe-N, SACs/PMS systems were further quantified benzoic
acid (BA), p-hydroxybenzoic acid (p-HBA) nitrotetrazolium blue
chloride (NBT), FFA and the kinetics of PMSO-to-PMSO, oxidation,
respectively”. As shown in Supplementary Figs. 28 and 29 and Sup-
plementary Table 7, the concentration of Fe"=0 in the Fe-N, SACs/PMS
system is calculated to be 2.81 x 10~ mM, which is 2 and 4 times higher
than that of the Fe-N3 SACs and the Fe-N, SACs systems, respectively.
Of note, other ROSs are almost undetectable and the contribution of
Fe"=0 in each Fe-N, SACs/PMS system is up to 100%, providing reliable
platforms to investigate the coordination-generation/oxidation rela-
tionship of heterogeneous Fe"=0.

Theoretical simulation of PMS activation on Fe-N, SACs
To unravel the origination of different performances for the genera-
tion of heterogeneous Fe"=0 in the Fe-N, SACs/PMS systems, density
functional theory (DFT) calculations were conducted to understand
the PMS activation over the resultant Fe-N, SACs. Based on the models
obtained by EXAFS (Supplementary Fig. 7), the electron density dis-
tributions of these Fe-N, SACs (Fig. 4a) demonstrate that the Bader
charge of Fe atoms in Fe-N, SACs (+0.95 e) is smaller than that of Fe-N,
SACs (+1.09 e) and Fe-N3 SACs (+1.05 e), implying that the Fe atoms
coordinated with fewer N atoms carry more electrons*®. The Partial
density of states (PDOS) of Fe centers and N atoms in Fe- N, SACs were
calculated, in which the up and down refers to two channels (spin-up
and spin-down) of electrons in the d orbit of the Fe center and p orbit
of N atoms, respectively”. After coordination, the bonding orbital and
antibonding orbital of Fe 3d and N 2p would be redistributed. As
shown in Fig. 4b, the d-bond center of Fe atoms in Fe-N, SACs
(-0.28 eV) is closer to the fermi-level than that of Fe-N; SACs (-0.75 eV)
and Fe-N4 SACs (-0.80 eV), suggesting that the overlap of Fe 3d and N
2p orbit decreases with the number of N atoms®. The more abundant
vacant orbitals (lower than the Fermi level) in Fe-N, SACs are capable of
providing extra opportunities for the subsequent adsorption of PMS.
Then, the possible interaction process between PMS and Fe-N,
SACs has been simulated. When PMS is close to the single-atom Fe
sites, there are two potential adsorption configurations, in which its Oy
and Og serve as the adsorption sites, respectively (Fig. 4c and Sup-
plementary Fig. 30). When O, directly acts as the adsorption site, the
charge transfer between Fe-O will greatly weaken the O-O bond,
resulting in the direct fracture of the O-O bond, thus unable to obtain a

stable adsorption configuration. It is found that two adsorption con-
figurations on Fe-N, SACs feature approximate adsorption energy,
while the adsorption energy of the O, one was slightly higher (Fig. 4c).
Noteworthily, Fe-N, SACs deliver the largest adsorption energy than
Fe-N, SACs and Fe-N3 SACs in both configurations. Based on these
initial adsorption models, the possible PMS activation pathways have
been further simulated (Supplementary Fig. 31). For reaction route 1
with O as adsorption sites, the adsorbed PMS needs to undergo two
successive thermodynamically unfavorable processes with insur-
mountable energy barriers, especially the dissociation of ‘SO, (Fig. 4¢).
Thus, path 2 is the favorable reaction pathway for PMS activation on
the Fe-N, sites.

In path 2, the Og of PMS molecular is first adsorbed on the Fe
sites. Then, owing to the strong hydrogen-bond interaction between
H atoms and the adjacent O atoms, the adsorption site of PMS is
transferred from Og to O,, followed by the formation of Fe""=0-'SO4H
intermediates via an energetically downhill process (Fig. 4d and
Supplementary Fig. 32). Finally, Fe"=0 can be generated by the
detachment of the 'SO4H fragment (resulting in HSO,)*’, which acts
as the rate-determining step. In this pathway, the adsorption affinity
of Fe-Ny sites to PMS increases with the decrease of the coordination
number, while the energy barrier for the desorption of 'SO4H shows
the opposite trend (Fig. 4c), implying that Fe-N, SACs with lower
coordination numbers are more conducive to the activation of
PMS to generate Fe"=0. Charge density difference analysis has been
conducted to explore the underlying mechanism of the above
rules. As shown in Fig. 4e, after the adsorption of PMS, the charge
density of Fe-N, sites declined while that of PMS increased, indicating
the charge transfer from Fe-N, sites to PMS®’. Therefore, Fe-N,
SACs with lower coordination numbers transfer more electrons to
PMS, facilitating the desorption of 'SO4H and the subsequent gen-
eration of Fe"=0. Of note is that Fe"=0 may exhibit multi-
configurational character®®?, which is of importance to their catalytic
performance.

Controllable oxidation reaction pathways by heterogeneous
Fe""N,=0

Inspired by the fact that the oxidation behaviors of homogeneous
Fe"=0 complexes are significantly affected by their ligands®’, and the
huge difference between the Fe-N, SACs/PMS and Fe-N, SACs/PMS
systems in eliminating disparate organic pollutants, SMX was selected
as typical organics to analyze the oxidation behaviors of generated
Fe"YN,=0 and Fe""N,=0. According to the results of Ultra-performance
liquid chromatography coupled to hybrid Quadrupole-Exactive Orbi-
trap mass spectrometry (UPLC-Q-Orbitrap HRMS), SMX can be oxi-
dated to various organic intermediates (Supplementary Table 8), and
some of them can be detected in both Fe'YN,=0 and Fe'YN,=0 systems
(Supplementary Fig. 33). In addition, as shown in Fig. 5a, SMX tends to
be oxidized to small molecules by Fe'YN,=0, while in the Fe'YN,=0
system, it tends to form complex molecules via N-N coupling and the
oxidation pathways are more diverse. Noticeably, reducing the
amount of Fe-N, SACs leads to a declined degradation rate for SMX,
but did not affect the distribution of the intermediate products.
Therefore, the disparate intermediate products in these two systems
were mainly due to their diverse Fe'"YN,=O rather than their different
degradation rate. Then, the toxicity of products in these two systems is
further studied by the ECOSAR system with QSAR analysis®*. Notice-
ably, as shown in Fig. 5b and Supplementary Table 9, from the point of
the acute and chronic toxicity for fish, daphnids, and green algae, the
intermediates of SMX degradation in the Fe'YN,=0 system are less toxic
than those in the Fe'YN,=O one. Therefore, it can reasonably be infer-
red that the oxidation behaviors of heterogenous Fe"N,=O can be
manipulated by facilely regulating the coordination number Fe'YN,=0,
providing great potential to satisfy the needs of different oxidation
reaction pathways.
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adsorption. The blue and yellow isosurfaces refer to electron depletion and accu-
mulation, respectively. The golden sphere represents Fe, and the blue, gray, red,
and pink spheres represent N, C, O, and H, respectively. We set LVHAR = TRUE for
calculation to obtain the LOCPOT file and ESP.

To shed insights into the intrinsic difference between Fe"N,=O
and Fe"N,=0, as well as the origin of the different oxidation behaviors
of Fe"N,=0 and Fe""N,=0 towards SMX, the interaction modes between
Fe"N,=0 and SMX have been further stimulated by DFT calculation.
Charge density difference and Bader charge analysis were calculated to
explore the internal electron structure distribution of Fe"N,=O and
Fe"N,=0. Because of the large charge density difference between Fe
atoms and O atoms, accompanying the formation of Fe"N,=0, elec-
trons are transferred from Fe atoms to O atoms. Due to the large
electron negativity density of Fe atoms in Fe-N, SACs than in Fe-N,
SACs (Fig. 4a), the O atoms in Fe"N,=0 can gain more electrons than
that in Fe"YN4=0, as shown in Fig. 5c. Then, the electrostatic potential
was calculated to analyze the electronegativity of SMX. As shown in
Supplementary Fig. 34, it is found that the negative charges (red color
area) are mainly located at the imino sites (-NH) of SMX, whereas the
positive one sits at the amido gen sites(-NH,) of SMX, and thereby
Fe"N,=0 and Fe"N,=0 may attack different sits of SMX. According to
the results of DFT calculations (Fig. 5d and Supplementary Fig. 35),
Fe"N,=0 owns the larger adsorption energy to the amido gen sites of
SMX (Egqs=-1.35€V) than to its imino sites (E,q=-1.04¢V), while
Fe"N,=0 features an opposite trend. Based on the above results, the
different reaction pathways between Fe“N,=O and Fe“N,=O are

illustrated. As revealed in Fig. Se, Fe"N,=0 tends to attack the imino
group of SMX, resulting in the breakage of its S-N bond to form some
small molecular compounds with low toxicity, and the reaction path is
relatively simple. On the other hand, Fe"'N,=0 tends to interact with the
terminal amino group of SMX, forming a series of highly toxic complex
compounds via N-N coupling, and pathways are more diverse. There-
fore, according to the characteristics of pollutants, the efficient and
safe Fenton-like systems can be customized on-demand by regulating
the charge properties of heterogeneous Fe"=0, which is crucial for
green and sustainable water treatment.

Discussion

This work demonstrates that the production and oxidation behaviors
of heterogeneous Fe“=0 are closely related to the coordination
microenvironment of Fe sites, and outlines the fundamental principle
of the design of powerful heterogeneous Fe'V=0. As the coordination
number decreases, the performance of the Fe-N, SACs/PMS systems in
degrading organic pollutants gradually increases. Fe=0 is identified
as the sole ROSs and makes a nearly 100% contribution to pollutant
degradation. The concentration of Fe = O increases with the decreased
coordination number, and the Fe-N, SACs/PMS system delivers
admirable concentration and selectivity for heterogeneous Fe"=0
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accumulation, respectively. d The adsorption configuration and corresponding
adsorption energy of Fe'""N,=0 on the amido gen sites (-NH,) of SMX and Fe"YN,=0
on imino (-NH) sites of SMX. e Schematic illustration for different attacking path-
ways of SMX in Fe""N4=0 and Fe'YN,=O sites.

generation in Fenton-like reactions. In-situ spectra and DFT calcula-
tions revealed that Fe-N, SACs with lower coordination numbers fea-
ture stronger PMS adsorption affinity, and favor the generation of
Fe"=0 by providing more electrons to facilitate the desorption of the
key "SO,4H intermediate. Due to the different attacking sites to SMX,
Fe'YN,=0 can oxidize SMX to small molecules with lower toxicity, while
larger and highly toxic intermediates can be induced by Fe""N,=O.
These findings unravel the coordination-generation/oxidation rela-
tionship of heterogeneous Fe"=0 at the atomic level, opening new
horizons for designing powerful heterogeneous Fe"=0 towards var-
ious oxidation processes.

Methods

Synthesis of Fe-N, SACs

Typically, carbon black (100 mg) was dispersed in 60 mL methanol
with sonification for 20 min to form solution A. Zn(NO3),*6H,0O
(1666 mg, 5.56 mmol) and Fe(acac); (99.60 mg, 0.28 mmol) were
dissolved in 40 mL methanol to form solution B. Then, solution A
and solution B were mixed. After sonification for 20 min,
2-methylimidazole (2-MI, 3700 mg, 45.07 mmol) was added to the
hybrid solution and then stirred for 24 h at room temperature. The
black sample named Fe@ZIF-8@C was obtained by washing it with
methanol and drying it at 60 °C overnight, with a yield of 80 %. Then,
Fe-N, SACs, Fe-N3 SACs, and Fe-N, SACs were obtained by pyrolysis of
the Fe@ZIF-8@C precursor within a 10% H,/Ar atmosphere at 800,
900, and 1000°C at a heating rate of 5°C min’, respectively. 0.5M

sulfuric acid was used to eliminate the possible Fe nanoparticles. The
yield of Fe-N4 SACs, Fe-N; SACs, and Fe-N, SACs were calculated to be
80.2%, 74.7% and 65.3%, respectively.

Characterizations

The concentration of Fe was quantified by an inductively coupled
plasma Mass spectrometry (ICP-MS) instrument (Thermo Fisher Sci-
entific, USA). The BET surface area, Pore Volume, and Pore size were
carried out by Brunauer-Emmett-Teller (BET) instrument (ASAP 2460,
USA). The phase and surface properties of samples were characterized
by X-ray diffraction (XRD, D8 Advance, Bruker Ltd., Germany) with Cu-
Ka radiation, and the functional group of samples was performed by
Fourier transform infrared spectrometer (FT-IR, Bruker TENSOR27,
Germany). The molecular structure and valence states of samples were
characterized by X-ray photoelectron spectroscopy (XPS, Thermo
Scientific K-Alpha, USA), and all the peaks were revised by the C Is
spectrum at 284.8 eV. The transmission electron microscopy (TEM)
and aberration-corrected high-angle annular dark-field scanning
transmission electron microscopy (AC HAADF-STEM) were carried out
on FEI-Talos FX200X. The X-ray absorption fine structure (XAFS)
spectra were collected at BL14W1 station in Shanghai Synchrotron
Radiation Facility (SSRF). The Fe"=0 was detected by Raman spec-
troscopy (HORIBA Jobin Yvon, France, equipped with a 532 nm laser) in
both H,*0 and H,'®0. Note: Mossbauer spectra is powerful for iden-
tifying heterogenous Fe'Y=0, but it usually requires high-concentration
Fe or isotopically labeled Fe as sources.
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Experiment procedures

The activation of catalysis was performed by the removal of SMX. In a
typical experiment, 5mg catalysis was dispersed in a 50 mL SMX
solution (10 ppm), and the solution was stirred for 20 min to acquire
the adsorption-desorption equilibrium. To initiate the catalytic
degradation reaction, a certain amount of PMS (The final concentra-
tion of PMS is 1 mM) was added. Then, at specific intervals, a 0.5 mL
liquor sample was collected and followed by filtered through 0.22 um
polyether sulfone filters. The concentration of organics is tested by
High-Performance Liquid Chromatography (HPLC, Waters, USA).

Concentration determination and toxicity evaluation

The intermediates produced from SMX were conducted by Ultra-
performance liquid chromatography coupled to hybrid Quadrupole-
Exactive Orbitrap mass spectrometry (UPLC-Q-Orbitrap HRMS,
Thermo Fisher, USA), and the toxicity of the intermediate was eval-
uated by ECOSAR.

Data availability

All the data supporting the findings of this study are available within
the paper and its supplementary information files. Source Data are
provided with this paper. Additional data are available from the cor-
responding authors upon request. Source data are provided with
this paper.
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